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ABSTRACT 

 

Background: Aronia melanocarpa is a rich source of (poly)phenolic 

compounds. Evidence from preclinical studies and few small-scale human 

intervention trials suggest that aronia berry (poly)phenols may have 

cardiovascular health benefits. This work aims to investigate the effect of 

aronia berry (poly)phenols on vascular function, bioavailability, interindividual 

variability in response, and gut microbiome in healthy middle-aged 

prehypertensive individuals.  

Methods: A total of 102 prehypertensive but otherwise healthy men and 

women aged 40 to 70 were included in a 12-week double-blind, placebo-

controlled, parallel designed study. Volunteers were randomised and allocated 

to consume a (poly)phenol-rich aronia berry extract (105.9 mg, equivalent to 

75g of fresh berries) or a matched placebo daily for 12 weeks. Twenty-four 

hour and office blood pressure (BP, primary outcome), arterial stiffness 

(measured as aortic pulse wave velocity (PWV) and augmentation index 

(AIx)), flow-mediated dilation, heart rate as well as blood lipids and cortisol 

levels (secondary outcomes) were assessed at baseline (day 1) and after 12 

weeks. Plasma and urine (poly)phenol metabolites were analysed using LC-

MS. Gut microbiota composition was assessed from faecal samples via 

shotgun metagenomic sequencing. In addition, interindividual variability in 

response to aronia consumption was investigated through an exploratory 

analysis. 

Findings: Twelve-week daily intake of the aronia extract was not associated 

with significant change in 24h BP, although office systolic BP decreased 
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significantly compared to baseline (-2.38 ± 0.92 mmHg). A significant 

improvement in 24h peripheral AIx (Δ= -6.8%, 95% CI [-11.2%; -2.3%],  

p= 0.003) and central AIx (Δ= -3.3% [-5.5; -1.0], p= 0.006) was found in the 

Aronia group compared with Control. A significant reduction in awake PWV 

was also observed in the aronia extract group compared to Control (CFC=  

-0.24 m/s, 95% CI [-0.79; -0.01], p< 0.05). No changes in other secondary 

outcomes were found. Significant increases in individual phenolic metabolites 

following the intervention were observed in both urine and plasma samples, 

some of which were significantly correlated with the improvement in arterial 

function in the Aronia group. Bioinformatic analysis revealed a significant 

improvement in microbiome gene richness, and an increase in 18 beneficial 

gut bacteria after consumption of the aronia extract. A high variability in the 

vascular response to the Aronia treatment was observed, and several factors 

(sex, age, BMI, physical activity, and alcohol consumption) independently 

influenced the overall response, with gut microbiome having an important 

effect in the variability in responsiveness.  

Conclusion: Aronia berry (poly)phenols were bioavailable, improved some 

components of arterial function and gut microbiome abundance and 

composition in a population of healthy middle-aged individuals. Phenolic 

metabolites may exert their beneficial action through a bidirectional interaction 

with the gut microbiome, indicating that aronia berry (poly)phenol consumption 

may maintain cardiovascular health in individuals at low risk of cardiovascular 

disease.  
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1.1 Cardiovascular diseases (CVD) 

1.1.1  Prevalence and global impact 

CVD, also called heart diseases, is an umbrella term used to refer to conditions 

affecting the heart or circulation, and includes coronary artery disease, stroke, 

and hypertension. CVDs are the first cause of mortality worldwide (Roth et al. 

2017), responsible for an estimated 31% of all deaths globally (World Health 

Organisation 2017). Each year, CVD accounts for almost 27% of the deaths 

in the UK and the whole healthcare cost related to CVD in the UK is estimated 

at £9 billion per year (British Heart Foundation).  

1.1.2  Atherosclerosis: definitions and causes 

Atherosclerosis refers to the progressive disease characterized by the build-

up of lipids and fibrous plaques in arteries, leading to hardening and narrowing 

of these large vessels. Atherosclerosis occurs in the most internal of the 3 

layers of the artery: the tunica intima. This layer is constituted of a monolayer 

of endothelial cells surrounded by some elastin fibres and an extracellular 

matrix. This tunica intima is directly in contact with the middle layer of the artery 

called the tunica media, which is composed of smooth muscle cells (SMC). 

The external layer, called the tunica externa, accounts for the flexibility and 

structure of the artery thanks to the elastin and collagen fibres present in this 

layer (Wolinsky and Glagov 1967). The structure of the arterial wall is 

represented in Figure 1.1 below. The word atherosclerosis takes its origin in 

the Greek work for “porridge”, suggesting the irregular appearance of the fatty 

deposit found at the heart of the atherosclerotic plaque (also called atheroma) 

found in the intima (Libby et al. 2019). Cardiovascular events can occur due 
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to an accumulation of atherosclerotic plaques obstructing or narrowing the 

arterial lumen (Libby 2012). Optimising lifelong cardiovascular health limits 

both the initiation and progression of atherosclerosis, leading to a reduction in 

future CVD risk (Napoli et al. 2012). Atherosclerosis-based CVD is one of the 

main causes of vascular disease worldwide. Indeed, after a slow progression 

during lifetime, the disease can eventually lead to peripheral vascular diseases 

and/or stroke among the older general population (Otsuka et al. 2015).  

Some risk factors have been related to the onset and development of 

atherosclerosis, such as hypercholesterolemia, hypertension, cigarette 

smoking and diabetes mellitus (Hackam and Anand 2003).  

 

 

Figure 1.1: Structure of the arterial wall. 

 

1.1.2.1 Endothelial dysfunction and activation 

Atherosclerosis has been studied for decades, and the oxidation of lipids and 

proteins has been detected in various vascular pathologies, suggesting the 

role of reactive oxygen species (ROS) in atherogenesis (Stocker and Keaney 

2004). Early stages of atherosclerosis can begin during childhood and 

adolescence (Strong et al. 1999). Even though the process behind 

atherosclerosis is still not fully elucidated, it is now accepted and understood 
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that low-density lipoproteins (LDL) play a major role in the development of the 

disease (Ference et al. 2012). 

The primary event taking place in the process of atherosclerosis is the 

increased transport and accumulation of LDL in the vascular wall, and more 

precisely between the endothelium and the tunica intima (Libby et al. 2019). 

This phenomenon is due to two mechanisms. First, some vascular regions 

such as bifurcations can present a disturbed flow which can impact the 

structure of the vessel by increasing the fragility of the elastin fibres and thus 

enhancing the permeability of the arterial wall (Kwon et al. 2008). Then, this 

disturbed flow has been shown to increase the expression of chemotactic 

proteoglycan proteins responsible for the LDL binding and retention 

(Steffensen et al. 2015).  

Once LDL are accumulated within the arterial wall, they are accessible to 

various enzymatic and non-enzymatic entities which will then oxidise the LDL 

into highly reactive products. This process is called lipid peroxidation and 

results in the formation of oxidised LDL called ox-LDL (Binder, Papac-

Milicevic, and Witztum 2016). This oxidation can be done by enzymes such as 

cyclooxygenases (COX), lipoxygenases (LOX) or cytochrome P450 but also 

by non-enzymatic mechanisms involving reactive oxygen species (ROS) 

generated from NADPH oxidases (NOX) or endothelial nitric oxide synthases 

(eNOS) (Bochkov et al. 2010). More than just an oxidation, this step will lead 

to the modification of the LDL structure and the generation of new epitopes 

called oxidation-specific epitopes (Binder, Papac-Milicevic, and Witztum 

2016).  
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The third step of the atherosclerosis process is the endothelial cells activation. 

During this stage the oxidation-specific epitopes are recognised by the 

endothelium which is then taking up these oxLDL via specific receptors called 

LOX-1, TLR2 and TLR4 (Leopold and Loscalzo 2009). This leads to various 

toxic biological effects, including the synthesis of SMC mitogenic factors and 

the stimulation of cytokines secretion as well as the upregulation of adhesion 

molecules expression on the endothelium (McIntyre and Hazen 2010).  

This leads to the attachment of the surrounding immune cells such as 

monocytes to the endothelium (Wu, Wang, et al. 2018). Monocytes can then 

migrate into the artery wall and differentiate into macrophage under the action 

of mediators such as macrophage colony-stimulating factor. The newly formed 

macrophages can take up oxLDL via their scavenger receptor and secrete 

cytokines themselves which thus stimulates the inflammatory process of the 

intima (Weber and Noels 2011). Contrary to the regular LDL receptors, 

scavenger receptors are not inhibited by an increased cellular cholesterol.  

As a result, macrophages present a swollen cytoplasm full of lipid droplets, 

which gives them the appearance and the name of “foam cells”. The 

supersaturation of lipids in these macrophages can lead to their death by 

apoptosis (Tabas 2010). Lipid-laden cells are the earliest detectable lesion 

appearing in the process of atherosclerosis, and can further lead to the 

generation of a fatty plaque (Hopkins 2013). 

1.1.2.2 Mechanisms of plaque formation and rupture 

Even though the development of lipid build-up is considered as an early stage 

of atherosclerosis, the disease formally starts once the accumulation appears 

as confluent extracellular cholesterol clusters (Insull 2009) called the atheroma 
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plaque. The leads to cell necrosis and, as a result, an alteration of the normal 

tunica intima structure, until its full disruption. These clusters of lipid-rich 

necrotic cells can ultimately occupy up to 50% of the arterial volume.  

Progressively, the atherosclerotic plaque can turn into a more rigid structure, 

with the generation of a fibrous cap right under the endothelium, which can 

obstruct the lumen of the vessel (Libby et al. 2019). This is due to the secretion 

of collagen by vascular SMC around the atheroma plaque in response to 

inflammation (Kragel et al. 1989). This can lead to a decrease in blood flow 

and potentially an ischemia of the surrounding tissues. Fibrous atheroma 

plaque can occur in teenagers and early 20s individuals (Virmani et al. 2000).  

The fibrous atheroma can also detach itself from the endothelium wall, causing 

a thrombosis in the coronary arteries and ultimately a myocardial infarction 

(Libby et al. 2019). This phenomenon is called “plaque rupture”. Briefly, the 

fibrous cap can become fragile due to proteolytic enzyme action which causes 

the dissolution of the fibrous material (Insull 2009). This phenomenon is more 

likely to be observed among an older population, generally aged 55 years and 

above (Cheruvu et al. 2007), which coincide with the peak of myocardial 

infarction incidence. 

1.1.2.3 Atherosclerosis and nitric oxide 

Because of its direct contact with blood and its importance for the vascular 

system integrity, the endothelium is targeted by numerous physical and 

chemical factors ensuring its homeostasis (Furchgott and Zawadzki 1980). 

This endothelial layer is a key player in the regulation of the vessel tone and 

diameter and is able to generate some vasoactive molecules to achieve this 
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role (Schechter and Gladwin 2003). Nitric oxide (NO) is a vasodilating gas 

synthesised by the endothelial cells via the action of the enzyme eNOS on  

L-arginine, and which can disperse itself to the adjacent vascular SMC 

(Forstermann and Munzel 2006). Under normal physiological conditions, the 

stable laminar shear stress observed in the healthy arteries maintains the NO 

concentrations at a sufficient level to prevent any dysfunction which could lead 

to inflammation or thrombosis (Moncada and Erusalimsky 2002; Gimbrone 

1999). As mentioned earlier, atherosclerosis is more likely to happen around 

bifurcations and arterial branches. This is due to the rupture of the laminar flow 

caused by this kind of structures, creating a turbulent flow recognised by 

mechanoreceptors from the endothelium. These receptors are then able to 

induce modification of the gene expression which ultimately leads to a 

diminution of the NO availability (Wentzel et al. 2012).  

This decrease in bioavailable NO is linked to a diminution of the activity of 

eNOS as well as the degradation of NO via the generation of superoxide 

anions (O2°-) (Torres et al. 2015). The depletion in NO also promotes the 

infiltration and adhesion of leucocytes into the arterial wall (Badimón, Vilahur, 

and Padró 2009). The diminution in NO concentration has also been shown to 

lead to the activation of the pro-inflammatory transcription factor NF-κB and to 

the downregulation of adhesion molecules (Forstermann and Munzel 2006). 

Reduced NO can also enhance the expression of high LDL affinity 

proteoglycan on the surface of the endothelium, leading to an increase in the 

uptake of oxLDL by the arterial wall (Williams and Tabas 1995). All these 

phenomena induce endothelial dysfunction by decreasing the stock of NO, 

helping the adhesion of leucocytes, and increasing inflammation status, while 



39 
 

ultimately leads to and aggravation of the atherosclerosis process (Goncharov 

et al. 2015) (Figure 1.2). 

 

Figure 1.2: Mechanisms behind physiological arterial function. 

 

1.1.2.4 Clinical assessment and applications 

By definition, a functional surrogate marker is a measurement or physical 

evidence which may be used as a substitute for hard clinical endpoints, such 

as mortality or morbidity (Katz 2004). These biomarkers are expected to 

predict clinical benefit or lack of benefit following an intervention and are of 

interest in the context of CVD for various reasons (Albert 2011). Indeed, their 

use involve a substantial decrease in the number of subjects included in the 

trial as well as the study duration, which drops considerably the costs and 

efforts. Moreover, these CVD surrogate markers are non-invasive and 
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applicable in all populations including young subjects who will not present 

vascular events for decades (Peters, Grobbee, and Bots 2011). Back in 1989, 

Prentice developed a list of criteria to characterize surrogate markers, 

including a good reproducibility, comparison with a “gold standard”, ability to 

change over time or a well-established relationship with existing risk factors 

(Prentice 1989). In nutrition research, randomised controlled trials 

investigating the effect of diet or dietary components on cardiovascular health 

have used several surrogate markers of CVD such as blood pressure, arterial 

stiffening (measured as pulse wave velocity and augmentation index), flow-

mediated dilation, carotid intima-media thickness, CVD risk calculators, total, 

HDL and LDL cholesterol levels, (Rodriguez-Mateos, Heiss, et al. 2014; 

Wierzbicki 2008). In this section, the surrogate markers used in the current 

PhD thesis will be discussed. 

1.1.2.4.1 Blood pressure  

• Blood pressure and CVD risk 

Blood pressure (BP) has been shown to be a robust surrogate marker of CVD 

risk (Giles 2013) and a decrease of 3 mmHg in systolic BP (SBP) was 

associated with a decrease in the risk of CVD mortality by 5% (Whelton et al. 

2002). In a longitudinal study including participants from the Framingham 

Heart Study and National Health and Nutrition Examination Survey II 

(NHANES II), Cook and colleagues reported that 2 mmHg drop in diastolic BP 

(DBP) was associated with a 17% reduction in the prevalence of hypertension, 

a 6% reduction in the risk of coronary heart disease and a 15% decrease in 

risk of stroke in white individuals aged 35 to 64 years (Cook et al. 1995). More 
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recently, a meta-analysis including more than 600 000 subjects demonstrated 

that a 10-mmHg reduction in SBP could reduce the risk of main CVD events 

by 20%, and all-cause mortality by 13% (Ettehad et al. 2016). This has been 

confirmed by a recent meta-analysis stating that for every 10 and 5 mmHg 

increase in SBP and DBP, respectively, the risk of cardiovascular events was 

raised by 4-5% (Luo et al. 2020). 

• Blood pressure measurements 

Which type of BP measurement is optimal is still a matter of debate, and many 

studies have compared office versus ambulatory BP assessment, peripheral 

BP versus central BP, and 24-hour versus night-time BP. Overall, several 

meta-analyses of clinical and epidemiological studies suggest that 24-hour 

ambulatory blood pressure is a better tool to assess CVD risk than office BP 

(Kidambi et al. 2020; Bakogiannis et al. 2020). However, a study revealed that 

10-year prediction of cardiovascular events calculated from ambulatory and 

office BP measurements did not differ (Mortensen et al. 2017). Nevertheless, 

ambulatory BP monitoring presents some limitations, as it cannot be used in 

all settings and present some burden for the subjects (e.g., disturbance at 

night, risk of error when moving, limitation in the movements, etc.). 

Moreover, some studies have compared central versus peripheral BP. For 

example, a study based on 1014 healthy individuals concluded that office 

central BP was more efficient than office peripheral BP to predict the 

occurrence of CVD-based mortality (Huang et al. 2011). As internal organ 

damage is a potent predictor of cardiovascular events, this may explain the 

findings by Huang et al. (Laurent, Sharman, and Boutouyrie 2016).   
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Yet, measurement of central BP can be limited by the cost of the equipment, 

as well as the complexity of the calibration which may leads to potential errors 

(Mitchell et al. 2016).  

Lastly, the potential of 24-hour and night-time BP measurement for the 

prediction of cardiovascular events was underlined in a prospective study 

including more than 11 000 subjects as authors linked a 10-mmHg increase in 

night-time and 24-hour BP to 23% and 22% increased CVD risk, respectively 

(Yang et al. 2019).  

• Blood pressure variability 

More recently, studies have highlighted the specific relationship between BP 

variability (BPV) and CVD risk prevention. BPV stands for the fluctuations in 

BP levels that can occur over time periods varying from seconds to years, and 

thus highlight a dynamic aspect of cardiovascular health (Parati et al. 2018). 

Another longitudinal study found that a 4.7% increase in BPV corresponded to 

a 13% and 7% rise in mortality and CVD risk, respectively (Dai et al. 2018). A 

meta-analysis of 23 observational studies investigating the impact of BP 

variability on the occurrence of CVD events. Increases in long-, mid- and short-

term variability all showed to be associated to an augmentation of the risk of 

all-cause mortality, CVD mortality, CVD events, coronary heart disease and 

stroke, by 15, 18, 18, 10 and 15%, respectively (Stevens et al. 2016). This 

highlights that BPV may be a potent predictor of CVD outcomes. However, this 

parameter is still rarely assessed in medical practice and trials, mostly due to 

the lack of method standardization for an accurate and reliable measure of 

BPV (Mena et al. 2017).  
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• Blood pressure and atherosclerosis 

Although mechanisms behind the link between BP and atherosclerosis have 

not been fully identified yet, the importance of the endothelium and the process 

of oxidative stress occurring at its level seem to be the main explanation 

(Alexander 1995). However, while NO exerts a key role in the regulation of 

vascular tone and BP, it has also been observed that compromised NO activity 

is an essential element of the onset of hypertension (Hermann, Flammer, and 

Lüscher 2006). The pulsatile factor of BP has been shown to induce atheroma 

instability and eventually, plaque rupture, indicating the mediating role of BP 

on atherosclerosis (Safar and Jankowski 2009). 

1.1.2.4.2  Pulse wave velocity assessment  

Arterial stiffness is a phenomenon occurring in the arterial wall and involving 

an increased hardness of the vessel, which mainly results of a structural 

change associated to elasticity loss, collagen accumulation, and elastin 

degradation (Lusis 2000). This physiological event, also called 

arteriosclerosis, is associated to normal vascular aging but can be correlated 

to different risk factors such as smoking habits, unhealthy diet, 

hypercholesterolemia, or low physical activity level (Mikael et al. 2017). 

Pulse wave velocity (PWV) is the most used technique to assess arterial 

stiffness. Briefly, PWV uses applanation tonometry technology to measure the 

pressure waves speed traveling in the arterial system. PWV, expressed in m/s, 

is calculated based on the division of the distance between the two points of 

measurement by the pulse pressure wave transit time at these two locations 

(Cavalcante et al. 2011). In common practice, carotid and femoral artery are 
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the preferred sites for the assessment of PWV, which is then designated as 

Cf-PWV.  

Numerous trials have shown the link between arteriosclerosis and the 

development of atherosclerosis as well as the incidence of CVD events. 

Indeed, Cf-PWV has been strongly and positively associated to coronary 

atherosclerosis (Oberoi et al. 2013), arterial calcifications (Tsao et al. 2014; 

McEniery et al. 2009), as well as carotid thickness and atheroma development 

(van Popele et al. 2001; Zureik et al. 2003). 

The link between atherosclerosis and arteriosclerosis is extremely narrow. In 

fact, the increase in shear stress and arterial pressure caused by the vessel 

stiffening leads to endothelial dysfunction and development of the plaque, 

which promotes the advancement of atherosclerosis (Kim and Kim 2019; 

Zieman, Melenovsky, and Kass 2005). Several mechanisms have been 

suggested to explain these events. First, increased BP occurring with the 

development of arterial stiffness could induce a vascular remodelling and 

stimulate collagen excessive production and accumulation in the arterial wall 

(Dao et al. 2005). Moreover, the surge in pulse pressure may be linked to 

atheroma growth and to a further extent, its rupture (Witteman et al. 1994).  

Furthermore, relationship between Cf-PWV and CVD events risk have been 

widely reported in the literature (Boutouyrie et al. 2002). Cf-PWV was found to 

predict CVD events independently from usual CVD risk factors in two large 

prospective study populations followed-up for 9.4 and 7.8 years, respectively 

(Mitchell et al. 2010; Willum-Hansen et al. 2006). In another study, Cf-PWV 

has been shown to be an independent predictive measurement for 
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cardiovascular and all-cause mortality among hypertensive and diabetic 

individuals (Laurent et al. 2001; Cruickshank et al. 2002). More recently, a 

meta-analysis involving 17 635 volunteers demonstrated that, after adjustment 

for sex, age and hazard factors, an increase of 1 standard deviation of  

logCf-PWV was associated with an increased risk for CVD, coronary heart 

disease and stroke of 30%, 23% and 28%, respectively (Ben-Shlomo et al. 

2014). After adjustments, authors also showed that an increase of 1 m/s 

increase in PWV was associated with a 7% augmented risk of cardiovascular 

event for a 60-year-old man. Another meta-analysis of longitudinal studies 

including almost 16 000 individuals and an average follow-up of nearly 8 years 

has shown that an augmentation of 1 m/s in Cf-PWV was related to an 

increased risk of total CVD events by 14% (Vlachopoulos, Aznaouridis, and 

Stefanadis 2010). These findings have been confirmed by a recent meta-

analysis of 19 studies which demonstrated that individuals with a higher Cf-

PWV by 1 m/s had an elevated risk of both CVD events and mortality (Zhong 

et al. 2018).  

To sum up, PWV has been shown to be a valuable tool for defining CVD risk 

and atherosclerosis. This is a reproductible and non-invasive measurement 

which is now proven to be a major risk factor for the future development of 

CVD (Kim and Kim 2019).  

1.1.2.4.3  Augmentation index measurements  

Augmentation index (AIx) assessment is another useful tool for the 

measurement of arterial stiffness which has been developed over the last 

decades. Using the same applanation tonometry technique as for PWV, AIx is  



46 
 

a non-invasive method estimating the pulse wave reflections of the arteries 

which is expressed as a percentage (Janner et al. 2012). PWV and AIx 

represents two different measures of arterial stiffness which are not 

interchangeable (Laurent et al. 2001).  

Although AIx measurement is not as widely used in common practice, some 

studies have been investigated the impact of AIx increase on the development 

of CVD events. The clinical significance of AIx was investigated in a meta-

analysis including 11 longitudinal studies which demonstrated that a 10% 

increase in central AIx was associated with an increase in the risk of 

cardiovascular events and all-cause mortality by 32% and 38%, respectively 

(Vlachopoulos, Aznaouridis, and Stefanadis 2010). This is in line with a 

previous study that showed an association between a 10% increase in AIx and 

a 48% increased risk for cardiovascular mortality (London et al. 2001).  

However, some limitations have been found in the assessment of AIx. Indeed, 

a few studies raised the concern about the legitimacy of the technique among 

older individuals (Fantin et al. 2007; McEniery et al. 2005) as a result of the 

association existing between age and AIx (Janner et al. 2010). Another study 

evaluated the gender differences related to the amplitude of arterial wave 

reflections in a hypertensive population. After matching men and women for 

age, BP, height and BMI, researchers found that arteries of older women were 

stiffer than those of men (Gatzka et al. 2001).  

Similarly, contradictory results have been observed concerning AIx 

measurement as a CVD risk predictor (Mitchell et al. 2010). Indeed, while AIx 

percentage has been linked to an increase of CVD risk in individuals at high 
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risk (Vlachopoulos, Aznaouridis, and Stefanadis 2010; Weber et al. 2010) and 

in men (Weber et al. 2005), findings related to the predictions among women 

and general population have been more debatable (Dart Anthony et al. 2006; 

Wang et al. 2010). 

The mechanisms behind AIx estimation and its relation to CVD and 

atherosclerosis have not been fully elucidated yet. AIx has been shown to 

increase significantly with age, following a curvilinear pattern (McEniery et al. 

2006; Namasivayam, Adji, and O'Rourke 2010). However, it has been 

suggested that the increase in AIx could be related to an elevation of the ROS 

level, which constitutes one of the early stages of the development of 

atherosclerosis. Indeed, a study showed AIx was associated to serum ROS 

concentration in a population of smokers. This study also observed that older 

age and hypertension were associated with elevated AIx (Sugiura et al. 2017). 

1.1.2.4.4  Flow mediated dilation  

Endothelial dysfunction relates to the decreased production or availability of 

NO around the endothelium, leading to the impairment of the blood vessel.  

As explained earlier, NO presents a wide range of vasoprotective effects 

towards the process of atherosclerosis. As a result, it is comprehensible that 

the diminution of NO concentration is commonly described as endothelial 

dysfunction. This phenomenon is the first stage of the atherosclerosis 

pathogenesis and as a result pay an important part in its progression and the 

development of cardiovascular diseases (Ross 1999). Endothelial dysfunction 

is described as an independent predictor for CVD (Hadi, Carr, and Al Suwaidi 

2005) 
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Several techniques have been established to evaluate endothelial function in 

vivo in humans. These methods assess the ability of an artery to dilate as a 

response to various stimuli, such as an injection of vasodilator or a reactive 

hyperaemia through the release of NO (Maruhashi, Kihara, and Higashi 2018). 

In other words, these approaches can indirectly estimate the ability of the 

endothelial cells to produce NO after a stimulus (Ludmer et al. 1986). Most 

invasive methods use acetylcholine injections, a potent vasodilator, or various 

antagonists such as adenosine and bradykinin (Okumura et al. 1992; Nabel, 

Selwyn, and Ganz 1990). However, this kind of procedures are not appropriate 

for large trials or patients with poor vasculature and have been mainly replaced 

with non-invasive methods. The main technique used as a gold standard to 

assess endothelial function non-invasively is known as flow-mediated dilation 

(FMD) (Celermajer et al. 1992; Grover-Paez and Zavalza-Gomez 2009). FMD 

uses ultrasound technology to estimates the variations in brachial artery 

diameter, following a 5-minute ischemia caused by the inflation of a 

sphygmomanometric cuff to a fixed pressure around the forearm (Thijssen et 

al. 2019). Some studies use a more proximal cuff, upper on the arm. However, 

a meta-analysis including 14 trials concluded that the position of the cuff (distal 

on the forearm versus proximal on the arm) did not impact the result of the 

FMD measurement (Green et al. 2011).  

Impairment in FMD values has been linked a predisposition to atherosclerosis 

and CVD (Charakida et al. 2010; Yeboah et al. 2007; Rossi et al. 2008).  

A prospective study with a 3-year follow-up indicated that FMD assessment 

was a sensible predictor of targeted organ damage –a marker of high CVD 

risk–, in a hypertensive population (Yang et al. 2014). Importantly, several 
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meta-analyses have shown that a 1% increase in FMD was associated with 8 

to 13% reduction in CVD events (Inaba, Chen, and Bergmann 2010; Xu et al. 

2014). These findings have been observed independently of the risk level of 

the population but were more significant in individuals with a previous history 

of CVD (Ras, Streppel, et al. 2013; Matsuzawa et al. 2015; Shechter et al. 

2014). FMD measurement of the brachial artery has also been shown to be a 

relevant marker of NO bioavailability (Green et al. 2014; Heiss et al. 2005) 

Numerous randomised controlled trials have investigated the temporality of 

FMD changes, from a couple of hours to a few months (Lüscher et al. 2012; 

Bruno et al. 2018; Green et al. 2014; Istas et al. 2019). An increase in FMD 

can be interpreted by an improvement in endothelial function as well as an 

enhancement of the protective effect against atherosclerosis, which proves the 

relevance of the method in primary prevention strategies.  

The main limitation of FMD assessment is the low reproducibility related to the 

technique, which implies the requirement of a highly trained and skilled 

operator (Higashi 2015).  

1.1.2.4.5  CVD risk calculators  

CVD risk calculators are algorithms developed by health specialists and 

academics to assess an individual’s risk of developing a cardiovascular event 

(stroke, heart disease, etc.) over a 10-year period. They are usually based on 

large databases and cohorts and present the average risk of people from the 

database who entered the same risk factors. 
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The Framingham Risk Score (FRS) is by far the most used CVD risk 

calculator. It has been developed in 1987 in the US and was based on a 

sample of people originated from North-East America (Wilson et al. 1998). The 

algorithm used in the last update from 2008 applies the values of blood 

pressure, age, sex, smoking status, presence of diabetes as well as LDL-, 

HDL- and total cholesterol. One of the limitations of this FRS is the 

homogeneity of the original database cohort, which was mostly composed of 

a middle-aged white population. 

The SCORE (for Systematic Coronary Risk Evaluation) project has been 

developed by the European Society of Cardiology at the beginning of the 

century and pooled datasets from 12 European cohorts, including in total more 

than 200 000 people (Conroy et al. 2003). The main advantage of the SCORE 

calculator is the ability to be adapted to various countries and cultures. 

The QRISK®3 score is the most used calculator in the UK among general 

practitioners. It is based on the same equation than the FRS, but the algorithm 

includes far more parameters in the analysis. For example, body mass index 

(BMI), ethnicity, family history, as well as the presence of mental illnesses or 

the intake of specific medication are included in the calculation of the 10-year 

CVD risk. The QRISK®3 score has been shown to sightly underestimate the 

CVD risk, but this bias was less important than the overestimation that can 

occur with the FRS (Collins and Altman 2009). 
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1.1.2.4.6  LDL cholesterol  

In 2010, LDL cholesterol has been classified as a surrogate marker for CVD 

by the US Institute of Medicine, concluding that LDL cholesterol lowering was 

“one of the best biomarkers for CVD” (Institute of Medicine Committee on 

Qualification of and Surrogate Endpoints in Chronic 2010). Indeed, as 

described in section 1.1.2., LDL is closely related to the process of 

atherosclerosis and its relationship with coronary artery diseases has been 

clearly established for decades (Goldstein et al. 1973; Castelli et al. 1986).  

Meta-analysis from the Cholesterol Treatment Trialists Collaboration 

demonstrated that statin therapy, –the most common treatment for 

hypercholesterolaemia–, was associated with a substantial reduction in men, 

women, older adults, and subjects with low risk of CVD, by 16, 22, 21 and 

21%, per 1.0 mmol/L decrease, respectively. A recent meta-analysis involving 

327 037 subjects from 52 studies revealed that 1 mmol/L decrease in LDL 

cholesterol was linked to 19% reduction of cardiovascular events (Wang et al. 

2020). As a result of the strong evidence available, the American College of 

Cardiology and American Heart Association as well as Canadian 

Cardiovascular Society recommend a threshold of 1.8 mmol/L of LDL 

cholesterol to reduce the risk of atherosclerotic CVD (Grundy et al. 2019; 

Anderson et al. 2016). In Europe, guidelines are stricter with a cut-off of 1.4 

mmol/L recently publishes by the European Society of Cardiology ('2019 

ESC/EAS guidelines for the management of dyslipidaemias: Lipid modification 

to reduce cardiovascular risk'  2019).  
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1.1.3  CVD risk factors 

Traditional CVD risk factors can be divided into modifiable and unmodifiable 

risk factors. While unmodifiable parameters such as age, sex, ethnicity, 

hereditary characteristics cannot be changed, most CVD risk factors can be 

influenced and modulated by lifestyle choices, dietary improvement, or treating 

any pre-existing physiopathological disorders (Omura et al. 1996). Main 

modifiable risk factors include diet, smoking status, alcohol consumption, low 

physical activity, obesity, dyslipidaemia, hypertension and the presence of 

diabetes mellitus (Francula-Zaninovic and Nola 2018).  

For example, smokers have been shown to be at higher risk of developing 

CVD compared to non-smokers (Rigotti and Clair 2013). Alcohol consumption 

in excess (21-30g per day) has also been correlated to a higher risk of CVD, 

as described in a meta-analysis (Briasoulis, Agarwal, and Messerli 2012). 

Hypertension (defined as blood pressure > 140/90 mmHg) is one of the most 

prevalent risk factors, with around 30-45% of hypertensive individuals among 

the population worldwide (Kjeldsen 2018). A randomised controlled trial 

including more than 9000 individuals demonstrated that adults with grade 1 

hypertension have twice as much risk of CVD compared to normotensive 

individuals (Wright et al. 2015). Dyslipidaemia is another largely prevalent risk 

of CVD, and a decrease of the plasmatic LDL concentration has been shown 

to attenuate this risk (Wadhera et al. 2016). Sedentary lifestyle is become 

increasingly prominent and problematic as the World Health Organization 

(WHO) estimated that around 80% of the worldwide population is not 

sufficiently active (World Health Organization 2008). Recommendations and 
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consensus for a better management of this risk factor have been booming in 

the last years and scientific working groups are now elaborating some 

guidance and prescriptions adapted to specific populations (Hansen et al. 

2018).  

Diet is one of the most important modifiable CVD risk factors (Piepoli et al. 

2016). Indeed, in 2017 it has been estimated that 11 million deaths were 

associated to risks factors linked to dietary intake worldwide (Afshin et al. 

2019). The link between dietary intake and chronic diseases has been widely 

studied, with a plethora of epidemiological evidence and meta-analysis 

highlighting the substantial association between dietary patterns and specific 

diseases such as CVD, diabetes, or cancer (Micha et al. 2012; Micha et al. 

2017; Norat et al. 2010; Fund 2018). A recent meta-analysis estimated the 

association between dietary risk factors and disease-specific burden at a 

global scale (Afshin et al. 2019). The authors reported that leading risks factors 

for death worldwide were high sodium consumption, low intake of fruits and 

low consumption of wholegrains, and were associated to 3 million, 2 million 

and 3 million of global deaths, respectively. This is in line with the main current 

dietary guidelines recommending the reduction of salt in the diet, as well as an 

increased consumption of fibre and fruits and vegetables (FV) as effective 

measures for the prevention of CVD (Jenkins et al. 2017; Joshipura et al. 2001; 

Anand et al. 2015).  
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1.1.4  Plant foods and CVD 

In the last 20 years, several observational studies have shown positive 

association between a higher intake of FV and a decrease of the CVD risk, as 

well as a reduction of all-cause mortality (Bazzano et al. 2002; Bendinelli et al. 

2011; Takachi et al. 2008; Yu et al. 2014; Wang et al. 2014; Kim et al. 2019; 

Angelino et al. 2019). Recent meta-analysis including almost 1.5 million 

volunteers from 47 epidemiological studies showed a dose-dependent 

association between increased intake of FV and reduction in the risk of CVD. 

Compared with participants whose FV consumption was the lowest, 

individuals with the highest FV intake (800g) presented a 17% decrease in 

CVD risk (Zhan et al. 2017). Another study found similar findings with a 

reduction of 28% in CVD risk up associated with the 800g threshold (Aune et 

al. 2017). This study also reported the association of a daily intake of 200g of 

FV with 8% and 10% decreased risk for CVD and all-cause mortality, 

respectively.  

Nowadays, most developed countries share the same guidelines in terms of 

daily FV intake. The WHO, as well as UK and US recommend a minimum of 

400g of FV per day, representing 5 portions of FV per day (Krauss et al. 2000; 

World Health Organization 1990; Public Health England 2016; U.S. 

Department of Health 2015 – 2020). In other countries in Europe, 

recommendations tend to vary according to the country, with some 

divergence. For example, while Germany encourage to consume at least 650g 

of FV per day, Hungary advise a daily intake of “at least 4 servings” of FV 

(European Commission). A report by WHO estimated that increasing intake of 
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FV above 600g per day could decrease the risk of heart disease by 31% and 

reduce the incidence of stroke by 19% (Lock et al. 2005). 

Despite the strong evidence on the numerous health benefits of FV 

consumption, most of the population worldwide is not meeting the 

recommendations. A recent review focused on the dietary habits of teenagers 

from North America, Europe and Oceania revealed that the intake of FV was 

clearly below the recommended 400g per day in almost all the populations 

studied (Rosi et al. 2019). A few years earlier the European Health Interview 

Survey reported that only 14% of the European population aged 15 years and 

above was consuming 400g of FV per day, and 51% were not reaching that 

cut-off (Eurostat 2016). Recently, an analysis based on various British studies 

including a total of 557 722 participants highlighted than only 26% of the UK 

population is adhering to the dietary recommendations related to the intake of 

FV (Scheelbeek et al. 2020).  

The consumption of FV is depending on various factors such as culture or the 

accessibility of such foods. However, socio-economic status has been found 

to be a very limiting factor regarding the intake of healthy plant-based diets.  

A review of 33 studies published in 2001 highlighted that FV were consumed 

more frequently among people with higher education (Roos et al. 2001). 

Almost 20 years later, these findings were confirmed by a cross-sectional 

study including nearly 38 000 European adults which highlighted that higher 

level of education was associated with increased dietary intake of FV (Stea et 

al. 2020). Another study based on data from 10 European countries revealed 

that the improvement of FV intake in low-educated groups to reach the 
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consumption level of higher educated populations would have a positive effect 

on both life expectancy and disability-free life expectancy (Baars et al. 2019). 

The impact of individual incomes and global wealth on FV intake has also been 

studied.  

A meta-analysis involving more than 143 000 subjects in 18 countries showed 

that mean consumption of FV in low- versus high- income countries was 2.14 

versus 5.42 servings, respectively, indicating that limited wealth induces a 

poor adherence to WHO recommendation of 5 servings per day (Miller et al. 

2016). Another recent meta-analysis enrolling 193 606 individuals from 28 

countries was in line with those results and presented that the proportion of 

subjects meeting the reference intake of 400g per day significantly increased 

with the gross domestic product of the country (Frank et al. 2019). Authors 

also revealed that subjects with secondary or greater education were 61% 

more likely to achieve the dietary guidelines compared with individuals without 

formal education. 

Based on the promising results highlighted from the epidemiological studies, 

a number of relatively large scale RCTs have investigated the effect of various 

plant-rich dietary patterns including the Mediterranean diet (investigated by the 

PREDIMED study), Dietary Approaches to Stop Hypertension (DASH) diet, 

the Portfolio diet or vegetarian diets (Challa, Ameer, and Uppaluri 2020; 

Kargin, Tomaino, and Serra-Majem 2019; Chiavaroli et al. 2018; Estruch et al. 

2018). While vegetarian diets exclude meat, fish and poultry and may or may 

not include eggs and dairy, DASH diet is based on the consumption of FV, 

whole grains, nuts, legumes and low-fat dairy and limits the intake of saturated 



57 
 

fat processed food and added sugar (Sacks et al. 1995). Additionally, the 

Portfolio diet combines known cholesterol-lowering foods such as nuts, 

viscous fibres or plant sterols (Kendall and Jenkins 2004) and the 

Mediterranean diet promotes a high consumption of FV, cereals, beans, nuts, 

unprocessed foods, olive oil as the main source of fat, low intake of red meat, 

high intake of fish and low to moderate amount of red wine (Willett et al. 1995).  

A meta-analysis including 7 prospective studies showed an association of a 

vegetarian dietary pattern with a reduction of coronary heart disease by 22% 

(Glenn et al. 2019). Furthermore, an umbrella review of meta-analysis and 

reviews including 15 prospective studies and 31 randomised controlled trials 

(RCTs) reported an association between adherence to the DASH diet and a 

decrease in CVD and coronary heart disease of 20 and 21%, respectively 

(Chiavaroli et al. 2019). This review also reported that DASH diet was 

associated with a decrease of 5.2 and 2.6 mmHg in SBP and DBP, 

respectively, based on results from the RCTs. Moreover, another meta-

analysis of 29 observational studies has shown some convincing evidence for 

an inverse association between Mediterranean diet and a 10% reduction in the 

risk of all-cause mortality (Soltani et al. 2019). This has been confirmed by the 

results of a recent meta-analysis involving 30 RCTs and exploring the 

effectiveness of Mediterranean diet reporting a 40% decrease in the number 

of strokes and a reduction of SBP and DBP of 3.0 and 2.0 mmHg, respectively, 

following a Mediterranean diet pattern intervention (Rees et al. 2019). 

Likewise, adherence to the Portfolio Diet was associated with a decrease in 

the estimated 10-year risk of coronary heart disease by 13%, in a meta-

analysis grouping 7 studies (Chiavaroli et al. 2018). While the above findings 
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regarding the beneficial effects of FV and plant-based foods are very 

promising, there is still a need for well-designed and robust RCTs to confirm 

the real benefit of fruits, vegetables, and overall plant food consumption on 

chronic diseases and especially CVD. Among the various bioactive 

components present in plant foods, (poly)phenols seem to be good candidates 

which may be responsible for their cardioprotective effects (Liu 2013).  

1.2  (Poly)phenols 

1.2.1  Definition 

(Poly)phenols (PP) are secondary plant metabolites containing one or more 

phenolic rings in their structure, and with a mass ranging from 300 to 3000 Da, 

and even up to 20 000 Da for large compounds (Mena et al. 2015). More than 

8000 different types of PP have been identified in plants (Cheynier 2005). They 

are very abundant in fruits and vegetables, and plant foods and beverages 

such as coffee, tea, nuts, olive oil, soy products or cocoa (Harborne and 

Williams 2000). In recent years, these compounds have attracted a lot of 

attention and have been widely investigated due to their potential health 

benefits (Del Rio et al. 2013). Epidemiological and clinical studies have shown 

that PP have the potential to modulate physiopathological conditions and thus 

reduce the risk of chronic diseases such as CVD and dementia (Vauzour et 

al. 2010; Corona, Spencer, and Dessì 2009; Zheng et al. 2017).  

PP are one of the most abundant and major groups of phytochemicals, which 

also includes terpenoids –such as carotenoids–, alkaloids and sulphur 

compounds. They are synthesized by plants to protect them against UV-

mediated oxidative stress and strengthen the cell wall, to repel herbivores and 
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infections, and to attract pollinators (Gunnaiah et al. 2012; Harborne and 

Williams 2000). PP are naturally found on their glycoside form and less 

frequently as an aglycone or genin (i.e., without the glycosyl moiety). They are 

classified into different groups based on the number of phenyl rings and their 

structure. Thus, PP can be divided in two major groups: flavonoid and non-

flavonoids (Harborne 1995).  

Flavonoids are chemically related to a 15-carbon skeleton structure, which 

consists of two phenyl rings, A and B, and one heterocyclic ring containing 

oxygen named C. This structure is also known as “C6-C3-C6”. Usually the B 

ring is bound to position n°2 of the C ring, but it can also be found in position 

n°3, as is the case of isoflavones (Del Rio et al. 2013). Flavonoids are divided 

in 7 sub-classes: flavones, flavanones, anthocyanins, flavonols, flavan-3-ols, 

isoflavones, and dihydrochalcones (Manach et al. 2004) (Figure 1.3).  

 

Figure 1.3: Main flavonoids structures and food sources examples. 

Among flavonoids, flavones such as luteolin, apigenin or wogonin can be 

found in parsley and celery (Manach et al. 2004). Flavanones (naringenin, 
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hesperidin) are more specific to citrus fruits (Tomás-Barberán and Clifford 

2000). Regarding isoflavones (genistein, daidzein), their sources are widely 

related to Asian culture, as a result of their abundance in products such as 

soya, miso or tofu (Franke et al. 1999). Furthermore, anthocyanins such as 

cyanidin, pelargonidin or malvidin derivatives are characteristic of blue/red 

fruits and vegetables, for example berries, red grapes or aubergines (Clifford 

2000). Flavonols, such as quercetin, myricetin, isorhamnetin or kaempferol, 

can be found in onions, broccoli, but also in red wine, berries or tea (Crozier 

et al. 1997). Flavan-3-ols are found in cocoa, tea, berries or wine, where they 

can be found as monomers (catechin, epicatechin, epigallocatechin, or 

epigallocatechin gallate) but also as oligomers (proanthocyanidins) 

(Lakenbrink et al. 2000). Finally, dihydrochalcones are less represented in the 

diet compared with the other subfamilies. The main compounds are known as 

phloretin and asphalathin and have been identified in a few plant sources such 

as rooibos tea or apples (Stalmach, Mullen, Pecorari, et al. 2009). 

The non-flavonoids family include stilbenes, lignans, phenolic acids, and other 

PP, such as tyrosols, pyrogallols, or hydroxycoumarins (Manach et al. 2004). 

Phenolic acids are divided into five subgroups, i.e. hydroxyphenylpropanoic-, 

hydroxyphenylacetic-, hydroxyphenylpentanoic-, hydroxycinnamic- and 

hydroxybenzoic- acids (Phenol Explorer) (Figure 1.4). 
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Figure 1.4: Main non-flavonoids classification and structures. 

 

Stilbenes such as resveratrol or pterostilbene can be found in small amounts 

in grape, and as a result in wine, but also in peanuts (Vitrac et al. 2002). 

Lignans, and their precursor secoisolariciresinol diglucoside, can be identified 

in olive oil, sesame, pumpkin seeds or flaxseeds (Adlercreutz and Mazur 

1997). Likewise, hydroxycinnamic acids, for example caffeic or ferulic acid, are 

found in various products, from coffee to wine, and from blueberries to 

wholegrains (Pérez-Jiménez et al. 2010). Similarly, the main hydroxybenzoic 

acid representative in plants, gallic acid, has been identified in many fruits, 

nuts, vegetables and seeds (Oroian and Escriche 2015). Chlorogenic acid, 

major compound of the hydroxycinnamic acids subgroup, is found in 

significant quantity in coffee, wine, and berries, which makes it one of the main 

phenolic acid consumed in the population (Naveed et al. 2018). Finally, ellagic 

acid is a monomer of hydroxybenzoic acid which polymerises into polymers 

called ellagitannins. Those ones are widely identified in raspberries, 

pomegranates and nuts (Landete 2011). 
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1.2.2  Absorption, distribution, metabolism, and excretion 

(ADME) of dietary (poly)phenols 

Human feeding studies investigating the fate of PP in the body suggested that 

PP have a low bioavailability, with only 1 to 10% of the total amount ingested 

being excreted in urine (D'Archivio et al. 2007). However, recent human trials 

using isotopically labelled compounds and more sensitive analytical platforms 

indicate that the bioavailability of PP has been underestimated and that 

metabolites can remain in the circulation for more than 48h after consumption, 

before being excreted in urine, breath or via the bile (Czank et al. 2013). 

Recoveries in urine as high as 30-70% have been recently reported (Crozier, 

Del Rio, and Clifford 2010; Del Rio, Borges, and Crozier 2010; Stalmach et al. 

2010). These findings are in line with new discoveries related to the role of the 

gut microbiota in catabolizing PP, leading to a wider range of absorbed 

metabolites which were previously not accounted for (Kay et al. 2017). 

1.2.2.1 Absorption and distribution 

Although highly variable depending on the compound, maximal concentrations 

of PP in plasma can be reached 30 minutes to 2-3 hours post-consumption for 

compounds absorbed in the small intestine (Del Rio et al. 2013; Beattie, 

Crozier, and Duthie 2005). PP not absorbed in the small intestine reach the 

colon and are metabolised by the gut microbiota, leading to a second wave of 

metabolites appearing at around 4 to 6 hours post-consumption and able to 

stay in the circulation for 48 hours or longer (Feliciano, Boeres, et al. 2016; 

Pimpao et al. 2015). Additionally, PP levels observed after the intake highly 

differ according to the nature of the compound and the food source. The 
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plasma concentrations of intact flavonoids rarely exceed 1 μM (D'Archivio et 

al. 2007), but gut microbial metabolites can reach higher concentrations (Kay 

et al. 2017). 

Following their intake, PP are following the same metabolism pathway than 

xenobiotics and start their transformation when in contact with saliva (Zanotti 

et al. 2015). Going down the gastrointestinal tract, conjugated O-glycoside PP 

undergo the action of phase I metabolism enzymes and sugar moieties are 

cleaved enzymatically by the lactase phlorizin hydrolase (LPH), located at the 

brush border of the enterocytes, or the β-glucosidase (βG), located in the 

cytosol of epithelial cells of the small intestine (Del Rio et al. 2013; Spencer et 

al. 1999; Arora, Nair, and Strasburg 1998). LPH is known to present a strong 

affinity for flavonoid-O-β-D-glucosides, and the resulting aglycones present a 

raised lipophilicity which allow them to cross the enterocyte passively (Day et 

al. 2000). The second route operated by the cytosolic βG involves the active 

sodium-dependent glucose transporter 1 (SGLT1) to carry the PP in the 

enterocyte (Crozier, Del Rio, and Clifford 2010; Gee et al. 2000).  

To sum up, two routes allow the hydrolysation of PP conjugates and the 

passage of their aglycones in enterocytes: passive diffusion with LPH and 

active transport via βG (Figure 1.5). However, not all PP follow this pathway, 

with the example of flavonoids bound to a rhamnose which must reach the 

colon to be hydrolysed by α-rhamnosidases enzymes secreted by the 

microbiota before being absorbed (Marín et al. 2015). Moreover, some PP of 

high molecular weight, such as proanthocyanidins or ellagitannins, cannot be 

absorbed in the small intestine due to their large structure. In fact, those 
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compounds can only be absorbed after being metabolised by the gut 

microbiota. While the majority of PP go through the process of deglycosylation, 

a few exceptions were found in the literature, e.g., for anthocyanins and 

flavonols, which have been found in urine and plasma in their glycoside form 

(Kay, Mazza, and Holub 2005; Hollman et al. 1997).  

Phenolic compounds’ bioavailability is also associated with some multidrug-

resistance-associated proteins (MRP-1, MRP-2) which are active ATP-

dependent transporters and sometimes called “phase III enzymes” 

(Leonarduzzi et al. 2010). While MRP-2 is located on the apical membrane of 

enterocytes and facilitate the entrance of PP in the lumen of intestinal cells, 

MRP-1 is located closer to the enterocyte capillaries to favour the access of 

the metabolites in blood (van Zanden et al. 2007; Singh et al. 2008). Moreover, 

literature reports that glucose transporter 2 (GLUT2) and multidrug-resistance-

associated proteins 3 (MRP-3) are both implicated in the efflux of metabolites 

from the basolateral side of intestinal cells to the portal vein to then reach the 

hepatocytes of the liver (Manzano and Williamson 2010). 

1.2.2.2 Phase II metabolism 

After their absorption in the intestinal cells, PP metabolites undergo phase II 

metabolism, which will produce various conjugated compounds, namely 

methyl, sulfate and glucuronide metabolites. These phase II enzymes, located 

in the cellular endoplasmic reticulum, are known as catechol-O-

methyltransferases (COMT), sulfotransferases (SULT) and uridine-5′-

diphosphate glucuronosyltransferases (UGT), respectively (Manach et al. 

2004; Del Rio et al. 2013). Indeed, COMT catalyses the transfer of a methyl 
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group (-CH3) from S-adenosyl-L-methionine to the aglycone (poly)phenol on 

the C3 or the C4 position of the B ring of the PP. Moreover, while SULT 

catalyse the transfer of a sulfate unit from 3’-phosphoadenosine-5’-

phosphosulfate to a hydroxyl (-OH) group on PP, UGT enzymes catalyse the 

reaction of glucuronidation, by transferring a glucuronic acid from UDP-

glucuronic acid to the aglycone, more likely on the carbon number 7 of the A 

ring of flavonoids, although it can also go in other available positions (Manach 

et al. 2004). Several transformations can also occur at the same time for a 

specific compound, as it has been confirmed by the discovery of sulfo-

glucuronide metabolites of quercetin in the rat (Kawai et al. 2009). 

Hepatic compounds can then be distributed via the systematic circulation to 

tissues, where they will exert their biological action. There is very little known 

regarding the metabolic pathways involved in the liver. However, it has been 

reported that plasma PP are diverse, mostly hydrophilic, and rarely found 

under their aglycone form (Santhakumar, Battino, and Alvarez-Suarez 2018). 

Hepatic metabolites can use the biliary excretion to be secreted de novo in the 

intestine, where they will undergo another deconjugation by the intestinal 

enzymes and reabsorbed another time. This phenomenon, called 

enterohepatic circulation, may contribute to the high half-life of some PP found 

in plasma (Adlercreutz et al. 1987). 
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1.2.2.3 Gut microbial metabolism 

Only 5 to 10% of the total dose of PP ingested are absorbed by the enterocytes 

following deglycosylation process (Cardona et al. 2013). The remaining 

fraction (90-95%) and the native conjugated compounds will cross the 

gastrointestinal conduct to end up accumulating in the colon, where they will 

undergo the action of microbiome’s bacterial enzymes which results in the 

creation of a new variety of catabolites (Bowey, Adlercreutz, and Rowland 

2003). These enzymes can cleave large and complex structures into smaller 

molecules which eases their absorption (Santhakumar, Battino, and Alvarez-

Suarez 2018). Indeed, gut microbiome enzymes can break the glycosidic 

linkages as well as the heterocyclic backbone of metabolites which creates a 

whole different range of low molecular weight compounds such as phenolic 

acids and hydroxycinnamic acids (Aura et al. 2005). Microbiome enzymes 

include hydrolases, reductases, decarboxylases, demethylases, and act to 

reduce the size and the complexity of the (poly)phenolic metabolites (Zanotti 

et al. 2015; Selma, Espín, and Tomás-Barberán 2009). The majority of the 

colonic catabolites will be able to reach the systemic circulation where they 

can be distributed to various peripheral organs and tissues before being 

eliminated by the kidneys via the urine (Rodriguez-Mateos, Vauzour, et al. 

2014).  

A summary of the different steps involved in the absorption, distribution and 

metabolism can be found in Figure 1.5 below.  



67 
 

 

Figure 1.5: Mechanisms of ADME of (poly)phenols.  

βG, cytosolic β-glucosidase; COMT, catechol-O-methyl transferase; GLUT2, glucose transporter; LPH, 

lactase phlorizin hydrolase; MRP1-2–3, multidrug-resistant proteins; PP-Agly, (poly)phenol aglycone;  

PP-Gly, (poly)phenol glycoside, PP-Met, (poly)phenol sulfate/glucuronide/methyl metabolites; SGLT1, 

sodium-dependent glucose transporter; SULT, sulfotransferase; UGT, uridine-5′-diphosphate 

glucuronosyltransferase. Adapted from Santhakumar and colleagues (2018). 

 

1.2.2.4 Excretion 

After many cycles of metabolism along the intestinal tract, unabsorbed PP are 

excreted from the body in faeces (Scalbert and Williamson 2000). This 

constitutes the faecal excretion of PP, which is one of the exit routes of 

phenolic metabolites along with the urinary elimination, and which mainly 

apply to high molecular weight compounds. On the contrary, the urinary 

pathway will be followed by smaller metabolites which, after being distributed 

to peripheral tissues, will be excreted via the kidneys (Crozier, Del Rio, and 

Clifford 2010). Maximal urine PP concentration following small intestine 

metabolism is often reached within 2 to 4 hours after ingestion (Jin et al. 2011), 

while for gut microbial metabolites can be 6 to 48 hours (Parkar, Trower, and 
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Stevenson 2013; González-Sarrías, Espín, and Tomás-Barberán 2017). 

Percentages of urinary excretion based on the intake vary according to the 

nature of the compound, from 0.005 to 0.1% of intake for intact anthocyanins 

to 16-66% of intake for the isoflavone daidzein (Manach et al. 2004). As PP 

are metabolised in a similar manner compared to xenobiotics, they will not 

accumulate in the body but will instead undergo a turnover. This indicates the 

importance of regular intake of phenolic compounds to maintain a high plasma 

concentration of PP.  

1.2.2.5 Next steps in the understanding of PP ADME 

As explained earlier, the bioavailability of PP appear be to higher than 

previously thought (Kay et al. 2017). For instance, a human study using 

isotopically labelled (–)-epicatechin proved that 82 ± 5% of ingested 

epicatechin was absorbed and highlighted gut microbiome as a key driver of 

the metabolism of epicatechin, as around 70% of the ingested isotopes were 

found absorbed in the lower intestine (Ottaviani et al. 2016). Moreover, when 

quantifying metabolites’ excretion following acute consumption of orange 

juice, Pereira-Caro and colleagues reported that all urinary catabolites that 

significantly increased following the intervention were products of the gut 

microbial breakdown and that these metabolites represented 88% of the initial 

PP intake (Pereira-Caro et al. 2014). 

Understanding the metabolism and bioavailability of PP is key when studying 

the potential physiological benefits of these molecules. Indeed, many 

metabolites may still be unknown and, as a result, not targeted by the 

metabolite analysis on biosamples. The development of studies focusing on 
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PP bioavailability using radiolabelled compounds in human will help us to 

expand our knowledge of plant bioactives’ ADME. 

1.2.3  Effects of PP on CVD: evidence from the literature 

There is strong epidemiological evidence showing that PP-rich foods, such as 

fruit and vegetables, nuts, and wholegrains present beneficial effects on CVD 

risk, as discussed in section 1.1.4., prospective studies have also investigated 

the impact of PP consumption on CVD risk. For example, a study conducted 

on 100 000 elderly men and women found an association between total 

flavonoid intake and a 18% reduction of the risk of CVD-related mortality 

(McCullough et al. 2012). Another 16-year follow-up prospective study 

including more than 35 000 post-menopausal women indicated that increased 

consumption of anthocyanins was associated to a reduction by 10% of the 

CVD mortality (Mink et al. 2007). Similarly, higher consumption of 

anthocyanins was associated with a 32% reduction risk of myocardial 

infarction in 100 000 young and middle-aged women followed-up after 18 

years (Cassidy et al. 2013). 

Several systematic reviews have focused on the association between 

flavonoid intake and CVD risk and CVD mortality. For example, a systematic 

review including 15 prospective studies demonstrated a CVD risk reduction of 

14% which was linked to the participants having the highest daily flavonoid 

intake (Kim and Je 2017). The authors also performed a subgroup analysis 

and revealed that flavones, flavan-3-ols, anthocyanidins, flavanones and 

proanthocyanidins were inversely associated with CVD mortality by 11 to 14%. 

Similarly, another systematic review of 10 prospective studies investigating the 
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association between flavonoid consumption and CVD- and all cause-mortality 

revealed that subjects with the higher intake were presenting a 18% decreased 

risk for all-cause mortality, as well as a 15% reduced risk for death from CVD 

(Liu et al. 2017). Authors reported that a dose-response effect was present for 

studies providing 200 mg of flavonoids per day, as this dose was associated 

with the lowest risk of all-cause mortality. This was in line with the meta-

analysis by Grosso and colleagues which reported a reduced risk of 26% of 

all-cause mortality associated with a high flavonoid intake (Grosso et al. 2017), 

or the review by Jiang et al suggesting that high flavonoid consumption was 

related to a 15% decrease in CVD risk (Jiang, Wei, and He 2014). 

Some systematic reviews based on epidemiological studies have also focused 

on specific families of flavonoids or individual compounds. For instance, a 

systematic review summarizing the findings of 23 prospective studies 

evaluated the association between soy isoflavones intake and CVD risk and 

risk of mortality. Authors reported that subjects with the highest intake of soy 

isoflavones presented a 10% reduction in risk of all-cause mortality compared 

with participants with low consumption (Nachvak et al. 2019). Another recent 

review by Kimble et al reported a reduction in CVD mortality of 8% following 

anthocyanin supplementation but did not show any impact on the risk of 

myocardial infarction or total CVD (Kimble et al. 2019). Finally, a systematic 

review of 23 studies investigating the impact of flavan-3-ol consumption on 

CVD risk reported an association of the intake with a 13% decrease in CVD 

risk (Raman et al. 2018). However, all these promising findings have to be 

considered with caution, as a few epidemiological studies have not been able 

to show a significant association between the intake of PP and a potential 
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reduction of the CVD risk (Hertog, Feskens, and Kromhout 1997; Lin et al. 

2007; Rimm et al. 1996) (Sahebkar 2017). These discrepancies can be due to 

the difficulty behind the assessment of the general population’s diet, and in 

particular the assessment of PP intake.  

Meta-analysis of RCTs also reported the importance of PP supplementation 

on CVD risk, using well established surrogate markers of CVD risk such as 

BP, endothelial function, or blood lipid levels. Indeed, a recent meta-analysis 

investigating the effects of PP on cardiovascular disorders in 34 studies noted 

a significant improvement of SBP, DBP, LDL cholesterol and FMD (-1.01 

mmHg, -2.04 mmHg, -4.39 mg/dL and 0.89%, respectively) following the PP 

administration (Potì et al. 2019). However, this analysis did not consider the 

different classes of PP that could potentially be related to the significance of 

the effect. In their investigation of the influence of flavan-3-ol consumption on 

CVD risk, Raman and colleagues studied the strength of the relationship in a 

meta-analysis of 156 RCTs and showed significant improvement in BP (-1.46 

and -0.99 mmHg for SBP and DBP, respectively), FMD (1.21%) and blood lipid 

levels (-0.07 and 0.03 mmol/L for LDL and HDL cholesterol, respectively) 

(Raman et al. 2019). Another meta-analysis reporting on the effect of PP-rich 

olive oil on CVD risk observed some significant improvement in oxLDL and 

total cholesterol levels, of -0.44 µmol/L and -4.5 mg/dL, respectively (George 

et al. 2019). 

Regarding meta-analysis focusing on specific PP families, we can cite a meta-

analysis by Yang and colleagues reporting the effects of anthocyanins on lipid 

profiles in 32 RCTs and showing a significant reduction of total and LDL 
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cholesterol following supplementation, of -0.33 and -0.35 mmol/L, respectively 

(Yang et al. 2017). Similarly, meta-analysis investigating the impact of cocoa 

flavan-3-ol consumption on cardiometabolic biomarkers and including 19 

RCTs revealed a significant improvement in blood lipids levels (triglycerides 

and HDL cholesterol) and C-reactive protein (CRP) after daily consumption for 

2 to 52 weeks (-0.10 nmol/L for triglycerides, 0.06 mmol/L for HDL cholesterol 

and -0.83 mg/L for CRP levels) (Lin et al. 2016). Furthermore, the effects of 

quercetin on BP were investigated in a meta-analysis by Serban and 

colleagues. Authors showed significant improvement in SBP and DBP, of  

-3.04 and -2.63 mmHg respectively, following supplementation with quercetin 

(Serban et al. 2016). It was reported that there was a BP-reducing dose effect 

in RCTs involving supplementation of doses higher than 500 mg/day, which 

was not found in trials designed with a dose lower than 500 mg/day. Finally, a 

recent meta-analysis of 28 RCTs observing the effects of isoflavone 

consumption on CVD risk reported some significant improvement in FMD, SBP 

and DBP, of 1.98%, -5.47 mmHg and -2.03 mmHg, respectively following the 

intake of the soy PP (Li, Wu, et al. 2020). The effect of anthocyanins on BP is 

currently unclear, as 2 meta-analysis did not report any significant 

improvement in SBP or DBP (Ellwood et al. 2019; Zhu et al. 2016). Authors 

mentioned that this inconclusive result might be related to the small sample 

sizes and single-centre trials involved in the analysis.   

Two large databases have been created to standardize and report the PP 

content of plant-based foods and to avoid any bias caused by the high 

variability of reporting flavonoid content. Phenol-Explorer (Neveu et al. 2010) 

and the US Department of Agriculture (USDA) database for flavonoid content 
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in foods (USDA 2014) both gather published and recognized data related to 

PP content and based on specific analytical methods such as high-pressure 

liquid chromatography-mass spectrometry (HPLC-MS). Nevertheless, these 

databases are only approximate as the PP content of fruits and vegetable is 

greatly associated to the differences in varieties and processing, to the season 

of harvest to even storage conditions. These two databases are also limited 

by the accuracy of the reporting. Indeed, the items listed in the various food 

frequency questionnaires based on Phenol-Explorer and USDA lack in 

precision, which can induce a high degree of error in the measurement and 

thus the outcomes of nutritional studies (Zamora-Ros et al. 2014).  

In addition to these risks of bias induction present in the current methods of 

PP quantification, it is important to note that other approaches have started to 

develop in the recent years to estimate more accurately the intake and 

metabolism of phenolic compounds. This is the case for the use of biomarkers 

of PP consumption in biosamples, such as plasma and urine. This technique 

is thought to be more objective as it reflects directly the “bioavailable” PP 

exposure levels and is not impacted by the inaccuracy of self-reporting. A 

biomarker of PP intake is a useful tool to validate a dietary assessment method 

(Krogholm et al. 2010). However, this new technique presents some limitations 

such as the necessity of using complex and expensive analytical techniques 

and the very few validated accessible and efficient methods available 

(Zamora-Ros et al. 2014). Results from this analytical methodology also 

depend greatly on the reliability and accessibility of authentic standards. 

Furthermore, PP present a very short half-life which could obstruct the 

capacity to represent the usual diet (Guasch-Ferré, Bhupathiraju, and Hu 
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2018). On a larger picture, another limitation of nutritional biomarkers can be 

attributed to the difficulty of food source identification as PP are rarely specific 

to a single fruit or vegetable (Kuhnle 2012). Nevertheless, this new analytical 

approach for dietary assessment might, along with a better and more accurate 

use of food databases and recalls, represent the future of nutritional science 

and are paramount to correlate the health benefits with the intake of phenolic 

compounds.  

1.2.4  Cardiovascular mechanisms of action of PP  

1.2.4.1 Empirical antioxidant capacity of PP 

The expression “oxidative stress” appeared for the first time in a publication in 

1970 (Paniker, Srivastava, and Beutler 1970). Fifteen years later, it was 

defined as a source of cell and tissue damage caused by the discrepancy 

between oxidant and antioxidant concentrations (Sies and Cadenas 1985). 

More recently, the literature has characterised this concept as a an imbalance 

between cellular oxidoreduction signalling and control (Jones 2006). 

As a result of findings emanating from epidemiological studies in the 90s 

highlighting the associations between flavonoid-rich diets and decreased 

mortality (Hertog et al. 1993), an over-simplification of the oxidative stress 

theory was used as the potential mechanism of action regarding the biological 

effects of PP (Ghezzi et al. 2017). Indeed, as PP demonstrated antioxidant 

effects in vitro, it was believed that beneficial physiological effects in humans 

were related to this antioxidant hypothesis (Dragsted 2003; Rice-Evans 1995). 

This concept was followed by the development of several assays to assess 

the antioxidant capacities of beverages and foods in vitro, such as the  
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2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, the Oxygen Radical Absorbance 

Capacity (ORAC) assay, or the Trolox Equivalent Antioxidant Capacity (TEAC) 

assay (Litescu, Eremia, and Radu 2010).  

However, with the advancement of the knowledge related to oxidative stress, 

as well as the growing scientific literature linked to the complex ADME and 

bioavailability of phenolic compounds in vivo, the idea of PP beneficial effects 

of health to be associated merely to their antioxidant potential has been 

abandoned over the years (Ruskovska, Maksimova, and Milenkovic 2020). 

Hollman and colleagues nicely summarized in their reviews that, based on the 

evidence available, the hypothesis that the direct antioxidant properties of PP 

can explain their positive health effects has to be rejected due to the poor 

absorption of phenolic compounds and the extensive metabolism of these 

ones into derivatives inducing the invalidation of potential antioxidant entities 

(Hollman 2014). Due to the low concentration of PP in plasma compared to 

well-known antioxidants such as vitamin C or uric acid, the relevance of PP as 

direct antioxidant to improve cardiovascular health is likely to be irrelevant.  

Nowadays, a more plausible explanation is that the biological activity of PP is 

exerted through the modulation of several pathways mostly expressed through 

transcription genes modulation, leading to an enhanced antioxidant protection 

against the development of CVD (Yahfoufi et al. 2018). In three decades, PP 

went from simple antioxidant molecules to complex metabolites and signalling 

bioactive compounds (Croft 2016).  

Although the literature related to the antioxidant activity of PP in vitro is 

abundant, RCTs with relevant biomarkers of oxidative stress have failed to 
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demonstrate such an action in vivo (Halliwell, Rafter, and Jenner 2005; 

Hollman et al. 2011). One reason could be that phase II metabolism occurring 

in vivo leads to a decrease of the antioxidant capacity of metabolites (Pollard 

et al. 2006). Another reason behind this divergence in findings could be, along 

with the common use of non-metabolised PP, the high and non-physiologically 

relevant doses employed in these in vitro studies, which can be up to 100 000 

times higher than biological plasma concentrations (Manach et al. 2004). 

Moreover, animal studies do not account for the differences in metabolism 

between the investigated species and humans, which are substantial. For 

example, Borges et al demonstrated that the metabolism of epicatechin in rats 

is very different to humans as they reported a profile of structural-related  

(–)-epicatechin metabolites widely divergent between the 2 species (Borges 

et al. 2018). The next section describes the latest findings regarding the 

biological effect of PP on vascular health. 

1.2.4.2 Indirect antioxidant activity in the endothelium 

1.2.4.2.1 The Akt/eNOS pathway 

 

One of the many mechanisms linked to the potential of PP to improve 

cardiovascular health is the ability to modulate the levels and activity of nitric 

oxide (NO). PP can interact with signalling pathways involving kinases such 

as phosphatidylinositol 3-kinase (PI3-kinase)/Akt and eNOS, leading to an 

increase in NO production (Vauzour et al. 2010) (Figure 1.6). NO is implicated 

in signalling pathways and can mediate various physio-pathological functions 

such as neuromodulation, cytotoxicity and, especially, vasodilation. Indeed, 
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this efficient vasodilator leads to the relaxation of vessels both in vivo and in 

vitro (Faraci and Heistad 1998). 

As stated earlier, NO produced by eNOS is an essential actor of 

cardiovascular homeostasis which promotes, among others, blood flow and 

vascular smooth muscle cells’ relaxation (Ghimire et al. 2017). Additionally, 

FMD as a surrogate marker of CVD risk is widely dependent on eNOS activity 

(Sies 2010). After its release by the endothelium, NO stimulates the soluble 

guanylate cyclase (sGC) in vascular muscle cells, leading to a rise of the 

intracellular concentration of cyclic guanosine 3′,5′-monophosphate (cGMP) 

and to relaxation. In fact, cGMP can activate the protein kinase G (PKG), which 

can then induce the phosphorylation of other proteins to finally induce 

vasodilation (Bian and Murad 2014). NO may also react with a superoxide 

anion to form peroxynitrite (ONOO-), a strong oxidant that can lead to protein 

and DNA damage. As NO reacts with superoxide anion O2°- faster than the 

rate of dismutation and inactivation of O2°- by superoxide dismutase (SOD), 

this concentration of SOD can be a significant determinant of the NO 

bioactivity (Faraci and Didion 2004). 

The endothelial NOS is stimulated via the PI3-kinase pathway and can be 

induced by various factors such as insulin-like growth factor-1 (IGF-1) or 

vascular endothelial growth factor (VEGF). The serine/threonine protein 

kinase Akt, also known as PKB, is an important target of PI3-kinase. 

Furthermore, Akt can directly phosphorylate eNOS, which activates the 

enzyme and leads to NO production (Shen et al. 2012). Some publications 

have shown that (poly)phenolic compounds can lead to a modulation of 
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endothelial NO production via kinases signalling pathways such as this PI3-

kinase/Akt pathway (Fairlie-Jones et al. 2017; Varela et al. 2016). It has been 

shown that resveratrol, a stilbene found in small amounts in grapes, is able to 

increase the eNOS expression in human endothelial cells by upregulating its 

expression and stimulating its enzymatic activity (Li et al. 2019). However, the 

amounts used in this cell work (μM range) are not physiologically relevant as 

resveratrol is mainly metabolised and found in its native form in ranges lower 

than 40 nM. Another publication highlighted that S-(–)equol, a gut microbial 

metabolite of daidzein, can activate the PI3-kinase/Akt pathway (Zhang et al. 

2013). Similar effects were observed for genistein (Grossini et al. 2015).  

 

 

Figure 1.6: Akt/eNOS signalling pathway. P represents the process of phosphorylation. PI3K, 

phosphatidylinositol 3-kinase; Akt, protein kinase B; eNOS, endothelial nitric oxide synthase. 
 

 

1.2.4.2.2  The NOX pathway 

NADPH oxidases (NOX) family is composed of five isoforms and two 

connected enzymes. Only three isoforms are expressed in the vascular 

system: NOX1, NOX2 and NOX4 (Katsuyama 2010). NOX enzymes generate 

O2°- from O2 using NADPH as an electron donor. NOX2 is the predominant 

isoform in endothelial cells (Schröder 2010). Indeed, some experiments have 

shown that when NOX2 is mutated and inactivated, it leads to some 

impairment in oxidative stress markers as well as improved endothelial 

vasodilation (Violi et al. 2009). These data suggest that NOX2, when 
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expressed normally, is associated to an altered vascular function. In fact, when 

superoxide radicals produced by NOX2 interact with NO to generate 

peroxynitrite, it decreases the stock of NO present in the cell. As a result, NO 

is not able to exert its vasodilative properties (Steffen, Schewe, and Sies 

2007). To illustrate, a schematic representation of the link between NOX and 

NO pathway is presented in the Figure 1.7 below. 

 

 

 

Figure 1.7: Summary of the signalling pathways occurring in the phenomenon of vasodilation.  

L-arg, L-arginine; NO, nitric oxide; eNOS, endothelial nitric oxide synthase; sCG, soluble guanylyl 

cyclase; cGMP, guanosine 3′,5′-cyclic monophosphate; GTP, Guanosine triphosphate;  

PKG, phosphokinase G. 

 

1.2.4.2.3  The Nrf2 pathway 

The activation of the nuclear E2-related factor 2 (Nrf2) receptor has arisen as 

a potential target for PP in the recent literature (Satta et al. 2017). The 

endothelial Nrf2 can be triggered via increased reactive oxygen species 

production and PI3K-Akt signalling induced by shear stress (Chen et al. 2003). 
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When laminar shear stress is perturbed at curved sections of arteries, the 

bioavailability of NO decreases, leading to an increase of the O2°- levels 

(Hosoya et al. 2005) and a decrease of Nrf2-activated genes, which results in 

a predisposition of the endothelium to atherogenesis (Cheng, Siow, and Mann 

2011). The Nrf2 pathway is thus considered as a key modulator of the 

oxidant/antioxidant balance and it has been shown that (poly)phenolic 

compounds could induce a response in targeted cells, leading to the activation 

of several defence enzymes such as glutathione-S-transferase, haem 

oxygenase 1, quinone oxidoreductase 1, and glutamyl-cysteine ligase (Satta 

et al. 2017).  

1.2.4.2.4  Concluding remarks on molecular mechanisms 

In the last decades, our knowledge of the molecular mechanisms behind the 

biological action of PP has substantially grown. While the Akt/eNOS, NOX and 

Nrf2 pathways are the main models studied in the literature, it has been shown 

that phenolic compounds can modulate various cellular functions indirectly 

related to the redox balance regulation, such as inflammation or endothelial 

dysfunction (Ruskovska, Maksimova, and Milenkovic 2020). On top of their 

action at a transcriptional level, literature recently highlighted the potential of 

PP to exert some post-transcriptional regulation of genes through the 

modulation of non-coding RNA’s expression, called microRNAs, and which 

behave as gene regulators (Milenkovic et al. 2012; Milenkovic, Jude, and 

Morand 2013). Indeed, PP have been shown to modulate more than 100 

microRNA (Krga et al. 2016). However, the few studies focusing on this aspect 

have used cellular models and, more rarely, animal models, which indicates 
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the need for more studies to validate the impact of phenolic compounds on 

gene targets.  

1.2.5  Beneficial effects of PP on gut microbiota  

Often considered as a “second brain”, the microbiome is a large ecosystem 

composed of trillions of bacteria which interacts with the whole organism 

during all the life of an individual (Vaiserman, Koliada, and Marotta 2017).  

As explained previously, gut microbiota exerts an important role in the 

bioavailability of PP as the presence of high molecular weight compounds 

associated with the relatively low absorption of phenolic compounds in general 

favour the interaction of the latter with colonic bacteria (Marchesi et al. 2016). 

When reaching the large intestine, a bidirectional relationship will develop 

between PP and microbiota. Indeed, while PP can modulate the composition 

and diversity of the microbiome, intestinal bacteria catabolize PP to produce 

smaller compounds that are usually more active and which present a better 

absorption than the original metabolite (Espin, Gonzalez-Sarrias, and Tomas-

Barberan 2017). In the following section, we will only discuss the effects of PP 

on gut microbiome, as gut microbial metabolism has already been discussed 

in section 1.2.2.3. 

1.2.5.1 Prebiotic effect of PP 

By definition, a prebiotic is “a non-digestible compound that through its 

metabolization by microorganisms in the gut, modulates the composition 

and/or activity of the gut microbiota, thus conferring a beneficial physiological 

effect on the host” (Bindels et al. 2015). As a result of this bidirectional 

connection between gut microbiota and PP, these latter have the potential to 
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modify the human colonic microflora to exert a “prebiotic-like” action (Kennedy 

2014; Fogliano et al. 2011; Oteiza et al. 2018; Tomas-Barberan, Selma, and 

Espin 2016). For example, tea PP, including catechin and its derivates, were 

shown to inhibit the development of detrimental bacteria such as 

Staphylococcus aureus, Salmonella typhimurium, Helicobacter pylori or 

Escherichia coli (Duda-Chodak et al. 2015). Some other compounds on the 

other hand, such as anthocyanins or hydroxybenzoic acids, we able to 

promote the development of some beneficial bacteria such as Lactobacillus 

spp., Bifidobacterium spp., or Faecalibacterium prausnitzii which is 

responsible for the production of the short chain fatty acid butyrate, in human 

clinical trials (Vendrame et al. 2011; González‐Sarrías et al. 2018). 

Improvement in the microbiome composition has also been correlated to 

beneficial changes in cardiovascular markers in human subjects. For instance, 

4-week consumption of cocoa flavan-3-ols significantly increased the 

abundance of Lactobacillus spp. and Bifidobacterium spp., while significantly 

decreased the counts of Clostridium histolyticum (Tzounis et al. 2011). 

Authors also reported that these changes in microbiome were correlated with 

reductions in plasma triglycerides and CRP. These results are in line with 

another study evaluating the effect of red wine PP consumption for 4 weeks 

on microbiome and clinical biomarkers and which observed a significant 

improvement in cholesterol and CRP which was correlated with the changes 

in Bifidobacterium count (Queipo-Ortuno et al. 2012). Moreover, a previous 

RCT led by our team and studying the impact of 12-week consumption of 

aronia extract in healthy young men showed a significant increase in the 



83 
 

butyrate-producer Anaerostipes and a correlation between FMD and Dialister, 

Phascolarctobacterium and Roseburia (Istas et al. 2019). 

Furthermore, in a recent systematic review investigating the prebiotic effect of 

PP and including 22 animal studies, abundances of Akkermansia, Roseburia, 

Bifidobacterium and Faecalibacterium were significantly increased following 

the intake of tea flavan-3-ols, soy isoflavones, naringenin, lignans, stilbenes 

and phenolic acids by mice and rats (Gwiazdowska et al. 2015; Jin et al. 2012; 

Koutsos et al. 2017; Derrien, Belzer, and de Vos 2017; Eppinga et al. 2016; 

Alves-Santos et al. 2020) 

Evidence suggests that specific PP, at certain concentrations, can exert their 

“prebiotic-like” effect to influence the Firmicutes/Bacteroidetes balance (Stoupi 

et al. 2010; Lee et al. 2006; Hervert-Hernández et al. 2009; Remely et al. 

2015). Indeed, this ratio has been observed to be an indicator of health, as a 

higher ratio has been associated with type 2 diabetes and obesity (Cani and 

Everard 2016). However, recent findings contradict this theory as it has been 

reported that the interindividual variability in relative abundance of 

Bacteroidetes and Firmicutes is high and influenced by lifestyle factors such 

as physical activity or diet, which could explain the contradiction in the results 

observed in normoweight and obese participants (Magne et al. 2020). Another 

study investigating the variations of microbiome composition according to age 

highlighted the substantial modulation of phyla abundance through life, with a 

Firmicutes/Bacteroidetes ratio increasing with age independently from gender 

(Vaiserman et al. 2020).  
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1.2.5.2 Effects of gut microbiota on PP metabolism 

As previously stated, the gut microbiota can transform the intact PP reaching 

the colon into smaller compounds with an enhanced bioavailability. The main 

reactions occurring in the large intestine are reductions, cleavage, and 

hydrolysis (Espin, Gonzalez-Sarrias, and Tomas-Barberan 2017). As 

bioavailability of phenolic compounds is tightly related to their range of 

biological effects, the wide spectrum of compounds generated by the 

microbiome catabolism has been considered more deeply by bioavailability 

studies in the last decade. This is how some metabolites have been identified 

to be products of the microbial metabolism, with the examples of urolithins 

(derived from ellagitannins), enterolactones and enterodiols (produced from 

lignans), equol (coming from isoflavones catabolism) or valerolactones 

(derived from catechin and proanthocyanidins) (Tomas-Barberan, Selma, and 

Espin 2016). In this context, the notion of metabotype has been developed, 

referring to a “metabolic phenotype with specific gut microbiome-derived 

metabolites that characterize the metabolism of the parent compound” (Espin, 

Gonzalez-Sarrias, and Tomas-Barberan 2017).  

This implies that a gut metabotype is characterized by both composition and 

activity of the microbiome and neo-metabolised compounds. This concept of 

metabotypes is an important discovery in the field of personalised nutrition and 

is knowing an increasing interest (Palmnäs et al. 2020; Espin, Gonzalez-

Sarrias, and Tomas-Barberan 2017). For instance, 3 urolithin metabotypes of 

ellagitannins can be classified in the general population and have been related 

to the presence of specific bacteria such as Gordonibacter urolithinfaciens and 
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Ellagibacter isourolithinfaciens (Selma et al. 2014; Selma et al. 2018; Tomas-

Barberan et al. 2014). Metabotyping has also been reported for isoflavones as 

the presence of equol producer and equol non-producer metabotypes among 

the population has been recently discovered, while only equol producers 

appear to undergo the beneficial cardiometabolic effects following the intake 

of isoflavones (Frankenfeld 2017). Indeed, some metabotypes have been 

found more frequently in patients with specific diseases leading to a 

microbiome dysbiosis such as metabolic syndrome or obesity (Tomas-

Barberan, Selma, and Espin 2016). Moreover, dysbiosis of intestinal 

microbiome has been linked to the development of various chronic diseases, 

such as CVD (Ridaura et al. 2013; Masumoto et al. 2016). As a result, 

investigating the relationship between PP metabolites and gut microbiota 

could lead to significant beneficial findings in the field of health management 

(Oteiza et al. 2018; Tomas-Barberan, Selma, and Espin 2016; Fraga et al. 

2019). 

It has been shown that interindividual variability in PP intake as well as in gut 

microbiome quality can lead to variation in the bioavailability and the biological 

efficacy of PP (Bolca et al. 2010; van Dorsten et al. 2010). The interindividual 

variations observed in the gut can be related to environmental factors (diet, 

lifestyle, exercise, physiopathological status), but also to genetic factors 

(Arumugam et al. 2011).  

To sum up, gut microbiota plays a very important part in the bioavailability of 

PP and ultimately, in their biological outcome. However, the evidence to 

support these beneficial effects of phenolic compounds derived from the gut 
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microbiota metabolism and the mechanisms involved is still unclear. There is 

a need for larger trials investigating the impact of PP supplementation on the 

composition and diversity of the gut microbiota, but also extensive 

bioavailability studies to look into the potential of bacterial metabolism-derived 

compounds for cardiovascular health. The relationship between interindividual 

variability in response to PP intake and microbiome metabolism needs to be 

further investigated.  

1.2.6  The growing interest for berry PP 

A growing number of human studies and meta-analysis are showing the health 

benefits associated to the consumption of berries, especially because of their 

high flavonoid content, in particular in anthocyanins (Rodriguez-Mateos, 

Heiss, et al. 2014; Wood et al. 2019; Miller, Feucht, and Schmid 2019). More 

recently, the relationship between berry PP consumption and gut microbiome 

benefits has been investigated (Lavefve, Howard, and Carbonero 2020). 

Indeed, as described in section 1.2.5., although berry PP often present a poor 

bioavailability and a complex structure, the products of their extensive 

metabolism by the intestinal bacteria are thought to vastly increase their ability 

to reach the systemic circulation and their bioactivity.  
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1.3  Effects of aronia berry PP on cardiovascular 

health 

1.3.1 Introduction to aronia berry 

1.3.1.1 Plant characteristics 

Aronia melanocarpa (aronia) is a berry belonging to the Rosaceae family 

(Kokotkiewicz, Jaremicz, and Luczkiewicz 2010). Also known as “black 

chokeberry” due to its astringent taste, the berry is originally native from 

Northern America. However, aronia is nowadays found and cultivated in 

Central and Eastern Europe (USDA), and, since its introduction, various 

cultivars have been created, such as Nero, Viking or Aron (Ireneusz Dariusz, 

Jozef, and Milosz 2012) which present bigger berries and a better resistance 

compared to the original cultivar (Leonard 2013). Aronia shrub can measure 

up to 2 meters, and presents white flowers during spring, before developing 

berries during summer, which will mature as small dark berries in autumn. 

Aronia berries are slightly smaller than blueberries, with a weight of up to 2 

grams (Popescu 2018). The bush is easy to cultivate and can produce up to 6 

kg of berries each year (Sidor and Gramza-Michałowska 2019; SkupieD, 

Ochmian, and Grajkowski 2008). Due to the strong astringent taste of aronia, 

berries are more commonly consumed in a processed from such as jam, juice, 

or fruit wine (Oszmianski and Wojdylo 2005).  

Aronia berries have been ancestrally used to treat various ailments. Indeed, 

Native Americans commonly used them to relieve the symptoms of cold 

(Kokotkiewicz, Jaremicz, and Luczkiewicz 2010) and Russians employ them 
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in the treatment of hypertension (Buda et al. 2020). Its interest has been 

blooming over the last decade, notably after the listing of aronia with the 

“antioxidant effect” health claim by the European Food Safety Authority 

(EFSA) in 2010 (Efsa Panel on Dietetic Products and Allergies 2010). While 

many studies have investigated the health benefits of Aronia melanocarpa, no 

toxicity or unwanted adverse events have been reported following the 

consumption of aronia berry products in the few studies focusing on this aspect 

of food safety (Kokotkiewicz, Jaremicz, and Luczkiewicz 2010; Chrubasik, Li, 

and Chrubasik 2010). 

1.3.1.2 Micro- and macro-nutrients content 

Dry matter of aronia berries represents between 15.3 and 30.8% of the berry’s 

weight (Sidor and Gramza-Michałowska 2019). For 100g of fruit was reported 

a protein content of 3.7g, a carbohydrate content of around 14g, 0.09 to 0.17g 

of fat, up to 1g of soluble fibres and 4 to 5.25g of insoluble fibres (Skrede et 

al. 2012). Although the sugar content of aronia is average when comparing 

with other berries, it is notably high in sorbitol, an alcohol sugar with a laxative 

effect which is more slowly absorbed and metabolised than glucose (Efsa 

Panel on Dietetic Products and Allergies 2011). The sugar to acid ratio of the 

berry is similar to the one of cranberry and blackberry, and aronia berry pH is 

positioned around 3.6 (Lancrajan 2012). Aronia berries contain substantial 

concentrations of calcium, potassium, and magnesium, which are minerals 

considered as essential for human health (Juranović Cindrić et al. 2017). 

Indeed, the consumption of 100g of fresh berries could cover up to 20% of the 

daily recommended intake for those 3 minerals. The berries also present an 

important amount of vitamin C, with a concentration of 13.7 mg per 100g of 
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fresh fruit, which covers more than 25% of WHO’s daily recommended intake 

for that vitamin (World Health Organization 2004). Aronia berries also contain 

close to 5 mg of carotenoids for 100g (Razungles, Oszmianski, and Sapis 

1989). Finally, relevant amounts of vitamin K, B1, B2, B3, B5, B6 and B9 are 

also reported (Kulling and Rawel 2008). 

1.3.1.3 PP content 

Aronia berries are a rich source of PP and are considered one of the highest 

source of PP among berries in general (Mikulic-Petkovsek et al. 2012). Main 

PP found are in the berry are represented by procyanidins, anthocyanins, and 

phenolic acids (Wangensteen et al. 2014; Najda and Aabuda 2013). However, 

their concentration varies according to the cultivar and environmental 

conditions (Skrede et al. 2012; Taheri et al. 2013).  

As there is no standard procedure for the assessment and analysis of PP 

content among food, divergences and variations can be found in the findings 

among studies. The most common techniques for the determination of total 

PP concentration are liquid chromatography and spectrophotometry (Sidor 

and Gramza-Michałowska 2019). Even if still widely used nowadays, 

spectrophotometry technique is less accurate than chromatography as it does 

not use authentic standards for the assessment of the concentrations. 

Chromatographic assays noted a concentration of PP of 247-2773 mg gallic 

acid equivalent per 100g of fresh fruit and 6351-7849 mg gallic acid equivalent 

per 100g of dry matter (Table 1.1). 
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Table 1.1: Concentrations of the main (poly)phenols present in aronia berry.  

Adapted and modified from Sidor et al. 

 

 
Concentrations 

(mg/100g of 
fresh weight) 

Concentrations 
(mg/100g of 
dry matter) 

Total PP (chromatography) 247 - 2773 6351 - 7849 

Procyanidins 664 - 1646 4646 - 5182 

Cyanidin-3-O-galactoside 101 - 636 221 - 1612 

Cyanidin-3-O-arabinoside 94 - 299 460 - 591 

Cyanidin-3-O-xyloside 9.9 - 38 90 - 95 

Cyanidin-3-O-glucoside 3.4 - 46 78 - 90 

Chlorogenic acid 61 - 218 301 - 642 

Neochlorogenic acid 38 - 116 312 - 346 

Flavonols 21 - 71 274 
 

 

The main anthocyanins present in aronia berries are cyanidin-3-O-galactoside 

followed by cyanidin-3-O-arabinoside (Ochmian, OszmiaDski, and SkupieD 

2009; Ireneusz Dariusz, Jozef, and Milosz 2012) (Table 1.1). The most 

abundant PP subfamily found in Aronia melanocarpa is represented by 

procyanidins (SkupieD, Ochmian, and Grajkowski 2008; Kulling and Rawel 

2008). Those molecules are composed of (–)-epicatechin monomers, 

polymerised at a high degree (Kulling and Rawel 2008). Indeed, around 80% 

of the procyanidins found in the berry have a degree of polymerisation of 10 

and above (Wu et al. 2004).  

The main phenolic acids reported in aronia are chlorogenic- and 

neochlorogenic acid (Jakobek et al. 2012). Aronia also contains a small 

amount of flavonols, mainly represented by quercetin glycosides (Ochmian, 

OszmiaDski, and SkupieD 2009). The highest concentration of PP has been 

observed in the pomace, which contains the skin, seeds and pulp of the berry 

resulting after a process of press (Kapci et al. 2013). The harvest and process 

of the berries lead to an important degradation of PP, and especially 
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anthocyanins, which can degrade even at room temperature (Wilkes et al. 

2014). Structures of the main PP found in aronia are presented in Figure 1.8. 

The large inter-study variation in terms of concentration can be related to the 

nature of the raw product, but also to the differences in methodology between 

laboratories. This aspect highlights the need for the development of 

standardized and accurate techniques using authentic standards for the 

analysis of aronia PP. 

 

 

 

Figure 1.8: Chemical structures of major phenolic phytochemicals present in aronia berries (Kulling 

and Rawel 2008). 
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1.3.2 Effects of aronia PP on cardiovascular health 

Few studies have investigated the effect of aronia berry consumption on 

cardiovascular health, which are discussed below.  

1.3.2.1 Effect on blood pressure 

To date, a total of 13 studies have investigated the effects of aronia berry PP 

consumption on BP, including 8 RCTs and 5 uncontrolled quasi-designed 

studies (Table 1.2). Among these studies, 5 trials did not find any significant 

differences in BP following daily intake of aronia-rich products for 4 to 24 

weeks (Xie et al. 2017; Istas et al. 2019; Pokimica et al. 2019; Milutinovic et 

al. 2019; Ahles et al. 2020), while 3 observed a significant decrease in both 

office SBP and DBP after the aronia berry product supplementation 

(Naruszewicz et al. 2007; Broncel et al. 2010; Skoczyńska et al. 2007). 

Precisely, Naruszewicz and colleagues observed a decrease of 11 and 7.2 

mmHg in office SBP and DBP in 44 middle-aged survivors of myocardial 

infarction following 6 weeks of aronia extract supplementation. Similar 

magnitude of effect was reported in the uncontrolled quasi-designed studies 

led by Broncel and Skoczyńska. In fact, while the first one described a 

decrease in SBP and DBP of 11.6 and 5.0 mmHg, respectively, in a population 

of 58 men with CVD risk, the second study involving subjects with mild 

hypercholesterolaemia showed a drop in SBP and DBP of 13.5 and 7.0 mmHg, 

respectively.  

Additionally, 3 studies have found an improvement in office SBP but not in 

DBP following the intervention (Tjelle et al. 2015; Kardum et al. 2014; Sikora, 

Broncel, and Mikiciuk-Olasik 2014). In brief, Tjelle and colleagues reported a 
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significant decrease in office SBP (-6.7 mmHg) in 46 middle-aged 

hypertensive participants with a mean baseline SBP of 141 mmHg following a 

6-week daily intake of mixed berry juices including aronia. Another trial 

(Kardum et al. 2014) including middle-aged females with obesity noted a 

significant reduction in office SBP of 11.2 mmHg following a crossover 

intervention with a 4-week supplementation of aronia juice.  

Most studies used office BP, while only two trials have investigated the impact 

of aronia on 24-hour ambulatory BP, showing a significant decrease in BP 

during daytime (Loo et al. 2016; Kardum et al. 2015). Indeed, in 

prehypertensive individuals with elevated baseline BP (140.8 ± 9.3 and 86.6 ± 

7.0 mmHg for 24-hour SBP and DBP, respectively) Kardum et al observed a 

reduction in 24h SBP of 8.5 mmHg and a decrease in awake SBP and DBP of 

10 and 5.9 mmHg, respectively, following a 4-week daily intake of 200 mL of 

aronia juice containing 386 ± 9.7 mg of PP per 100g. The other trial (Loo et al. 

2016) showed a significant decrease of 1.64 mmHg in awake DBP following 

daily intake of 300 mL of aronia juice and 3g of aronia powder containing a 

total of 2194 mg of PP.  

A large variation can be noted in the study design of these studies, as per the 

nature of the interventional product (juice or extract), the duration of the 

intervention (from 4 to 24 weeks) or the type of population included (young 

individuals versus middle-aged participants, healthy versus at risk of CVD). A 

recent and small meta-analysis including 4 of the studies described above 

concluded that aronia berry extract supplementation for 2 to 3 months led to a 

significant mean size effect of -0.331 for SBP, while the analysis did not find 
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any significant effect on DBP (Hawkins et al. 2020). Authors highlighted that 

the effect on SBP was even stronger when considering subjects aged over 50 

years only. More studies will be needed to confirm the findings of this meta-

analysis which, due to the small number of studies included, should be 

interpreted with caution.  
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Table 1.2: Previous studies investigating the impact of aronia berry on blood pressure. 
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1.3.2.2 Effect on PWV and AIx 

While almost 30 trials investigating the biological effects of aronia berry can 

be reported in the literature, only one RCT reported the impact of the berry on 

PWV and AIx so far. Indeed, Istas et al measured changes in arterial stiffness 

after 12-week daily aronia berry extract or whole fruit powder consumption 

(Istas et al. 2019). No significant differences in PWV or AIx were reported after 

acute or chronic consumption of the extract or the whole fruit powder 

(containing 116 and 12 mg of PP, respectively) when compared with placebo. 

This could be due to the young age of the population investigated (average 

age 24 ± 5.3 years old).  

1.3.2.3 Effect on endothelial function 

To date, only 2 studies have reported the effect of daily chronic aronia PP 

consumption on endothelial function. As mentioned previously, the gold 

standard to assess this parameter non-invasively is the FMD technique 

(Celermajer et al. 1992; Grover-Paez and Zavalza-Gomez 2009). A first study 

by Poreba et al including 35 middle-aged men with mild hypercholesterolemia 

(mean age 53.9 ± 5.8 years) studied the effect of a 6-week aronia juice daily 

intake on endothelial function. Following the intervention, a significant increase 

of 4.5% in FMD was found at the end of the intervention (Poreba et al. 2009). 

However, this study was uncontrolled so findings must be taken with caution. 

Recently, a RCT led by our team including 66 healthy young men (mean age 

24 ± 5.3 years) explored the impact of acute and 12-week daily consumption 

of an aronia extract on various vascular outcomes including FMD. Significant 

increase in FMD of 1.0%, 1.4% and 1.5% were observed chronically, acutely 
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(2-hour post-consumption of aronia extract) on day 1 and week 12, 

respectively (Istas et al. 2019).  

1.3.3  Effects of aronia PP on gut microbiome function 

and composition  

To date, only 1 human trial and 2 preclinical studies have investigated the 

effect of aronia berry PP on gut microbiome diversity and composition. 

In our previous study mentioned in the previous section (Istas et al 2019), no 

change in microbiome diversity following 12-week daily intake of aronia berry 

extract was found. However, a significant increase in the concentration of 

Anaerostipes and Bacteroides has been reported following the 12-week intake 

of aronia extract and whole fruit powder, respectively. In the same trial, 

microbiome was also correlated with FMD and plasma metabolites. 

Anaerostipes are known to be butyrate producers, a short chain fatty acid 

(SCFA) associated with positive effects in cardiometabolic diseases such as 

stroke or hypercholesterolaemia (Muñoz-Tamayo et al. 2011). Additionally, 

Bacteroides have been described as polysaccharide A producers, a 

metabolite reported to prevent inflammatory bowel disease in mice 

(Mazmanian, Round, and Kasper 2008). A study investigating the impact of 

red wine consumption for 1 month also showed a significant increase in the 

Bacteroides abundance in healthy subjects (Queipo-Ortuno et al. 2012). 

Moreover, another study using an animal model (high-fat fed rats fed with 

aronia berry PP for 40 days) also reported a change in microbiome 

composition. A decrease in the Firmicutes/Bacteroidetes ratio was observed, 

as well as an increase in the concentration of Bacteroides, Prevotella and 
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Akkermansia, suggesting that these bacteria enhance lipid metabolism in rats 

fed with a high-fat diet (Zhu et al. 2020).  

Finally, a study using a simulation of the human intestinal microbial ecosystem 

and testing the effect of aronia juice (6.5 g/L) for 2 weeks showed significant 

differences in the composition of the microbiome. In fact, the juice led to a 

change in the composition of the SCFA with a decrease in the concentration 

of acetate in favour of an increase in propionate and butyrate (Wu, Grootaert, 

et al. 2018). SCFA are gut microbiota-derived metabolites which have been 

shown to exert a role in the maintenance of a healthy cardiometabolic function 

(Anselmi et al. 2020). Besides, Wu and colleagues also observed a significant 

increase in the concentration of Firmicutes and Akkermansia bacteria 

following the treatment with aronia juice, in agreement with the in vivo study 

on rats. The increase in the abundance of Firmicutes could result from the 

bidirectional relationship between (poly)phenols and microbiome, as the main 

bacteria involved in the catabolism of flavonols and flavan-3-ols belong to this 

phylum (Cueva et al. 2016). Moreover, Akkermansia has been noted as a 

beneficial genus implicated in the regulation of cardiometabolic diseases by 

producing SCFA (Lyu et al. 2017).  

Although promising findings, more human studies are needed to investigate 

the impact of aronia berry PP on the gut microbiome. 

1.3.4  Potential mechanisms of action of aronia PP  

Mechanisms surrounding the beneficial effects of aronia berry PP are not yet 

fully understood. One way how aronia PP could exert beneficial effects could 

be through modulating the antioxidant enzyme activity and expression 
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(Fernández-Pachón et al. 2009). Indeed, when the endogenous system of 

antioxidant protection is more performant, fighting against oxidative damage 

becomes easier. Among our defence system targeting radicals several 

enzymes are found, such as catalase (preventing the production of hydroxyl 

radicals), SOD (catalysing the transformation of radical superoxide in H2O2), 

or glutathione peroxidase, which prevents lipid peroxidation (Dubois-Deruy et 

al. 2020). These enzymes play an important role in the cellular protection 

against reactive oxygen species, which increase in concentration in specific 

physiopathological conditions such as atherosclerosis. 

Research focused on the potential mechanism of actions of aronia berry PP in 

vivo on humans. This is the case of a study including 16 young males who 

consumed 240 mg of aronia extract for 30 days. Following the intervention, a 

significant increase in glutathione peroxidase and catalase was observed 

(Kowalczyk et al. 2005). Another trial shown the potential of anthocyanins from 

aronia berry to be potent inhibitors of lipid peroxidation occurring at the early 

stage of atherosclerosis. Indeed, following the daily consumption of 300 mg of 

aronia extract for 2 months, a decrease of the lipid peroxidation and oxidative 

status among the 47 participants included has been detected (Broncel et al. 

2010). Finally, a recent study involving 16 young handball players who were 

instructed to consume 30 mL of aronia extract for 12 weeks detected a 

significant drop in the concentration of pro-oxidants thiobarbituric acid reactive 

substances (TBARS, end-product of lipid peroxidation) as well as a rise of the 

catalase activity following the intervention (Cikiriz et al. 2020). 
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However, as it is now understood that PP do not likely exert their beneficial 

effect on health through an antioxidant action, the potential of aronia berry 

towards modulating CVD risks factors has also been studied. Investigation of 

aronia extract on TNF-α human aortic endothelial cells revealed an inhibition 

of intracellular and vascular cell adhesion molecules –associated with CVD  

risk–, an inhibition of the phosphorylation of NF-κB –a key player in the 

development and progression of inflammation–, as well as a decrease in the 

concentration of ROS (Zapolska-Downar et al. 2012; Kunutsor, Bakker, and 

Dullaart 2017). Some in vitro work on porcine and bovine coronary arteries 

revealed that aronia extract led to an enhancement of the NO synthesis, which 

was modulated by an upregulation of the phosphorylation of Akt and eNOS 

(Varela et al. 2016). It has been shown than the effect was especially 

modulated by chlorogenic acids and cyanidins (Kim et al. 2013). Furthermore, 

anti-platelet effects has also been observed in porcine coronary arteries (Olas 

et al. 2008).  

Nevertheless, concentrations used in in vitro studies (1-50 μg/mL) are supra-

physiological as plasma levels of aronia PP are very low, and as usual doses 

of commercial extract would not get to these concentrations (Zapolska-

Downar et al. 2012). Therefore, conducting mechanistic studies using 

physiologically relevant doses of compounds and using circulating metabolites 

rather than the parent compounds present in the fruit is paramount to reveal 

fully the mechanisms enfolding the beneficial effects of aronia berry PP. 
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1.4  Gaps in the literature 

While studies continue to demonstrate the beneficial effect of dietary PP for 

the prevention of CVD (Ivey et al. 2015), literature is mixed regarding the 

magnitude of effects attributed to the consumption of phenolic compounds 

(Dower et al. 2015).  

Following recent ADME studies (Feliciano, Istas, et al. 2016; Feliciano et al. 

2017; Istas et al. 2018), the importance of compounds’ bioavailability appears 

to be key in the understanding of metabolites’ bioactivity. In the case of 

vascular function assessment, it was reported that plasma PP concentration 

and magnitude of the biological effect are directly related (Rodriguez-Mateos 

et al. 2013). Moreover, understanding the ADME of PP is essential for 

understanding health benefits. There is a need for the development of time 

courses and dose-response analysis to assess the optimal daily intake of 

aronia PP to exert beneficial effects. As a result, human studies involving 

state-of-the-art techniques to assess both bioactivity and bioavailability are 

required. 

Mixed results reported from the literature could be related to the interindividual 

variability in response to PP intervention. The work of the European scientific 

cooperative COST Action POSITIVe highlighted that, along with gut microbiota 

and background genetics, age, sex, ethnicity, physical activity, smoking status, 

and physiopathological status could be linked to the variability in the biological 

response to PP supplementation (Gibney et al. 2019). The importance of 

subgroup examination based on these factors and analysis of the responders 
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versus non-responders’ responsiveness is thus key and could explain the 

inconclusive or divergent results of some RCTs.  

As described earlier, very few double-blind RCTs have investigated the effect 

of aronia berry PP on cardiovascular health, in particular endothelial function, 

and arterial stiffness, which very scarce data existing. Regarding BP, it would 

be important to conduct studies using the gold standard 24-hour ambulatory 

BP as this measure was found to be more accurate to assess CVD risk 

(Bakogiannis et al. 2020). This could lead to new findings and resources for 

the primary prevention of CVD. 

Besides, most trials focusing on the effect of aronia supplementation were 

quasi-experimental studies, with a low number of participants included, which 

is prone to bias (Hawkins et al. 2020). Future research on the health effects of 

aronia berries will need to use a strong methodology, including larger sample 

sizes justified by power calculation, detailed criteria for the inclusion of 

volunteers as well as the consideration of cofounding factors such as sex, BMI, 

age, or baseline PP intake. Six to eight weeks have been shown to be 

sufficient to induce significant improvement in SBP, based on 4 RCTs 

(Hawkins et al. 2020). Nevertheless, accounting for the possibility of bias 

described above, future RCTs should investigate the potential of longer 

durations of supplementation to induce greater vascular enhancements. 

Recently, microbiome composition and diversity has been gaining attention in 

the field of nutritional sciences as the number of studies demonstrating the 

importance of the microbiota metabolism of PP have been growing (Kawabata, 

Yoshioka, and Terao 2019; Tomas-Barberan, Selma, and Espin 2016; 
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Cassidy and Minihane 2017; Chambers et al. 2018). However, the impact of 

gut microbiota on PP metabolites is not fully elucidated yet and will need 

further investigations. The use of well-designed RCTs involving “omics” 

technologies such as targeted and untargeted nutrigenomics, metabolomics 

or microbiomics will be useful tools to uncover these aspects (Bayram et al. 

2018). 

Finally, the use of aglycone standards in analytical methods to quantify phase 

II metabolites in plasma or urine is now known to lead to inaccurate results 

(Feliciano, Boeres, et al. 2016). Indeed, this technique –widely used in PP 

research– does not reflect well the presence and abundance of metabolites 

generated by phase II and gut microbiota metabolism. For instance, a recent 

study revealed that the usage of unmetabolised standards for the 

quantification of conjugated metabolites was resulting in under- and over-

estimations of -94% and +250%, respectively (Ottaviani et al. 2018). As a 

result, the use of authentic standards of PP metabolites is needed to 

accurately assess the bioavailability and metabolism of phenolic compounds 

from aronia in biosamples.   

Based on the current literature, aronia berry PP are promising candidates to 

improve cardiovascular health. Using dietary strategies to improve overall 

health status is a low-risk and non-invasive way which should be considered 

as an option by health care providers to delay the onset of CVD in healthy 

populations. As a result, we need stronger evidence of the power of PP 

supplementation, with reliable RCTs involving gold standard techniques as 

well as adequate and representative populations. 
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1.5 Hypothesis and aims 

The main objective of this PhD was to investigate the effects of aronia berry 

PP on cardiometabolic health. The central hypothesis of this thesis can be 

summarized as follows: Aronia berry PP are bioavailable, and their 

consumption can exert a beneficial effect on vascular function in healthy 

subjects via modulation of the gut microbiome. 

Specific objectives were: 

Objective 1: To investigate the effect of daily aronia berry supplementation on 

cardiometabolic health (Chapter 3).  

Objective 2: To investigate the bioavailability and metabolism of aronia berry 

PP (Chapter 4).  

Objective 3: To investigate the interindividual variability in the vascular 

response to aronia berry PP (Chapters 5 and 6).  

Objective 4: To investigate the effect of daily aronia berry supplementation on 

gut microbiome composition and diversity (Chapter 6).   
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2.1 The Aronia Blood Pressure (ABP) study 

2.1.1 Study population 

One hundred and two healthy prehypertensive males and females aged 40 to 

70 years were recruited in London (UK) over a period of 17 months. 

Recruitment strategies included local and national newspaper advertisement, 

radio advertisement, professional flyer distribution, professional poster display 

in train stations, Facebook page and paid advertisement, dedicated website 

(www.abpstudy.com, not accessible anymore), as well as posters and flyers in 

local public establishments surrounding the university (museums, coffee 

shops, supermarkets, schools, gyms, hospitals and libraries) (examples and 

participant information sheet in Appendix A, B and C).  

All volunteers attended a screening visit during which their health was 

assessed by a routine clinical examination of their blood pressure and 

anthropometric parameters (height, weight) as well as a specific lifestyle 

questionnaire including sections related to medical history, concomitant 

medication, as well as drinking and smoking status (Appendix D). Participants 

were eligible for the study if their blood pressure was in the prehypertensive 

range at the screening visit assessment: SBP comprised between 120-140 

mmHg and/or DBP comprised between 80-90 mmHg. Other inclusion criteria 

included: being between 40 to 70 years of age, willing to maintain a normal 

eating and drinking routine and avoid changes in body weight over the course 

of the study, being able to understand the nature of the study, and being willing 

to sign the informed consent form (Appendix E).  
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Volunteers presenting CVD (including coronary artery disease, 

cerebrovascular disease, or peripheral artery disease) were excluded from the 

trial. Further exclusion criteria included hypertension (≥ 140 mmHg systolic 

blood pressure and/or ≥ 90 mmHg diastolic blood pressure), obesity (defined 

as BMI ≥ 30 kg/m2), acute inflammation, diabetes mellitus and metabolic 

syndrome, terminal renal failure, abnormal heart rate (< 50 or > 100 bpm) and 

malignancies. Additionally, volunteers were excluded if they had allergies to 

berries or other significant foods, were taking specific medication related to or 

affecting the cardiovascular function, smoked an irregular daily number of 

cigarettes or were planning to quit smoking in the next 6 months. Subjects 

fulfilling the inclusion criteria requirement but taking dietary supplements or 

herbal remedies at the screening visit were instructed to stop them for a 

minimum of one month before being able to attend the following pre-visits. 

2.1.2  Study design 

This study was a 2-arm, double-blind, parallel, randomised, controlled trial. 

Once participants fulfilled all inclusion criteria at the screening visit, they 

attended 4 visits, defined as follows: pre-visit 1, visit 1, pre-visit 2 and visit 2. 

Pre-visit 1 and visit 1 represent the baseline measurements of the study while 

pre-visit 2 and visit 2 were conducted after 12 weeks of daily consumption of 

the interventional product. Both pre-visits 1 and 2 were short visits (30 

minutes) and performed 24 hours prior visit 1 and visit 2, respectively. During 

the first pre-visit, office blood pressure was measured again to confirm that 

participants had a blood pressure within the range of the eligibility criteria. If 

not, they were excluded from the study. If the blood pressure reading was 
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consistent with the assessment of the screening visit, participants were 

included in the study and allocated randomly to one of the treatments. On both 

pre-visits, participants were given a bottle to collect their urine for 24 hours, 

and 24-hour ambulatory BP monitors were fitted on the non-dominant arm of 

the subject, and the first measurement was taken. To capture participants 

habitual diet and physical activity, and any changes that could occur within the 

intervention period, 7-day food diaries were completed by the subjects a week 

prior each pre-visit and a validated physical activity questionnaire as well as a 

food-frequency questionnaire were filled by all participants at visit 1 to assess 

the related baseline characteristics. Details related to these questionnaires 

can be found in section 2.7 of this chapter.  

All subjects were instructed to avoid caffeine, alcohol, strenuous exercise and 

tobacco at least 1h prior screening and each study visit. Participants were also 

asked to fast for 12 hours before each visit 1 and visit 2. Measurements of 

peripheral office BP, FMD, PWV, and AIx, as well as blood samples, were all 

taken at baseline (0h), then again 2h post-acute consumption of the 

interventional product, on visit 1 and visit 2. Faecal samples were collected 

during both visits 1 and 2 and stored immediately at -80°C.  

Participants were instructed to take 1 capsule of the interventional product 

every morning with a glass of water, ideally with food. The first capsule was 

delivered after the first round of measurements on visit 1, marking the start of 

the 12 weeks of consumption. The last capsule was also taken within the 

research unit on the last day (visit 2), following the first set of vascular 

measurements. Subjects were followed-up every month throughout the 12-

week period via email to ensure good compliance and record any potential 
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adverse event. For clarity, the following designations will be used throughout 

the manuscript: acute effects (2h compared with 0h on visit 1), chronic effects 

(0h on visit 2 compared with 0h on visit 1), and acute on chronic effects (2h 

compared with 0h on visit 2). The primary outcome of this study was the effect 

of aronia berry extract (Aronia) versus placebo (Control) on ambulatory 24-

hour SBP and DBP at 12 weeks post-consumption. Second endpoints 

included the effect of the extract on office BP, office and 24-hour heart rate, 

arterial stiffness (measured as PWV and AIx), blood lipids (total, HDL and LDL 

cholesterol, triglycerides), blood cortisol levels compared with placebo after 12 

weeks of daily consumption, as well as the safety and tolerability of the aronia 

berry extract. 

Secondary objectives also included the investigation of the effect of aronia 

extract versus placebo on FMD and blood flow velocity at 2h and 12 weeks 

post-consumption. Tertiary outcomes comprised the analysis of blood 

samples taken at all timepoints to assess aronia PP metabolites, the analysis 

of 24-hour urine samples to investigate excretion of PP metabolites, as well 

as the analysis of the gut microbiome on faecal samples 12 weeks after 

consumption of the aronia berry extract or placebo.  

Qualified and trained researchers enrolled participants on the trial and 

allocated the interventional treatments. Both participants and researchers 

leading the study were blinded to the intervention groups. An independent 

external investigator generated the randomised treatment allocation sequence 

using an arbitrary number generator. The aim of this process was to attribute 

a specific and unique number to each participant to guarantee a complete 

safeguard of the allocation information. Once study visits and analysis of the 
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primary, secondary, and tertiary objectives of the trial were achieved the 

external independent investigator rendered the codes needed to unblind the 

interventional treatment groups. The trial was conducted in agreement to the 

guidelines stated in the current revision of the Declaration of Helsinki.  

All procedures were approved by King's College London Ethics Committee 

(RESCM-17/18-5283) and the trial was registered at ClinicalTrials.gov under 

the reference NCT03434574. Participants were assessed and data was 

collected and reported in comprehensive case report forms (Appendix D) 

between February 2018 and September 2019 in the Metabolic Research Unit 

of the Department of Nutritional Sciences of King's College London. 

2.2  Aronia berry extract and control capsules 

The aronia berry extract, manufactured by Naturex-DBS (Massachusetts, 

USA), was supplied in capsules. Interventional capsules contained PP-rich 

concentrated aronia berry extract. Thirteen compounds or families of phenolic 

compounds were analysed with different analytical methods and quantified 

using liquid chromatography and spectrophotometry. The process to obtain 

the content of one berry extract capsule implied the removal of fibres and 

organic acids from 75g aronia berries and resulted in 105.9 mg of total PP 

quantified by HPLC (146.2 mg via Folin-Ciocalteu). The control capsules, 

identical in appearance to the treatment capsules, contained coloured 

maltodextrin and no PP. All capsules were matched in weight, carbohydrates 

and calories and were stored in plastic bottles displaying both the unique 

treatment allocation number and patient randomization number. Details of the 

PP composition of the different intervention capsules is detailed in Table 2.1. 
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Table 2.1: (Poly)phenol content of intervention capsule. 

 

2.3  Vascular measurements 

2.3.1 Blood pressure (BP) and heart rate (HR) 

2.3.1.1 24-hour ambulatory BP and HR 

Twenty-four-hour ambulatory peripheral (brachial) and central (aortic) BP, as 

well as heart rate (HR), were measured using an Arteriograph24TM 

(TensioMed, Budapest, Hungary) (Figure 2.1). Twenty-four-hour SBP, DBP 

and HR were measured every 30 minutes over the 24 hours separating the 

fitting of the cuff and the retrieving of the data. Three sizes of cuffs were 

available, and the best fit was attributed based on the volunteer’s arm 

circumference. Participants were instructed to continue with their daily routine 

and were asked to fill a 24-hour activity record to track their actions throughout 

the day and assess their awake and asleep time. It was decided that a 

Average CoV (%)

Procyanidins (>DP10) (%) 5.50 7.56

Total anthocyanins (%) 4.65 0.44

       Cyanidin-3-galactoside (%) 3.06 0.50

       Cyanidin-3-glucoside (%) 0.14 3.67

       Cyanidin-3-arabinoside (%) 1.05 0.59

       Cyanidin-3-xyloside (%) 0.15 1.09

       Cyanidin (%) 0.25 1.34

Neochlorogenic acid (%) 3.52 0.92

Chlorogenic acid (%) 3.43 0.45

Caffeic acid (%) 1.67 1.13

Quercetin-O-glycosides (%) 1.16 2.47

Procyanidins (DP2-DP10) (%) 0.86 1.19

Rutin (%) 0.28 1.20

Quercetin (%) 0.12 1.06

Total PP (Folin-Ciocalteu) (%) 29.2 5.19

Total PP quantified individually (%) 21.2 2.08

Total PP quantified individually (mg/capsule of 500 mg) 105.9

CoV, coefficient of variation; DP, degree of polymerisation; PP, (poly)phenols
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minimum of 10 measurements of blood pressure taken during the volunteer’s 

usual waking hours and 4 recordings taken during the person’s usual recorded 

sleeping hours was required to calculate the average value for the 24-hour 

ambulatory blood pressure. Otherwise, the values were inputted as missing 

values. These cut-offs are in line with the recommendations of the European 

Society of Hypertension which requires at least 2 valid daytime and 1 valid 

night time measurements for research purposes (Parati et al. 2014). 

 

 

Figure 2.1: Arteriograph24TM and its cuff. 

2.3.1.2 Clinical peripheral ambulatory BP and HR 

Supine office peripheral (brachial) BP and heart rate were measured using an 

automated clinical digital sphygmomanometer OMRON M3 (OMRON 

Healthcare UK Ltd, Milton Keynes, UK) at the upper right arm in supine 

position, after 10 min of rest in a quiet room with the arm rested at heart level, 

legs uncrossed and supported, back supported and an empty bladder, 

according to the recommendations of the American Heart Association 

(Muntner et al. 2019). Participants were instructed to stay silent during the 

measurement as an active conversation can increase the values of the 

reading. Three measurements were taken, 1 minute apart, and the last 2 
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measurements were averaged and considered as final result for statistical 

analysis.  

2.3.2 Arterial stiffness 

2.3.2.1 Twenty-four-hour ambulatory PWV and AIx 

Twenty-four-hour PWV and AIx were measured every 30 minutes over the 24 

hours separating the pre-visits and the visits using Arteriograph24TM. 

Participants were asked to fill a 24-hour activity record to indicate their daily 

activities day and evaluate their awake and asleep period.  

2.3.2.2 Office PWV  

Volunteers were instructed to lie down and remain silent for the duration of this 

measurement. PWV (expressed in m/s) was assessed via applanation 

tonometry using SphygmoCor® (Smart Medical, Gloucestershire, UK). Briefly, 

PWV is derived from the difference between transit time from the heart to 

femoral artery pulse and that from the heart to carotid artery pulse. The sensor 

of the device captures the time lapse between pulse waves at both arteries 

and is thus able to determine the wave velocity, as the carotid-to-heart and 

heart-to-femoral distances were measured beforehand with a tape measure. 

The SphygmoCor® Manual of Procedures requires a standard deviation of the 

Pulse Wave Velocity measurement to be less than or equal to 10% (Supiano 

et al. 2018). In the present trial, results with a standard deviation of less than 

8% were included in the analysis and considered reliable (Figure 2.2). The 

average standard deviation of all measurements performed as part of the ABP 

study was 6.9 ± 2.3% for visit 1 and 6.9 ± 2.2% for visit 2. 
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Figure 2.2: Aortic PWV calculated by SphygmoCor® device. 

2.3.2.3 Office AIx  

Ascending pressure waveforms are generated at the aorta level and involve a 

reflected wave which is dependent on the vessels structure and general 

peripheral resistance. As this latter is reduced at the body periphery, pressure 

is decreased from the aorta to the wrist. The waveform thus has a different 

shape when measured at the aorta level compared with the wrist. AIx is 

measured as the ratio of the central pulse pressure at aorta level and the 

reflected pulse pressure (called augmentation pressure) (Figure 2.3). AIx is a 

relevant indicator of the arterial stiffness status of the vascular system of an 

individual. 
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Figure 2.3: Augmentation index and pulse pressure (from SphygmoCor® user manual). 

The measure of pressure waves at the peripheral brachial artery, located in 

the wrist, was performed using applanation tonometry (SphygmoCor®, Smart 

Medical, Gloucestershire, UK). After a Fourier transform (Fetics et al. 1999), 

the central aortic pressure waveform was calculated (Wilkinson et al. 2000). 

AIx is expressed in percentage and standardized to a heart rate of 75 beats 

per minute (AIx@HR75). An operator index value was given by the device to 

represent the accuracy of the measurement. The SphygmoCor® software 

computes an “operator index” from electrocardiographic and tonometric data 

variability (diastolic variation, shape deviation, etc.) and is used as a quality 

control marker (Dawson et al. 2009; Frimodt-Møller et al. 2008). Only 

waveforms with an operator index >88 were considered as good quality and 

were included in this study. The average of the operator indexes of all 

measurements completed during the ABP study was 94 ± 5.5% for visit 1 and 

94 ± 5.3% for visit 2. 
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2.3.3  Endothelial function 

Endothelial function is assessed by the measurement of FMD. In brief, FMD 

represents the endothelium-dependent relaxation of an artery due to an 

increased blood flow (hyperaemia). This non-invasive measure indicates the 

nitric oxide-dependent reactivity of the artery’s endothelium as a response to 

shear stress. FMD is also a pertinent marker of increased CVD risk. 

FMD assessment was conducted according to established protocols in our 

laboratory (Rodriguez-Mateos et al. 2013; Rodriguez-Mateos et al. 2015; 

Heiss et al. 2003). Participants were instructed to lie down and a 

sphygmomanometric cuff was placed on their forearm below the elbow pit. 

Electrodes patches were placed on the volunteers to measure their 

electrocardiogram. Using some electrode gel, a 12 MHz transducer (Vivid I, 

GE healthcare, Buckinghamshire, UK) was applied 2 cm proximal to the elbow 

and a baseline brachial artery diameter was then measured (Figure 2.4).  

The doppler mode of the device helped the operator to locate the artery by 

identifying the blood flow with a pulsative red colour. Landmarks of the vessel 

were identified by the operator to ensure the image to stay at the exact same 

location after deflation of the cuff. After the baseline image recording, a 

temporary ischemia of the lower arm was initiated by a 5-min occlusion 

subsequent the inflation to 180 mmHg of the sphygmomanometric cuff. Artery 

diameter and blood flow were subsequently measured at 20-, 40-, 60- and 80-

second post-deflation. While 20-, 40- and 80- seconds diameters were 

recorded as back-up in case the quality of the 60-second image was not 

optimal, only the 60-second measure was used to assess the FMD 
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percentage. This protocol was developed by Professor Christian Heiss and 

fellow cardiologists from the Division of Cardiology, Pulmonology and Vascular 

Medicine of the University of Dusseldorf, and it was used in multiple studies 

over the last 20 years in patients with cardiovascular disease and healthy 

individuals showing very reproducible results and in agreement with current 

knowledge (Heiss et al. 2007; Heiss et al. 2005; Heiss, Rodriguez-Mateos, 

and Kelm 2015). Moreover, this protocol was used in several RCTs 

demonstrating significant improvement in FMD performed by our research 

team in the past years (Istas et al. 2019; Rodriguez-Mateos et al. 2016; 

Rodriguez-Mateos et al. 2013). After storage of the images, data analysis was 

achieved using an automatic edge-detection software (Brachial Analyser, 

Medical Imaging Applications, Iowa City, USA). FMD is expressed in 

percentage and calculated using the following formula: 

(𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 60 𝑠𝑒𝑐 −𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
∗ 100. To assess the reproducibility of the FMD 

measurements, which are highly dependent on the operator, intra and 

interindividual variability was evaluated as part of a training prior the start the 

study using repeated measures between subjects and on the same subjects, 

respectively. Based on the guidelines established by the International Brachial 

Artery Reactivity Task Force in 2002 regarding the assessment of the FMD 

reproducibility (Corretti et al. 2002), 20 individuals working in the department 

volunteered to have their FMD measurements assessed 5 times each, on 4 

different days, for a total of 100 measures. The intraindividual variability was 

calculated using the coefficient of variation of the 5 repeated measures for 1 

volunteer whereas interindividual variability was evaluated via the calculation 

of the coefficient of variation accounting for all measurements performed. 
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Interindividual variability in FMD percentage was evaluated at 13.2% while the 

intra-subject variation was 6.7%. Our results were in line with the technical 

standards proposed by Thijssen and colleagues and suggesting that an 

interindividual variability in FMD< 15% should be considered as good 

reproducibility (Thijssen et al. 2019). 

 

Figure 2.4: Flow-mediated dilation measurement and ultrasound image of the brachial artery. 

2.4  Body composition measurements 

Height was measured using a mechanical wall-mounted stadiometer platform 

(CMS Weighing Equipment Ltd., London, UK) and was rounded to the closest 

centimetre. Body composition was assessed using the BC-418 Segmental 

Body Composition Analyzer Tanita (TANITA Corporation, Sportlife Tokyo, 

Japan). Briefly, participants were undergoing the measurement fasted, in the 

morning of the study visit, after emptying their bladder and removing any 

unnecessary layer of clothes. Their age and height were entered, and the sex 

was selected. The BC-418 scale offers two choices of body type for each 

gender: “athletic” and “standard”. To ensure the normalization of the results 

over the study population the “standard” body type was chosen for all 

participants. Participants were then instructed to step on the weighing platform 

barefoot and to grab both hand grips to ensure the correct measure of body 
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weight and impedance. The analyser calculated the values of weight (in kg), 

body mass index (BMI, in kg/m2), basal metabolic rate (BMR, in kcal) and body 

fat percentage. 

2.5  QRISK®3 score 

The collection of plasma lipid data and blood pressure allowed the calculation 

of QRISK®3 score. The QRISK®3-2018 risk calculator (https://qrisk.org/three/) 

is a validated tool developed by doctors and academics working in the UK 

National Health Service and widely used in general practice in the UK. It is 

based on the same equation than the Framingham Risk Score (Wilson et al. 

1998), but the algorithm includes far more parameters in the analysis, such as 

BMI, ethnicity, and family history. The QRISK®3 score algorithm evaluates a 

person's risk of developing a heart attack or stroke over the next 10 years. The 

volunteer’s age, sex, smoking status, cholesterol/HDL ratio, BMI and baseline 

systolic blood pressure were parameters included in the calculation of the 10-

year QRISK®3 score. 

2.6  Sample collection and biochemical analysis 

2.6.1 Processing and storage of blood samples 

Following vascular measurements, venepuncture was performed to collect 

blood samples from the participants, using a safety-lock 21G butterfly needle 

and various vacutainers (Beckton Dickinson Biosciences, Plymouth, UK):  

8.5 mL yellow top serum separator tubes (SST, blood lipids and liver function), 

3 mL grey top fluoride oxalate tubes (fasted blood glucose), 3 mL pink EDTA 

K3 tubes (full blood count), 6 mL green top heparin tubes (plasma PP 



120 
 

metabolites), 10 mL purple top EDTA tubes (plasma PP metabolites), 8 mL 

sodium citrate mononuclear cell preparation tubes (CPT tubes, targeting 

peripheral blood monocytes) and 2.5 mL glass PAXgene blood RNA tubes 

(intracellular RNA). The EDTA K3 vacutainers were sent without further 

processing to an independent biochemistry laboratory for the analysis of the 

full blood count (Affinity Biomarker Laboratories, London). 

Blood samples collected in EDTA, heparin, SST and fluoride oxalate tubes 

were inverted several times and centrifuged at 3000 rpm for 15 min at 4°C 

immediately after collection. Full blood was collected from a separate heparin 

tube, which was not centrifuged, and aliquoted in a 2 mL safe-lock tube 

(Eppendorf, Stevenage, UK). Serum and plasma from SST and fluoride 

oxalate tubes were then aliquoted in 2 mL safe-lock tubes and shipped rapidly 

for further analysis. All clinical chemistry parameters, including total 

cholesterol, LDL and HDL cholesterol, high sensitivity C-reactive protein (hs-

CRP), cortisol, liver function, glucose, and full blood count were analysed 

according to standard procedures in an independent laboratory (Affinity 

Biomarker Laboratories, London). Plasma samples from EDTA and heparin 

tubes were aliquoted in 2 mL safe-lock tubes and stored at -80°C until further 

analysis. Some EDTA plasma collected for the analysis of (poly)phenols were 

spiked with formic acid (99.5% UPLC-grade, Fisher Scientific, Loughborough, 

UK) to obtain a final concentration of 2% before storage. 

CPT glass vacutainers were inverted 8 times before being centrifuged at 2700 

rpm for 30 min at room temperature. The top half of the supernatant was then 

discarded, and the layer of mononuclear cells was collected with a 5 mL 
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pipette and transferred to a 50 mL Greiner centrifuge tube. Phosphate buffered 

saline (PBS) 1X was added to adjust the volume to 15 mL and the tube was 

gently inverted 5 times. The tube was then centrifuged at 1400 rpm for 15 min 

at room temperature. After that step, the supernatant was discarded, and the 

cells were resuspended in 1 mL of PBS 1X before being transferred to a 2 mL 

safe-lock tube. Finally, the mononuclear cells were centrifuged at 2100 rpm 

for 15 min at room temperature. The supernatant was removed without 

disturbing the pellet of cells and the tube was stored at -80°C until further 

utilisation. Following their collection, PAXgene tubes were resting for 2 hours 

at room temperature before being stored at -80°C in an upward position.  

2.6.2  Processing and storage of urinary samples 

Participants were given a 3L urine bottle containing 3g of ascorbic acid powder 

and were instructed to collect all their urine from the time they left the research 

unit on the pre-visit until they came back 24 hours after for the actual study 

day. Subjects were provided a cooling bag with some ice packs to keep the 

sample at a low temperature and hence avoid the degradation of PP 

metabolites. Once the collected urine was returned, the volume was measured 

precisely using a volumetric cylinder. A representative sample was saved from 

the bottle and centrifuged (3000 rpm; 15 min; 4°C) immediately after collection. 

Samples were then aliquoted with and without 2% formic acid (99.5% UPLC-

grade, Fisher Scientific, Loughborough, UK) and stored at -80°C until further 

analysis. 
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2.6.3  Processing, storage, and analysis of faecal 

samples 

Faecal samples were collected as close as possible of each study visit in 

OMNIgene GUT self-collection tubes (DNA Genotek Inc., Ottawa, Canada) 

and stored at -80°C until further analysis. Participants were asked to record 

the collection date.  

Microbiome shotgun metagenomics analysis was performed by CosmosID, 

Inc. (Rockville, MD, USA). Briefly, extracted DNA samples were quantified 

using Qubit 4 fluorometer and Qubit™ dsDNA HS Assay Kit (Thermofisher 

Scientific). DNA libraries were then prepared using the Nextera XT DNA 

Library Preparation Kit (Illumina) and Nextera Index Kit (Illumina) following the 

manufacturer’s protocol with slight modifications. The standard protocol was 

used for total DNA input of 1 ng. Genomic DNA was fragmented using a 

proportional amount of Illumina Nextera XT fragmentation enzyme. 

Combinatory dual indexes were added to each sample followed by 12 cycles 

of PCR to construct libraries. DNA libraries were purified using AMpure 

magnetic Beads (Beckman Coulter) and eluted in QIAGEN EB buffer and were 

quantified using Qubit 4 fluorometer and Qubit™ dsDNA HS Assay Kit. DNA 

libraries were finally pooled together for sequencing on the Illumina HiSeqX. 

Raw reads from metagenomics samples were analysed by CosmosID 

metagenomic software (CosmosID Inc., Rockville, MD) to reveal strain level 

identification of microbes in the specimen as described elsewhere 

(Ponnusamy et al. 2016; Hasan et al. 2014; Ottesen et al. 2016). In short, the 

system utilizes a high-performance data mining k-mer algorithm and highly 
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curated dynamic comparator databases that rapidly disambiguate millions of 

short reads into the discrete genomes or genes engendering the particular 

sequences. This query of reads enables the sensitive yet highly precise 

detection and taxonomic classification of microbial reads. The resulting 

statistics were analysed to return the fine-grain taxonomic and relative 

abundance estimates for the microbial datasets.  

Bioinformatic analysis and statistical modelling of gut microbiome was then 

performed with the help of INRAe-Metagenopolis (Paris, France). 

Metagenomic Species Pangenome (MSP) are repertoires of genes composed 

of genes presents in all strains (“core genes”) and genes present in only some 

of them (“accessory genes”) (Medini et al. 2005). The clustering tool 

MSPminer, developed by Plaza Oñate and colleagues (Plaza Oñate et al. 

2019) can group co-abundant genes into MSP, based on the largest gene 

abundance table of the human gut microbiota available and containing 10.4 

million genes isolated from 1267 faecal samples (Li et al. 2014). MSP 

abundance profiles were calculated as the mean abundance of 100 markers 

genes, defined as the robust base of each MSP cluster.  

The association of multiple omics’ data was carried out through a parallel and 

vertical integration scheme (Wu et al. 2019). The variable selection was 

performed in per single omic level and more precisely, for each omic dataset 

a univariate statistical analysis (Wilcoxon test) was performed to investigate 

the differences of individual molecular levels between the given phenotypes of 

interest (Aronia versus Control). The parallel integration treats each type of 

omics measurements equally and the integration has been identified 
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simultaneously in a joint model by collecting and correlating all the per-single 

significantly different features. Spearman correlations were calculated 

between concentrations of plasma and urine metabolites, clinical outcomes, 

and gut functions, and microbial species (Supplementary Figure 1). 

2.7  Diet, health, and lifestyle questionnaires 

2.7.1 Food frequency questionnaires  

Usual dietary intake was assessed using a detailed 217-item food-frequency 

questionnaire (FFQ) developed from the European Prospective Investigation 

into Cancer and Nutrition (EPIC) cohort (Bingham et al. 2001). Participants 

were asked to choose their frequency of consumption for each food listed in 

the FFQ by answering the question “how often have you eaten these foods in 

the last 12 months?” using one of nine response categories ranging from 

“never or less than once a month” to “6+ per day”. An amount was described 

for each food listed, such as a "medium serving" or a common household unit 

such as a slice or teaspoon. An example can be found in Appendix F. FFQ 

data was then inputted into an Access software file and analysed by Food 

Frequency Questionnaire EPIC Tool for Analysis (FETA) software (Mulligan et 

al. 2014). FETA generates the average daily nutrient, food group intakes and 

the amount of food consumed per individual, for each food code and each FFQ 

line. FETA output was then exported to Microsoft Excel for analysis, using the 

method stated in 2.7.3.   
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2.7.2  Seven-day food diaries 

Dietary intake were assessed using the validated European Prospective 

Investigation into Cancer and Nutrition 7-day food diary (EPIC 7DD, University 

of Cambridge, UK) which was completed by participants before the first visit 

(baseline) and after 11 weeks, before attending the second visit, to ensure 

their habitual diet did not change during the study period (Day et al. 1999). 

Volunteers were instructed to record all food and beverages consumed over a 

7-day period in as much detail as possible, including cooking methods, type of 

fat or oil used, brand names of commercial products and details of recipes 

used (Appendix G). Participants were told to record portion sizes of foods and 

beverages in the appropriate measurement, such as household measures. 

The 7DD also included photographs of 17 foods, with three different portion 

sizes each. Participants could choose which photograph represented the 

portion size or indicate if they consumed more or less than the amount shown 

in the photograph.   

After being returned by the participants, the 7DDs were coded into Nutritics 

(Nutritics 5.6 Research Edition, Nutritics Ltd, Dublin, Ireland) to analyse 

volunteers’ nutrient and food intake. All coders undertook supervised training 

and used a standard coding protocol developed in our research group to 

reduce coding error rate. Participant intake was coded using McCance and 

Widdiwson’s Composition of Foods Integrated Dataset 2015 and the Irish food 

composition database (Roe et al. 2015). Some "Nutritics database codes" 

were also used if detailed composition information was available, based on 

databases from diverse countries and including a wide range of sports 
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supplements, health food products, supplier, and restaurant data (Nutritics 

2020). Any food with missing information regarding the portion size was coded 

into medium portion size option on Nutritics or estimated by coders. Multi-level 

items such as sandwiches were coded into their different constituent. When a 

simple recipe was provided, all ingredients were coded with the reported 

amount consumed. When no recipe was provided a usual equivalent recipe 

was set up in Nutritics. To ensure the coding quality, 5% of the diaries coded 

by each operator were randomly selected for quality check by an external 

researcher and 3 arbitrary days of each selected diary were checked against 

the written diet diary. A total of 1328 and 1397 foods were extracted from the 

7DD in the ABP trial, for visit 1 and visit 2 respectively. Nutritics output was 

exported into Microsoft Excel.   

2.7.3  Assessment of dietary PP intake 

Both EPIC FFQ and 7DD were used to analyse participant’s habitual PP 

intake. The phenolic compound content of each food was calculated using the 

PP composition database Phenol Explorer (www.phenol-explorer.eu), which 

contains 502 different types of PP, and includes 452 foods (Neveu et al. 2010). 

For the 7DD, references from the US Department of Agriculture (USDA) 

database (Nutrient Data Laboratory 2015b, 2016, 2015a) was also used to 

increase the accuracy of the analysis as Phenol Explorer does not contain all 

the foods of interest. The PP content from each food was calculated in 

aglycones by multiplying the content of each PP by the reported consumption 

of each food item. Five different classes of PP were identified, including 

flavonoids (and their different subclasses), phenolic acids, stilbenes, lignans, 

and other PP. To account for the weight changes mostly due to water 

http://www.phenol-explorer.eu/
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movement during processing, an additional coefficient included in Phenol 

Explorer called “yield factor” was applied to the content value of each PP in 

foods (Phenol Explorer).  

2.7.4  Physical activity questionnaire 

The International Physical Activity Questionnaire (IPAQ) was developed in 

1998 to facilitate surveillance of physical activity (PA) based on a global 

standard (Craig et al. 2003). The long form version of the questionnaire, 

containing 31 items, was used to assess the usual activity and general fitness 

of volunteers participating in the study. Detailed information regarding the 

domains of household-, occupational- and leisure-time physical activity was 

collected for all participants (Appendix H). They were asked to assess the 

frequency and duration of various activities (walking, moderate- and vigorous-

intensity exercise), per week. After applying a specific scoring protocol, the 

questionnaire evaluated the total weekly PA energy expenditure in Metabolic 

Equivalent Task minutes per week (MET-minutes/week) (International 

Physical Activity Questionnaire 2005). Subjects were then classified into  

3 groups of physical activity level based on the value of MET-minutes/week: 

low PA (< 600 MET-minutes/week), moderate PA (≥ 600 MET-minutes/week) 

and high PA (≥ 3000 MET-minutes/week). 

2.8  Quantification of PP metabolites in plasma 

and urine 

Plasma and urinary PP were analysed according to a method validated by our 

research group (Domínguez-Fernández et al. 2020), which uses micro-solid 
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phase extraction (μ-SPE) followed by ultra-high performance liquid 

chromatography and mass spectrometry (HPLC-MS).  

2.8.1 Analytical standards and other materials 

A total of 128 analytical standards were included in the method for 

quantification of PP in biological samples. The list of PP metabolites with their 

retention time as well as the molecular weight and the manufacturing 

information can be found in Supplementary Table S1. Acetic and formic acids 

were sourced from Thermo Fisher Scientific (Loughborough, UK), while 

phosphoric acid was obtained from Yorlab (Fluka, York, UK). All other 

reagents and solvents were obtained from Sigma-Aldrich Co (Steinheim, 

Germany) unless otherwise stated. The standards’ selection was based on the 

most abundant and relevant PP present in the human diet and the availability 

of authentic standards. Micro-elution plates (Oasis HLB, 2 mg sorbent per well, 

30 μm) were sourced from Waters (Waters, Eschborn, Germany).  

2.8.2  Sample preparation and micro-solid phase 

extraction (μ-SPE) 

The μ-SPE was performed based on the protocol of a published method 

(Domínguez-Fernández et al. 2020). Briefly, 600 μL of plasma or urine 

samples were thawed on ice and centrifuged at 15 000g at 4°C for 15 min. 

Urine samples were diluted 5-fold with HPLC grade water. The supernatant 

(350 μL) was transferred to a microtube and diluted (1:1) with 4% phosphoric 

acid. The mixture (600 μL) was loaded onto Oasis 96-well reversed-phase 

HLB (hydrophilic-lipophilic balanced) sorbent μ-SPE plates (Waters, 

Eschborn, Germany) and spiked with internal standard Taxifolin 
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(concentration 0.25 mg/ml) prior to extraction. Isotope labelled Ferulic acid-

1,2,3-13C3 (FA-13C3) (0.99 mg/ml, Sigma-Aldrich, Steinheim, Germany) was 

spiked after μ-SPE extraction as internal standard for matrix effects calculation 

in samples. Plates were then washed with water (200 μL) and 0.2% acetic acid 

(200 μL). Targeted compounds were eluted 3 times with 30 μL of methanol 

containing 0.1% formic acid and 10 nM ammonium formate into a 96-well 

collection plate. Forty microliters of water or standard mix with isotope labelled 

internal standard were added afterwards to the collection plate, making a  

130 μL final volume. Thus, targeted compounds in samples were concentrated 

2.3 times. An adhesive seal was applied to the 96-well collection plate to 

prevent samples from evaporation.  

2.8.3  Ultrahigh performance liquid chromatography 

triple-quadrupole mass spectrometry 

The analysis of plasma and urine PP metabolites was performed on a 

SHIMADZU Triple Quadrupole Mass Spectrometer (MS) (LC-MS8060, 

SHIMADZU, Kyoto, Japan) with an electro-spray interface source after 

separation on a UHPLC system. Samples (5 μL) were injected through a 

Raptor Biphenyl column 2.1 x 50 mm, 1.8 µm (Restek, Bellefonte, USA) with 

a compatible Raptor Biphenyl Guard Cartridges 5 x 2.1 mm (Restek, 

Bellefonte, USA). Mobile phases were water (HPLC grade, Sigma-Aldrich, 

Steinheim, Germany) with 0.1% formic acid (LC-MS grade, Thermo Fisher 

Scientific, Loughborough, UK) as solvent A, and acetonitrile (HPLC grade, 

Sigma-Aldrich, Steinheim, Germany) with 0.1% formic acid as solvent B. A 14 

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 risen to 
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12% at 4 min and kept 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 kept constant for 2 min. Finally, a 2-minute 

equilibration was applied to revert the percentage of B to 1%. Specific 

parameters were set for the SHIMADZU Triple Quadrupole Mass 

Spectrometer. The interface temperature was 300°C, the DL temperature was 

250°C, nebulizing gas flow was 3.0 L/min, heating gas flow was 10.0 L/min, 

heat block temperature was 400°C, and drying gas flow was 10.0 L/min. 

Identification of metabolites was based on comparisons of the retention time 

of each analyte with its correspondent standard and considering the quantifier 

and two qualifier transitions, when possible, as well as their relative ion 

abundance based on the MS optimizations. The data acquisition and analysis 

were performed using the LabSolutions software (SHIMADZU, Kyoto, Japan). 

The calibration curves linked to the quantification of plasma and urine 

metabolites were developed using the ratio of the peak area of each individual 

PP to the peak area of the internal standard Taxifolin for each concentration. 

For each analytical run one full calibration curve was included. Plasma 

concentrations were expressed as nM and 24-hour urine concentrations were 

converted to nmoles based on the volume of the 24-hour urine collection. 

2.9  Power calculation and statistical analysis 

Power calculations were performed for the primary endpoint: changes in 24h 

BP response after chronic consumption. Based on literature and internal data, 

the minimum relevant differences expected in the change of SBP and DBP 

versus baseline between Aronia and Control are 6 and 4.5 mmHg, 
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respectively, and the standard deviations expected are 9 and 6.5 mmHg 

respectively (Broncel et al. 2010; Naruszewicz et al. 2007; Ras, Zock, et al. 

2013; Draijer et al. 2015; Istas et al. 2019). Therefore, a total of 90 and 82 

evaluable patients was necessary to ensure an 80% power to detect a 

significant difference in change of SBP and DBP, respectively, between 

treatment groups for two-sided test at the 2.5% level (alpha correction to 

control of the type I error rate due to multiple primary endpoint). Assuming a 

10% drop out, 100 subjects were required into this two-treatment parallel-

design study (n= 50 per arm).  

The analysis of the outcomes was conducted using an ANCOVA with baseline 

as a covariate (BACO analysis) to compare responses due to either aronia 

berry extract or the placebo capsule (fixed factors). An additional analysis 

using ANCOVA with baseline, age, and baseline BMI as covariate (BAB 

analysis) was also performed for the primary outcome in order to see the 

influence of these factors. Response to treatment was calculated as change 

from baseline (CFB). CFB for the chronic analysis was calculated between 0h 

timepoint on week 12 versus 0h baseline on day 1. For outcomes measured 

at 0h and 2h at each visit, response to treatment was also calculated as CFB 

between 2h timepoint on day 1 versus 0h baseline on day 1 for the acute 

analysis and between 2h timepoint on week 12 versus 0h baseline on week 

12 for the acute over chronic analysis.  

The data analysis included the exploration of 3 different populations: 

• Intention to treat (ITT) population, including all randomised participants who 

fulfilled all entry criteria and have been randomised.  
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• Per protocol (PerP) population, including ITT participants without any major 

protocol deviations and who have taken at least 80% of the study treatment. 

• Safety Set (SS) population, including all participants who consumed at least 

one dose of the study product. 

All statistical analyses of primary, secondary, and exploratory outcomes will 

be performed on ITT population and PerP population. All statistical analyses 

of safety outcomes will be performed on SS population. 

The normality of dependent variable was verified using Shapiro Wilk for 

normality testing. If the normality could not be validated, a log-transformation 

of dependent variable and baseline value of dependent variable was modelled 

with the same model characteristics. If the normality of the log-transformed 

dependent variable could not be validated a non-parametric analysis using 

Mann Whitney U test without adjustment variable was performed. The control 

of the Type I error rate for the primary endpoint family was performed using 

Bonferroni method.  

Correlations are presented as Pearson's r for nonnormal distribution and as 

Spearman's ρ for normal distribution. Statistical analysis was performed with 

the use of IBM SPSS Statistics 26.0 (Statistical Product and Service Solutions; 

IBM Corp.) and GraphPad Prism version 8 for Windows (GraphPad Software). 

Statistical significance is accepted at p< 0.05. 
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3.1 Introduction 

Cardiovascular diseases (CVD) are one of the main causes of death in Europe 

and other developed countries with an estimated 31% of all deaths worldwide 

(World Health Organization 2017). Diet has been shown to influence the risk 

of CVD and chronic diseases (Piepoli et al. 2016). Indeed, many large 

epidemiological studies such as the Global Burden of Disease study showed 

that diet is one of the most important modifiable risk factors for CVD, 

accounting for 11 million deaths and 255 million disability-adjusted life-years 

in 2017 (Afshin et al. 2019). The leading dietary risk factors were a high intake 

of sodium, low intake of wholegrain foods and low intake of fruits. Fruits and 

wholegrains are foods rich in bioactive compounds such as (poly)phenols (PP) 

(Zhan et al. 2017), which has been highlighted as one of the main reasons 

behind their health benefits (Grassi et al. 2015; Del Rio et al. 2013; Zhao et al. 

2017; Hartley et al. 2013). 

Berries have been recognized as an important source of PP and seem to have 

a role in the modulation of vascular health when consumed at physiologically 

relevant doses (Martini et al. 2020; Rodriguez-Mateos, Heiss, et al. 2014). 

Over the last decades, Aronia melanocarpa held researchers’ attention due to 

its high anthocyanin concentration, which is the one of the highest among 

berries (Zheng and Wang 2003). In preclinical studies, this berry has revealed 

a protective effect towards chronic diseases such as gastrointestinal diseases, 

diabetes, and CVD (Jurikova et al. 2017).  

Although a limited number of RCTs have investigated the effect of aronia berry 

consumption on cardiovascular health, some promising findings have been 
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shown, with some positive effects on inflammatory markers (Naruszewicz et 

al. 2007; Loo et al. 2016), blood lipids (Duchnowicz et al. 2018; Broncel et al. 

2010), blood pressure (Kardum et al. 2015; Kardum et al. 2014; Broncel et al. 

2010; Skoczyńska et al. 2007) and endothelial function (Istas et al. 2019). 

However, results were mixed, and several studies have not concluded on 

cardiometabolic changes following the consumption of aronia PP. So far, all 

existing RCTs investigating the effect of aronia berry consumption on blood 

pressure (BP) have included a relatively small number of volunteers (n< 55), 

and were mainly conducted with participants at high risk of CVD, i.e., 

hypertensive, with hypercholesterolemia, diabetes or taking statins (Pokimica 

et al. 2019; Loo et al. 2016; Simeonov et al. 2002; Xie et al. 2017; Naruszewicz 

et al. 2007). 

Moreover, some of these trials did not include BP as a primary outcome, 

implying that statistical power was not calculated based on this parameter. 

Only one trial included healthy volunteers, more specifically young men, and 

office blood pressure was measured as a secondary outcome (Istas et al. 

2019). Importantly, only 2 of these RCTs have used the gold standard 24-hour 

monitoring of BP (Loo et al. 2016; Kardum et al. 2015), which is a better 

predictor of CVD mortality and global CVD events than office BP (Yang et al. 

2019; Kidambi et al. 2020; Huang et al. 2011; Bakogiannis et al. 2020). Both 

RCTs included healthy middle-aged prehypertensive participants (133/83 

mmHg for Loo et al. and 134/83 mmHg for Kardum et al.), however duration 

(4 versus 8 weeks) and PP daily intake of the aronia juice administered (386 

mg/day versus 2194 mg/day, respectively) were different. Interestingly, the 

trial with shorter duration and lower PP content showed a stronger effect, with 
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an overall decrease in awake ambulatory BP of 10 and 5.9 mmHg in SBP and 

DBP, respectively, compared with placebo, while a more modest decrease of 

1.6 mmHg in DBP for the longer trial with higher PP content aronia juice was 

reported. Kardum and colleagues were the only ones to observe a significant 

decrease in 24-hour BP (changes in SBP= -8.5 mmHg). Both studies included 

a small number of subjects (n= 12 and 37 for Kardum and Loo, respectively). 

Based on these findings, there is a need for well-designed RCTs, involving a 

larger population of healthy individuals and using gold-standard techniques for 

the assessment of cardiometabolic outcomes, and in particular BP.  

It is hypothesized that aronia berry intake improves vascular function in healthy 

individuals and that the effect may be partly imputed to the aronia-derived 

metabolites present in the bloodstream. The primary focus of this study was 

to evaluate the effects of 12-week daily consumption of an aronia berry extract 

on 24-hour ambulatory SBP and DBP (primary endpoint) in a prehypertensive 

population, compared with placebo. Secondary outcomes included office BP, 

heart rate (HR), flow-mediated dilation (FMD) and blood flow velocity, blood 

lipids, blood cortisol levels, safety and tolerability of the treatment, ambulatory 

and office heart rate (HR), ambulatory and office arterial stiffness measured 

as pulse wave velocity (PWV) and augmentation index (AIx), and QRISK®3 

score.  

Moreover, plasma and urinary concentrations of aronia PP were analysed and 

quantified to explore the relationship between circulating metabolites and 

vascular outcomes (this will be detailed in Chapter 4).  
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Other exploratory objectives of the present study included the collection of 

faecal samples on day 1 and day 84 to investigate gut microbiota composition 

and microbiome changes following the intake of aronia berry extract or placebo 

(results described in Chapter 6).  
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3.2  Methods 

Detailed information about the methodology used in the study can be found in 

Chapter 2, including study population, inclusion and exclusion criteria, study 

design, investigational product, vascular and body composition 

measurements, QRISK®3 score calculation, sample collection and 

biochemical analysis, diet, health, and lifestyle questionnaires, as well as 

power calculation and statistical analysis.   

A summary of the ABP study design is shown in Figure 3.1. Briefly, this study 

was a 2-arm, double-blind, parallel randomised-controlled trial. The primary 

objective was to investigate the effect of an aronia berry extract on ambulatory 

24h SBP and DBP after 12 weeks daily consumption compared with placebo. 

Secondary objectives of the study included effects of 12-week aronia extract 

or placebo consumption on office SBP and DBP, office and ambulatory heart 

rate and arterial stiffness, endothelial function (FMD), blood flow velocity, 

blood lipids, and blood cortisol levels. The safety and tolerability of the extract 

was also a secondary outcome. The acute effects of the interventional product 

on FMD and blood flow velocity at 2h post-consumption were also included in 

the secondary outcomes of the study (Figure 3.1).  

The number of volunteers included in the analysis of each parameter 

investigated in this trial can be found in Supplementary Table S2.  
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Figure 3.1: Study design of the ABP study.  

ABPM, ambulatory blood pressure monitor; FMD, flow mediated dilation; FFQ, food frequency 

questionnaire; IPAQ, International physical activity questionnaire. 
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3.3 Results 

3.3.1 Baseline characteristics of the study population 

A total of 323 volunteers visited the unit and were screened to be part of the 

study, among whom 221 were excluded and 102 (47 men, 55 women) were 

enrolled and assigned randomly to one of the 2 intervention groups to 

constitute the intention-to-treat (ITT) population (Figure 3.2). Two participants 

discontinued the intervention for personal reasons and 3 were lost to follow-

up, accounting for a total 5% drop-out. Ninety-seven participants completed 

all visits and were thus included in the acute, chronic, and acute on chronic 

analysis. As well as these 5 dropouts, 5 participants were removed from the 

per protocol (PerP) population due to low compliance (< 80%, n= 1), history of 

aortic stenosis (n= 1), abnormal increase in GGT, ALT and TG at visit 2 along 

with a high alcohol consumption at screening visit (n= 1), abnormal rise of 

cholesterol level associated with thyroid deficiency (n= 1) and suspicion of flu 

at visit 2 (n= 1). 
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Figure 3.2: Study flow diagram.  

ALT, Alanine aminotransferase; BP, Blood pressure; GGT, γ-glutamyl transferase; ITT, Intention to 

treat; PerP, Per protocol; PV1, Previsit 1; SV, Screening visit; TG, Triglycerides. 

 

Baseline characteristics of both intervention groups can be found in Table 3.1. 

No statistically significant differences between Control and Aronia group were 

found, except the asleep heart rate which was higher in the Aronia group (p= 

0.031).  
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Table 3.1: Baseline characteristics of the study population. 

Population characteristics 
All (n=102) Aronia (n=51) Control (n=51) 

P† 
Mean SD Mean SD Mean SD 

Sex (male/female, n) 47/55 23/28 24/27 0.840 

Age (years) 56.2 8.8 56.2 8.7 56.2 9.0 0.980 

Height (cm) 169.6 8.7 168.4 8.1 170.8 9.2 0.160 

Weight (Kg) 70.9 10.7 71.0 9.9 70.8 11.6 0.949 

BMI (Kg/m2) 24.7 3.2 25.1 3.2 24.3 3.1 0.201 

Body fat (%) 26.5 8.6 27.1 8.2 25.9 8.9 0.466 

Basal metabolic rate (Kcal) 1528 280 1518 257 1538 303 0.721 

IPAQ (MET-min/week) 5574 3819 5360 3663 5789 3996 0.590 

Smokers (n) 5 1 4 0.173 

24h SBPbr (mmHg) 120.2 9.7 120.5 9.3 119.9 10.1 0.740 

24h DBPbr (mmHg) 69.6 7.0 69.7 5.5 69.5 8.4 0.904 

24h heart rate (bpm) 69.7 8.5 70.0 7.2 69.5 9.7 0.775 

24h SBPao (mmHg) 116.5 12.2 116.6 13.1 116.4 11.4 0.941 

24h AIxao (%) 29.9 11.2 30.1 12.0 29.7 10.4 0.864 

24h AIxbr (%) -15.1 21.7 -14.5 23.2 -15.7 20.5 0.803 

24h PWV (m/s) 9.3 1.1 9.4 1.1 9.2 1.1 0.504 

Asleep SBPbr (mmHg) 108.1 11.9 107.6 11.3 108.5 12.7 0.726 

Asleep DBPbr (mmHg) 60.3 7.9 59.9 6.6 60.6 9.1 0.681 

Asleep heart rate (bpm) 61.8 8.1 63.6 7.2 60.0 8.7 0.031* 

Asleep SBPao (mmHg) 106.8 14.9 106.1 15.3 107.6 14.6 0.638 

Asleep AIxao (%) 32.9 12.8 31.9 13.1 33.7 12.6 0.514 

Asleep AIxbr (%) -9.4 25.4 -11.3 26.0 -7.7 25.0 0.514 

Asleep PWV (m/s) 8.8 1.3 8.9 1.3 8.7 1.3 0.415 

Awake SBPbr (mmHg) 126.0 9.6 126.8 9.7 125.2 9.4 0.382 

Awake DBPbr (mmHg) 73.9 7.2 74.4 5.7 73.5 8.4 0.509 

Awake heart rate (bpm) 73.7 9.7 73.5 8.4 73.9 11.0 0.864 

Awake SBPao (mmHg) 121.7 11.7 122.4 12.8 121.0 10.7 0.567 

Awake AIxao (%) 27.8 11.6 28.3 12.8 27.4 10.6 0.719 

Awake AIxbr (%) -19.0 22.6 -17.9 24.7 -20.1 20.7 0.638 

Awake PWV (m/s) 9.5 1.1 9.6 1.1 9.4 1.1 0.329 

Office SBP (mmHg) 121.7 9.3 122.8 10.3 120.6 8.2 0.248 

Office DBP (mmHg) 80.4 5.8 81.0 5.6 79.9 6.1 0.349 

Office peripheral heart rate (bpm) 66.5 9.3 67.1 9.4 66.0 9.3 0.544 

Office PWV (m/s) 7.4 1.5 7.4 1.3 7.5 1.6 0.675 

Office AIx (%) 21.6 10.8 22.5 11.7 20.7 9.8 0.427 

Office central SBP (mmHg) 114.5 9.3 115.3 10.5 113.6 7.9 0.361 

Office central DBP (mmHg) 81.1 6.6 81.4 7.1 80.9 6.1 0.665 

Office central heart rate (bpm) 61.5 9.0 62.5 8.2 60.5 9.8 0.252 

Flow mediated dilation (%) 5.1 1.4 5.1 1.4 5.1 1.4 0.986 

Brachial artery diameter at 0 sec (mm) 3.7 0.6 3.7 0.5 3.7 0.6 0.996 

Brachial artery diameter at 60 sec 
(mm) 

3.9 0.6 3.9 0.5 3.9 0.7 0.999 

Blood flow velocity (cm/sec) 89.6 23.8 92.3 24.4 86.8 23.0 0.246 

10-year QRISK®3 score (%) 5.5 4.0 5.6 3.8 5.3 4.2 0.709 

Cortisol (mmol/L) 241.9 82.7 245.3 77.1 238.8 88.2 0.712 

Fasted plasma glucose (mmol/L) 5.1 0.5 5.2 0.4 5.1 0.6 0.637 

Sodium (mmol/L) 141.6 4.7 142.2 5.3 141.1 4.2 0.269 

Potassium (mmol/L) 4.2 0.7 4.1 0.4 4.3 0.8 0.277 

Urea (mmol/L) 5.2 1.3 5.3 1.2 5.1 1.3 0.468 

Creatinine (umol/L) 78.8 21.7 75.0 15.5 82.3 25.8 0.098 

eGFR (mL/min) 75.7 15.9 76.5 15.6 74.9 16.4 0.621 
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Total protein (g/L) 66.1 6.1 65.4 4.5 66.7 7.3 0.314 

Albumin (g/L) 43.4 2.6 43.3 3.0 43.5 2.2 0.694 

Globulins (g/L) 22.7 5.2 22.1 3.9 23.2 6.3 0.327 

Total bilirubin (umol/L) 13.9 6.8 13.5 6.2 14.4 7.4 0.504 

ALP (IU/L) 60.4 21.3 63.0 21.8 57.9 20.8 0.237 

AST (IU/L) 25.8 7.0 26.0 7.1 25.7 7.0 0.858 

ALT (IU/L) 21.7 10.6 23.7 13.4 19.8 6.9 0.074 

GGT (IU/L) 23.0 24.3 24.7 27.9 21.4 20.5 0.513 

LDH (IU/L) 174.7 28.7 174.3 28.0 175.1 29.5 0.891 

hs-CRP (mg/L) 1.5 2.3 1.1 1.3 1.9 2.9 0.088 

Urate (umol/L) 264.9 85.1 277.2 82.3 253.4 86.8 0.170 

Cholesterol (mmol/L) 5.4 0.9 5.4 0.9 5.4 1.0 0.950 

Triglycerides (mmol/L) 0.9 0.4 0.9 0.4 0.9 0.4 0.490 

HDL (mmol/L) 1.7 0.4 1.7 0.5 1.7 0.4 0.828 

LDL (mmol/L) 3.5 1.0 3.5 1.1 3.5 0.8 0.837 

Non-HDL cholesterol (mmol/L) 3.7 1.0 3.7 1.2 3.7 0.8 0.769 

Total cholesterol/HDL ratio 3.4 1.0 3.4 1.0 3.4 1.0 0.964 

Total white blood cells (109/L) 5.0 1.3 5.0 1.3 5.1 1.4 0.659 

Total red blood cells (1012/L) 4.4 0.5 4.4 0.6 4.4 0.4 0.684 

Hemoglobin (g/L) 134.8 15.9 135.0 12.0 134.6 19.0 0.917 

Mean corpuscular value (fL) 89.8 5.3 89.8 4.9 89.9 5.7 0.952 

MCV (pg) 30.9 3.1 30.9 2.9 30.9 3.3 0.973 

MCHC (g/dL) 343.4 24.4 343.7 24.8 343.0 24.2 0.894 

Red cell distribution width (%) 13.5 1.1 13.5 1.0 13.5 1.1 0.983 

Platelets (109/L) 234.6 54.4 234.5 53.7 234.6 55.7 0.992 

Mean platelet value (fL) 9.2 1.4 9.1 1.4 9.2 1.4 0.823 

Neutrophils (109/L) 2.9 1.1 2.9 1.1 2.9 1.1 0.957 

Lymphocytes (109/L) 1.4 0.5 1.4 0.4 1.5 0.6 0.610 

Monocytes (109/L) 0.4 0.2 0.4 0.2 0.4 0.2 0.582 

Eosinophils (109/L) 0.1 0.1 0.1 0.1 0.2 0.1 0.080 

Basophils (109/L) 0.1 0.0 0.1 0.0 0.1 0.0 0.820 
† P value from the unpaired t test. * P < 0.05. 

AIx, augmentation index; ALP, alkaline phosphatase; ALT: alanine aminotransferase; ao, aortic; AST, 
aspartate aminotransferase; BMI: Body mass index; br, brachial; DBP, diastolic blood pressure; GGT, γ-
glutamyl transferase; HDL, high density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; IPAQ, 
international physical activity questionnaire; LDH, lactate dehydrogenase; LDL, low density lipoprotein; 
MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; PWV, pulse wave 
velocity; SBP, systolic blood pressure. 
  

The average age was in the middle of our age range and was similar for both 

Aronia and Control groups (56.2 years). Overall, the population was healthy, 

with a BMI in the normal range (24.7 kg/m2), a hs-CRP of 1.5 mg/L, 

corresponding to an average risk of CVD and a QRISK®3 score of 5.5 which 

stands for a low risk of developing CVD in the next 10 years. Only 5 smokers 

were included in the trial, with 4 of them allocated to the Control group. 

Participant were very active, with an average IPAQ score of 5574 MET-
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min/week, which is way above the cut-off limit of 3000 MET-min/week defining 

the high physical activity level range. Participants were in the very low range 

of prehypertension as average office SBP and DBP for the overall population 

were 121.7 and 80.4 mmHg, respectively. Averages of metabolic variables 

were universally within our central laboratory’s ranges. 

3.3.2  Background diet 

The analysis of 7-day food diaries completed by participants at baseline  

(1 week prior the start of the study) showed no significant differences between 

the diet of participants in the Aronia and Control groups in terms of micro-, 

macronutrients and PP at baseline, apart from vitamin B3 (p= 0.047) which 

was higher in the Control group (36.2 versus 40.8 mg). During the last week 

of the study, when participants completed another 7-day diary, no difference 

between the diet of the groups was found except for flavonols (p= 0.042), 

which were consumed in higher amounts in the Control group (85 versus 74 

mg) (Table 3.2). The average intake of fruits and vegetables in the overall 

population was 385 and 183g, respectively (data not shown). 
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Table 3.2: Average macro-, micronutrient and (poly)phenol intakes taken from 7-day diet diaries at 

baseline and during the 12-week intervention. 

 

Mean SD Mean SD Mean SD Mean SD

Energy (kcal) 2021 586 1832 436 1938 581 1925 656 0.473 0.416 0.029* 0.688

Protein (g) 82.0 28.1 74.0 21.2 85.8 25.9 76.4 24.3 0.484 0.605 0.084 0.006*

Carbohydrates (g) 223 64.7 204 53.9 206 66.9 209 78.6 0.181 0.722 0.007* 0.924

Fibres (g) 25.8 11.1 23.4 9.0 23.5 9.7 22.8 9.6 0.266 0.724 0.023* 0.468

Fat (g) 80.5 32.9 71.3 27.6 79.1 33.5 78.3 33.1 0.840 0.266 0.179 0.811

Saturated fat (g) 28.6 13.6 24.9 12.4 26.9 11.3 27.4 11.5 0.502 0.306 0.197 0.832

Monoinsaturated fat (g) 28.9 13.2 26.2 11.0 30.3 13.7 29.5 14.8 0.611 0.221 0.425 0.694

Polyinstaurated fat (g) 12.1 5.9 11.5 4.9 13.3 9.5 13.0 6.3 0.434 0.194 0.648 0.755

Omega-3 (g) 1.5 1.1 1.3 1.0 1.5 1.1 1.5 1.4 0.868 0.583 0.296 0.766

Omega-6 (g) 7.3 5.2 6.2 3.7 8.2 7.9 7.3 4.2 0.518 0.175 0.199 0.326

Trans fats (g) 1.3 1.8 0.9 0.6 1.8 5.8 1.0 0.6 0.537 0.285 0.223 0.320

Vitamin A (μg) 1114 720 917 616 1137 1323 915 693 0.913 0.989 0.031* 0.286

Retinol (μg) 358 394 276 164 481 1190 388 473 0.486 0.124 0.259 0.572

Carotene (μg) 3945 3231 3260 3040 3468 2953 2703 2446 0.440 0.325 0.009* 0.125

Vitamin D (μg) 3.2 3.0 2.7 2.0 3.0 2.2 2.9 1.9 0.704 0.668 0.172 0.834

Vitamin E (mg) 9.9 4.9 9.7 4.4 9.6 5.4 10.8 5.9 0.772 0.304 0.958 0.104

Vitamin K1 (μg) 78.2 64.1 58.3 45.1 66.3 83.5 76.8 97.7 0.423 0.238 0.011* 0.375

Vitamin B1 (mg) 1.7 0.6 1.8 1.9 1.9 1.1 1.6 0.7 0.310 0.583 0.702 0.033*

Vitamin B2 (mg) 1.6 0.5 1.5 0.4 1.9 0.9 1.7 0.7 0.085 0.050 0.597 0.161

Vitamin B3 (mg) 36.2 11.0 33.1 9.9 40.8 12.1 36.5 13.4 0.047* 0.163 0.144 0.009*

Vitamin B5 (mg) 5.6 1.7 5.2 1.7 6.0 2.4 5.6 2.0 0.266 0.207 0.332 0.144

Vitamin B6 (mg) 1.8 0.5 1.7 0.5 2.4 3.9 2.1 2.1 0.246 0.194 0.529 0.181

Vitamin B7 (mg) 44.2 20.2 42.0 21.9 48.6 21.9 44.6 20.8 0.302 0.562 0.808 0.134

Vitamin B9 (μg) 305 100 261 90 296 125 293 120 0.678 0.143 0.002* 0.632

Vitamin B12 (μg) 5.2 4.1 4.7 2.6 5.5 5.2 4.7 2.8 0.747 0.928 0.594 0.321

Vitamin C (mg) 118 66.7 104 71.7 109 68.8 114 74.2 0.490 0.511 0.049* 0.790

Sodium (g) 2074 788 1967 703 2105 908 2014 853 0.855 0.767 0.498 0.222

Potassium (mg) 3489 1092 3153 837 3432 1139 3314 1241 0.801 0.459 0.030* 0.302

Calcium (mg) 918 301 860 295 882 305 893 332 0.556 0.603 0.426 0.985

Magnesium (mg) 352 124 335 103 348 144 344 140 0.875 0.740 0.266 0.792

Phosphorus (mg) 1399 406 1303 335 1440 443 1370 476 0.632 0.429 0.232 0.173

Iron (mg) 12.8 4.3 11.8 3.7 12.2 5.0 12.0 4.9 0.522 0.872 0.091 0.524

Copper (mg) 1.6 0.6 1.5 0.6 1.9 1.9 2.4 5.2 0.210 0.219 0.246 0.586

Zinc (mg) 9.8 4.5 9.2 2.8 10.1 4.3 9.2 3.9 0.790 0.988 0.732 0.096

Chloride (mg) 3081 998 2916 760 3224 1243 3108 1306 0.527 0.381 0.374 0.302

Manganese (mg) 4.7 2.4 4.6 3.2 4.6 2.2 4.9 4.9 0.773 0.680 0.868 0.556

Selenium (μg) 53.9 22.2 51.7 22.0 55.8 26.2 53.9 28.2 0.692 0.667 0.730 0.557

Iodine (μg) 135 64.4 131 66.9 323 1321 132 69 0.319 0.893 0.889 0.302

Caffeine (mg) 151 114 133 98.9 201 155 165 120 0.069 0.159 0.573 0.015*

Anthocyanins (mg) 77.0 62.1 61.2 56.9 59.2 68.9 73.3 85.7 0.177 0.416 0.137 0.354

Flavan-3-ols (mg) 272 367 232 233 334 281 322 283 0.336 0.093 0.971 0.698

Proanthocyanins (mg) 211 153 241 184 308 424 320 281 0.131 0.109 0.239 0.979

Flavanones (mg) 20.4 27.7 17.8 30.0 20.9 24.2 17.0 25.6 0.925 0.890 0.355 0.184

Flavones (mg) 4.5 4.5 6.8 7.3 5.0 7.5 5.8 11.6 0.699 0.621 0.016* 0.693

Flavonols (mg) 74.0 53.2 56.7 34.5 85.1 73.4 72.8 41.9 0.385 0.042* 0.028* 0.140

Isoflavonoids (mg) 5.5 13.4 5.8 11.3 1.9 4.0 3.7 9.3 0.071 0.336 0.904 0.203

Lignans (mg) 16.9 38.7 9.4 16.8 9.6 22.5 21.3 51.5 0.248 0.132 0.175 0.045*

Stilbenes (mg) 0.4 0.6 0.5 0.6 0.3 0.4 0.3 0.6 0.197 0.145 0.350 0.806

Phenolic acids (mg) 583 365 581 547 691 585 695 706 0.273 0.380 0.873 0.887

Other (poly)phenols
†
 (mg) 99.1 266 46.2 84.1 222 916 55.4 70.7 0.363 0.564 0.182 0.186

Total (poly)phenols (mg) 1364 705 1258 652 1738 1287 1586 998 0.074 0.060 0.608 0.350

Average macro-, micronutrient and (poly)phenol intakes taken from 7-day diet diaries at baseline and during the 12-

week intervention. Comparisons Aronia versus Control (A vs C) calculated using an independent t-test. Comparisons

visit 1 (V1) versus visit 2 (V2) calculated using a paired t-test. *Significant difference at p< 0.05.
†
Other (poly)phenols:

Chalcones, Dihydrochalcones, Hydroxphenylpropanoic acids and Other as defined in the Phenol Explorer classification

(http://phenol-explorer.eu/compounds/classification). P, p-value.

V2

A vs C 

(P)

Aronia 

V1 vs 

V2  (P)

Control 

V1 vs 

V2  (P)

V1

A vs C

(P)

Visit 2 (n=48)

Aronia Control

Visit 1 (n=50) Visit 2 (n=48) Visit 1 (n=51)
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The analysis of food diaries completed by subjects at baseline allowed us to 

compare the intake in micro- and macronutrients from the study population 

with the UK recommendation from the Eatwell guide (Public Health England 

2016) (Table 3.3). A coefficient of variation (CoV) was calculated for each 

parameter and ranged from 1 to 74%, indicating a high adherence of our 

population to the UK guidelines. The variability between Eatwell guide and 

baseline ABP intake was low for the macronutrients, with the biggest 

divergence being associated to protein intake (CoV= 36%).  

In terms of vitamins, the ABP population systematically presented a higher 

intake compared to the Eatwell guide’s recommendations, except for vitamin 

D, which was lower than the recommended intake. However, vitamin D levels 

were similar to those found in a recent study investigating vitamin D levels in 

various cohorts of the National Diet and Nutrition Survey (NDNS) and reporting 

an average level of 3.7 µg/day for the population aged 19 to 74 years (Calame, 

Street, and Hulshof 2020).  

Regarding micronutrients, the intakes recorded in the ABP population was 

also higher than the Eatwell recommendations, except for sodium, potassium, 

and selenium, which were slightly lower than the guidelines. The higher 

coefficient of variation was observed for phosphorus (CoV= 62%). 
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Table 3.3: Comparison of Eatwell guide dietary recommendations with the baseline intake of micro- 

and macronutrients of the ABP study population. 

 

 

Some differences were found between the diet of volunteers at baseline and 

at the end of the study in both Aronia and Control group (Table 3.2). Indeed, 

energy levels, carbohydrates, fibres, carotene, vitamin A, K1, B9 and C, 

potassium, and flavonols intakes all significantly decreased from visit 1 to visit 

2 for the Aronia group. Only flavone intake was significantly increased 

following the intervention in the Aronia group. Regarding Control group, 

  
Eatwell 
guide 

(19-74 y/o) 

ABP study 
(average 
56.2 y/o) 

Coefficient of 
variation (%) 

  Energy (kcal/day) 2189 1979 7 

  Protein (g/day) 50.1 83.9 36 

  Carbohydrate (g/day) 292 214 22 

  Fibres (g/day) 30 24.7 14 

  Fat (g/day) 85 79.8 4 

      Saturated fat (g/day) 26.8 27.8 3 

      Monounsaturated fat (g/day) 31.8 29.6 5 

      Polyunsaturated fat (g/day) 15.8 12.7 15 

          

  Vitamin A (µg/day) 650 1126 38 

  Vitamin D (µg/day) 10 3.1 74 

  Vitamin B1 (mg/day) 0.9 1.8 49 

  Vitamin B2 (mg/day) 1.2 1.7 26 

  Vitamin B3 (mg/day) 14.5 21.4 27 

  Vitamin B6 (mg/day) 1.3 2.1 34 

  Vitamin B9 (µg/day) 200 301 28 

  Vitamin B12 (µg/day) 1.5 5.4 80 

  Vitamin C (mg/day) 40 114 68 

          

  Sodium (g/day) 2.4 2 9 

  Potassium (mg/day) 3500 3460 1 

  Calcium (mg/day) 700 900 18 

  Magnesium (mg/day) 285 350 14 

  Phosphorus (mg/day) 550 1420 62 

  Iron (mg/d) 8.7 12.5 25 

  Copper (mg/day) 1.2 1.8 27 

  Zinc (mg/day) 8.3 10.0 13 

  Chloride (mg/day) 2500 3153 16 

  Selenium (µg/day) 67.5 54.9 15 

  Iodine (µg/day) 140 230 34 

y/o: years old. 
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protein, caffein, vitamin B1 and B3 intakes were all significantly reduced after 

the intervention, based on the self-reporting 7-day food diary completed by 

participants. On the contrary, subjects from the Control group had a 

significantly increased intake of lignans on study day 2 compared to the first 

visit. However significant, these differences seem to be minor as the total PP 

intake was not different between visits for any of the intervention groups.  

Daily average baseline PP intake was 1364 ± 705 mg in the Aronia group and 

1738 ± 1287 mg in the Control group. The main contribution of food products 

to the intake of total PP at baseline was for coffee (29%), tea (27%), fruits 

(11%), herbs and spices (9%), nuts and seeds, tubers and roots, alcoholic 

drinks and chocolate (2% each) (Supplementary Table S3). The main fruits 

contributing were predominantly apples (44%), followed by berries 

(strawberries, blueberries and raspberries, 32%) and grapes (6%). Vegetables 

accounted for 1% of the total PP intake.  

3.3.3 Effect of aronia berry extract consumption on office 

and 24-hour ambulatory blood pressure 

The primary outcome of the study was to determine the effect of Aronia versus 

Control on average brachial 24h SBP and DBP (SBPbr and DBPbr), after  

12-week daily consumption. These two parameters were measured using the 

Arteriograph24TM (TensioMed, Budapest, Hungary). No significant differences 

were observed for the primary outcome for neither ITT nor PerP population, 

and neither for BAB analysis (with baseline, age, and BMI as covariate) (Table 

3.4) nor BACO (baseline as covariate only) analysis (data not shown). 

However, a trend for a bigger decrease for both SBPbr and DBPbr was found 
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in Aronia group (Figure 3.3). Moreover, changes from baseline were significant 

for 24-hour and awake SBP and DBP for both intervention groups. 

Table 3.4: Effects of aronia berry extract after 12-week consumption on 24-hour, awake and asleep 

peripheral SBP and DBP, for both ITT and PerP populations and each intervention group, following 

BAB analysis.  

 

 

Figure 3.3: Twenty-four-hour, awake, and asleep peripheral SBP and DBP changes from baseline 

following a 12-week consumption of aronia berry extract, for both Aronia and Control groups, following 

BAB analysis. P-value represents the change from Control. 

 

Parameter

(mmHg) 
CFB Aronia CFB Control CFC p-value CFB Aronia CFB Control CFC p-value

24-hour SBPbr -2.05 ± 0.66* -1.77 ± 0.67* -0.3 0.763 -1.74 ± 0.74* -1.57 ± 0.73* -0.18 0.867

Awake SBPbr -1.97 ± 0.80* -1.80 ± 0.81* -0.2 0.177 -1.95 ± 0.85* -1.75 ± 0.83* -0.20 0.240

Asleep SBPbr -1.29 ± 1.06 -1.34 ± 1.06 0.05 0.725 -1.16 ± 1.03 -1.57 ± 1.01 0.41 0.973

24-hour DBPbr -1.71 ± 0.51* -1.27 ± 0.51* -0.4 0.543 -1.77 ± 0.55* -1.07 ± 0.55* -0.70 0.373

Awake DBPbr -1.78 ± 0.59* -1.35 ± 0.60* -0.4 0.613 -1.83 ± 0.62* -1.27 ± 0.61* -0.56 0.522

Asleep DBPbr -1.02 ± 0.79 -.50 ± 0.79 -0.5 0.643 -1.04 ± 0.83 -.58 ± 0.82 -0.46 0.693

PerP population

Values expressed as mean ± SD. Changes from baseline (CFB) and changes from Control (CFC) were

calculated using ANCOVA (Bonferroni) with age, baseline BMI and baseline parameter value as

covariates. br, brachial; DBP, diastolic blood pressure; ITT, intention to treat; PerP, per protocol; SBP,

systolic blood pressure. *Significance at p< 0.05 between baseline and 12 weeks.

ITT population
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Among the secondary objectives, changes in ambulatory central SBP (SBPao) 

were investigated (Table 3.5). No significant difference was observed between 

the treatment groups. Nonetheless, the changes from baseline of the Aronia 

group appeared lower than those of the Control group for 24-hour, awake and 

asleep SBPao. 

Table 3.5: Effects of aronia berry extract after 12-week consumption on 24-hour, awake and asleep 

central SBP in the ITT population and each intervention group, following BAB analysis. 

Parameter Unit CFB Aronia CFB Control CFC p-value 

24-hour SBPao mmHg -1.44 ± 0.89 -0.28 ± 0.87 -1.17 0.433 

Awake SBPao mmHg -1.69 ± 1.02 -1.03 ± 1.00 -0.65 0.652 

Asleep SBPao mmHg -1.57 ± 1.40 0.02 ± 1.38 -1.58 0.421 

Values expressed as mean ± SD. ao, aortic; CFB, changes from baseline; CFC, changes 
from Control; DBP, diastolic blood pressure; SBP, systolic blood pressure. 

Secondary outcomes of this trial also included the investigation of PP-rich 

aronia extract’s effect on office peripheral and central SBP and DBP, 

measured using OMRON and SphygmoCor®, respectively (Table 3.6) No 

significant changes have been found following the 12-week daily consumption 

of the investigational product, even though chronic central SBP values were 

the same magnitude as results found using the ambulatory BP monitor (24h 

SBPao= -1.4 ± 0.9 and -0.3 ± 0.9 mmHg for Aronia and Control, respectively 

while office SBPao= -1.8 ± 0.9 and -0.2 ± 1.0 mmHg for Aronia and Control, 

respectively), which is a good indicator of the reliability of the results. 

Moreover, while chronic office SBPbr changes from Control were close to 

significance (CFC= -2.4 mmHg, p= 0.074), changes from baseline were 

significant for the same parameter and timepoint in the Aronia group (CFB=  

-2.4 ± 0.9 mmHg, 95% CI= [-4.195; -0.561 mmHg]) (Table 3.6). 
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Acute peripheral and central office BP changes on the first and last study day 

present some significant increases from baseline for both treatment groups. 

This rise is significantly higher in Aronia group for office SBPao two hours post-

consumption on the last visit (CFC= 2.2 mmHg, p= 0.017). Similar results were 

found for BACO analysis (data not shown).  

Table 3.6: Effects of aronia berry extract after 12-week consumption on office peripheral and central 

SBP and DBP in the ITT population and each intervention group, following BAB analysis. 

Acute changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office SBPbr mmHg 5.97 ± 1.11* 6.82 ± 1.11* -0.85 0.590 

Office DBPbr mmHg 1.33 ± 0.65* 1.45 ± 0.65* -0.12 0.898 

Office SBPao mmHg 6.66 ± 1.12* 7.05 ± 1.13* -0.40 0.788 

Office DBPao mmHg 1.35 ± 0.97 1.39 ± 0.98 -0.04 0.908 

            

Chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office SBPbr mmHg -2.38 ± 0.92* -0.01 ± 0.92 -2.37 0.074 

Office DBPbr mmHg -0.91 ± 0.70 -1.02 ± 0.71 0.11 0.912 

Office SBPao mmHg -1.80 ± 0.93 -0.17 ± 0.95 -1.63 0.227 

Office DBPao mmHg -0.21 ± 0.81 -1.04 ± 0.81 0.83 0.466 

            

Acute on chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office SBPbr mmHg 7.15 ± 1.12* 5.10 ± 1.14* 2.05 0.153 

Office DBPbr mmHg 1.73 ± 0.60* 0.27 ± 0.61 1.46 0.060 

Office SBPao mmHg 7.45 ± 1.18* 5.26 ± 1.21* 2.19 0.017 

Office DBPao mmHg 1.39 ± 0.63* 0.17 ± 0.64 1.22 0.181 

Values expressed as mean ± SD. ao, aortic; br, brachial; CFB, changes from baseline; CFC, 
changes from Control; DBP, diastolic blood pressure; SBP, systolic blood pressure. 
*Significance at p< 0.05 between baseline and 12 weeks. 
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3.3.4  Effect of aronia berry extract consumption on office 

and 24-hour ambulatory arterial stiffness 

One of our second objectives was to assess the effect of the intervention on 

arterial stiffness, defined as PWV and AIx. These parameters were measured 

using gold standard applanation tonometry technology with SphygmoCor®.  

No significant differences were found between groups following acute and 

chronic consumption of aronia extract or placebo. Similar results were found 

for both BAB (Table 3.7) and BACO (data not shown) analysis.  

Table 3.7: Effects of aronia berry extract after 2-hour and 12-week consumption on office PWV and AIx 

in the ITT population and each intervention group, following BAB analysis. 

Acute changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

PWV m/sec 0.63 ± 0.23* 0.46 ± 0.24 0.17 0.623 

AIx % 0.83 ± 1.00 0.45 ± 1.02 0.38 0.529 

            

Chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

PWV m/sec 0.33 ± 0.20 0.30 ± 0.20 0.03 0.910 

AIx % -0.90 ± 1.06 -0.56 ± 1.09 -0.34 0.823 

            

Acute on chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

PWV m/sec -0.27 ± 0.19 0.17 ± 0.19 -0.44 0.089 

AIx % 1.05 ± 0.98 -0.10 ± 1.04 1.15 0.425 

Values expressed as mean ± SD. AIx, augmentation index; CFB, changes from baseline; 
CFC, changes from Control; PWV, pulse wave velocity. *Significance at p< 0.05 between 
baseline and 12 weeks. 

Twenty-four-hour, awake, and asleep PWV, central AIx (AIxao) and peripheral 

AIx (AIxbr) were measured prior both visit 1 and 2 using Arteriograph24TM. 

Aronia extract consumption for 12 weeks led to a significant decrease in 24h 

and awake peripheral and central AIx in comparison with Control (Δ24h AIxbr= 

-6.8%, p= 0.003; Δ24h AIxao= -3.3%, p= 0.006, ΔAwake AIxbr= -6.1%,  
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p= 0.020; ΔAwake AIxao= -2.9%, p= 0.034) (Table 3.8). A non-significant trend 

for a decrease in Aronia was also observed for asleep AIxao and AIxbr.  

A significant reduction in awake PWV was also observed in Aronia compared 

to Control (ΔPWV= -0.24 m/s, p< 0.05). Similar results were found for BACO 

analysis (Supplementary Table S4). 

Table 3.8: Effects of aronia berry extract after 12-week consumption on 24-hour, awake and asleep 

central PWV and peripheral and central AIx in the ITT population and each intervention group, 

following BAB analysis. 

 

3.3.5  Effect of aronia berry extract consumption on 

endothelial function and blood flow velocity 

No significant change was observed following the 12-week daily intake of 

aronia extract or placebo for endothelial function, measured as FMD, and 

blood flow velocity (Table 3.9). FMD and blood flow velocity did not 

significantly change in any of the groups or timepoints, with the exception of a 

significant increase in FMD from baseline in the Control group at 12 weeks 

post-consumption but did not reach significance when compared with the 

aronia group which also had a small non-significant increase from baseline. 

Similar results were found for both BAB and BACO analysis (data not shown). 

Parameter Unit CFB Aronia CFB Control CFC p-value

24-hour PWVao m/s -0.05 ± 0.11 0.11 ± 0.11 -0.15 0.336

Awake PWVao m/s -0.13 ± 0.14 0.11 ± 0.14 -0.24 0.049

Asleep PWVao m/s -0.11 ± 0.13 0.18 ± 0.13 -0.29 0.128

24-hour AIxao % -0.99 ± 0.81 2.28 ± 0.79* -3.26 0.006

Awake AIxao % -1.05 ± 1.01 1.85 ± 0.99 -2.89 0.034

Asleep AIxao % -0.97 ± 1.28 1.80 ± 1.26 -2.76 0.134

24-hour AIxbr % -2.33 ± 1.58 4.45 ± 1.54* -6.78 0.003

Awake AIxbr % -2.62 ± 2.03 3.51 ± 2.01 -6.13 0.020

Asleep AIxbr % -1.91 ± 2.52 3.54 ± 2.49 -5.45 0.134

Values expressed as mean ± SD. AIx, augmentation index; ao, aortic; br, brachial; 

CFB, changes from baseline; CFC, changes from Control; PWV, pulse wave velocity. 

* Significance at p< 0.05 between baseline and 12 weeks. 
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Table 3.9: Effects of aronia berry extract after 2-hour and 12-week consumption on FMD and blood 

flow velocity in the ITT population and each intervention group, following BAB analysis. 

Acute changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

FMD % 0.30 ± 0.20 0.22 ± 0.19 0.08 0.777 

Blood flow velocity cm/sec -4.7 ± 3.4 -6.6 ± 3.3 1.92 0.785 

            

Chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

FMD % 0.13 ± 0.21 0.58 ± 0.21* -0.44 0.144 

Blood flow velocity cm/sec -1.3 ± 3.5 3.7 ± 3.5 -4.93 0.070 

            

Acute on chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

FMD % -0.21 ± 0.21 -0.42 ± 0.22 -0.02 0.997 

Blood flow velocity cm/sec -4.6 ± 3.6 -4.6 ± 3.6 0.21 0.500 

Values expressed as mean ± SD. CFB, changes from baseline; CFC, changes from 
Control; FMD, flow mediated dilation. * Significance at p< 0.05 between baseline and 
12 weeks. 

 
 

3.3.6  Effect of aronia berry extract consumption on office 

and 24-hour ambulatory heart rate 

Office heart rate (HR) was monitored at each timepoint and using 2 different 

devices. The automatic sphygmomanometer (OMRON M3) used to perform 

the BP measurement was also giving the information regarding seated HR. 

Additionally, supine HR was recorded during at each timepoint during the 

assessment of arterial stiffness using SphygmoCor®. No significant difference 

was found for seated and supine office HR (Table 3.10), although a significant 

decrease in acute HR from baseline was found in both Aronia and Control 

groups, and in chronic HR in the Control group only.  
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Table 3.10: Effects of aronia berry extract after 2-hour and 12-week consumption on office heart rate 

(seated and supine) in the ITT population and each intervention group, following BAB analysis. 

Acute changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office HR (seated) bpm -7.68 ± 0.66* -8.44 ± 0.66* 0.42 0.756 

Office HR (supine) bpm -6.35 ± 0.73* -5.97 ± 0.74* -0.38 0.700 

            

Chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office HR (seated) bpm -0.47 ± 0.92 -2.23 ± 0.93* 1.76 0.186 

Office HR (supine) bpm -0.72 ± 0.87 -1.06 ± 0.89 0.34 0.787 

            

Acute on chronic changes 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Office HR (seated) bpm -7.62 ± 0.70* -6.91 ± 0.71* -0.71 0.175 

Office HR (supine) bpm -5.51 ± 0.71* -5.41 ± 1.04* -0.10 0.924 

Values expressed as mean ± SD. CFB, changes from baseline; CFC, changes from 
Control; HR, heart rate. * Significance at p< 0.05 between baseline and 12 weeks. 

Twenty-four-hour, awake, and asleep ambulatory HR were measured prior 

both visit 1 and 2 using Arteriograph24TM. No significant difference was 

observed between Aronia and Control group, for any of the parameters 

measured (Table 3.11). The changes observed for 24-hour and awake HR 

were the same magnitude as the chronic changes observed with the 

assessment of office HR. Similar results were found for both BAB and BACO 

(data not shown) analysis. 

Table 3.11: Effects of aronia berry extract after 12-week consumption on 24-hour, awake and asleep 

heart rate in the ITT population and each intervention group, following BAB analysis. 

Parameter Unit CFB Aronia CFB Control CFC p-value 

24-hour HR bpm -0.16 ± 0.90 -1.61 ± 0.91 1.45 0.330 

Awake HR bpm -0.09 ± 1.03 -1.86 ± 1.04 1.77 0.352 

Asleep HR bpm 0.17 ± 0.94 -0.29 ± 0.94 0.46 0.961 

Values expressed as mean ± SD. CFB, changes from baseline; CFC, changes from 
Control; HR, heart rate.  
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3.3.7  Effect of aronia berry extract consumption on 

QRISK®3 score 

No significant change was observed following the analysis of QRISK®3 score 

after 12 weeks daily consumption of the aronia extract or control treatment 

(Table 3.12). Similar results were found for both BAB and BACO analysis (data 

not shown). 

Table 3.12: Effects of aronia berry extract after 12-week consumption on QRISK®3 score in the ITT 
population and each intervention group, following BAB analysis. 

Parameter Unit CFB Aronia CFB Control CFC p-value 

QRISK®3 score points -0.24 ± 0.18 -0.25 ± 0.18 0.01 0.855 

Values expressed as mean ± SD. CFB, changes from baseline; CFC, changes from 
Control. 

 

3.3.8  Effect of aronia berry extract consumption on blood 

lipids and cortisol levels 

No significant difference was reported between treatment groups following  

12-week consumption of investigational product for blood lipid or cortisol 

levels. Similar results were found for both BAB (Table 3.13) and BACO (data 

not shown) analysis. However, a significant decrease in cortisol levels was 

found 12 weeks after the consumption of aronia when compared with baseline 

(CFBcortisol= -22.5 mmol/L, 95% CI= [-42.4; -2.6 mmol/L]). Those changes did 

not reach significance when compared with the Control group (Δcortisol= -16.8 

mmol/L, p= 0.111). Changes from baseline were also significant for HDL 

cholesterol in the Aronia group only (CFBHDL= 0.07 mmol/L, 95% CI= [0.004; 

0.141 mmol/L]). 
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Table 3.13: Effects of aronia berry extract after 12-week consumption on blood lipids and cortisol levels 
in the ITT population and each intervention group, following BAB analysis. 

Parameter Unit CFB Aronia CFB Control CFC p-value 

Cortisol mmol/L -22.5 ± 10.0* -5.70 ± 9.57 -16.8 0.111 

Total cholesterol mmol/L 0.04 ± 0.10 -0.12 ± 0.10 0.16 0.304 

Triglycerides mmol/L -0.00 ± 0.04 -0.02 ± 0.04 0.02 0.634 

HDL-cholesterol mmol/L 0.07 ± 0.03* 0.05 ± 0.03 0.02 0.971 

LDL-cholesterol mmol/L 0.18 ± 0.10 0.02 ± 0.09 0.16 0.223 

Values expressed as mean ± SD. CFB, changes from baseline; CFC, changes from Control; 
HDL, high density lipoprotein; LDL, low density lipoprotein. * Significance at p< 0.05 between 
baseline and 12 weeks. 
 
  

3.3.9 Tolerance and safety of the intervention 

Overall, the aronia extract was well tolerated by the participants when 

consumed daily for 12 weeks, with no serious adverse event reported, and 

only 2 adverse events in 2 participants out of 102 found to be “possibly” related 

to the intervention. One participant experienced various symptoms including 

bad taste in the mouth, nausea, and change in skin texture, while another felt 

unwell after the intake of the first capsule and decided to drop out of the study. 

The other adverse events were found to be “unlikely” related or “unrelated” to 

the intervention, and included ad-hoc nausea, migraines, cold, or joint pain.  

Regarding safety, a total of 38 parameters were measured in blood of the 

participants at both baseline and 12-week timepoints, all of them remaining in 

the normal range after the 12-week intervention with no significant changes 

reported following the intervention (Table 3.14).  
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Table 3.14: Safety parameters assessed during the ABP study at baseline and after 12-week daily 

consumption of the aronia extract, for both Aronia and Control groups. 

 

 

  

Baseline 12 weeks Baseline 12 weeks

Cortisol (mmol/L) 130-580 245 ± 77 222 ± 69 239 ± 88 234 ± 80 -15.58 (-42.77, 11.61)

Fasted plasma glucose (mmol/L) 4.16-6.38 5.2 ± 0.4 5.1 ± 0.5 5.1 ± 0.6 5 ± 0.5 0.07 (-0.10, 0.23)

Sodium (mmol/L) 136-146 142 ± 5.3 141 ± 6.1 141 ± 4.2 142 ± 3.7 -0.92 (-3.05, 1.20)

Potassium (mmol/L) 3.5-5.1 4.1 ± 0.4 4.2 ± 0.4 4.3 ± 0.8 4.3 ± 0.3 -0.08 (-0.22, 0.06)

Urea (mmol/L) 1.7-8.3 5.3 ± 1.2 5.4 ± 1.5 5.1 ± 1.3 5.2 ± 1.5 0.23 (-0.32, 0.78)

Creatinine (umol/L) 44-97 75 ± 16 77 ± 20 82 ± 26 81 ± 28 2.01 (-5.24, 9.26)

eGFR (mL/min) > 60 77 ± 16 77 ± 14 75 ± 16 76 ± 16 2.49 (-6.87, 11.85)

Total protein (g/L) 64-83 65 ± 4.5 66 ± 3.9 67 ± 7.3 65 ± 5.7 1.23 (-0.67, 3.13)

Albumin (g/L) 38-44 43 ± 3 44 ± 2.2 44 ± 2.2 44 ± 2.1 -0.23 (-1.03, 0.58)

Globulins (g/L) 20-35 22 ± 3.9 22 ± 3 23 ± 6.3 21 ± 4.8 1.45 (-0.11, 3.00)

Total bilirubin (umol/L) < 17 14 ± 6.2 13 ± 5.5 14 ± 7.4 15 ± 7.6 -1.55 (-3.59, 0.48)

ALP (IU/L) 30-90 63 ± 22 63 ± 16 58 ± 21 60 ± 20 -0.12 (-4.20, 3.97)

AST (IU/L) < 31 26 ± 7.1 27 ± 7.1 26 ± 7 27 ± 7.3 -0.04 (-2.61, 2.54)

ALT (IU/L) < 31 24 ± 13 25 ± 11 20 ± 6.9 21 ± 6.6 1.10 (-1.37, 3.58)

GGT (IU/L) < 32 25 ± 28 24 ± 39 21 ± 21 21 ± 17 -1.84 (-5.08, 1.41)

LDH (IU/L) 100-210 174 ± 28 180 ± 36 175 ± 30 175 ± 29 6.3 (-3.42, 16.02)

hs-CRP (mg/L) 1.0-3.0 1.1 ± 1.3 1 ± 1.3 1.9 ± 2.9 2.7 ± 6.7 -1.45 (-3.55, 0.64)

Urate (umol/L) 142-416 277 ± 82 291 ± 78 253 ± 87 280 ± 86 -7.29 (-27.27, 12.70)

Cholesterol (mmol/L) < 5.5 5.4 ± 0.9 5.5 ± 1.2 5.4 ± 1 5.3 ± 1 0.15 (-0.12, 0.43)

Triglycerides (mmol/L) < 1.69 0.9 ± 0.4 0.9 ± 0.5 0.9 ± 0.4 0.8 ± 0.3 0.03 (-0.09, 0.14)

HDL (mmol/L) > 1.04 1.7 ± 0.5 1.7 ± 0.6 1.7 ± 0.4 1.7 ± 0.4 0.02 (-0.08, 0.11)

LDL (mmol/L) < 4.90 3.5 ± 1.1 3.7 ± 1.3 3.5 ± 0.8 3.5 ± 0.9 0.16 (-0.10, 0.42)

Non-HDL cholesterol (mmol/L) < 4 3.7 ± 1.2 3.9 ± 1.3 3.7 ± 0.8 3.7 ± 0.9 0.15 (-0.12, 0.42)

Total cholesterol/HDL ratio - 3.4 ± 1 3.4 ± 1.2 3.4 ± 1 3.2 ± 0.8 0.12 (-0.07, 0.30)

Total white blood cells (10
9
/L) 4.50-10.37 5 ± 1.3 5 ± 1.2 5.1 ± 1.4 5.1 ± 1.7 -0.07 (-0.54, 0.40)

Total red blood cells (1012 /L) 3.86-5.62 4.4 ± 0.6 4.4 ± 0.5 4.4 ± 0.4 4.5 ± 0.5 -0.02 (-0.12, 0.09)

Hemoglobin (g/L) 118-169 135 ± 12 136 ± 12 135 ± 19 136 ± 12 -1.23 (-5.82, 3.39)

Mean corpuscular value (fL) 81.6-97.7 90 ± 4.9 90 ± 4.7 90 ± 5.7 90 ± 6.1 -0.12 (-0.90, 0.66)

MCV (pg) 26.8-33.8 31 ± 2.9 31 ± 2.9 31 ± 3.3 31 ± 3 -0.02 (-0.95, 0.91)

MCHC (g/dL) 311-355 344 ± 25 342 ± 22 343 ± 24 342 ± 21 1.09 (-7.75, 9.93)

Red cell distribution width (%) 12.8-16.8 13.5 ± 1 13.5 ± 1.2 13.5 ± 1.1 13.6 ± 1.1 -0.20 (-0.44, 0.05)

Platelets (10 9 /L) 151-361 235 ± 54 233 ± 49 235 ± 56 239 ± 54 -3.93 (-15.14, 7.27)

Mean platelet value (fL) 6.1-14.1 9.1 ± 1.4 9.2 ± 1.4 9.2 ± 1.4 9.2 ± 1.6 0.05 (-0.38, 0.48)

Neutrophils (10 9 /L) 2.43-7.42 2.9 ± 1.1 2.9 ± 1 2.9 ± 1.1 3 ± 1.5 -0.11 (-0.55, 0.33)

Lymphocytes (10 9 /L) 1.08-3.17 1.4 ± 0.4 1.4 ± 0.4 1.5 ± 0.6 1.4 ± 0.5 0.02 (-0.15, 0.18)

Monocytes (109 /L) 0.2-0.91 0.4 ± 0.2 0.5 ± 0.2 0.4 ± 0.2 0.5 ± 0.2 0.01 (-0.05, 0.08)

Eosinophils (10 9 /L) 0.01-0.53 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 -0.00 (-0.04, 0.04)

Basophils (10
9
/L) 0.01-0.13 0.1 ± 0 0.1 ± 0 0.1 ± 0 0.1 ± 0 -0.01 (-0.03, 0.01)

Values expressed as Mean ± SD or Mean (95% CI). *Differences were calculated using ANCOVA (Bonferroni) with baseline

values as covariate, comparing Aronia with Control changes from baseline. ALP, alkaline phosphatase; ALT, alanine

aminotransferase; AST, aspartate aminotransferase; eGFR, estimated glomerular filtration rate; GGT, gamma-glutamyl-

transpeptidase; HDL, high density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; LDH, lactate dehydrogenase, LDL,

low density lipoprotein; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume.

Safety parameter (unit) Normal range
Changes at 12 weeks 

(Aronia - Control)*

ControlAronia
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3.4  Discussion 

The present study investigated the effects of 12-week aronia berry PP 

consumption on BP and several biomarkers of CVD risk including arterial 

stiffness, HR, FMD, blood flow velocity, blood lipids, blood cortisol levels, as 

well as QRISK®3 score. The present study demonstrates for the first time that 

consumption of aronia PP resulted in no changes in BP, endothelial function, 

or blood lipids. However, a significant improvement in 24-hour and awake 

arterial function was found in healthy prehypertensive middle-aged men and 

women. 

No significant changes in the primary outcome of the study, 24h ambulatory 

BP (24h, awake or asleep), were found, although a trend for a decrease was 

observed, with average changes from baseline in the Aronia group of -2.1 ± 

0.7 and -1.7 ± 0.5 mmHg for 24-hour SBPbr and DBPbr, respectively. These 

findings disagree with 2 studies that investigated the effects of aronia berry 

juice consumption on 24-hour BP (Kardum et al. 2015; Loo et al. 2016). 

Kardum and colleagues observed a decrease of 8.5 mmHg in 24h SBP and 

10 and 5.9 mmHg in awake SBP and DBP, respectively, following a  

4-week daily intake of 200 mL of aronia juice (containing 386 mg of total 

phenolics per 100g) in prehypertensive individuals (uncontrolled quasi-

designed study). No changes in 24-hour ambulatory BP but a modest 

significant decrease of 1.6 mmHg in awake DBP was found in another study 

(Loo et al. 2016), despite the intervention having a much higher PP content 

(300 mL of aronia juice and 3g of aronia powder, containing 2194 mg of total 
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PP per day, including 1024 mg of anthocyanins, versus 105.9 mg of total PP in 

the present study).  

One possible reason for the lack of effect in BP of our intervention, beside the 

low PP content compared with previous studies, was that our volunteers were 

in the lower range of prehypertension with an average of 121.7 ± 9.3 mmHg 

for SBP and 80.4 ± 5.8 mmHg for DBP. The baseline BP in the study of 

Kardum and colleagues was much higher, with an average baseline BP in the 

hypertension range (140.8 ± 9.3 / 86.6 ± 7.0 mmHg for SBP and DBP, 

respectively). The study by Loo et al. also presented a higher baseline BP (129 

± 9.8 / 85 ± 6.6 mmHg for SBP and DBP, respectively). In a meta-analysis of 

35 RCTs investigating the effect of cocoa PP on blood pressure, the BP 

lowering effect of cocoa flavanols was significant in hypertensive but not in 

normotensive populations (Ried, Fakler, and Stocks 2017), which agrees with 

the lack of effects on blood pressure in our aronia intervention in comparison 

with the other studies showing an effect.  

Although no significant differences were observed for office BP following a  

12-week daily consumption of aronia PP, a within-treatment effect was seen 

in the Aronia group, with a significant decrease of -2.4 mmHg at 12-week 

consumption compared with baseline levels for office SBPbr in the Aronia 

group (CFB= -2.4 mmHg, 95% CI= [-4.2; -0.6 mmHg]) with no changes in DBP.  

A meta-analysis showed that a decrease of 10 mmHg in SBP reduced the risk 

of CVD events by 20% and all-cause mortality by 13% (Ettehad et al. 2016). 

Another recent one highlighted that for every 10- and 5-mmHg increase in SBP 

and DBP, respectively, the risk of cardiovascular events was raised by 4-5% 
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(Luo et al. 2020). Therefore, even a modest reduction in BP such as the one 

seen in the Aronia group may still be relevant, with potentially a 5% decrease 

in risk of CVD events.  

A novel finding of this work is the observed significant decrease in 24h and 

awake AIxao (6.8 and 6.1%, respectively) and 24h and awake AIxbr (3.3 and 

2.9%, respectively), as well as a decrease in awake PWV of 0.24 m/s following 

12-week consumption of aronia berries in comparison with placebo. PWV and 

AIx are gold standard techniques for the assessment of arterial stiffness, which 

is an evaluation of both arterial structure and function (Laurent et al. 2006). 

Both techniques are known to predict CVD strongly, independently of other 

CVD risk factors including BP (Mitchell et al. 2010; Ben-Shlomo et al. 2014). 

These two parameters increase significantly with age, in a non-linear 

relationship (McEniery et al. 2006). The clinical significance of AIx has been 

assessed among volunteers with renal failure (London et al. 2001). The results 

showed an association between a 10% increase in AIx and a decrease of 48% 

of the risk of cardiovascular mortality. The significant decrease in awake PWV 

found in the present study could also be related to a decrease in CVD risk of 

around 4%, as previous meta-analysis reported that an increase in PWV of 1 

m/s was associated with a 14% increase in the risk of CVD incidence 

(Vlachopoulos, Aznaouridis, and Stefanadis 2010). This was confirmed by a 

more recent meta-analysis including 19 studies and showing that 1 m/s rise in 

PWV was associated with 12 and 9% increased risk for CVD events and CVD 

mortality, respectively (Zhong et al. 2018). 

While the results on ambulatory AIx and PWV are promising, no changes were 

observed for PWV and AIx measured with applanation tonometry using 
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SphygmoCor®. One possible reason is that, while Arteriograph24TM captures 

a large number of measurements during subject’s daily life every 30 minutes, 

SphygmoCor® measurements are based on one single measurement, in a 

clinical setting and during the study visit. As per BP measurements, a 24-hour 

average of multiple measurements may be more reliable and accurate 

measurement of arterial stiffness (Reino-Gonzalez et al. 2017). The devices 

differ, in that SphygmoCor® uses applanation tonometry to assess AIx,  

a technique that consists on the recording of radial artery pulse calibrated 

against BP measurements from the upper arm; Arteriograph24TM estimates 

AIx and PWV using an oscillometric measure after brachial flow occlusion 

(Rezai et al. 2011). Indeed, differences in values between both devices were 

found, with significant higher value in AIx measured with Arteriograph24TM 

compared with SphygmoCor® (17.6 ± 15.0% versus 10.3 ± 18.1%, 

respectively). However, no differences were observed in PWV values between 

both devices (Baulmann et al. 2008; Rajzer et al. 2008; Nürnberger et al. 

2011). A plausible reason for the discrepancy found between devices is that 

the assessment of arterial stiffness via applanation tonometry was performed 

24h after the intake of the last capsule ingested, while the Arteriograph24TM 

captured the effects from the moment volunteers consumed the capsule to 24 

hours after the ingestion. Considering the kinetics of aronia derived plasma 

(poly)phenols, the level of circulating metabolites present after 24 h post-

consumption will likely be much lower than the amount present within the first 

24 hours after consumption of the aronia extract.  
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This study was powered for the main outcome, ambulatory SBP and DBP. 

However, we did not power it for the secondary vascular outcomes. A post-

hoc power calculation analysis was conducted, and it was found that we did 

not have enough power to see statistically significant differences in office 

augmentation index measured via applanation tonometry, while ambulatory 

AIx and PWV were fully powered based on the outcomes of the present study 

(Supplementary Table S5). 

Furthermore, although a trend towards a decrease was found in night-time 

changes in ambulatory central and peripheral AIx, these results did not reach 

significance. A possible explanation could be related to the self-recorded 

“sleep time” of the volunteers. Indeed, participants recorded the time they went 

to bed, which is different to the actual time they fell asleep. This could induce 

a bias in the accuracy of the sleep time division of the data. Another reason 

behind the difference in results between night and daytime could be linked to 

the time of consumption of the aronia berry extract capsule. Participants were 

instructed to consume the capsule at breakfast. Several RCTs focusing on the 

pharmacokinetics of berry PP have shown that most flavonoids reach their 

maximum absorption 1 to 8 hours post-consumption, which could explain why 

night-time results were not significant (Feliciano et al. 2017; Rodriguez-Mateos 

et al. 2016; Rodriguez-Mateos et al. 2019; Rodriguez-Mateos et al. 2013). 

Several studies have shown improvements in arterial stiffness after 

consumption of berries and berry products. An RCT investigating the effects 

of 6-week daily blueberry consumption on BP and arterial stiffness found a 

significant decrease of 4.25% in AIx (p= 0.024, measured with SphygmoCor®) 

in the blueberry group compared to the placebo (McAnulty et al. 2014). 
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However, the PP content of the intervention was not stated, so we cannot 

extrapolate these findings to the present study. Another trial performed by our 

research team investigating the effect of cranberry juice intake on vascular 

function showed no significant difference for BP or arterial stiffness compared 

to placebo but a significant decrease in AIx compared to baseline (-14% vs  

-4.2%, p= 0.031) after 1.5h following the consumption of the cranberry juice 

(Rodriguez-Mateos et al. 2016). Nonetheless, the PP dose administered in this 

trial was much higher than the one used here (1534 mg), and no chronic 

effects were investigated. 

Regarding QRISK®3 score, based on a calculation using BP and 

cholesterol/HDL ratio, no change was observed in the population following the 

intervention. The baseline score was 5.5 for the overall population, implying a 

low average risk of developing a CVD in the next 10 years of 5.5%, or “1 in 20” 

chance. To date, no other nutritional RCT involving PP has examined this 

parameter.  

No significant improvements in endothelial function measured as FMD were 

found in the present study. A previous trial led by our team (Istas et al. 2019) 

with a similar study design and the same aronia interventional product 

consumed daily for 12 weeks demonstrated a significant increase in FMD 

following acute, chronic and acute on chronic consumption of the extract 

(1.1 ± 0.3, 1.2 ± 0.4, and 1.5 ± 0.4%, respectively) in an homogenous 

population of healthy young males (mean age = 24 ± 5.3 years). Differences 

in the results may be due to the differences in age and sex of both study 

populations, as most acute studies that have shown improvements in FMD 

after berry PP consumption were conducted in a small number  
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(n< 25) of healthy young men (mean age ≈ 25-30 years) (Martini et al. 2020). 

Regarding chronic RCTs involving FMD assessment, a few studies involving 

middle-aged men and women have also shown improvements in FMD 

(Dohadwala et al. 2011; Khan et al. 2014). However, the BMI of these 

populations was close to the obese range (BMI ≈ 29 kg/m2), the proportion of 

women was low (32-35%), and the number of participants included did not 

exceed n= 66. Our study was constituted of a more heterogenous population 

of middle-aged healthy men and women, including predominantly female 

participants (55 out of 102 subjects), with a normal BMI.  

Another important difference is the habitual PP consumption of population. In 

Istas et al (2019), daily PP intake measured using 7-day food diaries was 531 

± 357 mg, whereas in our study was 1537 ± 989 mg per day, around 3 times 

higher. As a result, the relatively low concentration of aronia berry PP present 

in the interventional product (105.9 mg of phenolic compounds per capsule), 

does not represent a significant addition to the diet of the participants. The low 

intake of coffee and fruits and vegetables in the previous study seemed to be 

the biggest difference in terms of dietary intake which could lead to the 

divergence in the results. We therefore hypothesize that the high consumption 

of PP by the volunteers in the study may explain the lack of effects of the 

aronia extract consumption on FMD when compared with the previous study. 

In addition, volunteers in the present study had an overall higher level of 

physical activity (PA), with an IPAQ score of 5574 ± 3819 MET-min/week,  

with 74%, 25% and 1% for high, moderate, and low PA level, respectively,  

in comparison with Istas et al. (IPAQ score of 4205 ± 3422 MET-min/week, 

with 61%, 30% and 9% for high, moderate, and low PA level, respectively 
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[internal data]). Higher levels of PA as part of usual life were significantly 

associated to a better FMD (Payvandi et al. 2009; Franzoni et al. 2005), which 

could explain why subjects from the present study did not present an 

improvement of their vascular function. 

The “healthy diet” rich in plants foods and the high PA, combined with the 

baseline BP close to the normotensive range could explain the very modest 

effects on vascular function shown here. It also indicates that our study 

population was not highly representative of the usual UK population, as a 

recent report stated that 22% of adults were classified as “inactive” (National 

Health Service 2018), while individuals with low PA level only represents 1% 

of the total ABP study population. Studies investigating PP intake in the UK 

also showed rather lower levels of intake that the present study. For example, 

a study including 103 English women aged 18 to 50 years and recording the 

diet of participants using a 7-day food diary showed that the daily total PP 

intake was 808 ± 680 mg, which represents almost half the intake of our 

population (Yahya et al. 2016). A more recent and much larger cross-sectional 

analysis on 9374 individuals using the database from the UK National Diet and 

Nutrition Survey (NDNS) Rolling Programme (2008-2014) and segmented by 

age range reported a total daily PP intake of 1035 ± 545 mg for participants 

ages 50 to 64 years (Ziauddeen et al. 2019), which is still lower than the 

present study. Additionally, Zamora-Ros and colleagues found similar PP 

intakes within a sample of 309 “UK health-conscious” volunteers (1521 mg per 

day) (Zamora-Ros, Knaze, et al. 2016), which fit with the characteristics of our 

study population. Moreover, the fruits and vegetables average intake of the 

overall population of the present study was 469 ± 159g per day, which is above 
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the daily 400g recommended by Public Health England and WHO (Krauss et 

al. 2000; World Health Organization 1990; Public Health England 2016). 

Participants were also close to the UK fibre intake guideline of 30g as the 

overall average was 24.7 ± 10.4g of fibres per day. Moreover, the average 

calorie intake of the study population was 1980 ± 584 kcal per day, which is 

close to the 2000 to 2500 kcal recommended for an adult every day (Public 

Health England 2016). 

Finally, another plausible explanation is that in the previous RCT by Istas et al 

volunteers followed a 24-hour low PP diet before starting the study, whereas 

in the present study volunteers did not have any restriction other than fasting 

for 12 hours prior study visits. It is possible that the low PP diet may have 

caused a decrease in FMD baseline values and a subsequent increase after 

consumption of the Aronia berry, both 2h post-consumption and 12 weeks 

later. In this study, due to the high PP baseline levels, which were confirmed 

when plasma and urine metabolites were measured, it is possible that FMD 

levels were already high and therefore did not increase further. Previous 

studies have shown that improvements in FMD after berry PP consumption 

reach a plateau at around 766 mg of berry PP. Other secondary outcomes that 

did not change significantly after Aronia berry consumption were HR, blood 

lipids, cortisol and QRISK®3 risk prediction score.  

It is important to note that the power calculation’s post-hoc analysis shows that 

the present study was fully powered for FMD (Supplementary Table S5). Thus, 

a lack of statistical power cannot explain the discrepancy in results.  
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The present study showed no significant change for ambulatory and office HR 

2-hour and 12-week post-consumption of the interventional capsules, 

compared with Control. This is in line with the findings from the previous RCTs 

investigating the impact of aronia berry PP on heart rate (Istas et al. 2019; 

Kardum et al. 2015). 

In terms of blood lipids, considering that participants had a lipid profile within 

the health range and were all normocholesterolemic (5.4, 0.9, 1.7 and 3.5 

mmol/L for total cholesterol, triglycerides, HDL, and LDL cholesterol), no 

changes were expected. Previous meta-analyses have shown that 

consumption of anthocyanins or berry interventions improved the blood lipid 

profile of hypercholesteraemic individuals but not in subjects with normal 

levels (Heneghan et al. 2018). A small but significant increase in HDL 

cholesterol was found in the Aronia group at 12 weeks in comparison with 

baseline (CFB= 0.07 mmol/L, 95% CI= [0.004; 0.141 mmol/L], which was of 

the same magnitude than a meta-analysis by Huang and colleagues showing 

that berry intervention improved non-significantly serum HDL cholesterol 

levels by 0.06 mmol/L. A meta-analysis of observational studies observed that 

an increase of 1% in HDL cholesterol was associated with a 1% decreased 

risk of cardiovascular event (Brown, Stukovsky, and Zhao 2006). In the 

present study, based on a baseline HDL cholesterol level of 1.69 mmol/L and 

a change from baseline of 0.07 mmol/L, we saw an increase from baseline of 

5%, which could be associated to a 5% decreased risk of cardiovascular 

events according to the findings of Brown and colleagues. Our data is also in 

line with another RCT investigating the effects of berry consumption on 

cardiovascular factors which also showed an improvement of HDL cholesterol 
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by 5% (Erlund et al. 2008). As a result, the small but significant change from 

baseline we demonstrated is meaningful. 

In terms of cortisol levels after 12-week consumption of Aronia berries, no 

significant changes were found, although a trend for a decrease was observed 

in the Aronia group compared to Control (16.8 mmol/L, p= 0.111). Additionally, 

changes from baseline were significant in the Aronia group (CFB=  

-22.4 mmol/L, 95% CI= [-42.4; -2.6 mmol/L]), but not in the Control group. 

Cortisol concentration is positively correlated with elevated BP and 

cardiovascular comorbidities (Kelly et al. 1998; Rosmond 2005). A recent 

meta-analysis highlighted a positive association between plasma cortisol and 

CVD risk (OR= 1.18 per 1 SD higher cortisol), confirming the status of CVD 

risk factor of this biological parameter (Crawford et al. 2019). Although no 

study has presented cut-offs to assess the clinical relevance of serum cortisol 

levels yet, we could hypothesize on the potential of aronia PP consumption to 

reduce this parameter and decrease the risk of CVD. 

The mechanisms behind AIx reduction and its relation to CVD have not been 

fully elucidated yet. However, it was suggested that an increase in AIx could 

be related to an elevation of the reactive oxygen species (ROS) level, which 

constitutes one of the early stages of the development of arterial dysfunction. 

Indeed, a study showed AIx was associated to serum ROS concentration in a 

population of smokers. This study also observed that older age and 

hypertension were associated with elevated AIx (Sugiura et al. 2017).  

When McAnulty and colleagues observed a significant decrease of AIx in their 

population but no change in BP, they explained their results via the hypothesis 

of blueberry PP to be able to increase the production of eNOS, leading to a 
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greater arterial distensibility (Suzuki et al. 2006; Kappus et al. 2011).  

This enhanced elasticity would thus be able to produce longer pulse wave 

transit time which could decrease the magnitude of returning aortic pulse 

wave. The reason behind BP to be unchanged following this process may be 

related to the fact aorta contains elastic nodules which present very high eNOS 

potential, and as a result these nodules are better up-regulated by NO to 

increase the distensibility. Blood pressure on the contrary is linked to 

peripheral vasculature, which might require a higher dosage of PP to present 

the same effect (McAnulty et al. 2014). Moreover, gut microbial diversity has 

been associated to lower PWV in women (Menni et al. 2018) and aronia PP 

have shown to have a beneficial effect on microbiota composition and the 

enhancement of some species such as Anaerostipes (Istas et al. 2019).  

As PWV and AIx are both factors characterizing arterial stiffness, it may be 

interesting to explore the gut microbiota diversity of the present study 

population to assess a potential link with the significant increase in AIx 

observed in the Aronia group. Chapter 6 will focus on the microbiome analysis 

of the faecal samples collected during the present RCT.   

Blood pressure, arterial stiffness, and endothelial function, although all related 

to the arterial system, present some distinct mechanisms and regulation 

pathways. Indeed, increases in blood pressure relate to an increased 

peripheral resistance to blood flow, primarily attributable to structural 

narrowing of small diameter arteries (Andersson et al. 2004). This increase in 

peripheral resistance is believed to be associated to various factors such as 

the alteration of the renal renin-angiotensin system, an increase in cytokine 

levels (interleukins, TNF-α), but also the inflammation of the vascular system 
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and an alteration of endothelial function (Navar 2010; Esler, Lambert, and 

Schlaich 2010; Versari et al. 2009; Marchesi, Paradis, and Schiffrin 2008; 

Gooch and Sharma 2014). Endothelial dysfunction targets primarily small 

diameter arteries and arterioles and is characterised by the inability of these 

vessels to dilate entirely in response to a stimulus via the impairment of NO 

production (Flammer et al. 2012; Sitia et al. 2010). In fact, NO helps to 

maintain a contractibility (also called compliance) in the small diameter 

arteries. As a result, endothelial dysfunction leads to the mechanical and 

functional modifications in the microcirculation (Gilani et al. 2007; Duprez et 

al. 2011). On the contrary, arterial stiffness relates to the rise in stiffening 

occurring in large and central arteries and is imputed to two main arterial 

structural changes, i.e., the depletion of the elastin layer due to mechanical 

stress and an increase in collagen level (Díez 2007). While those mechanisms 

are not entirely independent, there are many reports showing that decreases 

in arterial stiffness can occur without changes in blood pressure or endothelial 

function (Mills et al. 2020; Karalliedde et al. 2008; Nakamura et al. 2005; 

Verhaar et al. 1999). It was suggested that discrepancy may be related to the 

potential of NO to modulate the mean arterial pressure of large vessels, 

decreasing arterial stiffness, while peripheral blood pressure and endothelial 

function would remain unchanged (Wilkinson, Franklin, and Cockcroft 2004). 

Several limitations to the present study should be taken into consideration. 

Participants included middle-aged individuals, so findings cannot be 

extrapolated to a younger or older segment of the general population. 

Moreover, as discussed, the volunteers participating in this study had a high 

physical activity level and a high consumption of PP, as well as a healthy diet 
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with a high consumption of plants foods and fibres. Another drawback of the 

study is that the interventional product was composed of an extract of the berry 

rather than fresh whole fruits, containing only PP and no fibre or other nutrient, 

and therefore cannot compare with commonly used foods such as berries. 

Another limitation could be related to the protocol used for FMD assessment. 

Indeed, although validated by several publications (Corretti, Plotnick, and 

Vogel 1995; Uehata et al. 1997), this protocol may be outdated compared to 

more recent trials involving continuous automated computerised monitoring of 

the brachial diameter for a minimum of 3 minutes (Dobbie et al. 2020; Thijssen 

et al. 2019). This continuous assessment of the artery diameter may lead to a 

finer characterisation of the maximal FMD percentage for each individual. 

Hence, it may be possible that the capture time used in the present study (up 

to 80 seconds post-deflation only) may not be optimal for all subjects, 

potentially missing the maximum peak of dilation in some individuals. Finally, 

although validated, the questionnaires used for the assessment of the 

participants’ diet and physical activity could have been replaced by alternative 

methodology such as wrist accelerometers that would quantify more 

accurately and reliably the active and sedentary time of the volunteers, or 

mobile applications to assess more thoroughly and accurately the nutrient and 

PP intake of the participants. 

This study also presents some strengths. The use of gold standard techniques 

such as FMD, 24h BP and arterial function monitoring, as well as a robust 

double-blind RCT design are one of those. The recruitment of a heterogenous 

healthy population constituted of males and females, from 40 to 70 years old 

is another one. The number of participants recruited (n= 102) is above all of 
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those from previous RCTs focusing on the impact of aronia berry on BP 

(Pokimica et al. 2019; Loo et al. 2016; Naruszewicz et al. 2007; Xie et al. 2017; 

Simeonov et al. 2002; Istas et al. 2019).  

Safety and tolerance analysis showed an absence of serious adverse events 

and revealed the treatment was well tolerated by all volunteers. This is in line 

with the literature as no side effect was, to our knowledge, reported following 

the consumption of aronia berry PP extract.  

To conclude, the present findings suggest that daily consumption of aronia 

berry extract was found to be tolerable and safe and led to a significant 

improvement in arterial function in healthy middle-aged individuals. No other 

significant changes in BP, FMD and other biomarkers of CVD risk investigated 

were found, although improvements in SBP, HDL-cholesterol and cortisol 

were found 12 weeks after the consumption of Aronia extract when compared 

with baseline. 

This indicates that daily intake of dietarily achievable amounts of aronia berry 

PP, along with a healthy diet and lifestyle, could help maintain cardiovascular 

health and good circulatory function in a population of middle-aged individuals 

at low risk of CVD, which represents a promising approach for the prevention 

of chronic disease and as well as the promotion of public health. 
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CHAPTER 4 

Bioavailability and metabolism of aronia berry 

(poly)phenols 
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4.1 Introduction 

4.1.1 ADME of (poly)phenols 

The dietary intake of (poly)phenols (PP) varies among populations, countries, 

and cultures, but the average intake in the UK has been reported to fluctuate 

with age between 636 mg per day for the 19-34 years to 1035 mg per day for 

the population aged 65 years and above (Ziauddeen et al. 2019). Research 

conducted over the last 20 years reported a low bioavailability of PP, with only 

1 to 10% of the total amount ingested being excreted in urine in human feeding 

studies (Rodriguez-Mateos, Vauzour, et al. 2014; D'Archivio et al. 2010; Del 

Rio et al. 2013). However, with the progress in analytical techniques recent 

human trials using isotopically labelled compounds have indicated that the 

bioavailability of phenolic compounds may have been underestimated and that 

metabolites can remain in the circulation for more than 48h after consumption, 

before being excreted in urine, breath or via the bile (Czank et al. 2013). 

Recoveries in urine as high as 30-70% have been recently reported (Crozier, 

Del Rio, and Clifford 2010; Del Rio, Borges, and Crozier 2010; Stalmach et al. 

2010), suggesting the importance of gut microbiota metabolism to catabolize 

PP, leading to a wider range of absorbed metabolites which were previously 

not accounted for (Kay et al. 2017). An overview of the absorption, distribution, 

metabolism, and elimination (ADME) of PP will be presented in this section.  

 

 

 



176 
 

4.1.1.1 Absorption and distribution 

Maximal concentrations of phenolic compounds in plasma are reached from 

30 minutes to 2-3 hours post-consumption for PP absorbed in the small 

intestine (Del Rio et al. 2013; Beattie, Crozier, and Duthie 2005). Those not 

absorbed in the small intestine will reach the large intestine where they will be 

metabolised by the gut microbiota. Bacterial metabolism generates a second 

wave of metabolites appearing at around 4 to 6 hours post-consumption and 

able to stay in the circulation for 48 hours or longer (Feliciano, Boeres, et al. 

2016; Pimpao et al. 2015). While plasma concentrations of intact PP rarely 

exceed 1 μM (D'Archivio et al. 2007), gut microbial metabolites can reach 

higher concentrations (Kay et al. 2017).  

After being ingested, PP follow the same metabolism pathway than 

xenobiotics and start their transformation when in contact with saliva (Zanotti 

et al. 2015). They will then go down the gastrointestinal tract, where they will 

undergo the action of phase I metabolism enzymes and see their sugar 

moieties cleaved enzymatically by the lactase phlorizin hydrolase (LPH), 

located at the brush border of the enterocytes, or the β-glucosidase (βG), 

located in the cytosol of epithelial cells of the small intestine and involving the 

active sodium-dependent glucose transporter 1 (SGLT1) so PP can enter the 

enterocytes (Del Rio et al. 2013; Spencer et al. 1999; Arora, Nair, and 

Strasburg 1998) (Figure 4.1). While the majority of (poly)phenols go through 

the process of deglycosylation, a few exceptions was found in the literature 

such as anthocyanins and flavonols which were identified in urine and plasma 

on their glycoside form (Kay, Mazza, and Holub 2005; Hollman et al. 1997). 
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High molecular weight PP, such as proanthocyanidins, cannot be absorbed in 

the small intestine and are absorbed to some extent after being metabolised 

by the gut microbiota. 

 

Figure 4.1: Mechanisms of ADME of (poly)phenols. βG, cytosolic β-glucosidase; COMT, catechol-O-

methyl transferase; GLUT2, glucose transporter; LPH, lactase phlorizin hydrolase; MRP1-2–3, 

multidrug-resistant proteins; PP-Agly, (poly)phenol aglycone; PP-Gly, (poly)phenol glycoside, PP-Met, 

(poly)phenol sulfate/glucuronide/methyl metabolites; SGLT1, sodium-dependent glucose transporter; 

SULT, sulfotransferase; UGT, uridine-5′-diphosphate glucuronosyltransferase. Adapted from 

Santhakumar and colleagues (2018). 

 

4.1.1.2 Phase II metabolism 

Once absorbed in the enterocytes, PP undergo phase II metabolism, located 

in the cellular endoplasmic reticulum, which can also take place in other sites 

such as in the liver or large intestine (Murota, Nakamura, and Uehara 2018). 

Catechol-O-Methyltransferase (COMT), sulfotransferases (SULT) and uridine-

5′- diphosphate glucuronosyltransferases (UGT) will respectively catalyse the 
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transfer of a methyl group (-CH3), sulfate unit and glucuronic acid to the 

aglycone PP (Manach et al. 2004; Del Rio et al. 2013) (Figure 4.1). This phase 

II metabolism also involves the presence of multidrug-resistance-associated 

proteins (MRP-1, MRP-2 and MRP-3) which are active ATP-dependent 

transporters (Leonarduzzi et al. 2010). MRP-1 and MRP-2 are located on the 

apical membrane of enterocytes and facilitate the entrance of PP in the lumen 

of intestinal cells. On the contrary, MRP-3, along with glucose transporter 2 

(GLUT2), are both implicated in the efflux of metabolites from the basolateral 

side of intestinal cells to the portal vein (Manzano and Williamson 2010). 

Once they enter the liver, PP can be further metabolised through oxidations 

and demethylations operated by a variety of cytochrome P450 

monooxygenase families, as well as further phase II metabolism, leading to 

the creation of new conjugates, which can be then distributed to tissues via 

the systematic circulation (Otake and Walle 2002). Plasma concentrations 

depend on the nature of the compounds as well as the food matrix, food 

processing, age and gender of the individual, as well as genetic 

polymorphisms, among others (Cifuentes-Gomez et al. 2015). Through the 

enterohepatic circulation, metabolites can be secreted de novo in the intestine 

and reabsorbed another time, which accounts for the high half-life of some PP 

found in plasma (Adlercreutz et al. 1987). The complexity and the size of 

phenolic compounds highly impacts their absorption. For instance, the large 

molecular weight and extensive polymerisation of proanthocyanidins limits 

their intestinal absorption, and it was shown that they are instead metabolised 

by the gut microbiota in the colon, though their major part is not but is rather 

excreted in faeces (Tao et al. 2019; Ottaviani et al. 2012). 
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4.1.1.3 Gut microbial metabolism 

Only a small fraction of the phenolic compounds ingested are absorbed by the 

enterocytes (Cardona et al. 2013), leading to 90 to 95% of the total PP 

ingested to reach the colon, where they undergo the action of the gut 

microbiota bacterial enzymes which results in the creation of a wide variety of 

catabolites (Bowey, Adlercreutz, and Rowland 2003). These enzymes, 

including hydrolases, reductases, decarboxylases, and demethylases can 

cleave large and complex structures into smaller molecules such as phenolic 

acids which eases their absorption (Santhakumar, Battino, and Alvarez-

Suarez 2018; Aura et al. 2005; Zanotti et al. 2015; Selma, Espín, and Tomás-

Barberán 2009). Most colonic catabolites will reach the systemic circulation 

and be distributed to peripheral organs and tissues before being eliminated by 

the kidneys through the urine (Rodriguez-Mateos, Vauzour, et al. 2014). 

4.1.1.4 Excretion 

After many cycles of metabolism along the intestinal tract, unabsorbed PP are 

excreted from the body in faeces, which mainly apply to high molecular weight 

compounds (Scalbert and Williamson 2000). In a study using radiolabelled 

epicatechin, Ottaviani and colleagues have reported an accumulated 

radioactivity in faeces representing 12% of the ingested dose (Ottaviani et al. 

2016). The urinary pathway is instead followed by smaller metabolites which, 

after being distributed to peripheral tissues, are excreted through the kidneys 

(Crozier, Del Rio, and Clifford 2010). Maximal urinary PP concentration 

following metabolism in the small intestine is often reached within 2 to 4 hours 

after ingestion (Jin et al. 2011). As PP are metabolised in a similar manner as 
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xenobiotics, they will not accumulate in the body but will instead undergo a 

rapid turnover, highlighting the importance of a regular intake to maintain a 

high plasma concentration of PP.  

4.1.2  Bioavailability and metabolism of aronia berry PP 

Most abundant PP found in Aronia melanocarpa are procyanidins of high 

degree of polymerisation (SkupieD, Ochmian, and Grajkowski 2008). Indeed, 

around 80% of the procyanidins found in the berry have a degree of 

polymerisation of 10 and above (Wu et al. 2004). In second position of 

abundance are the anthocyanins, with cyanidin-3-O-galactoside and cyanidin-

3-O-arabinoside being the most abundant in the berry (Ochmian, OszmiaDski, 

and SkupieD 2009; Ireneusz Dariusz, Jozef, and Milosz 2012). Aronia also 

contain a non-negligible quantity of phenolic acids, and in particular, 

chlorogenic and neochlorogenic acid (Jakobek et al. 2012). Finally, a small 

amount of flavonols are also found in the berry, mainly represented by 

quercetin glycosides (Ochmian, OszmiaDski, and SkupieD 2009). 

Very little is known on the overall metabolism of aronia berry PP. However, it 

is possible to look at what is known in terms of ADME of the main individual 

compounds present in the berry, i.e., proanthocyanidins and anthocyanidins. 

Procyanidins are proanthocyanidins built from flavan-3-ols (+)-catechin and 

(−)-epicatechin (Bittner, Rzeppa, and Humpf 2013). Proanthocyanidins (also 

called “condensed tannins”) show a very low bioavailability as polymers with 

a degree of polymerization superior to 4 are not absorbed in their original form 

and depolymerisation of these compounds in the upper intestinal tract is 

negligible (Ou and Gu 2014). As a result, most of these PP are metabolised 
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by the colonic microbiota into derivative metabolites such as valerolactones, 

phenylacetic acids, benzoic acids, phenylpropanoic acids and other smaller 

phenolic compounds (Donovan et al. 2002; Rios et al. 2002; Déprez et al. 

2000). Besides requiring the help of the microbiota for their catabolism, 

proanthocyanidins also present direct beneficial action on the mucosa of the 

intestine by applying a protective action against carcinogens and oxidative 

stress (Manach et al. 2005).  

The absorption of intact anthocyanins is very low, leading them to be rarely 

detected in plasma and usually found in urine at a concentration representing 

0.05% of the intake (Crozier, Jaganath, and Clifford 2009; Garcia-Alonso et al. 

2009; Mertens-Talcott et al. 2008). Anthocyanins’ Cmax is usually found at 1.5h 

post consumption in plasma and 2.5h post-consumption in urine (Manach et 

al. 2005). There is strong evidence of an early absorption of intact 

anthocyanins glycosides in the stomach as cyanidin glucosides have been 

observed increased in plasma 30 minutes following the intake of an aronia 

berry extract (Talavera et al. 2003; Xie et al. 2016). Passamonti and 

colleagues indicated that bilitranslocase, an enzyme acting as an anion carrier 

and present in the epithelium of the stomach, may be implicated in the 

absorption of anthocyanins (Passamonti et al. 2003). However, it is now 

believed that most anthocyanins are degraded into phenolic metabolites after 

breakdown in the small intestine due to their low stability at neutral pH, and 

after metabolism by the gut microbiota in the colon. Indeed, when considering 

gut microbial metabolites, bioavailability of proanthocyanidins and 

anthocyanins can go up to 18% (Czank et al. 2013; Gonthier et al. 2003). 

Several key intermediates are found related to aronia PP catabolism, such as 
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protocatechuic acid, ferulic acid, hippuric acid and phenylpropanoic acid (El 

Mohsen et al. 2006; Monagas, Quintanilla-López, et al. 2010; Stalmach et al. 

2013; De Ferrars et al. 2014). 

4.1.3  Previous studies investigating aronia PP 

bioavailability 

To our knowledge, only 5 studies have reported the bioavailability of aronia 

PP in humans, based on analysis of plasma or urine human samples.  

A first study by Wiczkowski and colleagues, involving 13 healthy young men 

and women, determined the ADME of cyanidin glycosides consumed through 

the intake of aronia juice, at a physiologically relevant dose (Wiczkowski, 

Romaszko, and Piskula 2010). Eight metabolites were identified in plasma and 

urine (4 cyanidin and 4 peonidin metabolites), with a predominance of 

cyanidin-3-galactoside (66%). The maximum anthocyanin concentration in 

plasma was 32.7 ± 2.9 nM and was reached after 1.3 hour following the intake 

of the juice, indicating the ability of anthocyanins to be metabolised in the 

upper gastrointestinal tract. Only 0.25% of the ingested dose was excreted in 

the urine over the 24 hours following the consumption. The results of this study 

were in line with another trial exploring the metabolism of aronia anthocyanins 

in men (Kay, Mazza, and Holub 2005) 

Moreover, a RCT led by Xie and colleague on 6 young healthy men and 

women investigated the bioavailability of anthocyanins and gut microbial PP 

metabolites in urine and plasma after the consumption of 500 mg of aronia 

berry extract (Xie et al. 2016). Nine metabolites were identified and quantified 
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in urine and plasma. Hippuric acid accounted for 85 and 98.5% of the total PP 

identified in plasma and urine, respectively. Gut microbial catabolites 

represented 95.8% and ≈ 100% of total increased compounds in plasma and 

urine, respectively. Authors reported that the maximal concentration of 3,4-

dihydroxybenzoic acid was reached as early as 1h post-consumption, which 

was in line with other studies (Vitaglione et al. 2007; Keane et al. 2016). 

Another study by Loo et al showed the potential of a PP-rich aronia 

intervention (juice + powder) to significantly increase the concentration of 14 

out of 17 urinary compounds analysed in their population of 38 middle-aged 

men and women (Loo et al. 2016). Among them, no glucuronide, methyl or 

sulfate compounds were present. 

Finally, a study led by our team and involving the same investigational product 

as the study presented in this thesis performed a detailed metabolomic 

analysis on plasma samples, collected from 22 healthy young men, at baseline 

and after 12-week consumption of the capsule (Istas et al. 2019). A total of 63 

metabolites were quantified, and the consumption of the aronia extract 

resulted in increases in total PP concentration of 166 ± 171 and 30 ± 156 μM 

following 2-hour and 12-week consumption, respectively. Forty-eight 

compounds increased significantly compared to baseline 2 hours following the 

consumption of the first capsule in the aronia extract group, 18 significantly 

improved chronically after 12 weeks of daily consumption, and 22 increased 

on week 12, 2 hours after the intake of the last capsule. In terms of abundance, 

and compared with baseline, the main classes of PP reported after the  
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12-consumption of the aronia extract were hippuric acids (38%), phenylacetic 

acids (30%) and benzoic acids (19%). 

These 5 studies considered dietarily relevant doses of aronia PP in their 

investigation, which is a real strength. However, these studies also present 

some limitations. The biggest limitation is that no metabolite could be 

exclusively attributed to aronia berry PP, as all metabolites are common to a 

wide number of PP, that are part abundant in the daily diet, such as coffee, 

tea, fruits, and vegetables. In addition, all existing studies were conducted in 

a relatively low number of people on healthy young subjects with an average 

age below 30 years. Studies led by Wiczkowski and Kay only considered 

anthocyanin metabolites in the analysis, which does not represent the whole 

diversity of phase I, II and gut microbial metabolites, and other PP present in 

Aronia melanocarpa. The study by Xie investigated few of these important 

metabolites but the study was very small and only 9 metabolites were 

quantified. Moreover, the RCT by Loo et al showed impressive rises in 

metabolites’ concentrations but involved the consumption of more than 2g of 

PP per day as part of their intervention. Finally, Istas and colleagues did not 

study the bioavailability of aronia PP in urine, and only young men were 

included in this trial.  

The aim of this chapter is to investigate the bioavailability and the metabolism 

of aronia berry PP after acute and daily sustained consumption of aronia berry 

PP, using the most comprehensive method used so far in both plasma and 

urine, and including more than 100 metabolites and a large population of 

middle-aged men and women.  
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4.2  Methods 

Urine samples (24-hour urine) were collected from the participants prior to 

each visit, on day 1 and 12 weeks later. Blood was collected during study days 

at baseline and 2 hours post-consumption on both visit 1 and 2.  

Detailed information regarding the collection and processing of urine and 

plasma samples can be found in Chapter 2, section 2.6. Regarding the 

analytical protocol used for the quantification, more information can be found 

in Chapter 2, section 2.8. Finally, explanatory details on the statistical analysis 

performed with the data is presented in Chapter 2, section 2.9. 
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4.3  Results 

A total of 128 metabolites were identified in plasma and 24-hour urine samples 

collected at baseline and after 12-week daily consumption of the interventional 

or placebo product. From those 128 metabolites, a total of 36 were discarded 

as they are known to be unrelated to the aronia berry intervention and rather 

part of the habitual consumption of PP, including citrus flavanones (naringenin 

and hesperitin derivatives), soy isoflavones (equol derivatives and daidzein), 

wholegrains and flaxseed lignans (secoisolariciresinol, enterolactones and 

enterodiols), stilbenes (resveratrol derivatives), methylxanthine alkaloids from 

coffee, hydroxycoumarins from raspberries (ellagic acid and urolithin 

derivatives), tyrosols, flavones and dihydrochacones. The other 92 

metabolites included here could also come from the background diet, as 

previously discussed, but they are metabolites that were found to derive from 

anthocyanins, proanthocyanidins, flavonols, and phenolic acids, and therefore 

at least to some extent could come from aronia berry PP. 

A total of 48 and 18 of them were found significantly increased after acute and 

chronic consumption of aronia berry extract in our previous study, respectively 

(Istas et al. 2019) 

Supplementary Table S1 includes a list of all these 92 metabolites identified 

and included derivatives of flavonoids (flavonols, n= 7; flavan-3-ols, n= 5), 

cinnamic acids (n= 21), benzoic acids (n= 22), hippuric acids (n= 5), benzene 

diols and triols (n= 7), benzaldehydes (n= 3), phenylacetic acids (n= 4), 

phenylpropanoic acids (n= 16) and valerolactones (n= 1).  
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4.3.1 Baseline urinary and plasma phenolic metabolites  

The total urinary excretion of the main classes of PP compounds quantified in 

24h urine at baseline in both Aronia and Control groups is shown in Figure 4.2 

below. Overall, phenolic profiles are very similar between groups, with hippuric 

acids being the most abundant type of compounds present in urine, 

representing 79% and 82% of total PP for Aronia and Control, respectively. 

The concentration of hippuric acids was 10 times higher than the second most 

represented type of compounds, cinnamic acids (8% and 7% of the total 

concentration in Aronia and Control, respectively). The third most abundant 

class of PP was benzoic acids (6% and 4% of the total concentration in Aronia 

and Control, respectively), followed by benzene diols and triols, 

phenylpropanoic acids, phenylacetic acids, valerolactones, flavonols, flavan-

3-ols and benzaldehydes. 
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Figure 4.2: Baseline 24 h urinary excretion (%) of PP classes analysed in both Aronia and Control 

groups.  

In terms of individual compounds, a total of 85 metabolites were quantified in 

urine. Most urinary metabolites were present at nmol and μmol concentration, 

while hippuric acid was found at mmol concentration, even at baseline (3.5 

mmol) (Supplementary Table S5). 

No significant differences in total urine PP metabolites were found between 

the two groups at baseline, and only 1 individual urinary metabolite,  

2-hydroxybenzene-1-glucuronide, was found to be significantly higher in the 

Control group (p= 0.038). 

Regarding plasma, the main classes of PP compounds quantified at baseline 

in both groups is reported in Figure 4.3 below. As it was the case in urine, 

hippuric acids were the most abundant compounds in plasma (52% and 55% 

of the total PP concentration for Aronia and Control, respectively). However, 

benzene diols and triols were more represented in plasma than in urine, as 

this was the second most abundant class with 16% and 17% of the overall 
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total PP quantified in Aronia and Control, respectively. Benzoic acids were 

third in the order of abundance, followed by phenylpropanoic acids, 

phenylacetic acids, cinnamic acids, valerolactones, benzaldehydes, flavonols 

and flavan-3-ols. 

 

Figure 4.3: Baseline plasma concentration (%) of (poly)phenol classes analysed in both Aronia and 

Control groups.  
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In plasma, the same phenolic metabolites quantified in urine were found, 

except for morin and 3,4-dihydroxybenzaldehyde that were only found in 

plasma. As a result, a total of 87 compounds were quantified in plasma.  

No significant differences were found in baseline total plasma PP, or individual 

metabolites between Aronia and Control groups. 

Most abundant baseline plasma metabolites were hippuric acid, 2-hydroxy-4-

methylbenzene-1-sulfate and 2-hydroxy-3-(4ʹ-hydroxyphenyl)propanoic acid, 

found at concentrations of 176.4 μM, 46.9 μM and 17.0 μM, respectively 

(Supplementary Table S6).  

4.3.2  Urinary and plasma PP after aronia consumption  

4.3.2.1 Urinary PP metabolism after their acute and 

chronic consumption 

The relative proportion of each PP families in urine at both visit 1 and 2 and 

for both Aronia and Control group is presented in Figure 4.4 below. Profiles 

are very similar for both treatment groups and both visits, with hippuric acid 

accounting for around 80% of the overall total PP.   
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Figure 4.4: Urinary concentration (%) of (poly)phenol classes analysed in both Aronia and Control 

groups, following the 12-week supplementation. 

 

4.3.2.2 Plasma PP metabolism after their acute and 
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The relative proportion of PP in plasma for both investigational groups 

following the supplementation is presented in Figure 4.5, graphs A to F.  

Two hours after the consumption of the first capsule on visit 1 a shift towards 
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difference with baseline is more dramatic for the Control group. This indicates 

that aronia extract consumption led to a higher increase in the concentration 

of hippuric acid metabolites, compared with the placebo intake.  

Regarding the ratio of abundance of PP with respect to total PP in plasma for 

the baseline of visit 2, the main difference can be found in the proportion of 

hippuric acids and benzoic acids between the 2 treatment groups. Indeed, the 

proportion of benzoic acids is lower in the Aronia group compared to Control 

(8% versus 14%), which leads to a larger portion of hippuric acids for the 

Aronia group (56% versus 51% in the Control group). Once again, this shows 

the higher concentration of hippuric acids in plasma following the 12-week 

daily intake of aronia berry PP, compared with Control. 

Finally, the phenolic compounds profile for the last timepoint (2-hour post-

consumption of the last capsule on visit 2) is similar between Aronia and 

Control. However, it differs from the baseline of visit 2 for the treatment group 

as a bigger proportion of benzoic acids, phenylacetic acids and benzene diols 

and triols can be observed. 
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Figure 4.5: Pie charts representing the proportion of plasma (poly)phenol families for both Aronia and 

Control group and both visit 1 and 2. 
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4.3.3  Change in urinary and plasma PP after 

consumption of aronia in comparison with Control group 

4.3.3.1 Changes in urinary PP metabolism after 

consumption of aronia in comparison with Control  

Following 12-week daily consumption, no significant changes were found in 

total 24h excreted urinary phenolic compounds in Aronia and Control groups 

(-859 ± 2672 and -41.3 ± 4745 μmol, respectively (Figure 4.6). No significant 

changes were observed between groups or when compared with baseline 

levels when the main families were compared (Figure 4.7). 
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Figure 4.6: 24h Urinary (poly)phenol metabolites after consumption of aronia berries for Aronia and 

Control groups. Values expressed as mean ± SEM. 
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Figure 4.7: Urinary (poly)phenol metabolites after consumption of aronia extract or placebo, for Aronia 

and Control groups. Values expressed as mean ± SEM. 
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Regarding individual metabolites, a total of 19 urinary PP showed a trend for 

an increase after the 12-week intervention compared to Control in the Aronia 

group (8 cinnamic acids, 5 benzoic acids, 4 phenylpropanoic acids, 1 flavan-

3-ol and 1 phenylacetic acid), including 5 compounds that significantly 

increased with respect to Control (Table 4.1 and Supplementary Table S5).  

Table 4.1: Urinary PP levels at baseline and following a 12-week daily consumption of aronia extract, 

and changes with respect to Control. In bold are the p-values (P) of the 5 compounds significantly 

increased compared to Control. 

 

 

Some individual phenolic compounds also tended to increase in the Aronia 

group compared to baseline. This is the case for 19 PP, including 7 cinnamic 

acids, 7 phenylpropanoic acids, 3 benzoic acids, 1 phenylacetic acid and 1 

benzene diol. None of these compounds were significantly increased with 

regard to baseline (Figure 4.8).  

Mean SD Mean SD Mean SD Mean SD Lower Higher

Flavan-3-ols

 EC-3'-S 712 797 655 598 663 710 622 698 14.9 131 -245 275 0.823

Benzoic acids

BA 16744 35288 10740 11975 10886 11962 7462 7058 1825 1547 -1246 4897 0.537

2,3-diOH-BA 134653 224300 94401 50583 84247 46896 89442 79441 2637 13657 -24479 29753 0.040

2,5-diOH-BA 30330 56479 20472 11155 18270 10693 19642 18878 326 3176 -5980 6632 1.000

3,4-diOH-BA 1289 825 1310 684 1286 628 1174 1195 122 185 -246 490 0.948

3,4-diOH-BA-3-GlcUA 113 85.4 116 64.5 121 82.8 109 104 9.4 16.5 -23.4 42.1 0.215

Cinnamic acids

CA - - 27.1 190 110 555 204 1086 33.9 58.7 -82.8 150.5 0.548

4-CQA 165 225 224 245 266 388 217 459 46 71 -96 187 0.005

4/5-CQA* 1021 1306 1340 1448 1607 2289 1315 2716 250 422 -588 1088 0.005

3-FQA 2967 6380 3106 4139 3086 3645 2942 5964 138 1018 -1882 2159 0.020

4-FQA 1875 2530 2234 3282 2755 3169 2799 6190 82 906 -1717 1881 0.012

4ʹ-OH-CA 1376 1031 1394 864 1372 984 1307 1098 74 196 -315 462 0.403

2ʹ-OH-CA 125 150 131 169 153 135 128 134 16 28 -40 72 0.382

CA-4ʹ-GlcUA 680 703 632 469 503 433 598 560 7 105 -203 216 0.566

Phenylacetic acids

3ʹ-OH-PA 83213 61864 95992 102238 88972 57731 79667 51751 18552 15468 -12160 49263 0.391

Phenylpropanoic acids

2-(4ʹ-OH-ph-O)-PrA 4960 5480 5539 5228 6368 5609 5734 8911 916 1133 -1335 3166 0.051

3-(4ʹ-OH-ph)-PrA-3ʹ-GlcUA 1573 2704 2243 4211 1570 1493 1550 2300 649 677 -694 1992 0.395

3-(4ʹ-OH-ph)-PrA-3ʹ-S 18812 15384 22342 16715 21571 17359 22541 39765 1325 5105 -8812 11461 0.170

3-(4ʹ-MeO-ph)-PrA-3ʹ-GlcUA 7660 8374 8573 10046 8847 10594 7225 7870 1562 1707 -1827 4952 0.569

Differences were calculated using ANCOVA (Bonferroni) with baseline values as covariate, comparing Aronia with Control changes

from baseline. CFC, changes from Control; SD, standard deviation. P-values (P) obtained following Mann-Whitney non-parametric

test. * Mix of two isomers.
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Figure 4.8: Urinary PP concentrations at baseline and following a 12-week daily consumption of aronia 

extract, in the Aronia group. * Mix of 2 isomers. Values expressed as mean ± SD. 
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4.3.3.2 Changes in plasma PP metabolism after 

consumption of aronia in comparison with Control  

Both Aronia and Control groups showed a tendency for an increase in total 

plasma PP after 12 weeks of intervention (185 ± 1378 and 291 ± 1853 μM for 

Aronia and Control, respectively, Table 4.2). However, no significant changes 

were found after 2 hours or 12 weeks post-consumption of both treatments. 

No significance was observed between Aronia and Control for any of the 

calculated changes (Figure 4.9). No significant changes were found between 

groups or when compared with baseline levels when the main families were 

compared (Figure 4.10).   

Table 4.2: Acute, chronic, and acute on chronic plasma changes (μM) of total PP for both Aronia and 

Control group. 
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Figure 4.9: Plasma (poly)phenol metabolites after consumption of aronia (poly)phenols or placebo for 

Aronia and Control groups. Values expressed as mean ± SEM. 
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Figure 4.10: Families of plasma PP metabolites after consumption of aronia extract or placebo, for 
Aronia and Control groups. Values expressed as mean ± SEM. 
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After 12-week daily consumption of the aronia extract or placebo, 32 plasma 

compounds again tended to increase in the Aronia group with regard to Control 

group (10 cinnamic acids, 6 benzoic acids, 5 benzene diols and triols,  

5 phenylpropanoic acids, 2 hippuric acids, 1 flavan-3-ol, 1 flavonol,  

1 phenylacetic acid and 1 valerolactone) (Supplementary Table S7). None of 

these compounds was found significantly increased in the Aronia group 

compared with Control. 

After 12 weeks, 45 plasma phenolic metabolites increased slightly if not 

significantly 2 hours following the ingestion of the last capsule in the Aronia 

group compared to Control (16 cinnamic acids, 11 benzoic acids,  

9 phenylpropanoic acids, 3 benzaldehydes, 2 hippuric acids, 1 flavan-3-ol,  

1 benzene diol, 1 phenylacetic acid and 1 valerolactone), including 12 that 

increased significantly (3,4-diOH-BA-4-S, 3,4-diOH-BA-3-S, 3-OH-4-MeO-BA-

5-S, 4-OH-3-MeO-BA, 3-MeO-BA-4-S, 4ʹ-OH-CA-3ʹ-S, 4ʹ-OH-3ʹ-MeO-CA, 3ʹ-

MeO-CA-4ʹ-S, 4-CQA, 4/5-CQA, 3-FQA, and 3-(3ʹ-OH-ph)-PrA) 

(Supplementary Table S7 and Table 4.3). 
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Table 4.3: Significant changes from Control (CFC) for plasma metabolites acutely on the first and the 

last day, following the intake of aronia berry (poly)phenol extract or placebo.  

 

 

Individual metabolites also increased compared to baseline levels. Acutely,  

2 hours post-consumption of the first capsule, a total of 39 compounds had a 

tendency for an increase in the Aronia group in comparison with baseline  

(18 cinnamic acids, 8 benzoic acids, 5 flavonols, 3 benzene diols and triols,  

3 phenylpropanoic acids, 1 benzaldehyde and 1 flavan-3-ol) (Supplementary 

Table S6). Among these compounds, 9 were significantly increased with 

regard to baseline (3,4-diOH-BA-4-S, 3,4-diOH-BA-3-S, 3,4-diOH-BA-3-

Lower Higher Lower Higher

Flavonols
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3,4-diOH-BA-3-GlcUA 3.7 2.9 -2.1 9.4 0.037

3-OH-4-MeO-BA-5-S 84.0 102 -119 287 0.010

4-OH-3-MeO-BA 168 126 -82.4 418 0.025 756 460 -157 1669 0.006

3-MeO-BA-4-S 119 23.2 72.5 165 0.000 334 169 -0.5 669 0.000

Cinnamic acids

4ʹ-OH-CA-3ʹ-S 421 162 99.6 742 0.000 712 632 -543 1968 0.000

4ʹ-OH-3ʹ-MeO-CA 235 106 24.7 446 0.010 812 655 -488 2113 0.002

3ʹ-MeO-CA-4ʹ-S 545 237 74.8 1016 0.000 950 799 -637 2536 0.001
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4ʹ-OH-CA 57.5 30.3 -2.8 118 0.020

Phenylpropanoic acids
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Differences from Control were calculated using ANCOVA (Bonferroni) with baseline values as covariate. 95%

CI, 95% confidence interval; CFC, changes from Control; SEM, standard error of mean. P-values (P) obtained

following Mann-Whitney non-parametric test. * Mix of two isomers.
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GlcUA, 3-MeO-BA-4-S, 4-CQA, 4/5-CQA, 3-FQA, 3ʹ-MeO-CA-4ʹ-S, and 4ʹ-OH-

3ʹ,5ʹ-diMeO-CA) (Figure 4.11).  

After 12-week daily intake of the aronia extract, 64 phenolic compounds 

similarly tended to increase in the Aronia group (19 cinnamic acids,  

14 phenylpropanoic acids, 8 benzoic acids, 7 benzene diols ad triols,  

4 flavonols, 3 hippuric acids, 3 flavan-3-ols, 3 phenylacetic acids,  

2 benzaldehydes and 1 valerolactone), including 4 significantly increased 

compared to baseline (3-(3ʹ-OH-ph)-PrA, 3-(3ʹ-MeO-ph)-PrA-4ʹ-GlcUA, 3-(4ʹ-

MeO-ph)-PrA-3ʹ-GlcUA and 4ʹ-MeO-CA-3ʹ-GlcUA) (Figure 4.11 and 

Supplementary Table S6). 

At 12-week post-consumption, 43 plasma phenolic metabolites showed a 

tendency for an increase in the Aronia group 2 hours following the ingestion of 

the last capsule (18 cinnamic acids, 12 benzoic acids, 4 phenylpropanoic 

acids, 4 flavonols, 2 phenylacetic acids, 2 flavan-3-ols and 1 benzaldehyde) 

(Supplementary Table S6). Among them, 8 were significantly increased 

compared to baseline and were the same metabolites than those significantly 

raised acutely on the first visit (3,4-diOH-BA-4-S, 3,4-diOH-BA-3-S, 3,4-diOH-

BA-3-GlcUA, 3-MeO-BA-4-S, 4-CQA, 4/5-CQA, 3-FQA) (Figure 4.11).  
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Figure 4.11: Individual plasma metabolites after consumption of aronia extract in the Aronia group. 

Values expressed as mean ± SEM. Names framed in orange are compounds that are significantly 

increased (p< 0.05). * and #: (poly)phenols significantly increased compared to baseline on the first 

visit (V1 0h) (acute and chronic changes). ‡: (poly)phenols significantly increased with regard to 

baseline on the second visit (V2 0h) (acute on chronic changes). 
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4.3.4  Correlations between PP metabolites and clinical 

outcomes  

Independent Spearman’s correlation analysis was run to determine the 

relationship between changes in urinary and plasma PP and changes in the 

significant outcomes of the study (Δawake PWV, Δ24h AIxao, Δawake AIxao, 

Δ24h AIxbr and awake AIxbr) in the Aronia group. Regarding the urinary 

metabolites (n= 39), 43 compounds were significantly correlated to Δawake 

PWV, 3 for Δ24h and Δawake AIxbr, 3 for Δawake AIxao, and 1 compound for 

Δ24h AIxao (Table 4.4). 

Table 4.4: Urinary (poly)phenols correlation with significant outcomes in Aronia group. 

Δoutcomes vs Δurinary (poly)phenols 
in Aronia group 

ΔAwake 
PWV 

(n=39) 

Δ24h  
AIxao 

(n=39) 

ΔAwake  
AIxao 

(n=39) 

Δ24h 
AIxbr 

(n=39) 

ΔAwake 
AIxbr 

(n=39) 

TOTAL PP 0.009 - - - - 

Flavonols       

Quercetin-3-S 0.046 - - - - 

Myricetin 0.016 - - - - 

Flavan-3-ols       

EC 0.018 - - - - 

Hydroxycinnamic acids       

CA 0.003 - - - - 

4ʹ-OH-3ʹ-MeO-CA 0.015 0.023 - 0.036 - 

3ʹ-MeO-CA-4ʹ-S 0.003 - - - - 

3ʹ-MeO-CA-4ʹ-GlcUA 0.005 - - - - 

4ʹ-MeO-CA-3ʹ-S 0.025 - - - - 

4ʹ-MeO-CA-3ʹ-GlcUA 0.001 - - - - 

3ʹ-OH-CA-4ʹ-S 0.001 - - - - 

4ʹ-OH-CA-3ʹ-S 0.016 - - - - 

3ʹ-OH-CA-4ʹ-GlcUA 0.000 - - - - 

4ʹ-OH-CA-3ʹ-GlcUA 0.007 - - - - 

4-CQA 0.044 - - - - 

3-FQA 0.010 - - - - 

Hydroxybenzoic acids       

2,3-diOH-BA 0.037 - - - - 

2,5-diOH-BA 0.049 - - - - 

3,4-diOH-BA 0.000 - - - - 

3,4,5-triOH-BA 0.030 - - - - 

3,4,5-triOH-Benz-OEt 0.003 - - - - 

3,4-diOH-BA-4-S 0.030 - - - - 

3,4-diOH-BA-3-S 0.006 - - - - 



208 
 

3,4-diOH-BA-3-GlcUA 0.003 - - - - 

4-MeO-BA-3-S 0.023 - - - - 

3-OH-4-MeO-BA-5-S 0.024 - - - - 

Phenylacetic acids       

PA 0.033 - - - - 

3ʹ,4ʹ-diOH-PA 0.037 - - - - 

Phenylpropanoic acids       

3-(3ʹ-OH-ph)-PrA 0.006 - - - - 

3-(2ʹ,3ʹ-diOH-ph)-PrA 0.009 - - - - 

3-(3ʹ-MeO-ph)-PrA-4ʹ-S 0.018 - - - - 

3-(4ʹ-OH-ph)-PrA-3ʹ-S 0.046 - - - - 

3-(3ʹ,4ʹ-diOH-ph)-PrA 0.032 - - - - 

Benzaldehydes       

4-OH-3-MeO-BAL 0.039 - - - - 

Benzene diols and triols       

2,6-diOH-Benz-1-S 0.011 - 0.045 0.041 0.023 

2-OH-3/6-MeO-Benz-1-S* 0.021 - 0.033 0.037 0.015 

2-OH-Benz-1-GlcUA 0.012 - 0.047 - - 

1,2-diOH-4-Me-Benz 0.015 - - - - 

2-OH-4/5-Me-Benz-1-S* 0.008 - - - - 

Hippuric acids       

HA 0.035 - - - - 

2ʹ-OH-HA 0.017 - - - - 

3ʹ-OH-HA 0.009 - - - - 

4ʹ-OH-HA 0.027 - - - - 

Valerolactones       

5-(3′-OH-ph)-γ-VL-4′-S 0.002 - - - 0.049 

Values are Spearman ρ. Correlations between changes in urinary metabolite concentrations (with respect 
to baseline) and significant outcomes changes (with respect to baseline). Spearman ρ was used for 
correlations of nonparametric data. All data represented had p< 0.05. * Mix of two isomers. 

 
 

The plasma metabolite analysis (n= 34) revealed a significant correlation in 4 

compounds after chronic aronia extract consumption (Table 4.5). Indeed, 

Δawake AIxao was correlated with 2 benzene diols and triols (pyrogallol-2-O-

sulfate and 1-methylpyrogallol-sulfate) as well as 2 hydroxycinnamic acids 

(chlorogenic acid and cryptochlorogenic acid). Additionally, the only 

correlation found after 12 weeks of daily consumption of the aronia extract for 

Δawake AIxbr was with chlorogenic acid. No significant correlation was 

reported for Δawake PWV, Δ24h AIxao and Δ24h AIxbr following the 12-week 

daily consumption of the aronia extract. 
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Table 4.5: Plasma (poly)phenols correlation with significant outcomes in Aronia group. 

Δoutcomes vs Δplasma 
(poly)phenols in Aronia group 

ΔAwake 
PWV 

(n=34) 

Δ24h 
AIxao 

(n=34) 

ΔAwake 
AIxao 

(n=34) 

Δ24h 
AIxbr 

(n=34) 

ΔAwake 
AIxbr 

(n=34) 

CHRONIC           

Benzene diols and triols           

2,6-diOH-Benz-1-S - - 0.012 - - 

2-OH-3/6-MeO-Benz-1-S* - - 0.029 - - 

Hydroxycinnamic acids           

4-CQA - - 0.034 - - 

4/5-CQA* - - 0.023 - 0.044 

Values are Spearman ρ. Correlations between changes in plasma metabolite concentrations (with 
respect to baseline) and significant outcomes changes (with respect to baseline). Spearman ρ was 
used for correlations of nonparametric data. All data represented had p< 0.05. AIx, augmentation 
index; PWV, pulse wave velocity; ao, aortic; br, brachial. * Mix of two isomers. 
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4.4  Discussion 

The study of phenolic compounds bioavailability along with an accurate 

quantification and identification is the only way to assess the real exposure to 

these PP (Wiczkowski, Romaszko, and Piskula 2010). The analysis of 

collected plasma and 24-hour urine samples following the 12-week daily 

consumption of aronia berry PP or placebo in the present study revealed a 

significant increase in several compounds, both acutely and after 12-week 

daily supplementation.  

In the present trial, no significant changes were found in total urinary and 

plasma metabolites following the intervention. However, we saw several 

compounds increasing following the 12-week daily intake of aronia berry 

extract. This was the case for 19 and 64 metabolites in urinary and plasma 

samples, respectively. A similar trend was seen acutely in plasma samples as 

39 and 43 compounds were in higher concentration 2 hours after the 

consumption of the interventional capsule, on the first and last study day, 

respectively. Among these metabolites, we can cite (‒)-epicatechin-3'-sulfate, 

hippuric acid, 5-O-caffeoylquinic acid or 3ʹ,4ʹ-dihydroxyphenylacetic acid, 

which were part of the most frequent metabolites reported in biofluids following 

PP-rich supplementation according to a systematic analysis exploring the PP 

metabolome (Rothwell et al. 2016).  

The concentrations found in our trial were in line with other previous papers 

investigating the bioavailability of PP-rich foods. Indeed, several studies also 

found a range of plasma metabolites going from nM to μM with hippuric acid 

accounting for the major part of circulating and excreted metabolites following 
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the acute and chronic consumption of their investigational product (Feliciano, 

Boeres, et al. 2016; Vetrani et al. 2016; Hanhineva et al. 2015; Mulder, 

Rietveld, and van Amelsvoort 2005; Feliciano, Istas, et al. 2016; Loo et al. 

2016; Xie et al. 2016). The uptake of metabolites originated from the gut 

microbiota catabolism may explain the high concentration of hippuric acid in 

urine (Mecha et al. 2020). However, hippuric acid is also a product of many 

other endogenous metabolism pathways, such as the tyrosine pathway, so we 

cannot rule out that a significant amount of the hippuric acid quantified here is 

coming from other sources, including other PP in the habitual diet of 

volunteers.  

To the best of our knowledge, only 4 studies have investigated the presence 

of aronia metabolites in 24-hour urine (Loo et al. 2016; Xie et al. 2016; Kay, 

Mazza, and Holub 2005; Wiczkowski, Romaszko, and Piskula 2010). While 2 

of these studies were focusing exclusively on anthocyanin compounds, 

studies by Loo and Xie also identified some of the compounds of interest of 

the present study (11 and 2 compounds out of our 92, respectively). However, 

the units used in these trials to characterize urine concentrations (respectively 

mg/mg of creatinine and μM, i.e., not reported to the quantity excreted in 24h), 

does not allow us to compare our findings. Yet, both studies observed a high 

increase in hippuric acid following aronia supplementation, which is in line with 

our observations. Moreover, none of the 4 studies listed above and involving 

24h collection of urine has identified more than 17 compounds overall, and 

mainly comprised non-conjugated metabolites. Additionally, study designs are 

highly divergent between trials, which makes comparisons even harder.  
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In line with the 24h urine excretion, total PP plasma concentration following 12 

weeks daily supplementation of PP-rich aronia berry extract did not 

significantly increase. This is likely due to the high consumption of PP that our 

population had in their background diet. A previous study led by our team and 

exploring the effect of the same aronia extract on a population of young men 

observed a significant increase in 18 plasma compounds following a 12-week 

consumption of the berry product, compared to placebo (Istas et al. 2019). 

While that study required a 24-hour PP-free diet from the volunteers, the usual 

baseline PP intake was way lower than our participants’ (531 ± 357 mg versus 

1553 ± 1052 mg in the present study), resulting in a huge difference in terms 

of ADME and biological effects associated between the two trials, which could 

account for the chronic differences observed.   

Our 12-week intervention led to increases in urine and plasma concentrations 

compared with Control, mostly for benzoic and cinnamic acids. While no 

plasma compound was significantly increased in Aronia group with regard to 

Control following the 12-week intervention, it was the case for 5 urinary 

compounds (2,3-dihydroxybenzoic acid, 4-O-caffeoylquinic acid, 5-O-

caffeoylquinic acid, 3-O-feruloylquinic acid, and 4-O-feruloylquinic acid). 

Acutely, 18 and 12 compounds were significantly increased acutely in plasma 

compared with placebo, on the first and last visit respectively, including  

10 common compounds: 3-hydroxybenzoic acid-4-sulfate, 4-hydroxybenzoic 

acid-3-sulfate, 4-hydroxy-3-methoxybenzoic acid, 3-methoxybenzoic acid-4-

sulfate, 4ʹ-hydroxycinnamic acid-3ʹ-sulfate, 4ʹ-hydroxy-3ʹ-methoxycinnamic 

acid, 3ʹ-methoxycinnamic acid-4ʹ-sulfate, 4-O-caffeoylquinic acid, 5-O-

caffeoylquinic acid, and 3-O-feruloylquinic acid. One of these compounds,  
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5-O-caffeoylquinic acid, also known as chlorogenic acid, was, along with its 

isomer neochlorogenic acid, one of the most represented PP of our aronia 

extract. As a result, the significant increase of that metabolite in the Aronia 

group compared to Control confirms the small but significant effect of the 

investigational product on ADME. Chlorogenic acid was shown to be widely 

bioavailable and very well absorbed, with recovery rate in 24-hour urine 

around 30% and derivates mainly related to microbiota catabolism (Czank et 

al. 2013; Rodriguez-Mateos, Heiss, et al. 2014; Manach et al. 2005). 

Chlorogenic acid undergoes the early action of esterases located in the upper 

gastrointestinal tract, resulting in the release of 3ʹ,4ʹ-dihydroxycinnamic acid 

(also known as caffeic acid) which is then conjugated and able to enter the 

bloodstream (Figures 4.12 and 4.13) (Stalmach, Mullen, Barron, et al. 2009; 

Lafay et al. 2006).  

Metabolites deriving from the extensive metabolism of chlorogenic acid (3ʹ,4ʹ-

dihydroxycinnamic acid –also known as caffeic acid–, 4ʹ-hydroxy-3ʹ-

methoxycinnamic acid –also known as transferulic acid–, 4-hydroxy-3-

methoxybenzoic acid –also known as vanillic acid–, and their sulfates and 

glucuronides forms) were shown to appear and be detected in plasma 1 to 2 

hours following the intake of the original food matrix (Rodriguez-Mateos et al. 

2013; Rodriguez-Mateos, Vauzour, et al. 2014). This is in line with our findings 

as 18 chlorogenic-derived compounds increased in plasma 2 hours post-

consumption, compared with Control, and 39 compounds increased acutely 

with regard to baseline. However, metabolic pathways are very complex and 

sometimes overlapping. Indeed, as seen in Figure 4.13, protocatechuic acid 

and its derivates can also arise from proanthocyanidins, cyanidin glucosides 
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and quercetin glucosides, which are also well represented in the aronia extract 

(Loo et al. 2016; Rios et al. 2003). For example, Gao and colleagues have 

highlighted that homovanillic acid could be a product of 4 different flavonoids 

(Gao et al. 2006).  

Additionally, no significant difference was found for benzene diols and triols 

(catechols, pyrogallols) following the 12-week treatment, in both urine and 

plasma. This result was expected as these compounds are small molecular 

weight metabolites which are not specific of PP intake (Feliciano et al. 2017). 

 

Figure 4.12: Proposed catabolic pathways for 5-CQA and 5-FQA degradation by colonic microbiota.  

Bold arrows indicate major pathways. EST, esterase; RA, reductase; DH, dehydrogenase; DMeOX, 

demethoxyesterase; DC (CoA), decarboxylation (co-enzyme A-mediated); COMT, catechol-O-

methyltransferase. Adapted from various studies (Rodriguez-Mateos, Vauzour, et al. 2014; Stalmach, 

Mullen, Barron, et al. 2009). 
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Figure 4.13: Proposed metabolic pathways of aronia (poly)phenols. Solid lines represent microbiota 

catabolism and dashed lines represent tissue metabolism. Compounds framed in green, and their 

related percentages correspond to the proportion of these compounds in the berry extract 

interventional product. Adapted from various studies (Xie et al. 2016; Monagas, Urpi-Sarda, et al. 

2010; Wu, Cao, and Prior 2002; Wu et al. 2004; Stalmach et al. 2013; Amin et al. 2015). 
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Furthermore, a total of 43 and 13 aronia-related metabolites were significantly 

correlated to significant improvement in awake PWV and awake and 24h 

central and peripheral AIx in urine and plasma, respectively. This is in line with 

previous work from our team highlighted the significant association existing 

between plasma metabolites and enhancement of vascular function 

(Rodriguez-Mateos et al. 2016; Rodriguez-Mateos et al. 2013). A few papers 

have found a significant correlation between PWV and a phenolic compound 

named hydrocinnamate and which belongs to the family of hydroxycinnamic 

acids (Menni et al. 2015; Li et al. 2018). However, our study to the best of our 

knowledge is the first double-blind RCT to observe a correlation between 

augmentation index and PP metabolites.  

Our study has notable strengths. The absence of a PP-free diet in the study 

design offers a more usual diet of participants and is more relevant to 

personalized nutritional research. The investigational product is an extract of 

a berry containing a dietarily achievable and relevant dose of phenolic 

compounds (1 capsule being equivalent to 75g of fresh fruit in terms of PP). 

This extract is a mix of various individual and pure PP, including that no matrix 

effect is involved in the ADME of the product. Finally, our study is to date the 

first to identify so many phenolic compounds in biosamples following intake of 

aronia berry products. The method used has been validated and includes 

authentic standards as reference to quantify the metabolites present in the 

samples, along with short-run times and the use of small volumes of 

biosamples. Solid phase extraction has also been shown to be a better 

quantification technique for the analysis of specific metabolites as in our study 

(González-Domínguez et al. 2020). 
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However, the study has some limitations. Indeed, participants were 

intentionally not instructed to follow a PP-free diet in the days preceding the 

study visits, nor were they asked to avoid the consumption of PP-rich foods in 

the hours following both visits 1 and 2. As a result, the baseline PP of 

volunteers was high and extremely variable according to their diet, which 

caused the analysed biosamples compounds not to be a relevant marker of 

compliance. Indeed, variations in urinary PP concentrations are known to be 

high, and largely related to the dietary background of an individual (Zamora-

Ros, Achaintre, et al. 2016). Additionally, the duration of the study days and 

the number of biosamples collected were too few to have a clear vision of the 

pharmacokinetics of studied phenolic compounds. The absence of segmented 

urine collection over the 24 hours led to the impossibility to calculate the PP 

recovery percentage, which could be a greater indicator of the metabolism and 

excretion range of the metabolites. To get a deeper understanding of the 

kinetic profile of phenolic compounds with return to baseline level, further 

studies should be conducted with sample collection extended to 24 or 48h and 

segmented (Mecha et al. 2020). Indeed, the use of pharmacokinetics is 

needed to analyse parameters such as urinary clearance, elimination rate or 

recovery percentage (Wiczkowski, Romaszko, and Piskula 2010).  

Moreover, the method used to quantify the phenolic compounds does not allow 

to identify or quantify any intact anthocyanin while those metabolites represent 

a large proportion of the PP present in the investigational product. It is thus 

not possible to have a clear vision of the metabolism of these compounds 

following their ingestion, although studies have shown that the amount of intact 

anthocyanins represent less than 0.1% of the total ingested anthocyanins (Kay 
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et al. 2017; Czank et al. 2013). Finally, the faecal metabolites are not 

considered in this analysis while they might represent an important part of the 

overall metabolism of non-absorbed PP, especially for high molecular weight 

PP such as proanthocyanidins. Indeed, Czank and colleagues showed that 

32% of an ingested dose of 13C labelled cyanidin-3-O-glucoside was found in 

the faeces after 48h (Czank et al. 2013). Similarly, other routes of elimination 

such as bile or breath are not accounted for, and nor is the pool of metabolites 

sequestered into body tissues (Crozier, Jaganath, and Clifford 2009). 

Overall, the analysis of PP metabolites confirmed that aronia berry compounds 

are poorly absorbed and widely metabolised. It also highlighted the importance 

of PP metabolism in the magnitude of biological effects. To conclude, this is 

the first study investigating the bioavailability of aroqnia berry PP in a 

population of healthy middle-aged men and women. More information 

regarding aronia berry PP dose-response relationship and pharmacokinetics 

needs to be discovered to expand the knowledge related to phenolic 

compounds bioavailability.  
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CHAPTER 5 

Assessment of interindividual variability 

following aronia berry (poly)phenol 

consumption 
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5.1 Introduction 

In the last decade, it has become clear that there is no one-size-fits-

all approach when it comes to food, and nutritional studies have demonstrated 

that a high interindividual variability in response to diets, foods and food 

components exist (Berry et al. 2020; Gibney et al. 2019; Eagles, Gross, and 

McLachlan 2020). Those variations in the biological response between 

subjects could be in part due to differences in the absorption and metabolism 

of specific food components (Tierney et al. 2011). This is relevant in the 

context of plant (poly)phenol (PP) consumption, as several studies have 

shown a high variability in both PP absorption and metabolism and vascular 

response in several studies (Krga et al. 2016; Manach et al. 2017; Cassidy 

and Minihane 2017). Another important factor is the gut microbiome, which 

has an important role in the metabolism of several PP and could as a result be 

a big contributor to the interindividual variability in responsiveness to the 

consumption of these plant bioactives (Tomas-Barberan, Selma, and Espin 

2016). The impact of the gut microbiota on the variability in the vascular 

response will be described in Chapter 6. 

Along with bioavailability and gut microbiota, several factors related to the 

environment and lifestyle of individuals can be related to the variability of 

individual response to PP consumption. This is the case for non-modifiable 

factors such as genetic background, age, sex, or ethnicity, but also for 

modifiable factors such as tobacco consumption, medication, physical activity, 

overall diet and health status (Figure 5.1) (Milenkovic et al. 2017). 
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Figure 5.1: Parameters influencing interindividual variability in cardiometabolic response to 

(poly)phenol consumption. Adapted from Gibney and colleagues (Gibney et al. 2019). 

 

Sex is one of the non-modifiable factors that can be an important contributor 

to the interindividual variability in metabolism and response to PP. Very few 

studies focused on investigating sex-related differences in cardiometabolic 

response to PP intake, with mixed results. Indeed, while some PP-rich 

interventions reported an amelioration of platelet aggregation (Ostertag et al. 

2013) or oxidized LDL (Ibero-Baraibar et al. 2014) in men only, other outcomes 

such as AIx (West et al. 2014), BP and LDL cholesterol (Shiina et al. 2019) 

were found significantly improved in female subjects only. Many RCTs 

investigating the effects of PP on health, particularly cardiovascular outcomes, 

have included male-only populations because of concern that female subjects 

could bias the results due to the variations of their hormonal cycle, which affect 

parameters such as vascular function (Louis et al. 2019). This has 

unfortunately led to a lack of research on the effects of PP on pre-menopausal 

women’s health, and whether the findings in men can be translated to women.  
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Age is another non-modifiable risk factor for CVD which influences on 

cardiometabolic effects mediated by the intake of PP. Although several trials 

have focused on the age-related effect of phenolic compounds on vascular 

health, results have been often divergent. Indeed, although SBP and AIx were 

reported to be significantly improved in the elderly group of a flavanol 

intervention (Heiss et al. 2015), another study using quercetin 

supplementation showed that improved SBP was more important for the 

subgroup of younger individuals. The current evidence suggesting that 

cardiometabolic response to PP intake is age-dependent is very limited, and 

no conclusions can be made in this matter.   

Furthermore, the influence of BMI on the variability in response to PP 

interventions has been reported in very few publications, once again with 

mixed results. A meta-analysis of RCTs on PP-rich dark chocolate concluded 

that individuals with a BMI higher than 25 kg/m2 had a higher response to PP 

compared to those with BMI< 25 kg/m2 in terms of BP (Almoosawi et al. 2012), 

while an opposite trend was reported for FMD in another meta-analysis, which 

improved only in the subgroup of participants with lower BMI (García-Conesa 

et al. 2018). However, these results need to be taken with caution as only very 

few publications were included in this analysis, and the RCTs analysed had 

not been designed to investigate the effect of BMI on the interindividual 

variability in response. 

Very few studies investigated the influence of smoking status on the response 

to PP intake as most RCTs do not report this parameter or include non-smoker 

subjects only. A meta-analysis focusing on factors affecting the 
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cardiometabolic response to ellagitannins (ET) and anthocyanins (ACN) 

consumption established significant heterogeneity between smokers and non-

smokers in the studies analysed, with significant improvements in DBP in non-

smokers only, and significant reduction in FMD in smokers only (García-

Conesa et al. 2018). As several heterogenous studies were compared in this 

meta-analysis, that were not designed to investigate the effect of smoking in 

the variability in response to PP, the findings should be taken with caution. The 

evidence related to smoking and its impact on responsiveness is scarce and 

there is a need for a better reporting on the smoking status in nutritional 

studies.  

Interindividual variability in cardiometabolic response to PP consumption 

related to the physiopathological status has also been described in 

publications. For instance, chronic intake of PP-rich coffee induced a 

significant improvement in blood lipids in subjects with hypercholesterolemia, 

but not in healthy individuals (Martínez-López et al. 2019). Another study 

reported the beneficial effect of quercetin consumption on SBP in 

prehypertensive participants while no difference was observed in the 

normotensive subgroup (Egert et al. 2009). Moreover, a meta-analysis 

highlighted the beneficial impact of ET-rich foods on blood lipids, SBP and 

FMD in a subgroup of subjects with CVD risk only (García-Conesa et al. 2018). 

On the contrary, authors described a significant improvement in FMD for 

healthy subjects only following supplementation with ACN-rich foods. 

Additionally, several studies have focused on the impact of aronia berry intake 

on cardiometabolic response among individuals at risk or with CVD (Kardum 

et al. 2014; Milutinovic et al. 2019; Naruszewicz et al. 2007; Pokimica et al. 
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2019; Skoczyńska et al. 2007) but none of them have been comparing their 

populations to healthy subjects, leading to a lack of information regarding the 

relevance of aronia berry effect in the context of subgroup analysis. 

Subjects’ ethnicity is rarely reported in nutritional studies, which highlights the 

need for a better definition of study populations (Gibney et al. 2019). In one of 

the few studies investigating this aspect, significant improvement in TG, total 

and LDL cholesterol in Asian subjects following the consumption of flavonols 

was described, while no significant difference was observed for the same 

outcomes in Europe/North America individuals (Menezes et al. 2017). Another 

meta-analysis investigating the effect of ET and ACN on cardiometabolic 

outcomes noted a significant improvement in FMD in Asian countries only, 

while no change was observed for other countries (García-Conesa et al. 

2018). Moreover, authors also reported that total cholesterol, LDL and DBP 

were significantly reduced in the Mediterranean subjects only, whilst FMD was 

significantly improved in the non-Mediterranean countries only. Based on 

these results, more research on the influence of ethnicity in nutritional studies 

is needed to offer valuable new insights for a better grasp of interindividual 

variability. 

Habitual PP consumption was also stated as one of the factors potentially 

influencing the interindividual cardiometabolic response to PP consumption 

(Gibney et al. 2019), although no RCT has reported findings stratified based 

on usual baseline PP composition or intake so far.  

To our knowledge, no study has investigated the interindividual variability in 

cardiometabolic response following PP intake in subgroups based on physical 
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activity level or alcohol consumption. Which factors are driving the 

interindividual variability in cardiometabolic response to the consumption of 

PP are currently unknown, and this area of research is still relatively new. 

Indeed, the understanding of this variation in responsiveness is paramount to 

assess the potential of food bioactives on CVD risk and at an individual scale. 

The few meta-analysis looking at the impact of various factors on the variability 

in the vascular response to flavonols (Menezes et al. 2017), ellagitannins and 

anthocyanins (García-Conesa et al. 2018) are highly exploratory, included just 

few studies, and are not suitable to assess the variability in response, 

especially as they are based in subgroup analysis of studies reporting the 

average change in a specific outcome of individual studies, and not on 

individual data. Very few RCTs have investigated and evaluated the 

interindividual variability in response following PP intake, and none focused 

specifically on aronia berry PP consumption. In the present chapter, we aim to 

conduct an exploratory analysis with individual data from the ABP study to 

assess the extent of variability in the vascular response and in the 

bioavailability of aronia berry PP and to identify potential factors that may be 

important to explain such variability.  
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5.2  Methods 

For the analysis of the variability in responsiveness to treatment, an 

assessment of interindividual variability was conducted on the primary and 

secondary outcomes of the trial. This analysis was conducted on subjects from 

the Aronia group only, to observe how the aronia extract treatment impacted 

the biological response. Coefficients of variation (CoV) were calculated using 

the following formula: 𝐶𝑜𝑉 =
𝜎

𝜇
 × 100, with σ representing the standard 

deviation of the population (i.e., Aronia subjects) and μ characterising the 

mean of the same population.  

Moreover, following the analysis of the various outcomes on the overall 

population described in Chapters 3 and 4, an exploratory subgroup analysis 

was also performed to assess the influence of the following parameters: sex, 

age, BMI, habitual total PP and fruits and vegetables consumption, BP at 

baseline, as well as habitual alcohol consumption and physical activity level 

(Table 5.1). These subgroups were chosen for their relevance based on the 

literature and how well balanced the 2 subgroups were. The data related to 

sex, age, BMI, and BP was reported from the baseline visit (study day 1). 

Habitual PP and fruit and vegetable consumption was calculated from the  

7-day food diaries completed by participants prior study day 1 (methodology 

available in Chapter 2, sections 2.7.2 and 2.7.3). Similarly, data used for the 

subgroup analysis based on physical activity level was processed from the 

International Physical Activity Questionnaire (IPAQ) filled by volunteers during 

study day 1 (methodology available in Chapter 2, section 2.7.4). Finally, the 

information related to the usual intake of alcohol of included subjects was 
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imported from the associated case report form section completed during the 

screening visit. 

This exploratory subgroup analysis was performed on the overall ITT 

population and using an ANCOVA with baseline as covariate only (BACO) 

analysis. The subgroup analysis was done for the chronic results, i.e., changes 

from baseline after 12 weeks of daily consumption of the interventional 

product. For more clarity, significant results have been highlighted in green in 

the tables. This exploratory analysis compares the Aronia subjects of each 

subgroup with Control, to observe if the response to treatment differs 

according to some parameters.  

No subgroup analysis was performed for smoking status and ethnicity due to 

the lack of heterogeneity, as only 5 participants were reported as smokers, 

and more than 80% of participants identified themselves as White. A summary 

of the different subgroup analyses conducted in the whole population of the 

ABP study (n= 97, as dropouts were not included) is shown in Table 5.1.  
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Table 5.1: Subgroup analysis conducted in the ABP study (n=97) for sex, age, BMI, habitual total PP 

and fruits and vegetables consumption, BP at baseline, habitual alcohol consumption and habitual 

physical activity level. The number of volunteers in each subgroup is indicated in the last column. 

Factors investigated on each subgroup  Subgroup characteristics  Control Aronia Total 

Sex 
Men 25 27 52 

Women 23 22 45 

Age 
Age < 56.2 years 26 24 50 

Age ≥ 56.2 years 22 25 47 

BMI 
BMI < 25 kg/m2 27 24 51 

BMI ≥ 25 kg/m2 21 25 46 

Habitual total (poly)phenol (PP) 
consumption 

PP < 700 mg/day 8 9 17 

PP ≥ 700 mg/day 40 40 80 

Habitual fruit and vegetable (FV) 
consumption  

 FV < 400 g/day 26 20 46 

FV ≥ 400 g/day 22 29 51 

Blood pressure (BP) at baseline 

SBP < 120 mmHg 22 21 43 

SBP ≥ 120 mmHg 26 28 54 

DBP < 80 mmHg 21 21 42 

DBP ≥ 80 mmHg 27 28 55 

Habitual alcohol consumption 
< 3.8 units/week 32 28 60 

≥ 3.8 units/week 16 21 37 

Habitual physical activity 
High 32 35 67 

Low / Moderate 14 11 25 
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5.3  Results 

5.3.1 Analysis of the variability in response to aronia 

berry PP 

An assessment of the interindividual variability in response to aronia berry PP 

was performed within the Aronia group for the main primary outcomes of the 

study and for parameters that significantly improved upon its consumption 

following the overall population analysis, as well as for the total urinary and 

plasma PP concentrations. We defined responders as individuals presenting 

changes from baseline (CFB) < 0 for all parameters except FMD and HDL 

cholesterol, for which they are defined as individuals with CFB> 0. 

5.3.1.1 Blood pressure 

Plots representing the individual response for the primary outcome (changes 

in 24h SBPbr and DBPbr, Figures 5.2 A and B) showed a total of 67 and 73% 

responders for 24h SBPbr and DBPbr, respectively. The variability in response 

was large, ranging from decreases in 24h ambulatory SBPbr of -15.8 mmHg to 

increases of 8.8 mmHg and decreases in 24h ambulatory DBPbr of -9.8 mmHg 

to increases of 5.8 mmHg. Coefficients of variation (CoV) were 245 and 187%, 

respectively (Table 5.2).  

For office SBPbr and DBPbr (Figures 5.2 C and D), a high variability was also 

observed, including respectively 69 and 53% of responders to the treatment, 

with CoV of 286% and 519%, respectively.  
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Figure 5.2: Waterfall plots of changes from baseline for chronic changes on ambulatory and office 

brachial blood pressure. A: 24h ΔSBP; B: 24h ΔDBP; C: office ΔSBP and D: office ΔDBP. 

 

5.3.1.2 Arterial stiffness 

The analysis of 24h and awake PWV response measured using 

Arteriograph24TM following the consumption of the treatment (Figures 5.3 A 

and B) revealed that more than half of the participants included in the analysis 

of these parameters were responders (61 and 54% responders for 24h and 

awake PWV, respectively). The magnitude of responses ranged between -1.3 

and 2.2 m/s and between -2.9 and 2.4 m/s for 24h and awake PWV, 

respectively, with a stronger effect of the intervention observed in the awake 

PWV, which was significant in the overall population, as indicated in Chapter 

3, section 3.4.  

The individual PWV response measured with SphygmoCor® was slightly 

different than the 24h one, with only 40% of participants identified as 
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responders for this outcome (Figure 5.3 C). The CoV were 1127, 499 and 

413% for 24h, awake and office PWV, respectively (Table 5.2).  

 

 

Figure 5.3: Waterfall plots of changes from baseline for chronic changes in ambulatory and office pulse 

wave velocity. A: 24h ΔPWV; B: awake ΔPWV and C: office ΔPWV. 

 

Regarding augmentation index, 2 measures were assessed for ambulatory AIx 

with the Arteriograph24TM: brachial (AIxbr) and central (AIxao) augmentation 

index. On the contrary, “office” AIx was measured using the SphygmoCor® 

device. The individual responses are presented in Figure 5.4. Overall, for the 

office AIx, the variability in response was high, ranging between -32 and 9% 

with around half the subjects (47%) being responders in the Aronia group, and 

a CoV of 559% (Figure 5.4 A and Table 5.2).  

The analysis of 24h AIxao and AIxbr exposed some interesting findings 

regarding the interindividual variability (Figure 5.4 B and C). Indeed, both 

parameters presented a smooth distribution with only 1 extreme response 
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behaviour and were both including around the same number of responders 

(67 and 69% of responders for 24h AIxao and AIxbr, respectively). The range 

of responses was spread between -10.2 and 10.7% for ambulatory 24h central 

AIx and between -20.1 and 21.1% for ambulatory 24h brachial AIx, with a CoV 

of 598 and 454%, respectively (Table 5.2).  

Distributions of awake AIxao and AIxbr were very similar in appearance (Figure 

5.4 D and E). Both parameters included more responders than non-

responders in the Aronia group (64 and 67% for awake AIxao and AIxbr, 

respectively), with individual responses fluctuating between -12.1 and 29.9% 

for ambulatory awake central AIx and between -23.9 and 59.0% for ambulatory 

awake brachial AIx. Coefficients of variations for AIxao and AIxbr were 667 and 

522%, respectively (Table 5.2). Both awake AIxao and AIxbr presented 

significant changes from Control in the overall population (CFC awake AIxbr= 

-6.1%, p= 0.020; CFC awake AIxao= -2.9%, p= 0.034).  
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Figure 5.4: Waterfall plots of changes from baseline for chronic changes in AIx 24h brachial and aortic 

AIx. A: office ΔAIx, B: 24h ambulatory brachial ΔAIx, C: 24h ambulatory aortic ΔAIx, D: awake 

ambulatory brachial ΔAIx and E: awake ambulatory aortic ΔAIx. 

 

5.3.1.3 FMD 

Regarding the interindividual variability in FMD response, acute changes in 

responses were also investigated as FMD is a parameter which was expected 

to change acutely. Repartition of responders was different between the 2 types 

of changes as 64 and 53% of participants were responders for acute and 

chronic changes in the Aronia group, respectively (Figure 5.5 A and B). 

Changes from baseline ranged from -2.4 to 2.9% for acute responses, and 

from -3.5 to 4.1% for chronic responses, with coefficients of variation of 435 

and 994%, respectively (Table 5.2). 

 

Figure 5.5: Waterfall plots of changes from baseline for acute and chronic changes in FMD. 

 A: acute changes in FMD; B: chronic changes in FMD. 
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5.3.1.4 Heart rate 

Office and ambulatory heart rate (HR) displayed divergent profiles, with 

changes ranging from -16 to 24.5 bpm for office HR and from -18.9 to 7.3 bpm 

for ambulatory 24h heart rate (Figures 5.6 A and B). For both parameters, 

around half (62 and 45%, respectively) the subjects presented an 

augmentation in HR following the 12-week intervention. Office and 24h 

ambulatory HR’s CoV were high: 1002 and 1518%, respectively (Table 5.2). 

 

Figure 5.6: Waterfall plots of changes from baseline for chronic changes in office and ambulatory heart 

rate. A: office heart rate and B: ambulatory 24-hour heart rate. 

 

5.3.1.5 Cortisol levels 

In the overall population, the decrease in cortisol levels following the 12-week 

intervention was substantial although not significant (CFC= -16.8 mmol/L,  

p= 0.111). In the present analysis of interindividual variability, we observed 

that almost three quarters (72%) of the subjects from the Aronia group 

presented a decrease in cortisol level following the 12-week supplementation 

(Figure 5.7). Changes ranged from -186 to 171 mmol/L with a CoV of 314% 

(Table 5.2). 
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Figure 5.7: Waterfall plots of changes from baseline for chronic changes in cortisol levels. 

 

5.3.1.6 Blood lipid levels 

The analysis of the variability in response to treatment for blood lipid levels is 

presented in Figure 5.8. Total cholesterol, triglycerides, HDL cholesterol and 

LDL cholesterol had 54, 52, 57, and 43% of responders, respectively. The 

magnitude of the changes ranged between -1.8 and 3.0 mmol/L for total 

cholesterol, between -1.1 and 0.6 mmol/L for triglycerides, between -0.4 and 

1.1 mmol/L for HDL cholesterol and between -0.9 and 2.0 mmol/L for LDL 

cholesterol. Coefficients of variations for total cholesterol and triglycerides 

were the highest among all the parameters analysed (2554 and 2570%, 

respectively). On the contrary, CoV of HDL and LDL cholesterol were lower: 

361 and 389%, respectively (Table 5.2).  
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Figure 5.8: Waterfall plots of changes from baseline for chronic changes in blood lipids.  

A: total cholesterol; B: triglycerides; C: HDL cholesterol and D: LDL cholesterol. 

 

Table 5.2: Parameters analysed in the response analysis and coefficient of variation associated. 

Parameter Unit n mean SD CoV (%) 

24h SBPbr mmHg 49 -2.20 5.38 245 

24h DBPbr mmHg 49 -1.82 3.41 187 

Office SBPbr mmHg 49 -2.64 7.56 286 

Office DBPbr mmHg 49 -1.04 5.40 519 

Office PWV m/s 48 0.35 1.45 413 

24h PWV m/s 38 -0.06 0.73 1127 

Awake PWV m/s 39 -0.21 1.06 499 

Office AIx % 49 -1.37 7.64 559 

24h AIxao % 39 -0.86 5.16 598 

24h AIxbr % 39 -2.15 9.77 454 

Awake AIxao % 39 -1.09 7.29 667 

Awake AIxbr % 39 -2.83 14.78 522 

FMD % 49 0.17 1.74 994 

24h HR bpm 49 -0.31 4.66 1518 

Office HR bpm 49 -0.66 6.65 1002 

Cortisol mmol/L 43 -23.70 74.36 314 

Total cholesterol mmol/L 44 0.03 0.82 2554 

Triglycerides mmol/L 44 -0.01 0.27 2570 

HDL mmol/L 44 0.07 0.25 361 

LDL mmol/L 44 0.17 0.68 389 

AIx: augmentation index; ao: aortic; br: brachial; CoV: coefficient of variation 
(absolute value); DBP: diastolic blood pressure; FMD, flow mediated dilation; 
HDL: high density lipoprotein; HR: heart rate; LDL: low density lipoprotein; PWV: 
pulse wave velocity; SBP: systolic blood pressure; SD: standard deviation. 
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5.3.2  Exploratory subgroup analysis based on biological 

and lifestyle parameters 

5.3.2.1 Sex 

The summary of findings resulting from the subgroup analysis based on the 

sex of participants can be found in Table 5.3 below. No significant differences 

between men and women were found for the primary outcomes (24h, awake 

and asleep SBPbr and DBPbr), FMD, office SBPbr, DBPbr, SBPao, DBPao, PWV, 

AIx and blood lipids. The only sex-dependent significant differences were 

found for arterial stiffness: 

5.3.2.1.1  Pulse wave velocity 

When separated in subgroups, a significant reduction in awake PWV (CFC:  

-0.4 m/s, p= 0.02) and in 24h PWV (CFC: -0.4 m/s, p= 0.025) was found in 

men, while no significant difference was observed in women.  

5.3.2.1.2 Augmentation index 

Interestingly, a significant difference in AIx was found in women only. Indeed, 

24h and awake AIxao and AIxbr were significantly reduced in the women’s 

group (24h AIxao: CFC: -5.1%, p= 0.003; 24h AIxbr: CFC: -10.1%, p= 0.003; 

Awake AIxao: CFC: -6.7%, p= 0.000; Awake AIxao: CFC: -13.2%, p= 0.000) 

while no significant change was observed in the men’s group. No significant 

difference was found for asleep AIxbr and AIxao. 
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Table 5.3: Results from the subgroup analysis based on the sex of participants: changes from Control 

(CFC) and associated p-values calculated using the baseline as covariate only (BACO) analysis. 

  Female Male 

  Control = 25 / Aronia = 27 Control = 23 / Aronia = 22 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.936 0.117 0.471 -0.874 

24h DBP mmHg 0.489 -0.735 0.758 -0.278 

Awake SBP mmHg 0.564 0.720 0.374 -1.287 

Awake DBP mmHg 0.925 -0.107 0.429 -0.927 

Asleep SBP mmHg 0.653 0.889 0.773 -1.108 

Asleep DBP mmHg 0.469 -1.054 0.829 -0.379 

Office SBPbr mmHg 0.103 -3.188 0.588 -1.019 

Office DBPbr mmHg 0.878 0.205 0.708 0.566 

Office SBPao mmHg 0.497 -1.334 0.491 -1.389 

Office DBPao mmHg 1.000 0.097 0.182 2.227 

Office PWV m/s 0.664 -0.131 0.661 0.182 

Office AIx % 0.175 -2.789 0.252 0.252 

FMD % 0.260 -0.463 0.403 -0.375 

Blood flow cm/s 0.093 -9.067 0.496 1.987 

24h PWV m/s 0.705 0.054 0.025 -0.391 

Awake PWV % 0.634 -0.150 0.020 -0.374 

Asleep PWV % 0.849 0.095 0.061 -0.433 

24h AIxao % 0.003 -5.115 0.520 -0.982 

Awake AIxao % 0.000 -6.665 0.768 0.626 

Asleep AIxao % 0.104 -3.623 0.760 -0.857 

24h AIxbr % 0.003 -10.10 0.371 -2.678 

Awake AIxbr % 0.000 -13.161 0.939 0.334 

Asleep AIxbr % 0.104 -7.166 0.762 -1.679 

Cortisol mmol/L 0.376 -21.404 0.894 3.612 

Total cholesterol mmol/L 0.801 0.116 0.227 0.229 

Triglycerides mmol/L 0.754 -0.020 0.360 0.082 

HDL mmol/L 0.451 0.051 0.373 -0.034 

LDL mmol/L 0.923 0.016 0.129 0.335 

 

Regarding changes from baseline, a trend for a significant improvement in the 

Aronia group was observed for the female participants’ subgroup, for awake 

AIxao and AIxbr, cortisol, and HDL plasma levels (CFB awake AIxbr= -8.74%, 

95% CI= [-13.29; -4.19], CFB awake AIxao= -4.42%, 95% CI= [-6.73; -2.12], 

CFB HDL= 0.12 mmol/L, 95% CI= [0.03; 0.22] and CFB cortisol= -33.2 

mmol/L, 95% CI= [-60.4; -6.05]) (Table 5.4). 
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Table 5.4: Significant changes from baseline (CFB) in the different sex subgroups of the Aronia group. 

SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.2 Age 

The average age of the overall population of the ABP study was 56.2 years. 

This number is close to the median of the age range of the population (55 

years) and had thus been chosen as the cut-off age for the subgroup analysis 

of the population based on the age of participants.  

5.3.2.2.1 Blood pressure 

A summary of the findings can be found in the Table 5.5 below. No significant 

differences were found for the primary outcomes (24h, awake and asleep 

SBPbr and DBPbr), office DBPbr, SBPao and DBPao. However, a significant 

reduction in office SBPbr was found in the older group (CFC: -4.3 mmHg,  

p= 0.036), but not in the younger group (CFC: -0.10 mmHg, p= 0.953).  

5.3.2.2.2 Pulse wave velocity and augmentation index 

A significant decrease in awake PWV, awake AIxao and AIxbr was also found 

for the older group (CFC: -0.5 m/s, p= 0.043; -4.5%, p= 0.008 and -10.1,  

p= 0.005, respectively), but not for the younger group. No significant difference 

was found for 24h and asleep PWV. In contrast, peripheral and central AIx, 

24h and asleep AIxao and AIxbr were found to be significantly reduced in the 

younger subgroup (24h AIxao: CFC: -3.6%, p= 0.027; 24h AIxbr: CFC: -7.2%, 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB Awake AIxbr -8.74* 2.25 [-13.3; -4.19] 3.36 3.11 [-2.95; 9.67]

CFB Awake AIxao -4.42* 1.14 [-6.73; -2.12] 2.28 1.51 [-0.77; 5.34]

CFB HDL cholesterol 0.12* 0.05 [0.03; 0.22] -0.002 0.04 [-0.08; 0.08]

CFB Cortisol levels -33.2* 13.5 [-60.4; -6.05] -6.02 15.2 [-36.7; 24.7]

Females Males
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p= 0.026; Asleep AIxao: CFC: -4.9%, p= 0.027; Asleep AIxao: CFC: -9.6%,  

p= 0.022).  

5.3.2.2.3 Blood flow velocity 

A significant drop in blood flow velocity was observed (CFC: -10.4 cm/s,  

p= 0.031) in the younger group only.  

Table 5.5: Results from the subgroup analysis based on the age of participants with a limit of 56.2 

years: changes from Control (CFC) and associated p-values calculated using the baseline as covariate 

only (BACO) analysis. 

  Age < 56.2 years Age ≥ 56.2 years 

  Control = 26 / Aronia = 24 Control = 22 / Aronia = 25 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.519 0.900 0.260 -1.484 

24h DBP mmHg 0.625 -0.524 0.727 -0.340 

Awake SBP mmHg 0.207 0.179 0.895 -0.201 

Awake DBP mmHg 0.501 -0.865 0.831 0.224 

Asleep SBP mmHg 0.287 2.111 0.373 -2.105 

Asleep DBP mmHg 0.780 -0.566 0.864 -0.284 

Office SBPbr mmHg 0.953 -0.101 0.036 -4.319 

Office DBPbr mmHg 0.321 1.359 0.582 -0.834 

Office SBPao mmHg 0.709 0.690 0.053 -3.862 

Office DBPao mmHg 0.122 2.324 0.686 -0.567 

Office PWV m/s 0.123 -0.486 0.365 0.456 

Office AIx % 0.248 2.351 0.147 -3.245 

FMD % 0.648 -0.169 0.158 -0.685 

Blood flow cm/s 0.031 -10.443 0.717 -0.010 

24h PWV m/s 0.700 -0.071 0.618 -0.124 

Awake PWV % 0.809 -0.063 0.043 -0.477 

Asleep PWV % 0.370 -0.228 0.462 -0.245 

24h AIxao % 0.027 -3.624 0.137 -2.485 

Awake AIxao % 0.228 -1.384 0.008 -4.513 

Asleep AIxao % 0.027 -4.862 0.930 0.241 

24h AIxbr % 0.026 -7.186 0.083 -5.585 

Awake AIxbr % 0.228 -2.734 0.005 -10.072 

Asleep AIxbr % 0.022 -9.595 0.931 0.468 

Cortisol mmol/L 0.636 14.116 0.226 -28.036 

Total cholesterol mmol/L 0.637 0.084 0.317 0.254 

Triglycerides mmol/L 0.403 0.075 0.785 -0.032 

HDL mmol/L 0.329 0.095 0.708 -0.024 

LDL mmol/L 0.202 0.230 0.665 0.152 
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Six outcomes revealed some significant changes from baseline in the Aronia 

group only, all of them in the older subgroup (Table 5.6). This is the case for 

24h and awake SBPbr, office SBPbr, awake AIxao and AIxbr, and office AIx (CFB 

24h SBPbr= -3.15 mmHg, 95% CI= [-4.94; -1.35], CFB awake SBPbr= -2.26 

mmHg, 95% CI= [-4.35; -0.16], CFB office SBPbr= -3.18 mmHg, 95% CI=  

[-5.93; -0.43], CFB awake AIxbr= -7.73%, 95% CI= [-12.47; -2.99], CFB awake 

AIxao= -3.29%, 95% CI= [-5.58; -1.00], and CFB office AIx= -3.22, 95% CI=  

[-6.19; -0.25]).  

Table 5.6: Significant changes from baseline (CFB) in the different age subgroups of the Aronia group. 

SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.3 Body mass index (BMI) 

A subgroup analysis based on the BMI of participants, comparing 

normoweight (BMI< 25 kg/m2) and overweight (BMI between 25 and 30 kg/m2) 

subjects was carried out and presented in Table 5.7 below.  

Twenty-four-hour and awake AIxao and AIxbr were significantly reduced in the 

normoweight subgroup (24h AIxao: CFC: -5.0%, p= 0.002; 24h AIxbr: CFC:  

-9.8%, p= 0.002; Awake AIxao: CFC: -5.9%, p= 0.001; Awake AIxbr: CFC:  

-11.6%, p= 0.001), but not in the overweight subgroup. No significant 

differences were found for any other parameter of any subgroup. 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h SBPbr -0.94 1.00 [-2.94; 1.07] -3.15* 0.89 [-4.94; -1.35]

CFB Awake SBPbr -1.53 1.22 [-3.98; 0.93] -2.26* 1.04 [-4.35; -0.16]

CFB Office SBPbr -1.30 1.23 [-3.78; 1.17] -3.18* 1.36 [-5.93; -0.43]

CFB Awake AIxbr 2.27 3.21 [-4.23; 8.77] -7.73* 2.34 [-12.5; -2.99]

CFB Awake AIxao 1.16 1.62 [-2.13; 4.45] -3.29* 1.13 [-5.58; -1.00]

CFB Office AIx 1.40 1.43 [-1.48; 4.29] -3.22* 1.47 [-6.19; -0.25]

Age < 56.2 years Age ≥ 56.2 years
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Table 5.7: Results from the subgroup analysis based on the BMI of participants: changes from Control 

(CFC) and associated p-values calculated using the baseline as covariate only (BACO) analysis. 

  BMI < 25 kg/m2 BMI ≥ 25 kg/m2 

  Control = 27 / Aronia = 24 Control = 21 / Aronia = 25 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.647 -0.640 0.934 -0.113 

24h DBP mmHg 0.443 -0.744 0.956 -0.063 

Awake SBP mmHg 0.865 -0.685 0.608 -0.791 

Awake DBP mmHg 0.637 -0.591 0.569 -0.758 

Asleep SBP mmHg 0.866 0.308 0.588 0.167 

Asleep DBP mmHg 0.754 -0.485 0.996 -0.008 

Office SBPbr mmHg 0.108 -2.810 0.400 -1.834 

Office DBPbr mmHg 0.863 -0.252 0.629 0.679 

Office SBPao mmHg 0.335 -1.905 0.578 -1.147 

Office DBPao mmHg 0.989 -0.024 0.166 2.051 

Office PWV m/s 0.865 -0.067 0.633 0.222 

Office AIx % 0.770 -0.730 0.964 0.077 

FMD % 0.093 -0.604 0.593 -0.266 

Blood flow cm/s 0.193 -0.737 0.205 -8.333 

24h PWV m/s 0.096 -0.323 0.844 0.05 

Awake PWV % 0.262 -0.311 0.701 -0.129 

Asleep PWV % 0.271 -0.242 0.742 -0.105 

24h AIxao % 0.002 -4.952 0.484 -1.163 

Awake AIxao % 0.001 -5.856 0.863 0.374 

Asleep AIxao % 0.121 -3.68 0.911 -0.279 

24h AIxbr % 0.002 -9.847 0.343 -3.111 

Awake AIxbr % 0.001 -11.634 0.999 -0.007 

Asleep AIxbr % 0.121 -7.28 0.912 -0.543 

Cortisol mmol/L 0.486 -16.728 0.994 0.214 

Total cholesterol mmol/L 0.540 0.095 0.575 0.229 

Triglycerides mmol/L 0.602 0.03 0.778 0.013 

HDL mmol/L 0.984 -0.001 0.469 0.041 

LDL mmol/L 0.157 0.215 0.761 0.072 

 

Twenty-four-hour and awake DBP presented a significant change from 

baseline in the Aronia group, for both subgroups (CFB 24h DBPnormoweight=  

-1.86 mmHg, 95% CI= [-3.26; -0.46]; CFB 24h DBPoverweight= -1.55 mmHg, 95% 

CI= [-3.06; -0.03]; CFB awake DBPnormoweight= -1.93 mmHg, 95% CI= [-3.58;  

-0.29]; CFB awake DBPoverweight= -1.86 mmHg, 95% CI= [-3.60; -0.12]) (Table 

5.8). Office SBPbr showed a significant decrease compared to baseline in the 
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Aronia group among the normoweight subgroup (CFB office SBPbr= -3.62 

mmHg, 95% CI= [-6.12; -1.11]) while awake SBPbr displayed a similar 

decrease in the overweight subgroup (CFB awake SBPbr= -2.48 mmHg, 95% 

CI= [-4.51; -0.45]).  

Interestingly, both 24h and awake AIxao and AIxbr presented some significant 

CFB in the subgroup of subjects with a BMI< 25kg/m2 (CFB 24h AIxao=  

-2.64%, 95% CI= [-4.86; -0.43], CFB awake AIxao= -2.86%, 95% CI= [-5.29;  

-0.44], CFB 24h AIxbr= -5.23%, 95% CI= [-9.60; -0.85], CFB awake AIxbr=  

-5.65%, 95% CI= [-10.44; -0.87]).  

Table 5.8: Significant changes from baseline (CFB) in the different BMI subgroups of the Aronia group. 

SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.4 Habitual PP intake 

The effect of habitual PP consumption measured using 7-day diaries (Chapter 

2, section 2.7) was investigated as a potential factor that could affect the 

variability in response. Total PP daily intake ranged from 196 mg to 4740 mg, 

with an average of 1440 mg of total PP per day. A preliminary analysis by 

tertiles of total PP intake, based on the data sourced from the 7DD, led to the 

following distribution:  

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h DBPbr -1.86* 0.70 [-3.26; -0.46] -1.55* 0.75 [-3.06; -0.03]

CFB Awake SBPbr -2.03 1.21 [-4.45; 0.40] -2.48* 1.01 [-4.51; -0.45]

CFB Awake DBPbr -1.93* 0.82 [-3.58; -0.29] -1.86* 0.86 [-3.60; -0.12]

CFB Office SBPbr -3.62* 1.25 [-6.12; -1.11] -1.02 1.42 [-3.89; 1.85]

CFB 24h AIxao -2.64* 1.09 [-4.86; -0.43] 0.74 1.13 [-1.55; 3.03]

CFB 24h AIxbr -5.23* 2.16 [-9.60; -0.85] 0.62 2.23 [-3.89; 5.13]

CFB Awake AIxao -2.86* 1.20 [-5.29; -0.44] 0.65 1.46 [-2.31; 3.62]

CFB Awake AIxbr -5.65* 2.36 [-10.4; -0.87] 0.21 3.03 [-5.94; 6.36]

BMI < 25 kg/m2 BMI ≥ 25 kg/m2
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Table 5.9: Distribution of the participants for each tertile of the total daily PP intake. 

  Control (n) Aronia (n) 

Tertile 1 (T1) (Total PP < 1091 mg/day) 14 18 

Tertile 2 (T2) (1091 ≤ Total PP ≤ 1642 mg/day) 15 17 

Tertile 3 (T3)  (Total PP > 1642 mg/day) 19 14 

 

Table 5.10 below displays the p-values and changes from Control (CFC) for 

each parameter of the primary outcome. No significant difference was 

observed among the different parameters and tertiles.  

Table 5.10: Subgroup analysis of the main outcomes based on the distribution by tertile of the total PP 

intake. 

  
T1 (PP< 1091 

mg/day) 
T2 (1091 ≤ PP ≤ 1642 

mg/day) 
T3 (PP> 1642 

mg/day) 

  
BACO  

(p-value) 
CFC 

BACO  
(p-value) 

CFC 
BACO  

(p-value) 
CFC 

24h SBPbr mmHg 0.550 -1.038 0.774 0.523 0.945 -0.115 

24h DBPbr mmHg 0.489 -0.952 0.783 -0.362 0.571 -0.622 

Awake SBPbr mmHg 0.266 -1.759 0.593 1.321 0.957 -0.109 

Awake DBPbr mmHg 0.366 -1.239 0.791 -0.431 0.648 -0.616 

Asleep SBPbr mmHg 0.863 0.529 0.548 0.066 0.864 0.046 

Asleep DBPbr mmHg 0.652 -0.936 0.708 0.680 0.566 -0.998 

 

As the lowest tertile investigated above was already very high (< 1091 mg total 

PP/day) a subgroup analysis with a lower cut-off of 700 mg/day of PP was 

chosen to achieve the largest possible difference in PP intake but at the same 

time include at least 20% of the study population in the subgroup with lower 

PP intake. Despite this, the groups are very uneven, with n= 17 versus n= 80 

in lower versus higher PP intake, respectively (Table 5.11). 

5.3.2.4.1 Blood pressure 

A tendency for a stronger effect on ambulatory BP was seen in the lower PP 

intake group (Table 5.11), with 24h ambulatory and asleep SBP significantly 

reduced in the subgroup with an intake of less than 700 mg of total PP per day 
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(24h SBPbr: CFC: -5.2 mmHg, p= 0.023; Asleep SBPbr: CFC: -6.4 mmHg,  

p= 0.02). The higher PP group had no significant effect.   

5.3.2.4.2 Augmentation index 

Moreover, awake AIxbr also significantly decreased in the group consuming 

lower PP only (CFC: -9.7%, p= 0.049). However, 24h AIxao and 24h AIxbr 

significantly decreased in the subgroup with the higher PP intake after the  

12-week intervention (CFC: -3.2%, p= 0.017 and -6.7%, p= 0.01, respectively). 

No significant change was observed for the other outcomes. Those findings 

need to be taken with caution as the subgroup of participants having less than 

700 mg/day is only composed of 17 volunteers. 

Table 5.11: Results from the subgroup analysis based on the baseline (poly)phenol (PP) intake of 

volunteers, with a cut-off limit of 700 mg/day, calculated based only on the data collected 7DD: 

changes from Control (CFC) and associated p-values calculated using the baseline as covariate only 

(BACO) analysis. 

  PP < 700 mg/day PP ≥ 700 mg/day 

  Control = 8 / Aronia = 9 Control = 40 / Aronia = 40 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.023 -5.217 0.431 0.822 

24h DBP mmHg 0.291 -2.246 0.970 0.028 

Awake SBP mmHg 0.266 -3.039 0.285 0.505 

Awake DBP mmHg 0.615 -1.237 0.794 -0.235 

Asleep SBP mmHg 0.020 -6.400 0.469 -1.711 

Asleep DBP mmHg 0.120 -3.538 0.773 0.357 

Office SBPbr mmHg 0.921 0.315 0.069 -2.726 

Office DBPbr mmHg 0.987 -0.034 0.558 0.674 

Office SBPao mmHg 0.886 0.456 0.247 -1.783 

Office DBPao mmHg 0.926 -0.187 0.281 1.414 

Office PWV m/s 0.287 -0.587 0.519 0.155 

Office AIx % 0.421 3.294 0.896 -1.222 

FMD % 0.476 0.385 0.065 -0.6 

Blood flow cm/s 0.606 -8.014 0.152 -3.468 

24h PWV m/s 0.661 -0.132 0.410 -0.146 

Awake PWV % 0.383 -0.412 0.196 -0.209 

Asleep PWV % 0.542 0.198 0.189 -0.28 

24h AIxao % 0.267 -2.448 0.017 -3.214 

Awake AIxao % 0.060 -4.712 0.135 -2.488 

Asleep AIxao % 0.697 1.304 0.128 -3.195 
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24h AIxbr % 0.241 -5.241 0.010 -6.74 

Awake AIxbr % 0.049 -9.774 0.111 -5.40 

Asleep AIxbr % 0.696 2.582 0.128 -6.308 

Cortisol mmol/L 0.489 -25.674 0.475 -14.74 

Total cholesterol mmol/L 0.890 0.100 0.251 0.138 

Triglycerides mmol/L 0.222 0.316 0.225 -0.029 

HDL mmol/L 0.555 0.084 0.843 -0.009 

LDL mmol/L 0.801 0.118 0.215 0.169 

      

When compared with baseline, the lower PP intake group presented 

significant decreases in 24h SBPbr and asleep SBPbr and DBPbr (CFB 24h 

SBPbr= -5.18 mmHg, 95% CI= [-8.19; -2.17], CFB asleep SBPbr= -5.62 mmHg, 

95% CI= [-9.22; -2.02], CFB asleep DBPbr= -3.15 mmHg, 95% CI= [-6.29;  

-0.01]) following the intervention in the Aronia group (Table 5.12). On the 

contrary, office SBPbr significantly decreased in the subgroup with the higher 

daily intake of PP (CFB office SBPbr= -2.26 mmHg, 95% CI= [-4.34; -0.19]). 

Table 5.12: Significant changes from baseline (CFB) in the different baseline PP intake subgroups of 

the Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.5 Habitual fruits and vegetable intake 

UK dietary guidelines recommends the intake of 5 portions of fruits and 

vegetables (FV) per day, representing a total daily quantity of 400g of FV 

(Public Health England 2016; World Health Organization 1990), which is the 

cut-off limit chosen for the subgroup analysis based on the baseline FV intake 

of the ABP study participants, calculated from the data collected from their 

baseline 7-day food diaries. 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h SBPbr -5.18* 1.40 [-8.19; -2.17] -1.33 0.73 [-2.79; 0.13]

CFB Asleep SBPbr -5.62* 1.68 [-9.22; -2.02] -0.17 1.23 [-2.62; 2.29]

CFB Asleep DBPbr -3.15* 1.47 [-6.29; -0.01] -0.42 0.88 [-2.17; 1.33]

CFB Office SBPbr -2.50 2.13 [-7.06; 2.06] -2.26* 1.04 [-4.34; -0.19]

PP < 700 mg/day PP ≥ 700 mg/day
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5.3.2.5.1 Blood pressure 

As presented in Table 5.13 below, awake SBPbr was significantly reduced in 

the subgroup with lower FV intake (CFC: -2.1 mmHg, p= 0.039) following the 

12-week intervention. No other significant change was observed for the other 

parameters.  

5.3.2.5.2  Augmentation index 

Twenty-four-hour and asleep AIxao and AIxbr were found significantly 

decreased in the subgroup of volunteers having a higher intake of FV  

(24h AIxao: CFC: -5.3%, p= 0.001; Asleep AIxao: CFC: -5.5%, p= 0.042;  

24h AIxbr: CFC: -10.5%, p= 0.001; Asleep AIxbr: CFC: -10.8%, p= 0.042).  

No significant changes were observed for awake AIxao and AIxbr, cortisol and 

blood lipids levels. 

Table 5.13: Results from the subgroup analysis based on the baseline intake of fruits and vegetables, 

with a cut-off limit of 400 g of fruits and vegetables (FV) per day: changes from Control (CFC) and 

associated p-values calculated using the baseline as covariate only (BACO) analysis. 

  FV < 400 g/day FV ≥ 400 g/day 

  Control = 26 / Aronia = 20 Control = 22 / Aronia = 29 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.058 -2.586 0.356 1.270 

24h DBP mmHg 0.125 -1.728 0.668 0.410 

Awake SBP mmHg 0.039 -2.099 0.482 1.091 

Awake DBP mmHg 0.148 -1.772 0.791 0.292 

Asleep SBP mmHg 0.804 -1.108 0.257 1.940 

Asleep DBP mmHg 0.810 -0.391 0.884 0.219 

Office SBPbr mmHg 0.186 -2.398 0.267 -2.330 

Office DBPbr mmHg 0.921 0.156 0.733 0.471 

Office SBPao mmHg 0.321 -1.892 0.342 -2.016 

Office DBPao mmHg 0.390 1.467 0.324 0.747 

Office PWV m/s 0.605 0.203 0.888 -0.061 

Office AIx % 0.448 1.461 0.094 -3.506 

FMD % 0.993 -0.004 0.048 -0.81 

Blood flow cm/s 0.200 -10.087 0.342 -0.617 

24h PWV m/s 0.178 -0.255 0.752 -0.068 

Awake PWV % 0.104 -0.35 0.426 -0.209 

Asleep PWV % 0.125 -0.458 0.494 0.057 
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24h AIxao % 0.655 -0.711 0.001 -5.338 

Awake AIxao % 0.147 -2.733 0.083 -3.715 

Asleep AIxao % 0.708 0.925 0.042 -5.455 

24h AIxbr % 0.446 -2.362 0.001 -10.545 

Awake AIxbr % 0.092 -6.627 0.083 -7.335 

Asleep AIxbr % 0.707 1.833 0.042 -10.777 

Cortisol mmol/L 0.845 5.074 0.350 -24.435 

Total cholesterol mmol/L 0.336 0.377 0.840 0.029 

Triglycerides mmol/L 0.348 0.077 0.409 -0.067 

HDL mmol/L 0.147 0.119 0.376 -0.049 

LDL mmol/L 0.063 0.497 0.902 -0.02 

 
 
 

    

Both subgroups presented some significant decreases from baseline in 24h 

and awake DBP (CFB 24h DBPFV<400g/d= -2.26 mmHg, 95%CI= [-3.93; -0.60], 

CFB 24h DBPFV≥400g/d= -1.50 mmHg [-2.75; -0.24], CFB awake DBPFV<400g/d=  

-2.12 mmHg [-3.92; -0.31], CFB awake DBPFV≥400g/d= -1.85 mmHg [-3.30;  

-0.40]) (Table 5.14). However, only the lower FV intake subgroup showed 

significant drops when compared to baseline in 24h and awake SBPbr (CFB 

24h SBPbr= -3.41 mmHg [-5.40; -1.42], CFB awake SBPbr= -3.11 mmHg  

[-5.67; -0.54]), as well as office SBPao (CFB= -3.09 mmHg [-5.89; -0.29]).  

Table 5.14: Significant changes from baseline (CFB) in the different baseline fruits and vegetables 

intake subgroups of the Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

 

 

 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h SBPbr -3.41* 0.99 [-5.40; -1.42] -1.33 0.89 [-3.13; 0.46]

CFB 24h DBPbr -2.26* 0.83 [-3.93; -0.60] -1.50* 0.62 [-2.75; -0.24]

CFB Awake SBPbr -3.11* 1.27 [-5.67; -0.54] -1.38 1.01 [-3.41; 0.66]

CFB Awake DBPbr -2.12* 0.90 [-3.92; -0.31] -1.85* 0.72 [-3.30; -0.40]

CFB Office SBPao -3.09* 1.39 [-5.89; -0.29] -0.91 1.36 [-3.64; 1.82]

F&V < 400 g/day F&V ≥ 400 g/day
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5.3.2.6 Systolic blood pressure at baseline 

Normal SBP is defined as below 120 mmHg. As a result, this cut-off limit was 

selected for the present subgroup analysis, which summary can be found in 

Table 5.15 below.  

5.3.2.6.1 Blood pressure 

No significant differences were found for the primary outcomes (24h, awake 

and asleep SBPbr and DBPbr) or office peripheral and central BP, office PWV 

and AIx, and cortisol levels.  

5.3.2.6.2  Pulse wave velocity and augmentation index 

Significant decreases in 24h, awake and asleep AIxbr and AIxao were observed 

in the subgroup with lower baseline office SBP (24h AIxao: CFC: -5.3%,  

p= 0.001; 24h AIxbr: CFC: -10.4%, p= 0.001; Awake AIxao: CFC: -5.6%,  

p= 0.001; Awake AIxbr: CFC: -11.0%, p= 0.002; Asleep AIxao: CFC: -5.5%,  

p= 0.04; Asleep AIxbr: CFC: -11.0%, p= 0.4). On the contrary, awake PWV was 

significantly reduced in the subgroup with higher baseline SBP (CFC: -0.5 m/s, 

p= 0.008).  

Table 5.15: Results from the subgroup analysis based on the baseline SBP of volunteers, with a cut-off 

limit of 120 mmHg: changes from Control (CFC) and associated p-values calculated using the baseline 

as covariate only (BACO) analysis. 

  Baseline SBP < 120 mmHg Baseline SBP ≥ 120 mmHg 

  Control = 22 / Aronia = 21 Control = 26 / Aronia = 28 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.972 0.058 0.663 -0.466 

24h DBP mmHg 0.450 -0.847 0.821 -0.214 

Awake SBP mmHg 0.496 1.354 0.267 -1.432 

Awake DBP mmHg 0.885 0.187 0.327 -1.059 

Asleep SBP mmHg 0.199 -2.051 0.346 1.857 

Asleep DBP mmHg 0.082 -2.819 0.386 1.241 

Office SBPbr mmHg 0.168 -2.782 0.454 -1.349 

Office DBPbr mmHg 0.531 0.876 0.961 -0.072 
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Office SBPao mmHg 0.324 -2.255 0.740 -0.635 

Office DBPao mmHg 0.392 0.615 0.374 1.395 

Office PWV m/s 0.699 0.141 0.797 -0.186 

Office AIx % 0.556 -1.235 0.416 0.244 

FMD % 0.008 -0.986 0.949 0.029 

Blood flow cm/s 0.419 -4.911 0.138 -3.135 

24h PWV m/s 0.927 -0.02 0.241 -0.262 

Awake PWV % 0.870 0.042 0.008 -0.482 

Asleep PWV % 0.253 -0.314 0.682 -0.106 

24h AIxao % 0.001 -5.319 0.448 -1.221 

Awake AIxao % 0.001 -5.633 0.670 -0.904 

Asleep AIxao % 0.040 -5.531 0.910 0.274 

24h AIxbr % 0.001 -10.431 0.307 -3.205 

Awake AIxbr % 0.002 -10.992 0.526 -2.757 

Asleep AIxbr % 0.040 -10.927 0.909 0.546 

Cortisol mmol/L 0.742 -11.034 0.626 -9.742 

Total cholesterol mmol/L 0.494 -0.14 0.032 0.373 

Triglycerides mmol/L 0.208 0.006 0.685 0.045 

HDL mmol/L 0.389 0.061 0.197 -0.035 

LDL mmol/L 0.889 -0.028 0.069 0.327 

 

Additionally, several parameters presented some significant changes from 

baseline in the Aronia group (Table 5.16). For instance, awake SBP and DBP, 

as well as office SBPao were significantly reduced from baseline in the 

subgroup with higher baseline SBP only (CFB awake SBPbr= -2.95 mmHg, 

95% CI= [-4.71; -1.18]; CFB awake DBPbr= -1.94 mmHg, 95% CI= [-3.43;  

-0.46]; CFB office SBPao= -3.11 mmHg, 95% CI= [-5.73; -0.49]). On the 

contrary, asleep DBPbr presented a significant decrease in CFB for the lower 

baseline SBP subgroup of the Aronia group (CFB asleep DBPbr= -2.43 mmHg, 

95% CI= [-4.75; -0.12]). Both subgroups showed significant CFB in 24h DBPbr 

(CFB 24h DBPSBP<120mmHg= -1.94 mmHg, 95% CI= [-3.54; -0.34], CFB 24h 

DBPSBP≥120mmHg= -1.58 mmHg, 95% CI= [-2.89; -0.27]). 
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Table 5.16: Significant changes from baseline (CFB) in the different baseline SBP subgroups of the 

Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.7 Diastolic blood pressure at baseline 

Normal DBP is defined as under 80 mmHg. The summary of findings resulting 

of the subgroup analysis based on the baseline office DBP of participants can 

be found in Table 5.17 below.  

5.3.2.7.1 Blood pressure 

No significant differences were found in the subgroups based on baseline DBP 

for the primary outcomes (24h, awake and asleep SBPbr and DBPbr) or office 

peripheral and central BP.  

5.3.2.7.2 Augmentation index 

The group with higher baseline DBP had significant decreases in 24h AIx (24h 

AIxao: CFC: -4.0%, p= 0.012; 24h AIxbr: CFC: -7.8%, p= 0.013), while awake 

AIx was decreased in the group with lower baseline DBP (Awake AIxao: CFC: 

-4.8%, p= 0.008; Awake AIxbr: CFC: -11.0%, p= 0.004). No significant 

differences in other parameters were found. 

 

 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h DBPbr -1.94* 0.79 [-3.54; -0.34] -1.58* 0.65 [-2.89; -0.27]

CFB Awake SBPbr -0.72 1.41 [-3.57; 2.13] -2.95* 0.88 [-4.71; -1.18]

CFB Awake DBPbr -1.64 0.92 [-3.50; 0.22] -1.94* 0.74 [-3.43; -0.46]

CFB Asleep DBPbr -2.43* 1.14 [-4.75; -0.12] 0.00 0.98 [-1.98; 1.98]

CFB Office SBPao 0.08 1.47 [-2.90; 3.05] -3.11* 1.31 [-5.73; -0.49]

Baseline SBP < 120 mmHg Baseline SBP ≥ 120 mmHg



252 
 

Table 5.17: Results from the subgroup analysis based on the baseline office DBP of volunteers, with a 

cut-off limit of 80 mmHg: changes from Control (CFC) and associated p-values calculated using the 

baseline as covariate only (BACO) analysis. 

  Baseline DBP < 80 mmHg Baseline DBP ≥ 80 mmHg 

  Control = 21 / Aronia = 21 Control = 27 / Aronia = 28 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.377 -1.386 0.725 0.431 

24h DBP mmHg 0.295 -1.275 0.808 -0.222 

Awake SBP mmHg 0.054 -1.639 0.647 0.660 

Awake DBP mmHg 0.242 -1.549 0.700 -0.401 

Asleep SBP mmHg 0.404 -2.225 0.268 2.132 

Asleep DBP mmHg 0.203 -2.266 0.468 1.038 

Office SBPbr mmHg 0.106 -3.159 0.387 -1.495 

Office DBPbr mmHg 0.705 0.635 0.979 0.034 

Office SBPao mmHg 0.310 -2.256 0.655 -0.800 

Office DBPao mmHg 0.822 0.576 0.435 1.051 

Office PWV m/s 0.408 0.362 0.505 -0.352 

Office AIx % 0.804 -0.449 0.786 -0.579 

FMD % 0.346 -0.441 0.346 -0.379 

Blood flow cm/s 0.166 -8.877 0.054 -1.401 

24h PWV m/s 0.219 -0.292 0.481 -0.045 

Awake PWV % 0.161 -0.396 0.136 -0.181 

Asleep PWV % 0.346 -0.31 0.628 -0.109 

24h AIxao % 0.250 -1.968 0.012 -4.022 

Awake AIxao % 0.008 -4.849 0.474 -1.513 

Asleep AIxao % 0.835 0.514 0.177 -4.064 

24h AIxbr % 0.141 -4.885 0.013 -7.823 

Awake AIxbr % 0.004 -11.03 0.502 -2.804 

Asleep AIxbr % 0.835 1.018 0.117 -8.024 

Cortisol mmol/L 0.184 -39.38 0.714 8.018 

Total cholesterol mmol/L 0.106 0.295 0.950 0.059 

Triglycerides mmol/L 0.086 0.086 0.403 -0.042 

HDL mmol/L 0.393 0.069 0.282 -0.013 

LDL mmol/L 0.209 0.23 0.908 0.12 

      

Five parameters showed some significant changes from baseline in the Aronia 

group (Table 5.18). This is the case for awake SBPbr, DBPbr, AIxao, AIxbr and 

cortisol levels, all for the subgroup presenting a baseline office DBP< 80 

mmHg (CFB awake SBPbr= -2.83 mmHg, 95% CI= [-5.41; -0.25]; CFB awake 

DBPbr= -2.24 mmHg, 95% CI= [-4.02; -0.45]; CFB awake AIxao= -3.13%, 95% 

CI= [-5.70; -0.57]; CFB awake AIxbr= -7.594%, 95% CI= [-12.9; -2.26]; CFB 
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cortisol= -40.5 mmol/L, 95% CI= [-66.4; -14.6]). Moreover, a significant change 

from baseline for awake DBPbr was also seen in the subgroup with the higher 

baseline office DBP (CFB awake DBPbr= -1.84 mmHg, 95% CI= [-3.31; -0.38]). 

Table 5.18: Significant changes from baseline (CFB) in the different baseline DBP subgroups of the 

Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

5.3.2.8 Habitual alcohol consumption 

The average consumption of alcohol in the overall ABP study population was 

3.8 units per week, which represents an intake of 1.6 pint of lager at 4% alc/vol, 

or 280 mL of wine at 13% alc/vol. This is the cut-off limit chosen for the 

subgroup analysis. Main findings are presented in Table 5.19 below.  

5.3.2.8.1 Blood pressure 

The subgroup consuming a higher quantity of alcohol showed significant 

decreases in 24h SBPbr (CFC: -3.8 mmHg, p= 0.012), office SBPbr (CFC: -4.3 

mmHg, p= 0.019), office SBPao (CFC: -4.0 mmHg, p= 0.032), awake SBPbr 

(CFC: -4.6 mmHg, p= 0.002) and awake DBPbr (CFC: -2.3 mmHg, p= 0.03). 

5.3.2.8.2 Pulse wave velocity 

This is also the case for 24h, awake and asleep and office PWV, which were 

significantly decreased in the subgroup consuming more alcohol (24h PWV: 

CFC: -0.5 m/s, p= 0.03; Awake PWV: CFC: -0.5 m/s, p= 0.017; Asleep PWV: 

CFC: -0.8 m/s, p= 0.032; Office PWV: CFC: -1.0 m/s, p= 0.025).  

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB Awake SBPbr -2.83* 1.28 [-5.41; -0.25] -1.46 1.00 [-3.47; 0.55]

CFB Awake DBPbr -2.24* 0.88 [-4.02; -0.45] -1.84* 0.73 [-3.31; -0.38]

CFB Awake AIxao -3.13* 1.26 [-5.70; -0.57] 0.43 1.44 [-2.49; 3.34]

CFB Awake AIxbr -7.60* 2.62 [-12.9; -2.26] 0.81 2.86 [-4.96; 6.57]

CFB Cortisol levels -40.5* 12.80 [-66.5; -14.6] -2.36 14.01 [-30.5; 25.8]

Baseline DBP ≥ 80 mmHgBaseline DBP < 80 mmHg
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5.3.2.8.3 Augmentation index 

In contrast, significant changes in AIx were found for volunteers consuming a 

lower amount of alcohol. In fact, this pattern is observed for 24h central and 

brachial AIx, as well as asleep central and brachial AIx (24h AIxao: CFC: -4.1%, 

p= 0.005; 24h AIxbr: CFC: -8.1%, p= 0.005; Asleep AIxao: CFC: -5.0%,  

p= 0.016; Asleep AIxbr: CFC: -9.9%, p= 0.016).  

Table 5.19: Results from the subgroup analysis based on weekly alcohol consumption of participants: 

changes from Control (CFC) and associated p-values calculated using the baseline as covariate only 

(BACO) analysis. 

  Alcohol < 3.8 units/week Alcohol ≥ 3.8 units/week 

  Control = 32 / Aronia = 28 Control = 16 / Aronia = 21 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.121 1.918 0.012 -3.767 

24h DBP mmHg 0.948 0.062 0.160 -1.589 

Awake SBP mmHg 0.882 2.757 0.002 -4.621 

Awake DBP mmHg 0.677 0.493 0.030 -2.289 

Asleep SBP mmHg 0.951 1.417 0.714 -2.771 

Asleep DBP mmHg 0.556 -0.758 0.758 -0.657 

Office SBPbr mmHg 0.918 -0.188 0.019 -4.258 

Office DBPbr mmHg 0.360 1.250 0.316 -1.460 

Office SBPao mmHg 0.764 0.571 0.032 -3.986 

Office DBPao mmHg 0.106 2.562 0.306 -1.548 

Office PWV m/s 0.052 0.701 0.025 -1.041 

Office AIx % 0.779 0.617 0.231 -1.779 

FMD % 0.253 -0.422 0.521 -0.358 

Blood flow cm/s 0.075 -0.084 0.391 -0.021 

24h PWV m/s 0.862 0.034 0.03 -0.5 

Awake PWV % 0.543 -0.171 0.017 -0.495 

Asleep PWV % 0.563 0.12 0.032 -0.769 

24h AIxao % 0.005 -4.13 0.558 -1.194 

Awake AIxao % 0.093 -3.308 0.355 -1.636 

Asleep AIxao % 0.016 -5.019 0.378 3.203 

24h AIxbr % 0.005 -8.079 0.404 -3.279 

Awake AIxbr % 0.100 -6.408 0.204 -5.007 

Asleep AIxbr % 0.016 -9.916 0.377 6.336 

Cortisol mmol/L 0.809 5.472 0.426 -35.286 

Total cholesterol mmol/L 0.833 0.049 0.258 0.229 

Triglycerides mmol/L 0.667 -0.037 0.154 0.11 

HDL mmol/L 0.726 0.037 0.832 0.007 

LDL mmol/L 0.466 0.128 0.367 0.172 
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Regarding changes from baseline after aronia consumption, 24h and awake 

SBPbr and DBPbr, as well as office SBPbr and office SBPao significantly 

decreased in the group consuming a higher quantity of alcohol (CFB 24h 

SBPbr= -4.39 mmHg, 95% CI= [-6.27; -2.51]; CFB 24h DBPbr= -2.24 mmHg  

[-3.71; -0.76]; CFB awake SBPbr= -4.41 mmHg, 95% CI= [-6.23; -2.59]; CFB 

awake DBPbr= -2.26 mmHg, 95% CI= [-3.61; -0.91]; CFB office SBPbr= -4.41 

mmHg, 95% CI= [-6.72; -2.09]; CFB office SBPao= -3.16 mmHg, 95% CI=  

[-5.54; -0.77]). A significant decrease in 24h DBPbr was also observed in the 

subgroup consuming less than 3.8 units of alcohol per week (CFB 24h DBP= 

-1.42 mmHg, 95% CI= [-2.79; -0.05]) (Table 5.20).   

Table 5.20: Significant changes from baseline (CFB) in the different alcohol consumption subgroups of 

the Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval.  

 

5.3.2.9 Habitual physical activity 

Physical activity level was estimated using the International Physical Activity 

Questionnaire (IPAQ) (Craig et al. 2003). The completion of this questionnaire 

led to the calculation of a score equivalent to the MET minutes/week, with MET 

minutes defined by the amount of energy expended carrying out physical 

activity. One MET represents 1 kcal/kg/hour and can be related to the energy 

cost of being seated. This score was then able to discriminate the participants 

into 3 categories of physical activity: low, moderate, and high. As the ABP 

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h SBPbr -0.37 0.89 [-2.14; 1.41] -4.39* 0.93 [-6.27; -2.51]

CFB 24h DBPbr -1.42* 0.69 [-2.79; -0.05] -2.24* 0.73 [-3.71; -0.76]

CFB Awake SBPbr -0.08 1.13 [-2.35; 2.19] -4.41* 0.90 [-6.23; -2.59]

CFB Awake DBPbr -1.49 0.86 [-3.20; 0.22] -2.26* 0.66 [-3.61; -0.91]

CFB Office SBPbr -0.47 1.32 [-3.12; 2.18] -4.41* 1.14 [-6.72; -2.09]

CFB Office SBPao -0.43 1.37 [-3.17; 2.32] -3.16* 1.17 [-5.54; -0.77]

Alcohol < 3.8 units/weeks Alcohol ≥ 3.8 units/week
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population was very active, only 1 volunteer was allocated in the low category, 

and only 24 in the moderate, with the rest of the participants presenting high 

physical activity level. For the purpose of the subgroup analysis, low and 

moderate categories were grouped together. The summary of findings 

resulting of the subgroup analysis based on the physical activity level of 

participants can be found in Table 5.21 below.  

5.3.2.9.1 Blood pressure 

Regarding the primary outcomes, 24h and awake SBPbr and DBPbr were found 

significantly reduced in the moderate/low physical activity group after 12-week 

consumption of the aronia extract (24h SBPbr: CFC: -3.5 mmHg, p= 0.02; 24h 

DBPbr: CFC: -3.6 mmHg, p= 0.005; Awake SBPbr: CFC: -3.9 mmHg, p= 0.028; 

Awake DBPbr: CFC: -3.8 mmHg, p= 0.007).  

5.3.2.9.2 Augmentation index 

Furthermore, although a reduction in AIx was observed in the overall 

population, only the subgroup of participants with high physical activity level 

presented some significant improvement in 24h and awake AIxao and AIxbr 

(24h AIxao: CFC: -2.9%, p=0.026; 24h AIxbr: CFC: -6.3%, p= 0.013; Awake 

AIxao: CFC: -2.8%, p= 0.028; Asleep AIxbr: CFC: -6.2%, p= 0.011). No 

significant difference was found for asleep AIx. 
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Table 5.21: Results from the subgroup analysis based on the physical activity level of participants: 

changes from Control (CFC) and associated p-values calculated using the baseline as covariate only 

(BACO) analysis. 

  Physical activity level = High 
Physical activity level = 

Moderate/Low 

  Control = 32 / Aronia = 35 Control = 14 / Aronia = 11 

ITT population 
Chronic - BACO  

(p-value) 
CFC 

Chronic - BACO  
(p-value) 

CFC 

24h SBP mmHg 0.364 1.104 0.020 -3.526 

24h DBP mmHg 0.451 0.656 0.005 -3.582 

Awake SBP mmHg 0.522 1.100 0.028 -3.909 

Awake DBP mmHg 0.551 0.573 0.007 -3.845 

Asleep SBP mmHg 0.674 1.853 0.525 -1.549 

Asleep DBP mmHg 0.479 0.981 0.141 -2.794 

Office SBPbr mmHg 0.293 -1.698 0.715 -0.985 

Office DBPbr mmHg 0.611 0.623 0.236 2.325 

Office SBPao mmHg 0.438 -1.306 0.870 0.468 

Office DBPao mmHg 0.190 1.722 0.193 2.055 

Office PWV m/s 0.621 0.182 0.175 -0.696 

Office AIx % 0.478 -1.372 0.822 0.599 

FMD % 0.573 -0.209 0.007 -1.343 

Blood flow cm/s 0.179 -3.532 0.860 -1.613 

24h PWV m/s 0.674 -0.084 0.214 -0.304 

Awake PWV % 0.090 -0.271 0.260 -0.419 

Asleep PWV % 0.722 -0.084 0.405 -0.222 

24h AIxao % 0.026 -2.906 0.300 -2.735 

Awake AIxao % 0.028 -2.774 0.054 -4.66 

Asleep AIxao % 0.706 -0.792 0.154 -6.023 

24h AIxbr % 0.013 -6.29 0.307 -5.298 

Awake AIxbr % 0.011 -6.243 0.056 -9.05 

Asleep AIxbr % 0.706 -1.565 0.154 -11.90 

Cortisol mmol/L 0.547 -10.761 0.666 -21.017 

Total cholesterol mmol/L 0.682 0.169 0.700 -0.101 

Triglycerides mmol/L 0.295 0.061 0.328 -0.148 

HDL mmol/L 0.537 -0.032 0.754 0.754 

LDL mmol/L 0.214 0.212 0.789 0.789 

 

Several parameters presented some significant changes from baseline in the 

Aronia group (Table 5.22). This is the case for 24h and awake SBPbr which 

presented significantly decreases CFB for the moderate/low physical activity 

subgroup (CFB 24h SBPbr= -3.99 mmHg, 95% CI= [-6.17; -1.82]; CFB awake 

SBPbr= -4.04 mmHg, 95% CI= [-6.61; -1.47]). Twenty-four and awake DBP 

were significantly reduced compared to baseline in both subgroups (CFB 24h 
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DBPHigh= -1.38 mmHg, 95% CI= [-2.57; -0.19], CFB 24h DBPMod./Low= -3.35 

mmHg, 95% CI= [-5.14; -1.56], CFB awake DBPHigh= -1.71 mmHg, 95% CI=  

[-3.03; -0.39], CFB awake DBPMod./Low= -3.45 mmHg, 95% CI= [-5.46; -1.44]). 

Office SBPbr was significantly decreased with regard to baseline in the 

subgroup with high physical activity only (CFB office SBPbr= -2.32 mmHg, 95% 

CI= [-4.53; -0.11]). 

Table 5.22: Significant changes from baseline (CFB) in the different physical activity level subgroups of 

the Aronia group. SEM: Standard error of mean; 95% CI: 95% confidence interval. 

 

  

Aronia group

Parameter Mean SEM 95% CI Mean SEM 95% CI

CFB 24h SBPbr -1.35 0.83 [-3.01; 0.32] -3.99* 1.05 [-6.17; -1.82]

CFB 24h DBPbr -1.38* 0.60 [-2.57; -0.19] -3.35* 0.86 [-5.14; -1.56]

CFB Awake SBPbr -1.50 1.00 [-3.50; 0.50] -4.04* 1.24 [-6.61; -1.47]

CFB Awake DBPbr -1.71* 0.66 [-3.03; -0.39] -3.45* 0.97 [-5.46; -1.44]

CFB Office SBPbr -2.32* 1.11 [-4.53; -0.11] -0.67 1.98 [-4.79; 3.44]

Physical activity level

= Low / Moderate

Physical activity level

= High
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5.4  Discussion 

Understanding the individual variability in response to PP intake is paramount 

to be able to understand the potential beneficial effects of plant bioactives on 

CVD and to give better dietary recommendations to the general public. In this 

analysis, we assessed the extent of the variability in response to treatment in 

subjects consuming the aronia extract (section 5.3.1). We also explored the 

influence of several modifiable and non-modifiable factors such as sex, age, 

BMI, diet, cardiometabolic health status, alcohol intake and physical activity 

on the overall population compared to placebo to observe in which subgroups 

the effect of the treatment was the more important (section 5.3.2).  

The variability in response for our main outcome 24-hour ambulatory BP was 

high, with a CoV of 245 and 187% for 24-hour SBPbr and DBPbr, respectively, 

but was overall one of the lowest variabilities among the outcomes analysed. 

Total cholesterol and triglycerides showed the highest variability in response 

overall (more than 2500%), indicating that aronia berry extract does not 

present the same magnitude of effect depending on the individuals for these 

factors. 

Gender seems to be the factor influencing the overall population response the 

most. In the subgroup analysis, a significant reduction in awake PWV was 

found in men, while no significant difference is observed for women. On the 

contrary, 24h and awake AIxao and AIxbr are significantly lower in female 

subjects following the 12-week intervention. This agrees with a RCT involving 

30 middle-aged adults which highlighted a significant decrease (-12.9%,  

p= 0.01) in AIxbr in women only, following a flavanol-rich chocolate intake daily 
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for 4 weeks (West et al. 2014). These observations could be explained by two 

hypotheses. First, AIx is related to the reflection of the arterial wave originating 

from the various branching of the aorta and arterial conduits. Moreover, as the 

length of the aorta matches with the overall body height, wave reflections 

appears earlier in shorter individuals (Smulyan et al. 1998). As men from our 

study were in average 12.4 cm higher than women, height of volunteers is thus 

one possible explanation regarding the discrepancies in arterial function 

results between genders. However, AIx measurements from the present study 

are adjusted for height through an algorithm so this hypothesis is not validated. 

Another explanation of the divergence between female and male participants 

could be related to the prevalence for women to present a higher arterial 

stiffness compared with men with similar height (Gatzka et al. 2001). Indeed, 

baseline AIxao for women and men were 36.1 ± 10.1% and 23.2 ± 8.0%, 

respectively. This may be linked to the smaller arterial diameter reported in 

women, which would cause the reflection waves to travel quicker through the 

arterial system (Costa-Hong et al. 2018). A higher baseline arterial stiffness 

could thus lead to the ability for the interventional product to exert a larger 

magnitude of effect on this parameter.  

Physiologically, increasing age is related to elevated arterial stiffness, 

decreased endothelial function and hypertension (Kaess et al. 2012). These 

phenomena are mainly related to the loss of elasticity of large arteries related 

to the diminution of elastin production towards collagen, which induces a 

reduction of the buffer function of the arteries and leads to an increase in PWV 

and BP (Sun 2015). Dietary interventions involving PP supplementations were 

shown to counterbalance the effect of age on CVD (Estruch et al. 2018).  
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It was observed that although SBP constantly increased with age, DBP 

reaches a maximum peak around 55 years which then diminishes (Kannel 

1999; Avolio et al. 2018). In a similar manner, aortic stiffening occurs gradually 

with age, independently of gender (van der Heijden-Spek et al. 2000; AlGhatrif 

et al. 2013). Although aortic PWV was observed to increase by around 0.1 m/s 

per year of age (Asmar et al. 1995), it also has been indicated that this increase 

does not follow a linear evolution but is more noticeable after 55 years of age 

(Lajemi et al. 2001), which supports the findings of the Framingham study 

which noted an increased prevalence for hypertension from that same age 

(Franklin et al. 1997).  

In the present interindividual variability study, we observed a significant 

decrease in office SBPbr, awake PWV, awake AIxao and AIxbr in subjects older 

than 56.2 years in the Aronia group compared with Control. In contrast, blood 

flow velocity, 24h and asleep AIxao and AIxbr were significantly reduced in the 

subgroup younger than 56.2 years compared with Control. Our results are 

partially in line with findings from Heiss and colleagues, who have, to date, led 

the only RCT investigating the influence of age on the impact of PP 

supplementation on vascular parameters (Heiss et al. 2015). Indeed, 

considering 2 subgroups of subjects of different ages (younger, < 35 years 

versus older, > 80 years), they observed a significant decrease in SBP  

(-6 mmHg) and AIxao (-7%) in the group of older participants only, following 

daily intake of cocoa flavanols for 2 weeks. In the present study, a decrease 

in office SBPbr compared to Control was observed only in participants older 

than 56.2 years, which could be related to higher BP and stiffer arteries usually 

described for this older category of the population and leading to the 
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phenomenon of systolic hypertension (Chaudhry, Krumholz, and Foody 2004). 

A similar explanation could be used to depict the significant decrease of awake 

arterial stiffness in subjects aged 56.2 and above. However, with the lack of 

study specifically designed to investigate the age-dependent effects of PP 

consumption on vascular function after ACN intake, it is difficult to establish 

clear and reliable suggestions explaining the discrepancies in vascular 

responses related to age. 

Although the relationship between BMI and CVD risk is more intricate for 

subjects diagnosed with diabetes or other chronic cardiometabolic diseases, 

it is well understood that higher BMI is associated with an elevated risk of CVD 

events and mortality (Dwivedi et al. 2020). In the present study, we have 

observed some significant improvement for 24h and awake AIxao and AIxbr 

compared to Control in the subgroup of subjects with a BMI inferior to 25 

kg/m2. No significant difference was observed for any other cardiovascular 

parameter. Our results are not in line with the findings from the meta-analysis 

by Garcia-Conesa and colleagues who investigated the interindividual 

response to ACN consumption on various vascular outcomes (García-Conesa 

et al. 2018). Indeed, while they did not report any significant change for BP, 

FMD and blood lipids in the subgroup of normoweight subjects, they observed 

a significant reduction in total cholesterol (-0.23 mmol/L, p= 0.009), SBP (-1.54 

mmHg, p= 0.000) and DBP (-1.62 mmHg, p= 0.000) in the subgroup of 

overweight participants. However, similarly to our study, the meta-analysis by 

Menezes and colleagues focusing on the difference in responsiveness to 

flavanol intake did not show any difference for triglycerides, HDL, LDL, and 

total cholesterol for either normoweight or overweight subjects (Menezes et al. 
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2017). However, both meta-analyses from Garcia-Conesa and Menezes were 

highly exploratory and used averages from studies presenting different 

outcomes, interventional products, and study design and direct comparison of 

our findings with their results may not be relevant. Additionally, a previous 

study led by our team and investigating the effect of aronia berry on vascular 

function in healthy young men with a normal BMI (mean BMI= 23 kg/m2) did 

not report any change in arterial stiffness following 12-week daily intake of the 

aronia extract (Istas et al. 2019). The significant results of the present study 

could thus be explained by other inherent parameters such as physical activity 

level or health status. Unfortunately, the dearth of similar RCT involving the 

measurement of arterial stiffness and the inclusion of different ranges of BMI 

does not allow any comparison with the present trial. 

Nutrition studies investigating the effects of specific PP supplementation do 

not usually consider the effect of the background diet of the participants, which 

can be significant. As shown in Chapter 3, individuals participating in the ABP 

study had a high consumption of PP in their habitual diet (1537 ± 989 mg per 

day). This is higher than the total daily PP intake of 1035 ± 545 mg reported 

for participants aged 50 to 64 years in the UK National Diet and Nutrition 

Survey Rolling Programme (Ziauddeen et al. 2019). As the aronia extract used 

in this work had a relatively modest PP content (105.9 mg per day) in 

comparison with other similar trials, it is possible that the habitual PP 

consumption of participants may affect the response to the intervention.  

To investigate this, we performed a subgroup analysis based on the total PP 

consumption and separated participants in 2 groups based on a cut-off of 700 

mg of PP per day. When comparing the subgroups with low versus high 



264 
 

habitual PP intake, a trend for stronger BP lowering effects following aronia 

extract consumption was seen in the low PP intake group, with significant 

changes from Control of -5.2 and -6.4 mmHg for 24h and asleep ABP, 

respectively, versus changes of 0.8 and -1.7 mmHg in the high PP intake 

group. This was in line with the exploratory analysis comparing subgroups 

based on fruits and vegetables’ intake, which reported a similar tendency. 

Indeed, following 12-week daily aronia extract consumption, we observed that 

awake SBP was significantly improved for participants with an intake of FV 

lower than 400g per day only. Twenty-four-hour and asleep SBP were also 

greatly reduced in Aronia participants with a daily PP intake of less than 700 

mg, compared to Control. This is in line with the hypothesis that the impact of 

PP supplementation on BP is higher in participants presenting a low baseline 

PP intake presented in a recent review (Vendrame and Klimis-Zacas 2019). 

Besides, a meta-analysis looking at the influence of specific dietary patterns 

(DASH, Nordic, and Mediterranean diet) on BP reported a significantly 

reduced SBP and DBP in populations following these patterns (Ndanuko et al. 

2016). To sum up, a lower PP intake and lower FV consumption seemed to 

lead to a higher vascular response to the aronia intervention on BP.  

However, for arterial stiffness, that trend for an improvement was observed in 

the subgroup with the higher intake. In fact, greater BP lowering effects of the 

aronia extract were seen in the high FV intake group, with significant changes 

from Control of -5.3 and -10.6% for 24h AIxao and AIxbr, respectively, versus 

changes of -0.7 and -2.4% in the low FV intake group. To date, only 1 trial 

investigating the effect of berry consumption on arterial stiffness has shown 

an improvement of AIx (-2.24%, p= 0.04) following a 6-month daily intake of 
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150g of fresh blueberries in middle-aged men and women (Curtis et al. 2019). 

However, this RCT was conducted on overweight and obese participants with 

metabolic syndrome and the baseline anthocyanin intake of participants was 

18.6 mg/day, which is almost three times less than the baseline anthocyanin 

intake of the present study population (68.0 ± 65.9 mg/day). All these 

differences in study design and subjects included cannot allow us to 

extrapolate the observed results to our population. Unfortunately, most studies 

investigating the effect of PP-rich dietary patterns on arterial stiffness only 

considered PWV as a marker of vascular dysfunction, and not AIx (Jennings 

et al. 2012; Curtis et al. 2013). Additionally, most studies are not considering 

arterial stiffness as a primary outcome, which implies that trials might be 

underpowered for the assessment of AIx. Augmentation index improvement 

has mostly been observed following medium- and long-term investigations, 

suggesting that time of exposure as well as study design can influence the 

modulation in AIx (Martini et al. 2020). 

In most trials, the variability of participant’s baseline PP intake is often 

unreported, which is an obstacle to the accurate estimation of the 

interindividual variability in response to phenolic compounds supplementation 

(Cassidy and Minihane 2017). A better reporting of dietary patterns and the 

standardization of interventions may lessen the potential bias involved in the 

identification of biological elements impacting interindividual variability (Gibney 

et al. 2019). 

The primary inclusion criteria of this RCT were a SBP and/or DBP in the 

prehypertensive range of BP, defined as SBP comprised between 120 and 
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139 mmHg and/or DBP between 80 and 89 mmHg. Through an exploratory 

analysis, we evaluated the impact of baseline SBP and DBP on the 

interindividual variability in response to our treatment. We divided the 

volunteers into subgroups of normotensive (SBP and DBP< 120 and 80 

mmHg, respectively) versus prehypertensive, for both BP parameters (SBP 

and DBP comprised between 120-139 and 80-89 mmHg, respectively). 

Results were highly inconsistent, as we observed a significant reduction in 

24h, awake and asleep AIxbr and AIxao in the subgroup with SBP< 120 mmHg, 

compared to Control, while awake PWV was driven by the subgroup with a 

prehypertensive SBP at baseline. Moreover, awake AIx was significantly 

decreased in the subgroup of normotensive DBP participants while 24h AIx 

was significant in the subgroup of subjects with DBP> 80 mmHg. In addition, 

we did not report any significant change or trend for ambulatory or office BP 

following this subgroups analysis based on baseline SBP and DBP. Several 

reviews and meta-analysis investigating the factors influencing the effects of 

ACN and cocoa flavanols on BP highlighted that (pre)hypertensive subjects 

presented a greater BP-reducing effect of the intervention compared to 

normotensive participants (Vendrame and Klimis-Zacas 2019; Ried, Fakler, 

and Stocks 2017). One explanation to this discrepancy in results between our 

study and the existing literature –on top of the low dose of PP coming from the 

aronia extract which was discussed earlier– could be the low BP average of 

the general population. Indeed, mean baseline SBP and DBP were 121.7 ± 

9.3 and 80.4 ± 5.8 mmHg, respectively, which, although being in the 

prehypertensive range, was low and could almost be considered as 

normotensive.  
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Along with age, alcohol consumption is one of the factors which has not been 

taken into account in the only exploratory meta-analysis focusing of 

interindividual variability in response to ACN intake because of a lack of 

existing data (García-Conesa et al. 2018). For the present study, a cut-off of 

3.8 units of alcohol (equivalent to 2 small glasses of 12% wine or 2 bottles of 

5% beer) per week has been chosen for the subgroup analysis as it 

represented the average alcohol intake of our population. We observed some 

significant decreases in BP and PWV in the subgroup of subjects with the 

higher intake of alcohol (> 3.8 units) compared to Control, but not in the other 

subgroup with the lowest intake of alcohol. In contrast, we reported significant 

reductions in AIx in the subgroup with the lowest intake of alcohol per week. 

While several epidemiological studies have reported the beneficial impact of 

light alcohol consumption on BP (Jaubert et al. 2014; Vallée et al. 2019; Fisher, 

Orav, and Chang 2018) and arterial stiffness (Gonzalez-Sanchez et al. 2020; 

Nishiwaki, Kora, and Matsumoto 2017; Sasaki et al. 2013; Mattace-Raso et al. 

2005), –with most studies showing the presence of a J-shaped relationship 

between alcohol intake and these vascular parameters–, there is a real lack of 

evidence for the influence of alcohol consumption on interindividual variability 

in response following PP-rich foods coming from the RCTs. Moreover, the cut-

off of 3.8 units per week used in the analysis is still far below the threshold 

established by a combined analysis including around 600 000 drinkers without 

pre-existing CVD which defined a limit of 10 to 12 units per week (equivalent 

to 100g of alcohol) to be associated to the lowest risk for all-cause mortality 

(Wood et al. 2018). In the UK, moderate drinking pattern is defined by the 

National Health Service as an intake of maximum 14 units of alcohol per week. 
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Based on this guideline, only 4 participants of the present study are considered 

as heavy drinkers. It is thus impossible to perform a subgroup analysis 

segregating moderate and heavy drinkers. Moreover, a third of our volunteers 

(35 out of 102) were teetotallers, who were reported to present significantly 

higher CVD risk compared to low/moderate drinkers (Fillmore et al. 2007).  

Our study participants mainly consumed beer, followed by wine and spirits 

(Table 5.23). Interestingly, subjects from the Aronia group consumed more 

wine than the Control group (5.2 ± 3.7 versus 3.4 ± 4.0 units/ week), and this 

trend persists when looking at the participants with an intake ≥ 3.8 units per 

week in both interventional groups (7.4 ± 3.3 versus 5.9 ± 4.8 units/ week). 

Due to the high concentration of PP found in wine, this inter-group divergence 

could explain some of the positive effects on vascular function reported in this 

exploratory analysis.  

Table 5.23: Alcohol intake of the ABP population. 

  Total alcohol Wine Beer Spirits 

Overall population 3.8 ± 4.8 4.3 ± 3.9 5.7 ± 5.5 2.1 ± 1.4 

Aronia 4.0 ± 4.8 5.2 ± 3.7 5.4 ± 5.5 2.7 ± 1.2 

Control 3.6 ± 4.9 3.4 ± 4.0 6.0 ± 5.8 1.9 ± 1.6 

Aronia < 3.8 0.8 ± 1.1 2.0 ± 0.7 1.0 ± 0.0 - 

Aronia ≥ 3.8 8.5 ± 4.3 7.4 ± 3.3 6.8 ± 5.6 3.0 ± 1.4 

Control < 3.8 0.8 ± 1.0 1.3 ± 0.9 1.0 ± 0.7 1.0 ± 0.7 

Control ≥ 3.8 9.6 ± 4.4 5.9 ± 4.8 8.2 ± 5.7 3.0 ± 1.7 

Values expressed in units per week (mean ± SD)   

 
 

 

To summarize, no clear explanation can explain the variations in response to 

aronia extract intake following the exploratory subgroup analysis based on 

alcohol consumption. There is a real need for better reporting of alcohol 

consumption in interventional studies to determine the real impact of drinking 

patterns on biological response to plant bioactive supplements.  
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In our present study, we observed a significant reduction of 24h and awake 

SBP and DBP in the subgroup of participants presenting low/moderate 

physical activity level only. Along with the significant improvement of BP, we 

have reported some significant decreases in 24h and awake AIxao and AIxbr in 

the subgroup of subjects with a high physical activity. The impact of physical 

activity on cardiometabolic health has been investigated in the past decades. 

For example, six weeks of high or medium intensity training on sedentary 

young men presenting a BMI> 25 kg/m2 led to some significant improvement 

in blood lipids and cardiorespiratory fitness (Fisher et al. 2015). It is now well 

established that a low cardiorespiratory fitness, measured by maximal oxygen 

consumption VO2max, is recognized as a CVD risk factor (Gupta et al. 2011; 

Kodama et al. 2009). The main physiological process behind cardioprotective 

effects of exercise is based on the secretion of musclin myokine from 

exercising muscle which improves cardiorespiratory fitness by increasing the 

expression of mitochondrial respiratory chain complex proteins (Subbotina et 

al. 2015). A meta-analysis including 2001 participants showed the beneficial 

and significant influence of walking interventions on 7 different CVD risk 

factors including SBP and DBP (Oja et al. 2018). However, the effect of 

exercise on the cardiometabolic response to PP intake has, to our knowledge, 

never been investigated. Baseline physical activity is rarely investigated in 

nutritional RCTs, which prevents us to compare the findings of the present 

study with other similar trials, as it appears that physical activity levels vary 

highly between specific populations. For example, a RCT testing the impact of 

quercetin supplementation on inflammation and BP in women with rheumatoid 

arthritis reported a baseline physical activity level of the participants to be 848 
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MET/min/week, which is in the lower part of the moderate activity level 

range (Javadi et al. 2014). On the contrary, another study investigating the 

relationship between cocoa consumption and physical activity and health 

status in 270 young students (71 males and 199 females) described the 

average physical activity level of the overall population to be 2692 

MET/min/week, which is close to the cut-off moderate/high physical activity 

level (Rodríguez-Lagunas et al. 2019). No previously conducted RCT looking 

at the impact of aronia berry consumption on BP has recorded the exercise 

status of their populations. Recently, a study investigated the association 

between physical activity and PWV and AIx in 84 middle-aged men and 

women (Haapala, Lee, and Laukkanen 2020). Authors determined that there 

was no relationship between the different parameters and that reduction in AIx 

following minimal physical exercise was greater in subjects who were prone to 

regular resistance training. This could imply the significant difference observed 

in our study could be influence by an external factor. 

To summarize, an exploratory analysis investigating factors which could be 

responsible for the interindividual variability in responsiveness following aronia 

extract daily consumption was conducted. Tables 5.24 represent the summary 

of the main subgroup analyses performed in this study. Following the study of 

various factors, from diet and health status to alcohol intake and physical 

activity level, we observed a pattern among the different outcomes analysed 

towards a bigger improvement of ambulatory arterial stiffness (measured as 

PWV and AIx) mainly in volunteers we classified as “very healthy profile” (i.e. 

female subjects with a total PP intake ≥ 700 mg/day, total FV ≥ 400 g/day, age 

< 56.2 years, BMI < 25 kg/m2, alcohol intake < 3.8 units per week, and a high 



271 
 

physical activity level) (Table 5.24 A). On the contrary, BP was mostly 

improved in “less healthy profile” volunteers, especially for subjects with a low 

or moderate physical activity level, a total PP intake lesser than 700 mg/day 

and an alcohol consumption of more than 3.8 units per week (Table 5.24 B). 

Several subgroups presented some significant decreases in BP, including 

participants from the Aronia group with a total PP intake of less than 700 mg 

per day who showed a significant drop of 5.2 mmHg compared to Control. This 

is of clinical relevance, as a reduction of 2 mmHg in SBP has been shown to 

be associated to a 6% drop in the risk of coronary heart disease (Cook et al. 

1995).  

 

Tables 5.24: Summary of the changes from Control observed in subjects for the according parameters 

used in the subgroup analysis. A: subgroup parameters classified as “very healthy profile” and B: 

subgroups parameters classified as “less healthy profile”.  

 

 

 

Parameter p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC

24h SBP 0.94 0.12 0.52 0.90 0.65 -0.64 0.43 0.82 0.36 1.27 0.12 1.92 0.36 1.10

24h DBP 0.49 -0.74 0.63 -0.52 0.44 -0.74 0.97 0.03 0.67 0.41 0.95 0.06 0.45 0.66

Awake SBP 0.56 0.72 0.21 0.18 0.87 -0.69 0.29 0.51 0.48 1.09 0.88 2.76 0.52 1.10

Awake DBP 0.93 -0.11 0.50 -0.87 0.64 -0.59 0.79 -0.24 0.79 0.29 0.68 0.49 0.55 0.57

Office SBPbr 0.10 -3.19 0.95 -0.10 0.11 -2.81 0.07 -2.73 0.27 -2.33 0.92 -0.19 0.29 -1.70

Office DBPbr 0.88 0.21 0.32 1.36 0.86 -0.25 0.56 0.67 0.73 0.47 0.36 1.25 0.61 0.62

Office PWV 0.66 -0.13 0.12 -0.49 0.87 -0.07 0.52 0.16 0.89 -0.06 0.05 0.70 0.62 0.18

Office AIx 0.18 -2.79 0.25 2.35 0.77 -0.73 0.90 -1.22 0.09 -3.51 0.78 0.62 0.48 -1.37

24h PWV 0.71 0.05 0.70 -0.07 0.10 -0.32 0.41 -0.15 0.75 -0.07 0.86 0.03 0.67 -0.08

Awake PWV 0.63 -0.15 0.81 -0.06 0.26 -0.31 0.20 -0.21 0.43 -0.21 0.54 -0.17 0.09 -0.27

24h AIxao 0.003 -5.12 0.027 -3.62 0.002 -4.95 0.017 -3.21 0.001 -5.34 0.005 -4.13 0.026 -2.91

Awake AIxao 0.000 -6.67 0.23 -1.38 0.001 -5.86 0.14 -2.49 0.08 -3.72 0.09 -3.31 0.028 -2.77

24h AIxbr 0.003 -10.10 0.026 -7.19 0.002 -9.85 0.010 -6.74 0.001 -10.55 0.005 -8.08 0.013 -6.29

Awake AIxbr 0.000 -13.16 0.23 -2.73 0.001 -11.63 0.11 -5.40 0.08 -7.34 0.10 -6.41 0.011 -6.24

Parameter p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC p-value CFC

24h SBP 0.47 -0.87 0.26 -1.48 0.93 -0.11 0.023 -5.22 0.06 -2.59 0.012 -3.77 0.020 -3.53

24h DBP 0.76 -0.28 0.73 -0.34 0.96 -0.06 0.29 -2.25 0.13 -1.73 0.16 -1.59 0.005 -3.58

Awake SBP 0.37 -1.29 0.90 -0.20 0.61 -0.79 0.27 -3.04 0.039 -2.10 0.002 -4.62 0.028 -3.91

Awake DBP 0.43 -0.93 0.83 0.22 0.57 -0.76 0.62 -1.24 0.15 -1.77 0.030 -2.29 0.007 -3.85

Office SBPbr 0.59 -1.02 0.036 -4.32 0.40 -1.83 0.92 0.32 0.19 -2.40 0.019 -4.26 0.72 -0.99

Office DBPbr 0.71 0.57 0.58 -0.83 0.63 0.68 0.99 -0.03 0.92 0.16 0.32 -1.46 0.24 2.33

Office PWV 0.66 0.18 0.37 0.46 0.63 0.22 0.29 -0.59 0.61 0.20 0.025 -1.04 0.18 -0.70

Office AIx 0.25 0.25 0.15 -3.25 0.96 0.08 0.42 3.29 0.45 1.46 0.23 -1.78 0.82 0.60

24h PWV 0.025 -0.39 0.62 -0.12 0.84 0.05 0.66 -0.13 0.18 -0.26 0.030 -0.50 0.21 -0.30

Awake PWV 0.020 -0.37 0.043 -0.48 0.70 -0.13 0.38 -0.41 0.10 -0.35 0.017 -0.50 0.26 -0.42

24h AIxao 0.52 -0.98 0.14 -2.49 0.48 -1.16 0.27 -2.45 0.66 -0.71 0.56 -1.19 0.30 -2.74

Awake AIxao 0.77 0.63 0.008 -4.51 0.86 0.37 0.06 -4.71 0.15 -2.73 0.36 -1.64 0.05 -4.66

24h AIxbr 0.37 -2.68 0.08 -5.59 0.34 -3.11 0.24 -5.24 0.45 -2.36 0.40 -3.28 0.31 -5.30

Awake AIxbr 0.94 0.33 0.005 -10.07 1.00 -0.01 0.049 -9.77 0.09 -6.63 0.20 -5.01 0.06 -9.05

A: Aronia; AIx: augmentation index; BMI: body mass index; br: brachial; C: Control; CFC: changes from Control; DBP: diastolic

blood pressure; FV: fruits and vegetables; PP; (poly)phenols; PWV: pulse wave velocity; SBP: systolic blood pressure. P-value

and CFC obtained using ANCOVA analysis (Bonferroni post-hoc) with baseline as covariate and treatment as fixed factor. Blood 

pressure values in mmHg, PWV values in m/s and AIx values in %. Significant changes from Control have been highlighted in

grey and a gradient of colour, from green to red, represents the highest (in green) and lowest (in red) decreases for each of the

parameters, following the 12-week daily intake of aronia extract. 
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The present analysis of interindividual variability presents some positive 

points. First, it is to our knowledge the first study to perform an interindividual 

analysis of the main parameters studied in out RCT as well as an exploratory 

analysis to look at variations in responsiveness between two groups of 

intervention in more than 100 participants regarding alcohol consumption, 

fruits and vegetable intake, and physical activity. Very few studies have been 

recorded with such precision these parameters, which often led to the 

impossibility of analysing the influence of these factors on the subjects’ 

responsiveness. We used robust validated 7-day food diaries and physical 

activity questionnaires to record our data in the most standardised way 

possible. Besides, our population subjects were healthy, middle-aged, and 

constituted of men and women, which allows us to extrapolate the results of 

this analysis on a large portion of the general public, rather than on specific 
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segments of the population including only young men or volunteers with CVD 

risk factors. 

However, there are a few weaknesses in the present analysis. First, the main 

limitation of this exploratory analysis is the oversimplification of our approach, 

using arbitrary subgroups that were statistically underpowered and 

considering the assessed factors independently rather than as a continuum of 

interactions able to influence the biological response to PP intake. In addition, 

the overall population of the trial was mainly constituted of non-smokers (only 

5 smokers in total) and was very homogenous in terms of ethnicity which made 

the subgroup analysis based on smoking status and ethnicity impossible to 

perform. These parameters were taken into consideration by Garcia-Conesa 

and colleagues in their meta-analysis looking at the interindividual variability 

of response following anthocyanin consumption. They indeed highlighted that 

only non-smokers were showing a significant decrease in SBP and DBP (-1.99 

and -1.28 mmHg, respectively). They also investigated the influence of 

geographical location of studies and notably the variation in response between 

Mediterranean and non-Mediterranean countries and did not observe a 

significant decrease in BP in non-Mediterranean countries. The population of 

the present study being in majority British could explain the absence of 

significant result when looking at the overall population. Moreover, participants 

were extremely healthy and conscious about their diet. This caused the 

subgroup analysis based on baseline PP intake to be very imbalanced, which 

might lead to some statistical irrelevance and bias. Additionally, although it 

was possible to segregate the population intro normo- and overweight subjects 

for the subgroup analysis based on BMI, no obese subjects were included in 
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the trial, as per the inclusion criteria, which made the comparison of normal 

weight individual response and obese subjects’ response to treatment 

impossible. Finally, some assessments performed in the present study 

regarding the exploratory subgroup analysis (physical activity, background diet 

and smoking status) were based on participants’ self-reporting. These 

methods are limited by a potential lack of accuracy which can lead to a risk of 

bias in the results.  

To conclude, variations occurring in the interindividual response to PP 

consumption may lead to ambiguous relationships between plant bioactive 

intake and biological response. This can result in some hidden health benefits 

within an overall cohort of heterogenous subjects and thus prevent to expand 

our knowledge of phenolic compounds impact on cardiometabolic health. 

Therefore, well-designed trials and epidemiological studies involving multi-

omics approaches will be a key to understand the influence of various factors 

on the interindividual variability of response following plant bioactive 

consumption and ensure their integration in future tailored nutrition 

approaches. 
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6.1. Introduction 

The term microbiome stands for the combined genomes of all microorganisms 

(bacteria, fungi, viruses) living in a specific environment (Hills et al. 2019).  

As a result, gut microbiota refers to the overall population of microorganisms 

living in the gastrointestinal tract. Recent metagenomic techniques have 

highlighted the presence of more than 2500 bacteria species in the human gut, 

for a total population of trillions of entities (Almeida et al. 2019). The interest in 

gut microbiota and its impact for the host has increased notably in the last 

decades, particularly due to recent advances showing its close relationship 

with a large number of diseases including cardiometabolic diseases and 

mental disorders (Valdes et al. 2018). Recent studies have also highlighted 

the importance of diet as a strong modulator of the gut microbiome (Leeming 

et al. 2019; Leeming et al. 2021). (Poly)phenols (PP) were shown to be able 

to influence the gut microbiota, and increasing evidence suggests that their 

mechanisms of action regarding their beneficial effects on human health may 

be strongly related to the bidirectional relationship they establish with gut 

bacteria. 

6.1.1.  Interactions between gut microbiota and PP 

6.1.1.1. Gut microbial metabolism of PP 

Following ingestion, the majority of PP are not absorbed in the upper 

gastrointestinal tract and reach the large intestine where enzymes of the gut 

microbiota will cleave and catabolize the native compounds into a large variety 

of smaller molecules easily absorbed (Cardona et al. 2013; Bowey, 
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Adlercreutz, and Rowland 2003; Santhakumar, Battino, and Alvarez-Suarez 

2018). These enzymes include hydrolases, reductases, decarboxylases, and 

demethylases, all acting to decrease the complexity and size of phenolic 

metabolites (Zanotti et al. 2015; Selma, Espín, and Tomás-Barberán 2009). 

Some potential cleavage sites for berry PP are shown in Figure 6.1 below.  

As a result of these scissions, a large number of low molecular weight 

compounds are formed, such as benzoic acids, catechols, phenylpropanoic 

acids and hydroxycinnamic acids (Aura et al. 2005). These catabolites will be 

able to reach the systemic circulation where they can be distributed to various 

peripheral organs and tissues before being eliminated by the kidneys via the 

urine (Rodriguez-Mateos et al. 2014). The gut microbial metabolism of PP 

plays an essential role in the bioavailability of these compounds due to their 

overall low absorption in the small intestine, in particular large molecular 

weight PP such as proanthocyanidins, which favour the interaction of PP with 

colonic bacteria (Marchesi et al. 2016). This relationship between PP and gut 

microbiota is bidirectional, and not only gut bacteria can metabolize PP, but 

phenolic compounds can also modulate the composition and diversity of the 

microbiome through their “prebiotic effect” (Espin, Gonzalez-Sarrias, and 

Tomas-Barberan 2017). 
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Figure 6.1: Potential ring cleavage sites for berry flavonoids and chlorogenic acid by gut microbiota.  

Adapted from Lavefve et al. 2019. 

As mentioned earlier, the main reactions related to PP metabolism by the gut 

microbiota occurring in the large intestine are decarboxylations, 

demethylations, reductions, and hydrolysis (Espin, Gonzalez-Sarrias, and 

Tomas-Barberan 2017). Many metabolites has been identified to be products 

of microbial metabolism, such as urolithins (derived from ellagitannins), 

enterolactones and enterodiols (produced from lignans), equol (coming from 

isoflavones catabolism) or γ-valerolactones (derived from catechin and 

proanthocyanidins) (Tomas-Barberan, Selma, and Espin 2016).  

These compounds are typically present in higher concentrations than the 

intact or phase II conjugated PP absorbed in the small intestine, appear later 

in circulation, and have a longer half-life (Liu and Hu 2007).  

In recent years, a high interindividual variability in PP gut microbial metabolism 

has been demonstrated (Cortés-Martín et al. 2020). In this context, the notion 

of metabotype has been developed, referring to a “metabolic phenotype with 
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specific gut microbiome-derived metabolites that characterize the metabolism 

of the parent compound” (Espin, Gonzalez-Sarrias, and Tomas-Barberan 

2017). This concept is an important discovery in the field of personalised 

nutrition and could potentially explain some of the mixed effects shown in 

clinical trials investigating the health benefits of PP (Palmnäs et al. 2020; 

Espin, Gonzalez-Sarrias, and Tomas-Barberan 2017). Interindividual 

variability in gut microbiota function and composition is therefore likely 

responsible for the variability observed in bioavailability and biological efficacy 

of PP (Bolca et al. 2010; van Dorsten et al. 2010). The interindividual variations 

observed in gut microbiota are related to environmental factors (diet, lifestyle, 

exercise, physio pathological status), but also to genetic factors (Arumugam 

et al. 2011).  

6.1.1.2. Prebiotic effect of PP 

Due to their nature of compounds modulating the composition and activity of 

the colonic microbiota, PP can be defined as prebiotics (Bindels et al. 2015; 

Kennedy 2014; Fogliano et al. 2011; Oteiza et al. 2018; Tomas-Barberan, 

Selma, and Espin 2016). For example, tea PP were shown to inhibit the 

development of detrimental bacteria such as Staphylococcus aureus, 

Salmonella typhimurium, Helicobacter pylori or Escherichia coli in vitro (Duda-

Chodak et al. 2015). PP can also promote the development of some beneficial 

bacteria such as Lactobacillus spp., Bifidobacterium spp., Akkermansia 

muciniphila or Faecalibacterium prausnitzii which is responsible for the 

production of the short chain fatty acid (SCFA) butyrate (Gwiazdowska et al. 
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2015; Jin et al. 2012; Koutsos et al. 2017; Derrien, Belzer, and de Vos 2017; 

Eppinga et al. 2016).  

There is some clinical evidence of the modulation of microbiome by PP. For 

instance, a 4-week trial investigating the influence of red wine PP consumption 

on gut microbiota showed a significant increase in several beneficial genus, 

such as Bifidobacterium, Bacteroides and Enterococcus (Queipo-Ortuno et al. 

2012). More specifically, phenolic anthocyanin metabolites were associated 

with greater abundance in Bifidobacterium, a genus associated with positive 

effects on health (Boto-Ordonez et al. 2014; Saulnier, Kolida, and Gibson 

2009). This was confirmed by another trial showing significant increases in 

Bifidobacterium following anthocyanin-rich blueberry intervention (Vendrame 

et al. 2011). Recent reviews and meta-analysis of human and animal trials and 

mechanistic studies have corroborated the potential of anthocyanins (3 in vitro, 

2 animal and 1 RCT), tea PP (6 human trials and 18 in vitro studies) and grape 

and red wine PP (7 human trials) consumption to induce a significant 

proliferative effect on Bifidobacterium spp., –a widely used probiotic–, the 

inhibition of pathogenic Clostridium species, and a modulation of gut microbial 

diversity (Igwe et al. 2019; Bond and Derbyshire 2019; Nash et al. 2018).  

The Firmicutes/Bacteroidetes balance has also been shown to be modulated 

by specific PP such as rutin, anthocyanins and proanthocyanidins (Parkar, 

Trower, and Stevenson 2013; Guo et al. 2018; Wu, Hu, et al. 2018; Jin et al. 

2018). However, most studies were performed in rodents and very limited 

evidence from human trials is available. Nonetheless, this ratio is thought to 

be an indicator of health conditions such as type 2 diabetes and obesity, for 

which a higher ratio has been associated (Cani and Everard 2016). However, 
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it was recently demonstrated that the interindividual variability in the relative 

abundance of Bacteroidetes and Firmicutes is high and influenced by lifestyle 

factors such as physical activity or diet, which could explain the contradictory 

results observed in normoweight and obese participants (Magne et al. 2020). 

Vaiserman and colleagues also observed that the Firmicute/Bacteroidetes 

balance increases with age independently from gender (Vaiserman et al. 

2020). 

6.1.2.  Factors influencing gut microbial composition 

Gut microbial composition changes significantly with age and 

physiopathological status, as they both affect diversity and composition of the 

colonic microbiome (Lakshminarayanan et al. 2014; Konturek et al. 2015).  

At the age of 3, gut microbiota is close to adults’ in terms of diversity and 

composition, and is already dominated by the 3 main phyla, i.e. Firmicutes, 

Bacteroidetes and Actinobacteria (Yatsunenko et al. 2012). Reported changes 

in composition with regard to age included a decrease in diversity, reduced 

abundance of dominant species and improved abundance of subdominant 

species, increased Proteobacteria, decreased Bifidobacteria counts, and 

reduction of the Firmicutes/Bacteroidetes ratio (Bischoff 2016; Biagi et al. 

2016; Rondanelli et al. 2015; Pérez Martínez, Bäuerl, and Collado 2014).  

Similarly, sex was shown to be a factor influencing gut microbiota. Indeed, 

while no difference in diversity was found between men and women (Haro, 

Rangel-Zúñiga, et al. 2016), richness appeared to be substantially different 

between sexes in young adults (de la Cuesta-Zuluaga et al. 2019). Women 

seem to reach adulthood with a more diverse gut microbiome compared to 
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men, although both sexes attain a plateau around the age of 40 years.  

One hypothesis related to these sex-dependant variations could be linked to 

the presence of specific enzyme expression profiles which could be modulated 

by sex hormones (Manach et al. 2017) 

Moreover, Haro and colleagues revealed that in a population of individuals 

matched for diet and sex, and stratified by BMI, men with a BMI below 33 

kg/m2 presented a higher proportion of Firmicutes compared to individuals with 

BMI > 33 kg/m2
 (Haro, Rangel-Zúñiga, et al. 2016). The impact of BMI on gut 

microbiota composition has been mostly investigated in children and 

adolescents, and it was observed that over- and normoweight subjects 

presented a higher bacterial diversity compared with underweight individuals 

(Bai, Hu, and Bruner 2019; Yun et al. 2017).  

Due to the strong link between microbiome and diet, the latter has been 

extensively investigated in the context of abundance and diversity modulation. 

For example, a study comparing children fed with Western diet with children 

having a diet from Burkina Faso (rich in grains, vegetables, with low lipid 

intake) revealed that African children presented a significantly higher 

abundance for beneficial Prevotella and Xylanibacter, while pathogens 

Shigella and Escherichia were under-represented (De Filippo et al. 2010). 

Another study compared the impact of a plant-based diet with an animal-based 

diet on gut microbiota quality and quantity in healthy adults (David et al. 2014). 

Authors demonstrated a that the diet low in fibres and high in fats led to an 

augmentation in the abundance of Alistipes, Bilophila, and Bacteroides –which 

are bile-tolerant bacteria–, while Firmicutes such as Roseburia, Eubacterium, 
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and Ruminococcus (which are known as plant polysaccharides fermenters) 

increased within individuals consuming the diet rich in fibres and low in fats. 

Finally, the beneficial impact of physical activity on gut microbiota diversity has 

been demonstrated in a cohort of 40 male athletes, in comparison with their 

low- and high-BMI controls (Clarke et al. 2014). A similar trend was observed 

in children and adolescents for whom daily physical activity increased the 

abundance of Clostridiales, Roseburia, Erysipelotrichaceae, and 

Lachnospiraceae, associated with an improvement of the production of SCFA 

(Bai, Hu, and Bruner 2019).  

6.1.3.  Short-chain fatty acids and their biological role 

SCFA, such as acetate, propionate, and butyrate, are metabolites coming from 

the gut bacterial catabolism of indigestible carbohydrates which can modulate 

the immune response through the regulation of pathways (Kawabata, 

Yoshioka, and Terao 2019). SCFA have also been shown to exert a role in the 

maintenance of a healthy cardiometabolic function (Anselmi et al. 2020).  

In fact, the homeostasis of the microbiome is maintained by peroxisome 

proliferator-activated receptor gamma (PPAR-γ), a nuclear receptor which 

becomes activated in contact with butyrate for example. In the case of 

dysbiosis such as colitis, PPAR-γ synthesis decreases, the abundance in 

Proteobacteria increases, while the Firmicutes proportion diminishes (Hills et 

al. 2019). 

Various PP, such as rutin, hesperidin, epicatechin, procyanidins, chlorogenic 

acid or ellagitannins were shown to enhance the production of SCFA following 

the consumption of various plant-based foods in animal models (Sadeghi 
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Ekbatan et al. 2016; Zduńczyk, Juśkiewicz, and Estrella 2006; Aprikian et al. 

2003). Among the bacteria producing SCFA and enhanced by the intake of 

phenolic acids, Akkermansia muciniphila, Lactobacillus and Bifidobacterium 

spp. have been often reported (Kawabata, Yoshioka, and Terao 2019). 

Specifically, the main acetate-producing species are Streptococcus spp., 

Prevotella spp., Bifidobacterium spp., Clostridium spp., and A. muciniphila, 

while propionate is metabolised mostly by Bacteroides spp., Salmonella spp., 

Dialister spp., Veillonella spp., Roseburia inulinivorans, Coprococcus catus, 

and Blautia obeum. Additionally, Lachnospiraceae, Ruminococcaceae, and 

Acidaminococcaceae families are the main butyrate producers among gut 

microbiome (Duttaroy 2021). Although the PP-induced impact on SCFA was 

demonstrated in the rodent model, very few studies have investigated these 

effects in humans, and results have mostly been unconclusive and limited 

(Mosele et al. 2015; Jacobs et al. 2008).  

6.1.4.  Characterisation of the gut microbiome 

Different techniques are used to characterise the gut microbiome. The oldest 

and most accessible technique is the 16S rRNA sequencing, which uses 

polymerase chain reaction (PCR) to amplify a specific region of bacterial 16S 

gene. The other technique, –more recent and expensive–, is called shotgun 

metagenomic sequencing and is considered as the gold standard for 

microbiome characterization. This method is based on the sequencing of the 

whole bacterial DNA present in a sample, which delivers more thorough data 

on microbial gene content (Liu, Qin, et al. 2021). Both techniques present 

strengths and weaknesses. Indeed, while 16S is widely used and represents 
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a cheaper and easier way to map the gut microbiome, it also lacks in precision 

and does not allow the direct profiling of bacterial genes but is an efficient tool 

to identify gut bacteria at a species level (Durazzi et al. 2021). On the other 

hand, shotgun analysis is more precise and can deliver a strain-level 

resolution. However, as the whole DNA is analysed, some non-microbial 

genetic information (e.g., host DNA) may bias the results. 

Once sequenced, several statistical tools are available to characterize the 

composition and abundance of gut microbiome. Among them, alpha and beta 

diversity indices are the most used. Alpha (α) diversity assesses the intra-

sample diversity, and a higher α diversity indicates a higher evenness and/or 

richness in a sample and is correlated with healthy bacterial communities. 

Main indices for α diversity are Shannon and Simpson indices. On the 

contrary, beta (β) diversity compares the differences or similarities between  

2 samples or 2 bacterial communities. A lower β diversity stands for a low 

similarity between the 2 entities, indicating these 2 are highly different. The 

Bray-Curtis dissimilarity index, one of the most used for β diversity, is based 

on the variability of abundances between 2 samples and presents values 

ranging from 0 to 1, with 0 implicating samples have the exact same 

abundances and 1 standing for samples with completely different abundances 

(Ricotta and Podani 2017). Statistical representation of β diversity is often 

presented through a Principal Coordinates Analysis (PCoA), which is a 3D 

graphic highlighting the (dis)similarity of a data set.  

Besides these indices assessing the diversity of microbial species have been 

developed some parameters focusing more on the magnitude of effect of an 
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intervention on gut microbiome profile. Indeed, gene richness (also called 

gene count) was shown to be a potent predictive factor for the efficacy of a 

treatment, as gut microbiota low richness was reported in patients with 

inflammation or intestinal disorders (Cotillard et al. 2013; Le Chatelier et al. 

2013). The concept of bacterial gene richness relies on the idea of the gut 

composition to stay stable throughout the adulthood, and thus uses richness 

as a characteristic feature of a subject (Costello et al. 2009).  

6.1.5.  Aronia berry PP and gut microbiota 

To date, only 4 studies have investigated the effect of aronia berry PP on 

microbiome composition, on three different models: human (n= 1), animal (n= 

2), and in vitro (n= 1).  

To our knowledge, only one RCT has investigated the impact of aronia berry 

consumption on human gut microbiota composition and diversity in healthy 

young men after consumption of aronia extracts for 12 weeks (Istas et al. 

2019). While no change in microbiome diversity was reported, a significant 

increase in the concentration of Anaerostipes and Bacteroides was observed. 

Anaerostipes are known to be butyrate producers, a SCFA associated with 

positive effects in cardiometabolic diseases such as stroke or 

hypercholesterolaemia (Muñoz-Tamayo et al. 2011). Additionally, Bacteroides 

were described as polysaccharide A producers, a metabolite reported to 

prevent inflammatory bowel disease in mice (Mazmanian, Round, and Kasper 

2008). Additionally, a study investigating the impact of red wine consumption 

for 1 month also showed a significant increase in Bacteroides abundance in 

healthy subjects (Queipo-Ortuno et al. 2012). A limitation of the study by Istas 
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and colleagues was the use of 16S rRNA sequencing, which presents a lower 

resolution and does not allow a direct profiling of microbial genes compared 

with shotgun metagenomic sequencing. Another limitation of this trial is that 

only young men were recruited in the study, which does not reflect the 

complexity of metabolic profiles found in the general population.  

Two other studies investigating the effects of aronia berry PP on gut microbiota 

used animal models. A study using a model of high-fat fed rats reported a 

decrease of the Firmicute/Bacteroidetes ratio after consumption of aronia 

berry PP (1g / kg of body weight / day) for 40 days, as well as an increase in 

the abundance of Bacteroides, Prevotella and Akkermansia (Zhu et al. 2020). 

Another study involving wild type mice (n= 6) and administrating aronia extract 

(1.6g / kilo of body weight / day) for one week showed no significance in terms 

of α diversity measured with Shannon index compared with the control group 

(Liu, Martin, et al. 2021). Authors also reported that the concentration in 

propionate in faecal samples was twice as high in the aronia extract group 

compared with control. Finally, authors revealed that 11 microbial pathways 

were significantly enriched in the aronia extract group in comparison with 

control. Among them, pathways related to the tricarboxylic acid cycle, sulfur 

oxidation, L-lysine fermentation to acetate and butanoate, and biosynthesis of 

various compounds (thiamine diphosphate, phosphopantothenate, 

queuosine) were reported. 

Finally, a study using an in vitro simulation of the human intestinal microbial 

ecosystem (SHIME) tested the effect of aronia juice (6.5 g/L) on gut 

microbiome composition and SCFA production. The aronia juice led to a 

change in the composition of SCFA with reduction of the concentration of 
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acetate in favour of an augmentation of the propionate and butyrate 

concentrations. (Wu, Grootaert, et al. 2018). Besides, a significant increase in 

the concentration of Firmicutes and Akkermansia bacteria following the 

treatment with aronia juice was found, which agrees with the results from the 

in vivo study on rats. Of interest, the main bacteria involved in the catabolism 

of flavonols and flavan-3-ols present in aronia berries belong to the Firmicutes 

phylum (Cueva et al. 2016). Moreover, Akkermansia was noted as a beneficial 

genus implicated in the regulation of cardiometabolic diseases by contributing 

to the metabolism homeostasis and producing SCFA (Lyu et al. 2017).  

6.1.6. Studies evaluating the effect of other berries on gut 

microbiota 

6.1.6.1. Animal studies 

Several studies have investigated the effect of different berry PP on rodents 

(Table 6.1). Animal model provides an insight of the response to PP 

interventions, through long term experimentations (4 to 21 weeks) and the use 

of doses which would be dietarily achievable if applied to the human model.  

Across many of the studies, the most consistent effect was the enrichment in 

beneficial Bifidobacterium and Akkermansia, independently from the diet or 

the health status of the animal (Anhê et al. 2015; Pan et al. 2017; Molan, Liu, 

and Kruger 2010; Lacombe et al. 2013; Petersen et al. 2019). A reduction in 

the abundance of Clostridiales was also reported in several studies, following 

blackcurrant, black raspberry, and blueberry PP supplementation, in healthy 

rodents but also in mice with inflammatory bowel disease (Molan, Liu, and 

Kruger 2010; Gu et al. 2019; Paturi et al. 2012). Moreover, the enrichment in 
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the butyrate-producing species Oscillibacter and Pseudoflavonifractor was 

noted for both high-fed rats and rats with normal diet following the 17-week 

intake of blackberry PP (Marques et al. 2018).  

Furthermore, a study by Overall and colleagues comparing the effects of 6 

berries (blackberry, blackcurrant, black raspberry, blueberry, Concord grape 

and maqui berry) presenting structurally different anthocyanin profiles on the 

gut microbiota in high-fed mice, showed different results in microbiota 

abundance, implicating a PP- or metabolite-specific action of the berry on 

colonic bacteria based on the structure (Overall et al. 2017). 

Table 6.1: Summary of animal intervention investigating the impact of berry PP on gut microbiome. 
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6.1.6.2. Human studies 

Very few human trials have investigated the impact of berries and berry PP on 

the gut microbiota, and the existing ones involve short- to medium-term 

supplementation (3 to 8 weeks) within a small number of individuals (n< 46) 

(Table 6.2).  

A first study involving 46 middle-aged obese men and women and the 

consumption of 215 mg of anthocyanins from blueberry and blackcurrant daily 

for 8 weeks reported an increase in the abundance of Bacteroidetes and 

decrease in Firmicutes, Actinobacteria, leading to a reduction of the 

Firmicute/Bacteroidetes ratio (Hester et al. 2018). While 16S rRNA 

sequencing was used and the administered dose was dietarily relevant, 

findings cannot apply to a healthy population of subjects with BMI< 25 kg/m2. 

In contrast, 2 studies including healthy adults found rather contrasted results. 

A first one recruiting only men and studying the effect of a blueberry PP 

supplementation for 6 weeks observed an increase in the abundance of the 

beneficial Bifidobacterium spp. and Lactobacillus acidophilus (Vendrame et al. 

2011). Quite the opposite, a trial composed of 10 healthy women instructed to 

consume a red grape pomace extract for 3 weeks did not report any change 

in the gut microbiome abundance (Gil-Sánchez et al. 2018). These 2 studies 

were led on a short period of time (≤ 6 weeks) and included only a very small 

sample size (n≤ 20). Moreover, a limitation of these trials was the use of qPCR 

sequencing technique, which was proven to show a reduced resolution 

compared to shotgun metagenomic sequencing (Durazzi et al. 2021).    
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Table 6.2: Summary of human intervention investigating the impact of berry PP on gut microbiome. 

 

Data from clinical trials investigating the role of gut microbiota function and 

composition on the cardiovascular health benefits of PP is scarce and lacking 

(Cassidy and Minihane 2017). The objective of this chapter is to investigate 

the impact of aronia berry PP consumption on gut microbiome abundance and 

composition, and to explore associations between gut microbiome, aronia PP 

metabolites and vascular outcomes, in the ABP population. 
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6.2. Methods 

Faecal samples were collected at baseline and after 12 weeks of daily 

consumption of the aronia extract or the placebo and immediately stored at  

-80°C. Detailed information regarding the collection and processing of faecal 

samples can be found in Chapter 2, section 2.6.3. 

As stated in Chapter 2, section 2.9, the Per Protocol (PerP) population 

included the Intention To Treat (ITT) participants without any major protocol 

deviations and who have taken at least 80% of the study treatment. Sixteen 

samples were not analysed in this chapter due to drop-outs (n= 5), 

consumption of antibiotics within 3 months (n= 4), history of aortic stenosis  

(n= 1), abnormal rise of cholesterol level associated with thyroid deficiency  

(n= 1), suspicion of flu at visit 2 (n= 1), low compliance (n= 1), abnormal 

increase in GGT, ALT and TG at visit 2 along with a high alcohol consumption 

at screening visit (n= 1), or missing faecal samples (n= 2). As a result, the 

remaining PerP population assessed in this chapter consisted of 86 subjects 

evenly split into Aronia group (n= 43) and Control group (n= 43). 
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6.3. Results 

6.3.1.  Quality check of homogeneity at different 

timepoints 

A quality check for data homogeneity in read counts was conducted across all 

timepoints and treatments (baseline and 12 weeks, in Aronia and Control 

groups). No significant difference was found (Figure 6.2), indicating a 

homogeneous quality of sequencing between groups. 

 
 

Figure 6.2: Boxplot of read counts between Aronia and Control groups at baseline (V1) and at the end 

of trial (V2). The significance was tested by applying unpaired Wilcoxon rank-sum tests. Subjects were 

coloured according to treatment and time points: Aronia subjects at baseline (pink), after 12 weeks 

(burgundy). Control subjects at baseline (light blue) and after 12 weeks (green). 

 

6.3.2.  Overall similarity and hierarchical clustering 

A Spearman correlation between samples was performed using the MSP 

abundance profile matrix quantified in each subgroup (Figure 6.3, Aronia; 

Figure 6.4, Control). The hierarchical clustering of the samples was performed 
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using the Ward’s method and the colours of rows and columns defined the 

treatments and timepoints. All individual samples were correctly clustered, 

indicating that each volunteer’s microbiome was consistent between visit 1 

and visit 2. However, we observed an unpaired clustering for subject ABP042, 

with a microbiome similarity (baseline versus 12 weeks) of ρ= 0.15, which was 

considered too low. To avoid any bias in the analysis which may be caused by 

this participant’s microbiome, this subject was excluded from further analysis. 

Therefore, the PerP population consisted of 85 subjects, distributed between 

Aronia group (n= 42) and Control group (n= 43). 

 

 

Figure 6.3: Spearman correlation between all Aronia samples at species level.  

Aronia group subjects at baseline (pink) and after 12 weeks (dark violet). 
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Figure 6.4: Spearman correlation between all Control samples at species level.  

Control subjects at baseline (light blue) and after 12 weeks (green). 

 

6.3.3.  Species abundance and gene richness 

The richness of the samples was evaluated at gene and MSP levels.  

The number of genes seen in a sample defined the gene count while the 

number of observed species in a sample determined the MSP count.  

At baseline, no differences were observed between Aronia and Control groups 

either for MSP count (Figure 6.5 A) or gene count (Figure 6.5 B). Significant 

differences were found for gene count when considering the changes from 

baseline between Aronia and Control groups (p= 0.021) (Figure 6.6). These 

results indicate that consumption of Aronia extract for 12 weeks led to an 

increase in the gene count, suggesting a favourable increase in the gut 

microbiota richness after aronia consumption. 
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Figure 6.5: Boxplot showing differences in species abundance and gene richness. A) MSP count 

(number of observed species in a sample); B) gene count. P-values refer to unpaired two-samples 

Wilcoxon test. Subjects belonging to different categories were coloured according to treatment and 

time points: Aronia subjects at baseline (pink) and after 12 weeks (burgundy). Control subjects at 

baseline (light blue) and after 12 weeks (green). 
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Figure 6.6: Boxplot showing changes from baseline in gene count after 12-week intervention.  

The significance was tested by applying unpaired Wilcoxon rank-sum tests for variation at 12 weeks 

compared with baseline in Aronia versus Control groups. 

 

In addition, a non-parametric analysis for longitudinal data was applied to 

investigate the effect of the two treatments, time, and influence of other factors, 

respectively. Time was reported as the main parameter significantly 

influencing gene count for both Aronia and Control groups (Table 6.3). 

Moreover, age, gender, physical activity, diet, and smoking habits did not 

influence the gene count. 

Table 6.3: Summary of the relative treatment effect upon gene count. 
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6.3.4.  Alpha diversity 

Alpha diversity translates the richness and evenness within a sample or an 

environment. Here, Shannon and Simpson indices were calculated for both 

Aronia and Control group at the different timepoints (Table 6.4). No significant 

differences were found at baseline between Aronia and Control groups for the 

2 alpha diversity indices.  

Table 6.4: Characteristics of Shannon-Wiener and Simpson indices at baseline and after 12-week daily 

supplementation, in Aronia and Control groups. 

 

No significant changes in alpha diversity were found following the 12-week 

consumption of aronia extract when compared with baseline and with the 

control group (Table 6.5).  

Table 6.5: Changes from baseline in Aronia group and changes from Control of Shannon-Wiener and 

Simpson indices following the 12-week intervention. 

  

6.3.5.  Beta diversity 

Variations in microbial communities between samples belonging to different 

groups (Aronia versus Control groups) and timepoints (visit 1 versus visit 2) 

Index V1 (n = 42) V2 (n = 42) ΔV2 - V1 V1 (n = 43) V2 (n = 43) ΔV2 - V1

Shannon 3.99 ± 0.41 3.97 ± 0.61 -0.03 ± 0.68 4.11 ± 0.46 3.98 ± 0.55 -0.12 ± 0.53

Simpson 0.95 ± 0.03 0.94 ± 0.09 -0.01 ± 0.09 0.96 ± 0.04 0.95 ± 0.05 -0.01 ± 0.05

ControlAronia

V1: Visit 1; V2: Visit 2

Index CFB Aronia CFC Sig.

Shannon -0.06 [-0.23; 0.11] 0.033 NS

Simpson -0.01 [-0.034; 0.01] -0.006 NS

CFB: Changes from baseline; CFC: Changes from Control; NS: Non significant.

Differences were calculated using ANCOVA (Bonferroni) with baseline values as

covariate, comparing Aronia versus Control changes from baseline.
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were evaluated through a Bray-Curtis dissimilarity metric and PCoA plot 

(Figure 6.7). 

 

Figure 6.7: PCoA plots of gut microbiome.  

Subjects belonging to different categories were coloured according to treatment and timepoints: Aronia 

subjects at baseline (pink) and after 12 weeks (burgundy). Control subjects at baseline (light blue) and 

after 12 weeks (green). Ellipsoids represent a 95% confidence interval surrounding each group. 

 

The Bray-Curtis test was not significant, indicating that there were no 

differences between treatments groups and timepoints considering the overall 

gut microbiome composition.  

6.3.6.  Baseline gut microbiome abundance and 

composition 

To be able to compare the changes in gut microbiome profile after 12 weeks, 

the analysis of the abundance and composition of bacterial species at baseline 

was investigated. The bar plot in Figure 6.8 shows the cliff delta value (a 

nonparametric effect-size measure which quantifies how often one value in 

distribution A is higher than the values in distribution B) of all species 

significantly and relevantly contrasted (relevance defined as absolute value of 
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cliff delta > 0.2) between Aronia and Control groups. Differences in abundance 

of bacteria were found between Aronia and Control groups at baseline.  

At baseline, a total of 18 bacteria were significantly more abundant in Control 

group (in red) while 4 species were more abundant in Aronia group (in blue) 

(Figure 6.8 and Table 6.6).  

 

Figure 6.8: Bar plot of the species significantly different between Aronia and Control groups at 

baseline. In blue, Aronia-related species and in red, Control-related species. 
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Table 6.6: Species significantly different between Aronia and Control groups at baseline. In blue, 

Aronia-related species and in red, Control-related species. 

 

6.3.7.  Effects of Aronia supplementation in gut microbiota 

abundance and composition 

A similar analysis of the bacterial abundance and composition was conducted 

for the changes from baseline to depict the differences in species abundance 

between the 2 treatment groups following 12-week daily intake of aronia 

extract or placebo (Figure 6.9). A total of 18 and 4 species were significantly 

more abundant in Aronia (in blue) and Control (in red) groups, respectively. 

Among them, Intestinimonas butyriciproducens was the most abundant 

bacteria in the Aronia group compared to Control, following the 12-week 

intervention. Other bacteria significantly more abundant in Aronia group were 
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Clostridiales bacterium, Oscillibacter sp. Firmicutes bacterium, Lawsonibacter 

phoceensis, Oscillospirales 5, Clostridium sp., Butyricimonas faecihominis, 

Turicibacter sanguinis, Bacteroides dorei, Oscillospiraceae, Bacteroides 

xylanisolvens, Ruminococcus sp. /Blautia sp., Dialister invisus, Flavonifractor 

sp. /Clostridium sp., Faecalibacterium prausnitzii 2, Christensenellales, and 

Blautia A (Figure 6.9 and Table 6.7).  

 

 

Figure 6.9: Bar plot of the species significantly different between Aronia and Control groups after 

considering the changes from baseline. In blue, Aronia-related species and in red, Control-related 

species. 
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Table 6.7: Species significantly different between Aronia and Control groups after considering the 

changes from baseline. In blue, Aronia-related species and in red, Control-related species. 

 

Furthermore, to understand the effect of aronia berry PP consumption on gut 

microbiota abundance and composition, further analysis was done comparing 

baseline versus 12-week timepoints in the intervention group. Abundance of 

Intestinimonas butyriciproducens (p< 0.001) (Figure 6.10 A) significantly 

increased in the Aronia cohort following 12-week intervention, while an inverse 

trend for Ruminococcus (p< 0.01) (Figure 6.10 B) was observed. 
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Figure 6.10: Boxplot showing differently abundant species in the Aronia group.  

P-values refer to paired two-samples Wilcoxon test. Subjects belonging to different timepoints were 

coloured accordingly. Aronia subjects at baseline (pink), after 12 weeks (burgundy). A: Intestinimonas 

butyriciproducens; B: uncultured Ruminococcus. 

6.3.8.  Function pathways related to gut microbiome 

composition 

The beneficial effect of treatment on gut microbiome and its impact on several 

functional relevant pathways (|cliff delta| > 0.2) was investigated (Table 6.8). 

Thirteen pathways were identified as relevant and associated with Aronia 

group including 7 statistically significant. Among them, γ-aminobutyric acid 

(GABA) production, a neurotransmitter produced by bacteria such as 

Lactobacillus to decrease the intracellular pH (Strandwitz 2018); histidine 

degradation and pyruvate to ferredoxin reduction, both implicated in the 

formation of the SCFA acetate (Andreu et al. 2021; Li, Yin, et al. 2020);  

γ-hydroxybutyrate degradation, related to the pathway resulting in the 

production of butyrate (Louis and Flint 2017); superoxide dismutase, an 
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antioxidant enzyme involved in the oxidative stress response; polysaccharide 

A, a capsular carbohydrate found in Bacteroides fragilis and presenting anti-

inflammatory properties (Alvarez et al. 2020), and pathways involved in the 

production of the SCFA propionate. Three pathways were related with Control 

group, including 2 statistically significant.  

Table 6.8: Functional pathways related to Aronia and Control groups when considering changes from 

baseline.  

Pathways Group Cliff delta p-value 

Lipopolysaccharide transport system Aronia 0.24 0.060 

Phosphotransferase system Aronia 0.28 0.028 

MtrB-MtrA (osmotic stress response) regulatory system Aronia 0.25 0.047 

Propionate synthesis II Aronia 0.22 0.080 

ϒ-Hydroxybutyrate degradation Aronia 0.24 0.053 

Polysaccharide A Aronia 0.28 0.022 

Superoxide dismutase Aronia 0.21 0.091 

Propionate production Aronia 0.22 0.080 

Pyruvate:ferredoxin oxidoreductase Aronia 0.27 0.035 

Histidine degradation Aronia 0.30 0.018 

GABA biosynthesis Aronia 0.22 0.037 

Siroheme biosynthesis Aronia 0.23 0.068 

Nitrogen fixation Aronia 0.26 0.028 

Osmoprotectant transport system Control -0.27 0.035 

LiaS-LiaR (cell wall stress response) regulatory system Control -0.24 0.058 

Pyrimidine deoxyribonucleotide biosynthesis Control -0.24 0.042 

 

6.3.9.  Multi-omics analysis to investigate associations 

between gut microbiome, cardiometabolic outcomes and 

circulating PP metabolites 

Our objective in this section was to look for the potential interactions between 

gut microbiome species, clinical outcomes and circulating PP metabolites. 

More precisely, we focused on the 18 microbial taxa enriched in the Aronia 

group following the 12-week intervention (as seen in section 6.3.7) and their 

association with of clinical parameters improvement and the abundance of 
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metabolites derived from aronia-PP related compounds. For each analysis, 

changes from baseline (for urinary and plasma metabolites, as well as clinical 

outcomes) were correlated with the changes from baseline of the 18 bacteria’s 

abundance. 

6.3.9.1. Correlations between microbial species and 

plasma PP metabolites after aronia consumption 

In the group of volunteers receiving the aronia extract, a total of 43 plasma 

metabolites correlated positively with 8 different microbial species (Table 6.9). 

Among the most significant, plasma 4-methylgallic acid-3-sulfate and  

1-methylpyrogallol-sulfate correlated with Bacteroides xylanisolvens (p< 0.01), 

while 2-hydroxybenzoic acid and dihydroisoferulic acid-3ʹ-sulfate correlated 

significantly with Flavonifractor and Clostridium species (p< 0.01 and  

p< 0.001, respectively). 

Table 6.9: Summary of positive and significant correlations between Aronia PP-related plasma 

metabolites and gut microbiome (*, p< 0.05, **, p< 0.01, and ***, p< 0.001). 

 

Metabolite Full / usual name Bacterial species p-value

Kaempferol-3-GlcUA Kaempferol-3-glucuronide *

3ʹ-MeO-CA-4ʹ-S Ferulic acid- 4ʹ-sulfate *

3-(4ʹ-OH-ph)-PrA-3ʹ-S Dihydrocaffeic acid- 3ʹ-sulfate *

3-(3ʹ,5ʹ-diOH-ph)-PrA 3-(3ʹ,5ʹ-Dihydroxyphenyl)propanoic acid *

4-CQA Cryptochlorogenic acid *

3-(3ʹ,4ʹ-diOH-ph)-PrA Dihydrocaffeic acid *

2-OH-BA 2-Hydroxybenzoic acid **

3-(4ʹ-MeO-ph)-PrA-3ʹ-S Dihydroisoferulic acid-3ʹ-sulfate ***

3-OH-BA 3-Hydroxybenzoic acid *

3-(2ʹ,4ʹ-diOH-ph)-PrA 3-(2ʹ,4ʹ-Dihydroxyphenyl)propanoic acid *

4-OH-BAL 4-Hydroxybenzaldehyde *

BA Benzoic acid *

4ʹ-OH-CA p-Coumaric acid *

3ʹ-MeO-PA-4ʹ-S Homovanillic acid-sulfate *

Myricetin Myricetin *

3-(4ʹ-OH-ph)-2-OH-PrA 2-Hydroxy-3-(4ʹ-hydroxyphenyl)propanoic acid *

Quercetin Quercetin *

Clostridium  sp.

Flavonifractor  sp. 

/ Clostridium  sp.
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A total of 7 plasma metabolites were significantly and negatively correlated 

with 3 microbial species in the Aronia group: unclassified Blautia A, 

Turicibacter sanguinis, and Oscillibacter sp./ Firmicutes bacterium (Table 

6.10). 

 

4ʹ-OH-HA 4ʹ-Hydroxyhippuric acid *

3-OH-2-MeO-Benz-1-S 2-Methylpyrogallol-sulfate *

CA-4ʹ-S p-Coumaric acid- 4ʹ-sulfate *

4-OH-3-MeO-BA Vanillic acid *

4-OH-BA 4-Hydroxybenzoic acid *

2ʹ-OH-HA 2ʹ-Hydroxyhippuric acid *

PA Phenylacetic acid *

4-OH-3,5-diMeO-BA Syringic acid *

3-OH-BA 3-Hydroxybenzoic acid Roseburia  sp. *

4ʹ-OH-3ʹ-MeO-CA trans-Ferulic acid
Ruminococcus  sp.

/ Blautia  sp.
*

Quercetin-3-S Quercetin-3-sulfate *

BA Benzoic acid *

3ʹ-MeO-PA-4ʹ-S Homovanillic acid-sulfate *

CA Cinnamic acid *

3-(3ʹ-MeO-ph)-PrA-4ʹ-S Dihydroferulic acid- 4ʹ-sulfate *

3,4-diOH-BA-3-S Protocatechuic acid-3-sulfate *

HA Hippuric acid *

3-(2ʹ,3ʹ-diOH-ph)-PrA 3-(2ʹ,3ʹ-Dihydroxyphenyl)propanoic acid *

3-OH-4-MeO-BA-5-S 4-Methylgallic acid- 3- sulfate *

2-OH-3/6-MeO-Benz-1-S* 1-Methylpyrogallol-sulfate **

2,6-diOH-Benz-1-S Pyrogallol- 2-O-sulfate **

3-(4ʹ-OH-ph)-PrA-3ʹ-S Dihydrocaffeic acid- 3ʹ-sulfate *

Quercetin-3-GlcUA Quercetin-3-glucuronide *

4ʹ-MeO-CA-3ʹ-S Isoferulic acid- 3ʹ-sulfate *

3ʹ-OH-HA 3ʹ-Hydroxyhippuric acid *

3ʹ-MeO-CA-4ʹ-GlcUA Ferulic acid- 4ʹ-glucuronide *

3-MeO-BA-4-S Vanillic acid- 4-sulfate *

4/5-CQA* Chlorogenic acid *

3ʹ-OH-CA-4ʹ-S Caffeic acid- 4'-sulfate *

3-(4ʹ-OH-ph)-PrA-3ʹ-S Dihydrocaffeic acid- 3ʹ-sulfate *

2-(4ʹ-OH-ph-O)-PrA 2-(4ʹ-Hydroxyphenoxy)propanoic acid *

3,4-diOH-BA-3-GlcUA Protocatechuic acid-3-glucuronide Dialister invisus *

3,4-diOH-BAL 3,4-Dihydroxybenzaldehyde
Unclassified 

Blautia  A *

Bacteroides 

xylanisolvens

Clostridiales 

bacterium

*: p< 0.05; **: p< 0.01; ***: p< 0.001

Flavonifractor sp. 

/ Clostridium sp.
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Table 6.10: Summary of negative and significant correlations between Aronia PP-related plasma 

metabolites and gut microbiome (*, p< 0.05, **, p< 0.01). 

 

6.3.9.2. Correlations between microbial species and 

urinary PP metabolites after aronia consumption 

In the Aronia group, 35 urinary compounds were positively correlated to the 

changes from baseline of some bacterial species (Table 6.11). Notably,  

3ʹ-hydroxyphenylacetic acid and protocatechuic acid-4-sulfate were strongly 

correlated (p< 0.001) with Intestinimonas butyriciproducens and Roseburia 

sp., respectively. Moreover, quercetin and dihydroisoferulic acid-3ʹ-sulfate 

were correlated (p< 0.01) with Christensenellales and Lawsonibacter 

phoceensis, respectively.  

Table 6.11: Summary of positive and significant correlations between targeted Aronia-PP related 

urinary compounds and gut microbiome (*, p< 0.05, **, p< 0.01, and ***, p< 0.001). 

 

 

Metabolite Full / usual name Bacterial species p-value

3ʹ-MeO-CA-4ʹ-S Ferulic acid- 4ʹ-sulfate *

3,4-diOH-BAL 3,4-Dihydroxybenzaldehyde *

4ʹ-OH-3ʹ,5ʹ-diMeO-CA Sinapic acid **

3,4,5-triOH-Benz-OEt Gallic acid ethyl ester **

4ʹ-OH-3ʹ-MeO-CA trans-Ferulic acid *

PA Phenylacetic acid *

4-OH-3,5-diMeO-BA Syringic acid *

Oscillibacter  sp. / Firmicutes 

bacterium

Turicibacter sanguinis

Unclassified Blautia  A

*: p< 0.05; **: p< 0.01

Metabolite Full / usual name Bacterial species p-value

2,3-diOH-Benz-1-S Pyrogallol- 1-O-sulfate Unclassified Blautia  A *

Quercetin Quercetin **

2,4/2,6-diOH-BA* 2,4-Dihydroxybenzoic acid *

3,4-diOH-BA Protocatechuic acid *

4-OH-BA 4-Hydroxybenzoic acid *

3ʹ-OH-PA 3ʹ-Hydroxyphenylacetic acid
Intestinimonas 

butyriciproducens
***

Unclassified Christensenellales
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On the contrary, 12 urinary metabolites were significantly and negatively 

correlated to some of the microbial species analysed in the Aronia group 

(Table 6.12). This is the case for example for 4-methylcatechol and  

4-methylcatechol-1-sulfate, which were negatively correlated (p< 0.01) with 

3-(2ʹ,4ʹ-diOH-ph)-PrA 3-(2ʹ,4ʹ-Dihydroxyphenyl)propanoic acid *

2-OH-Benz-1-GlcUA Catechol- 1-glucuronide *

3-(4ʹ-OH-ph)-PrA-3ʹ-GlcUA Dihydrocaffeic acid- 3ʹ-glucuronide *

3,4-diOH-BA Protocatechuic acid *

3,4-diOH-BA-3-GlcUA Protocatechuic acid-3-glucuronide *

CA-4ʹ-GlcUA p-Coumaric acid- 4ʹ-glucuronide *

3ʹ-MeO-CA-4ʹ-S Ferulic acid- 4ʹ-sulfate *

4ʹ-OH-3ʹ-MeO-CA trans-Ferulic acid *

4ʹ-OH-CA p-Coumaric acid *

3-(4ʹ-MeO-ph)-PrA-3ʹ-S Dihydroisoferulic acid-3ʹ-sulfate **

4-OH-BA 4-Hydroxybenzoic acid *

Myricetin Myricetin *

3,4-diOH-BA Protocatechuic acid *

3,4-diOH-BA-3-S Protocatechuic acid-3-sulfate *

3ʹ-OH-CA-4ʹ-GlcUA Caffeic acid- 4ʹ-glucuronide *

4ʹ-OH-CA-3ʹ-S Caffeic acid- 3ʹ-sulfate *

3ʹ-OH-CA m-Coumaric acid *

3-(4ʹ-MeO-ph)-PrA-3ʹ-S Dihydroisoferulic acid-3ʹ-sulfate *

4-OH-BAL 4-Hydroxybenzaldehyde Bacteroides dorei *

CA Cinnamic acid Butyricimonas faecihominis *

3-(2ʹ,4ʹ-diOH-ph)-PrA 3-(2ʹ,4ʹ-Dihydroxyphenyl)propanoic acid *

4'-MeO-EC 4'-Methoxy-(‒)-Epicatechin *

3,4-diOH-BA Protocatechuic acid *

4/5-CQA* Chlorogenic acid *

4-CQA Cryptochlorogenic acid *

4-FQA 4-O-Feruloylquinic acid *

3-(4ʹ-MeO-ph)-PrA-3ʹ-S Dihydroisoferulic acid-3ʹ-sulfate *

HA Hippuric acid *

3'-MeO-EC 3'-Methoxy-(‒)-epicatechin *

2,5-diOH-BA 2,5-Dihydroxybenzoic acid *

2,3-diOH-BA 2,3-Dihydroxybenzoic acid *

CA Cinnamic acid *

2,6-diOH-Benz-1-S Pyrogallol- 2-O-sulfate *

2-OH-Benz-1-GlcUA Catechol- 1-glucuronide *

EC (‒)-Epicatechin *

3,4-diOH-BA Protocatechuic acid *

3,4-diOH-BA-3-S Protocatechuic acid-3-sulfate *

3-MeO-BA-4-S Vanillic acid- 4-sulfate *

3,4-diOH-BA-4-S Protocatechuic acid-4-sulfate ***

*: p< 0.05; **: p< 0.01; ***: p< 0.001

Lawsonibacter phoceensis

Faecalibacterium 

prausnitzii 2

Clostridium  sp.

Flavonifractor  sp. / 

Clostridium  sp. 

Oscillibacter  sp. / 

Firmicutes

Roseburia  sp.
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Turicibacter sanguinis, or (‒)-epicatechin-3'-sulfate which was correlated with 

unclassified Oscillospiraceae. 

Table 6.12: Summary of negative and significant correlations between targeted Aronia-PP related 

urinary compounds and in gut microbiome (*, p< 0.05, **, p< 0.01). 

 

6.3.9.3. Correlations between microbial species and 

clinical outcomes after aronia consumption 

In the group of volunteers of the Aronia group, 27 clinical outcomes out of the 

36 included in the analysis significantly correlated negatively with 11 bacterial 

species (Figure 6.11). The strongest negative correlations were between 

changes from baseline in 24h and awake SBPao and SBPbr and changes in 

Roseburia sp. (p< 0.001), as well as between Asleep AIxao and AIxbr and 

changes in Oscillospiraceae (p< 0.01) (Table 6.13), implicating that lower 

blood pressure correlated with higher bacterial abundance. 

Metabolite Full / usual name Bacterial species p-value

Kaempferol-3-GlcUA Kaempferol-3-glucuronide *

2-OH-4/5-Me-Benz-1-S 4-Methylcatechol- 1-sulfate **

1,2-diOH-4-Me-Benz 4-Methylcatechol **

 EC-3'-S (‒)-Epicatechin-3'-sulfate **

CA-4ʹ-GlcUA p-Coumaric acid- 4ʹ-glucuronide *

CA-4ʹ-S p-Coumaric acid- 4ʹ-sulfate *

2,3,4-triOH-BA 2,3,4-Trihydroxybenzoic acid Ruminococcus  sp. / Blautia  sp. *

3-OH-2-MeO-Benz-1-S 2-Methylpyrogallol-sulfate *

2-OH-4/5-Me-Benz-1-S 4-Methylcatechol-1-sulfate *

4-OH-BA 4-Hydroxybenzoic acid *

2ʹ-OH-HA 2ʹ-Hydroxyhippuric acid *

3,5-diOH-BA 3,5-Dihydroxybenzoic acid Dialister invisus *

3-MeO-BA-4-S Vanillic acid- 4-sulfate Butyricimonas faecihominis *

Unclassified Oscillospiraceae

Clostridiales bacterium

Turicibacter sanguinis

*: p< 0.05; **: p< 0.01
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Figure 6.11: Heatmap showing hierarchical Ward-linkage clustering of correlations between clinical 

metadata and gut microbiome (*, p<0.05, **, p<0.01 and ***, p<0.001). 
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Table 6.13: Summary of negative and significant correlations between clinical outcomes and 

significantly different species in gut microbiome (*, p<0.05, **, p<0.01 and ***, p<0.001). 

 

 

On the contrary, 9 outcomes correlated positively with 5 bacterial species, 

indicating that the increase in abundance for these bacteria was correlated 

with an increase for the clinical outcome compared with baseline. The most 

significant were awake PWV and asleep HR, which were significantly (p< 0.01) 

correlated Bacteroides xylanisolvens and Oscillibacter sp., respectively (Table 

6.14).  

Clinical outcome Bacterial species p-value 

24h HR 

unclassified Oscillospirales 5 

* 

Asleep HR * 

Office SBPbr * 

Awake HR 
Faecalibacterium prausnitzii 2 

* 

Blood flow * 

Awake SBPbr Clostridiales bacterium * 

TG Flavonifractor sp. / Clostridium sp. * 

Asleep AIxbr 
Oscillibacter sp. / Firmicutes bacterium 

* 

Asleep AIxao * 

Awake DBPbr 

Roseburia sp.  

* 

24h DBPbr * 

Awake SBPao ** 

24h SBPao *** 

Awake SBPbr *** 

24h SBPbr *** 

Awake SBPao unclassified Christensenellales * 

24h AIxbr 

unclassified Oscillospiraceae  

* 

24h AIxao * 

Asleep AIxbr ** 

Asleep AIxao ** 

24h SBPbr 
Intestinimonas butyriciproducens 

* 

Asleep SBPbr * 

Asleep SBPbr 

Bacteroides dorei 

* 

24h DBPbr * 

Awake DBPbr * 

Asleep DBPbr * 

24h DBPbr Dialister invisus * 

*: p< 0.05; **: p< 0.01; ***: p< 0.001. 
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Table 6.14: Summary of positive and significant correlations between clinical outcomes and 

significantly different species in gut microbiome (*, p<0.05, **, p<0.01 and ***, p<0.001). 

 

 

 

 

 

6.3.10. Role of gut microbiota on the interindividual 

variability in vascular response to aronia berry PP  

6.3.10.1. Cluster analysis to identify Responders and Non-

Responders 

As shown in Chapter 5, a high variability in the vascular response to Aronia 

consumption was found among the study population. We hypothesised that 

this interindividual variability in response could be related to differences in the 

gut microbiome. Responders (R) versus Non-Responders (NR) were 

categorized among participants from the Aronia group (n= 42) based on an 

unsupervised method of clustering k-means. The following variables were 

included in the model as relevant clinical parameters based on the results of 

the RCT presented in Chapter 3. All clinical parameters were primary and 

secondary outcomes of the RCT and included ambulatory blood pressure (BP) 

(primary outcome), office SBP, ambulatory AIx and PWV, FMD and cortisol 

levels (Table 6.15). The cut-off decision for each parameter was made based 

Clinical outcome 
Bacterial species 

p-value 

FMD 

Bacteroides xylanisolvens 

* 

24h PWV * 

Awake PWV ** 

Awake AIxbr * 

LDL Clostridium sp. * 

Office HR Turicibacter sanguinis * 

Asleep HR 
Oscillibacter sp. / Firmicutes bacterium 

** 

Office AIx * 

Office HR unclassified Oscillospiraceae * 

*: p< 0.05; **: p< 0.01. 
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on clinical relevance, overall magnitude of effects and range of responses in 

our study, as well as the ability to perform statistical analysis on big enough 

groups.  

Table 6.15: Summary of the parameters included in the cluster analysis, with detail of their cut-off limit. 

  

The best number of clusters (k= 2) was defined using the NbClust() function 

(NbClust R package) on a matrix containing the changes of the given 

variables. This analysis was repeated 200 times to ensure the robustness of 

the observations, and 37 out of the 42 volunteers were included in 2 clusters. 

The other 5 participants were classified as “jumping subjects” as they 

oscillated from one cluster to another during the repetitions (Figure 6.12). 

Therefore, the R group consisted of 23 volunteers (labelled aronia_2 in Figure 

6.12) who responded to the aronia berry treatment, while the NR group 

consisted of 14 volunteers who did not respond to the treatment (labelled 

aronia_1 in Figure 6.12).  

Primary / Secondary 

outcome
Parameters Cut-off

Ambulatory BP Primary
Δ 24h SBPbr

Δ 24h DBPbr

≤ -2 vs > -2 mmHg

Office BP Secondary Δ SBPbr ≤ -2 vs > -2 mmHg

Ambulatory AIx Secondary

Δ 24h AIxao

Δ 24h AIxbr

Δ Awake AIxao

Δ Awake AIxbr

< 0 vs ≥ 0%

Ambulatory PWV Secondary Δ Awake PWV < 0 vs ≥ 0 m/s

FMD Secondary Δ FMD < 0.7 vs ≥ 0.7%

Cortisol levels Secondary Δ Cortisol < 0 vs ≥ 0 mmol/L

ao, aortic; br, brachial; BP, blood pressure; CVD, cardiovascular disease; DBP, diastolic BP; 

FMD, flow-mediated dilation; PWV, pulse wave velocity; SBP, systolic BP.
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Figure 6.12: Principal component analysis from k-means analysis based on relevant clinical 

parameters highlighted by the partner after k-means algorithm. Participants in the Aronia group were 

separated in the aronia_1 (n=14, orange), aronia_2 (n=23, violet) and jumping subjects (n=5, grey). 

 

Table 6.16 below describes the background baseline characteristics of the R 

and NR groups. No significant differences were observed between R and NR 

except for our primary outcome 24h SBPbr and DBPbr, which was included in 

the cluster analysis.  
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Table 6.16: Background baseline parameters for R and NR. 

  Subgroup N Mean ± SD  

Sex 
NR 14 1.5 ± 0.5 

R 23 1.6 ± 0.5 

Age (years) 
NR 14 59.8 ± 8.3 

R 23 56.1 ± 9.9 

Alcohol consumption 
(unit/week) 

NR 14 3.9 ± 5.3 

R 23 4.5 ± 4 

Weight (kg) 
NR 14 69.9 ± 10 

R 23 71.3 ± 10.4 

IPAQ score (MET/min/week) 
NR 13 4995 ± 2948 

R 22 5000 ± 3405 

BMI (kg/m2) 
NR 14 24.4 ± 3.3 

R 23 24.9 ± 2.9 

24h SBPbr (mmHg)* 
NR 14 115 ± 6.6* 

R 23 124 ± 11* 

24h DBPbr (mmHg)* 
NR 14 66.5 ± 4.5* 

R 23 71.3 ± 5.7* 

24h HR (bpm) 
NR 14 68.6 ± 8.3 

R 23 70.2 ± 7.8 

24h SBPao (mmHg) 
NR 14 112 ± 10 

R 18 120 ± 16.4 

24h AIxao (%) 
NR 14 31.7 ± 11 

R 18 28.2 ± 13.2 

24h AIxbr (%) 
NR 14 -11.7 ± 21.8 

R 18 -17.6 ± 24.8 

24h PWV (m/s) 
NR 14 9.5 ± 1.1 

R 18 9.3 ± 0.9 

Office SBP (mmHg) 
NR 14 118 ± 7.8 

R 23 125 ± 11.6 

Office DBP (mmHg) 
NR 14 80.4 ± 6.1 

R 23 80.1 ± 5.9 

Office peripheral heart rate 
(bpm) 

NR 14 69.2 ± 13.4 

R 23 65.3 ± 5.7 

Office AIx (%) 
NR 14 25.3 ± 11.4 

R 23 21.1 ± 9.3 

Office PWV (m/s) 
NR 14 7.5 ± 1.4 

R 23 7.4 ± 1.6 

Office central SBP (mmHg) 
NR 14 112 ± 8.6 

R 23 117 ± 11.5 

Office central DBP (mmHg) 
NR 14 81.7 ± 6.5 

R 23 81.2 ± 6 

Office central heart rate (bpm) 
NR 14 63.3 ± 9 

R 23 60.2 ± 6.7 

Flow mediated dilation (%) 
NR 14 5 ± 1.5 

R 23 4.9 ± 1.3 

10-year QRISK®3 score (%) 
NR 13 6.5 ± 4 

R 22 5.5 ± 3.7 

Cortisol (mmol/L) 
NR 13 263 ± 66.7 

R 21 252 ± 86.7 

hsCRP (mg/L) 
NR 13 1.3 ± 1.6 

R 22 0.9 ± 0.8 
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Total cholesterol (mmol/L) 
NR 13 5.7 ± 0.8 

R 22 5.3 ± 1 

Triglycerides (mmol/L) 
NR 13 0.9 ± 0.5 

R 22 0.9 ± 0.5 

HDL cholesterol (mmol/L) 
NR 13 1.9 ± 0.5 

R 22 1.6 ± 0.4 

LDL cholesterol (mmol/L) 
NR 13 3.7 ± 1.1 

R 22 3.5 ± 1.2 

Total PP 7DD (mg) 
NR 14 1148 ± 504 

R 23 1371 ± 530 

Fibre 7DD (g) 
NR 14 25.1 ± 12.6 

R 23 26.8 ± 11.2 

7DD, 7-day food diary; AIx, augmentation index; ao, aortic; br, brachial; DBP, diastolic 
blood pressure; hsCRP, high-sensitivity C-reactive protein; IPAQ, international 
physical activity questionnaire; NR, non-responders; PWV, pulse wave velocity; R, 
responders; SBP, systolic blood pressure; SD, standard deviation. *Parameters with 
significance at p< 0.05 between R and NR groups. In green, parameters included in 
the cluster analysis to define R and NR. 

 

Differences among clinical parameters were investigated between R and NR 

groups to confirm that the cluster classification could explain the variability in 

clinical efficacy to aronia extract supplementation. The R group had a 

significant reduction in the primary outcome, 24h SBPbr of -6.6 and -3.6 mmHg 

compared with the NR group, and the Control group (n= 43), respectively  

(p< 0.01). Similar observations were found regarding 24h DBPbr (-4.6 and -2.8 

mmHg decrease in the R group compared with NR group and Control, 

respectively, p< 0.01). These observations suggest that subjects in the R 

group (aronia_2) responded to aronia extract consumption, while those in the 

NR (aronia_1) cluster were non-responders (NR) (Figure 6.13 A). Moreover, 

significant reductions in the R group in Awake SBPbr and DBPbr were found 

when compared with NR and control groups (-5.3 and -3.8 mmHg for awake 

SBPbr and -4.6 and -3.3 mmHg for awake DBPbr compared with NR and 

Control, respectively) (Figure 6.13 B) 
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Figure 6.13: Boxplot showing statistical differences between Aronia R, NR, and Control groups for 

changes in 24h and awake SBPbr and 24h and awake DBPbr following 12-week consumption. For each 

comparison, significance was tested by applying a Kruskal Wallis test with Bonferroni adjustment. 

Subjects belonging to different categories were coloured according to treatment and response: Aronia 

subjects belonging to Responders (violet), to Non-Responders (orange), and Control subjects (green). 

 

Regarding changes in augmentation index, significant changes were found 

between R and NR, however the changes were in the opposite direction than 

the one expected, with R presenting a significant increase in AIx (central and 

peripheral 24h, awake and asleep AIx) in comparison with NR and control 

groups, instead of decreasing AIx and therefore improving arterial stiffness. 

Instead, NR present significant decreases in AIx compared to both R and 
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Control subgroups (Figure 6.14). A summary of these findings is found in Table 

6.14. 
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Figure 6.14: Boxplot showing statistical differences between Aronia R, NR, and Control groups for 

changes in outcomes presenting significant differences between categories of response following 12-

week consumption. For each comparison, significance was tested by applying a Kruskal Wallis test 

with Bonferroni adjustment. Subjects belonging to different categories were coloured according to 

treatment and response: Aronia subjects belonging to Responders (violet), to Non-Responders 

(orange), and Control subjects (green). 

 

Table 6.17: Statistical differences between Aronia R, NR, and Control groups for chronic changes in 

primary and secondary outcomes. For each comparison, significance was tested by applying a Kruskal 

Wallis test with Bonferroni adjustment. 

 

   R versus C NR versus R NR versus C 

Parameter N 
p-value 

KWT 
Δ Sig. Δ  Sig. Δ  Sig. 

24h SBPbr 80 0.002  -3.6 0.038  -6.6 0.002 3.0 0.258 

24h DBPbr 80 0.000  -2.8 0.018  -4.6 0.000 1.8 0.155 

Awake SBPbr 80 0.008  -3.8 0.012  -5.3 0.046 1.4 1.000 

Awake DBPbr 80 0.001  -3.3 0.006  -4.6 0.001 1.3 0.595 

24h AIxao 64 0.000 0.8 1.000 -8.1 0.000  -7.3 0.000 

24h AIxbr 64 0.000 0.5 1.000 -15 0.000  -14 0.000 

Awake AIxao 64 0.000 0.6 1.000 -8.8 0.001  -8.2 0.000 

Awake AIxbr 64 0.000 -0.5 1.000 -16 0.006  -16 0.000 

Asleep AIxao 63 0.022 3.5 0.974 -9.1 0.081  -5.6 0.022 

Asleep AIxbr 63 0.022 7.0 0.974 -18 0.081  -11 0.022 

C, control; KWT, Kruskal-Wallis test; NR, non-responders; R, responders. 
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6.3.10.2. Differences in baseline gut microbiome richness 

and composition between Responders and Non-

Responders 

As shown in section 6.3.3, consumption of Aronia extract for 12 weeks led to 

an increase in the gene count, implicating a favourable increase in the richness 

of the gut microbiota after aronia consumption. Here, we investigated and 

compared the gene richness in R versus NR subjects. 

Responders had significant lower gene count at baseline compared to both 

NR individuals and placebo (Figure 6.15, p< 0.05) and the same conclusion 

was observed for species richness, although not significant after Bonferroni 

adjustment for multiple comparisons (Kruskal-Wallis p= 0.18; Dunn post-hoc 

test p-value (R vs NR) = 0.03, without correction).  

 

Figure 6.15: Boxplot showing statistical differences between Aronia R, NR, and Control groups for Δ 

gene count. The significance was tested by applying a Dunn post-hoc test after Kruskal Wallis test and 

Bonferroni adjustment.  
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Baseline gut microbiome composition was investigated for both R and NR 

subgroups of the Aronia subjects. Following a Kruskal Wallis test with Dunn 

post-hoc test, the abundances of Faecalibacterium prausnitzii, 

Acutalibacteraceae 3, Firmicutes bacterium and Bifidobacterium adolescentis 

taxa appeared significantly enriched the R group compared to NR at baseline. 

Bifidobacterium adolescentis was also enriched in R compared with Control 

group (Figure 6.16). 

 

Figure 6.16: Cuneiform plot showing bacterial taxa significantly enriched in R, NR, or Control at 

baseline. For each comparison, a triangle pointing up indicates that species are enriched in the NR 

group. Signed effect size are shown through marker direction and colour, hue and size represent 

absolute effect size. Solid borders indicate significance. Markers not shown had no differences in 

statistical analysis. C, Control; R, responders; NR: non responders 
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In order to predict the response to aronia extract supplementation according 

to the variation in gut microbiota composition at baseline, an analysis focusing 

exclusively on the 4 species enriched in the R cluster (listed above) was 

performed. We observed that baseline abundances in Bifidobacterium 

adolescentis showed a significant and negative correlation with the increase 

in 24h DBP for the Aronia group (Spearman’s ρ= -0.32, p= 0.05) (Figure 6.17).  

  
Figure 6.17: Spearman's correlation plot between baseline levels of B. adolescentis and chronic 

changes in 24h DBP. On the right, boxplots reporting the delta changes in 24h DBP. On top, boxplots 

for log10 baseline levels of B. adolescentis. In the boxplots, Aronia subjects belonging to NR are 

coloured in orange, the R are coloured in violet and Control subjects are coloured in green. 

 

6.3.10.3. Effects of aronia berry PP on gut microbiome 

composition in Responders versus Non-Responders 

Finally, the impact of the aronia extract supplementation in R and NR 

subgroups was assessed by comparing the gut microbiome composition of 

both subgroups following the 12-week intervention (Figure 6.18 and Table 

6.17). A total of 26 and 10 species were significantly more abundant following 

the intervention in the R and NR groups, respectively. Among the species 
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enriched in the R group were found Gemmiger, Lachnospiraceae G, 

Intestimonas butyriciproducens, Eggerthella lenta, Lawsonibacter, 

Faecalibacterium prausnitzii (1, 9, 2, 6), Oscillospirales (3, 5), 

Faecalibacterium, Roseburia intestinalis, Ruthenibacterium lactatiformans, 

Lachnoclostridium sp. /Clostridium sp., Acutalibacteraceae 3, Clostridium sp., 

Collinsella bouchesdurhonensis, Firmicutes bacterium / Clostridium sp., 

Dysomobacter welbionis, Ruminococcus sp., Clostridiales bacterium, and 

Clostridia bacterium. On the contrary, the species significantly enriched in the 

NR individuals were Streptococcus salivarius, Oscillospirales 4, Streptococcus 

australis, Eubacterium sp., unclassified Lachnospiraceae C, Firmicutes 

bacterium, Bacteroides vulgatus, Ruminococcus bicirculans, Lachnospira 

pectinoschiza, and Intestinibacter. 
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Figure 6.18: Species significantly different between R and NR after 12 weeks of intervention. The bar 

plot shows the Cliff delta value of all species significantly and relevantly contrasted between R and NR. 

In red: species significantly more abundant in the R. In blue: species significantly more abundant in the 

NR group when considering the chronic changes in abundance for the species of interest. 
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Table 6.18: Species significantly different between R and NR after 12 weeks of intervention. In red: 

species significantly more abundant in the R. In blue: species significantly more abundant in the NR 

group when considering the chronic changes in abundance for the species of interest.  
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6.4. Discussion 

6.4.1.  Effect of aronia berry PP on gut microbiota 

abundance and composition 

In the present trial, we first investigated the effects of aronia berry PP on gut 

microbiota composition and richness. In the Aronia group, we noted a 

significant increase in Intestinimonas butyriciproducens as well as a significant 

decrease in Ruminococcus following the 12-week intervention. Intestimonas 

butyriciproducens is known to be a beneficial bacteria thanks to its ability to 

convert lysine into butyrate and to release ammonium which acts as an acidity 

buffer in the process of SCFA production (Bui et al. 2016). On the contrary, 

increases in Ruminococcus were observed in Crohn’s disease subjects as well 

as in obese and diabetic mice models compared with healthy individuals 

(Joossens et al. 2011; Geurts et al. 2011). These suggests that aronia PP may 

have a positive favourable modulation of the gut microbiome. 

Several species were found to be enriched in Aronia group compared with 

Control following the 12-week supplementation. For instance, this is the case 

for Turicibacter sanguinis, belonging to the Firmicutes phylum and able to 

interact with host-derived compounds (Maki, Nielsen, and Looft 2020), 

Butyricimonas faecihominis, a newly identified butyrate-producing species 

(Nguyen et al. 2019), Bacteroides dorei, shown to inhibit atherosclerosis 

(Yoshida et al. 2018), Bacteroides xylanivsolvens, an acetate-, succinate-, and 

propionate-producer and probiotic (Chassard et al. 2008; Chen, Liu, et al. 

2020), Clostridium sp., beneficial for the gut homeostasis and reported to 

reduce allergic diseases and inflammation (Guo et al. 2020), Blautia, 
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described as a regulator of host health and able to reduce metabolic syndrome 

(Liu, Mao, et al. 2021), and Christensenellaceae, a bacterial family shown to 

be a potential therapeutic probiotic (Waters and Ley 2019) and reported 

enriched in normoweight individuals compared with obese subjects. Among 

the significantly enriched bacteria observed in Aronia group were also reported 

Dialister invisus, Roseburia sp. and Faecalibacterium prausnitzii, which were 

related with unbalanced microbiome, inflammatory bowel disease, obesity and 

type 2 diabetes when reduced in abundance (Morelli, Callegari, and Patrone 

2018; Reygner and Kapel 2019; Tamanai-Shacoori et al. 2017; Karlsson et al. 

2013; Miquel et al. 2014). Among all the species significantly increased in 

Aronia group after the intervention, the increase in Bacteroides sp., 

Clostridium sp., and Oscillibacter sp. were in line with a previous trial studying 

the impact of aronia on gut microbiome (Istas et al. 2019). 

Our analysis also showed the impact of aronia consumption over gut 

microbiome following the 12-week intervention, especially in terms of species 

and gene richness, compared with Control. Gene richness has previously 

been shown to improve significantly following dietary intervention (energy-

restricted high-fibre diet) and an increased gene count was associated with a 

diminution of total cholesterol and inflammation (measured as C-reactive 

protein) in a population of overweight individuals (Cotillard et al. 2013). Authors 

hypothesised that a lower gene count could be a potent tool for health risk 

detection as individuals with a less rich gut microbiome are the less healthy. 

Another study investigating the correlation between gut microbiome richness 

and metabolic markers observed that subjects with high gene count were more 

likely to present an increased production of SCFA, which is in line with the 
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pathways significantly enriched in Aronia (Le Chatelier et al. 2013). In addition, 

gene count was also significantly lower in prehypertensive and hypertensive 

subjects compared with control in a cohort of 196 individuals (Li et al. 2017). 

Low gene count was also related with obesity and insulin resistance (Molinaro 

et al. 2020). In rats, significantly lower gene count was reported for rodents 

which underwent induced heart failure, compared with healthy rats, indicating 

that gene dysbiosis could influence the predisposition to heart failure (Zheng 

et al. 2019).  

Furthermore, the analysis of microbiome α diversity did not show any 

difference following the 12-week intervention in both Shannon and Simpson 

indices, which is in line with the results from another trial led by our team and 

exploring the effect of the same aronia extract on vascular function and gut 

microbiome in healthy young men (Istas et al. 2019). To our knowledge, this 

is the first study to investigate the impact of aronia berry PP consumption on 

gene count. The discrepancy in results between α diversity and gene count 

has previously been observed in several non-interventional studies.  

For example, it was reported that gene count was significantly lower in 

individuals with asthma and attention-deficit/hyperactivity disorder (ADHD) 

compared with healthy controls, while no change for α diversity (assessed by 

Shannon index) was found (Wang et al. 2018; Yan et al. 2021). While α 

diversity translated the number of individual bacteria in a pool of samples, 

gene count is the number of unique genes. Since each bacterium presents a 

large number of genes, we can hypothesise several reasons explaining our 

results. In fact, aronia PP consumption could have introduced new bacteria to 

the gut or, the intervention benefited to strains that were present in very low 
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amount (i.e., not enough to be detected) and these strains grew in larger 

numbers following 12-week intake of aronia berry PP. These 2 hypotheses 

could explain an increase in gene count but no significant change in α diversity.  

6.4.2.  Associations between gut microbiome, vascular 

outcomes, and PP metabolites 

Increasing evidence suggests that modifications in gut microbiome 

composition and abundance could be related to protective effects against 

cardiometabolic diseases (Tomas-Barberan, Selma, and Espin 2016).  

The multi-omic analysis performed in this study explored the influence of 

plasma and urine PP metabolites on the changes in microbial species, by 

correlating the 12-week changes in phenolic metabolites with changes in the 

bacteria of interest. Indeed, a large portion of the phenolic metabolites 

analysed and quantified in this trial were identified as microbial breakdown 

products (Cerdá, Tomás-Barberán, and Espín 2005; Gross et al. 2010) which 

are believed to influence gut microbiome (Williamson and Clifford 2010).  

A total of 88% and 78% of species versus metabolites’ correlations were 

positive, for plasma and urine, respectively. This confirms the strong and 

bidirectional link between PP and gut microbiome. Among bacteria positively 

correlated with plasma metabolites was observed Ruminococcus sp., a genus 

associated with long-term plant-based diets and able to degrade complex 

carbohydrates (i.e., starch or cellulose) (David et al. 2014). Moreover, 

Bacteroides xylanisolvens, a species able to degrade complex 

polysaccharides from fruits and vegetables (i.e., xylans or pectin), was also 

reported among the positive correlations in the plasma metabolites (Henning 



331 
 

et al. 2017). Ruminococcus sp. and B. xylanisolvens were correlated positively 

with 20 and 18 plasma metabolites, respectively. When looking at the urinary 

metabolites, we observed the presence of health-related species such as 

butyrate-producer Lawsonibacter phoceensis, correlated with 11 metabolites, 

and whose genus was found to be associated to coffee consumption (Asnicar 

et al. 2021). Similarly, Faecalibacterium prausnitzii, one of the most important 

species regarding SCFA production, was also correlated with 7 urinary 

metabolites (Lopez-Siles et al. 2017). Interestingly, the rises in these taxa were 

positively correlated to the presence of 3,4-diOH-BA (also known as 

protocatechuic acid), which has been documented with anti-inflammatory and 

antioxidant effects in humans (Wang et al. 2015). This corroborates our 

hypothesis for the aronia extract supplementation to exert positive effects on 

gut microbial composition and clinical outcomes. Three species were 

significantly and positively correlated with both urinary and plasma 

metabolites: Clostridium sp., Flavonifractor sp., and Roseburia sp., although 

the metabolites were different for each category. While PP were shown to 

increase the abundance of the butyrate-producer Roseburia sp. (Moreno-

Indias et al. 2016), species from Clostridium and Flavonifractor genus were 

described as active players in the metabolism and degradation of flavan-3-ols 

and proanthocyanidins, two of the most abundant PP present in the aronia 

extract used in the intervention (Rodriguez-Castaño et al. 2020; Moco, Martin, 

and Rezzi 2012; Luca et al. 2020). This shows once again the robust 

relationship between phenolic metabolites and gut microbiome composition.  

Moreover, we also analysed the potential interactions between gut microbiome 

species and clinical outcomes, and found a total of 36 significant correlations, 
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including 75% of them being negative, indicating that a higher abundance in 

species would correlate to a greater improvement of the clinical outcome. 

Correlations were mainly with BP (44% of the correlations). Among them, the 

genus Oscillospira, previously found to be negatively correlated with SBP 

(Chen, Zheng, et al. 2020). This was also the case for the butyrate-producers 

Roseburia sp., I. butyriciproducens, and unclassified Christensenellales which 

were found enriched in normotensive participants or negatively correlated with 

BP (Dan et al. 2019; Li et al. 2017; Calderón-Pérez et al. 2020; Silveira-Nunes 

et al. 2020; Yan et al. 2020; Yan et al. 2017; Verhaar et al. 2020). Increases 

in BP were related with a poor gut microbiota diversity and a decrease in SCFA 

production (Li et al. 2017; Yang et al. 2015). Indeed, butyrate was associated 

with benefits for health, and in particular with stroke, hypercholesterolemia or 

cancer (Canani et al. 2011; Vitale et al. 2021). Furthermore, abundances in 

Oscillospira and B. dorei, two of the bacterial species negatively correlating 

BP, were reported to be reduced in subjects with cardiometabolic or 

inflammatory diseases (Yoshida et al. 2018; Gophna, Konikoff, and Nielsen 

2017). This multi-omic analysis also highlighted that the changes in 

abundance in unclassified Oscillospiraceae and Oscillibacter sp. were 

significantly and negatively correlated with AIx. To our knowledge, this is the 

first time these species are shown to have a beneficial impact on arterial 

stiffness. These correlations are not in line with the main study focusing on this 

aspect and which described that arterial stiffness was negatively correlated 

with the Ruminococcaceae family, in a British cohort of 617 middle-aged 

women (Menni et al. 2018). However, this trial only considered PWV in the 

analysis and not AIx. The results of the present study are thus novel and of 
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interest in the investigation of understanding the impact of gut microbiota in 

the onset of CVD. 

6.4.3.  Role of gut microbiome in explaining variation in 

response to aronia consumption 

It is becoming more and more clear based on recent evidence that gut 

microbiota has a strong impact on cardiometabolic diseases (Asnicar et al. 

2021). Therefore, gut microbiota may have an important role in explaining the 

variability in cardiometabolic response of aronia berry PP discussed in 

previous chapters of this thesis. However, very few studies have investigated 

this, in particular in clinical trials.  

The analysis of gut microbial composition based on the variation in response 

to aronia extract treatment (Responders versus Non-Responders) revealed 

that the consumption of the aronia extract could reduce BP (ambulatory 24h 

and awake SBPbr and DBPbr) in subjects with low gene count at baseline 

compared to Control group. Among the 4 taxa significantly enriched at 

baseline in the R group compared with NR, a higher abundance in 

Bifidobacterium adolescentis was related with a greater decrease in 24h DBP. 

This bacterium was reported to undergo a stimulatory effect of PP in in vitro 

essays (Gwiazdowska et al. 2015; Kawabata et al. 2018). Furthermore, along 

with Faecalibacterium prausnitzii which was also part of the significantly 

increased bacteria in R group at baseline, Bifidobacterium adolescentis was 

reported to be restored following a Mediterranean diet in subjects with 

metabolic syndrome (Haro, Garcia-Carpintero, et al. 2016).  
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When looking at the microbiome composition and abundance after the  

12-week intervention, 26 species were significantly enriched in R versus NR. 

This was for instance the case for many beneficial SCFA-producing bacteria 

such as Intestimonas butyriciproducens, Lachnospiraceae G, Flavonifractor 

sp., Faecalibacterium prausnitzii, Dysomobacter welbionis, and Clostridiales 

bacterium (Rinninella et al. 2019; Le Roy et al. 2020; Rodriguez-Castaño et 

al. 2020). This was also the case for Roseburia intestinalis, another butyrate-

producing species able to impact atherosclerosis in in vivo models (La Rosa 

et al. 2019; Kasahara et al. 2018) and for Eggerthella lenta species, a human 

colon taxa metabolizing ellagitannins, lignans and catechin, and shown to 

improve intestinal barrier function as well as being associated with lower 

cardiometabolic risk (Selma et al. 2018; Meslier et al. 2020; Struijs, Vincken, 

and Gruppen 2009; Kutschera et al. 2011).  

On the contrary, 10 species were significantly enriched in the NR group after 

the intervention. Among them, entities from Ruminococcaceae and 

Lachnospiraceae families, which were reported to be significantly and 

negatively correlated with arterial stiffness (Menni et al. 2018; Huang et al. 

2020), which is in line with our analysis of R versus NR response to treatment 

showing an improvement in AIxao and AIxbr only in NR individuals.  

6.4.4. Strengths and weaknesses 

Our investigation of the impact of 12-week daily intake of aronia berry PP 

intervention on gut microbiome composition and abundance presented several 

strengths. First, faecal samples were collected only hours before the study 

days, which allow us to correlate the clinical outcomes with the gut composition 
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of the volunteers. Samples were analysed through a shotgun metagenomic 

analysis which involves a sequencing of all the DNA present, which represents 

a more thorough method compared with 16S sequencing. Moreover, our 

mathematical approach was robust and used novel algorithms and models to 

assess the variation in response to treatment. Besides, this study is one of the 

first to focus on such a multi-omic methodology, including metabolomics, 

microbiomics and clinical outcomes. We also proved that a 12-week 

intervention was long enough to detect effects on microbiome, even with a 

low-dose treatment. Future work could involve the quantification of SCFA in 

faecal and blood samples to confirm whether the increase seen in butyrate-

producing species influences the concentration in SCFA in biosamples. 

However, this assessment also presents some limitations. Indeed, as our 

sample size was calculated based on our primary outcome 24h BP, this 

analysis might be underpowered to perform some gut microbiome exploration. 

Another limitation of our analysis is related to the specific population of 

prehypertensive individuals targeted in the trial, involving that our results 

cannot be extrapolated to a more general population.  

In conclusion, we have shown that consumption of aronia PP led to a beneficial 

impact on gut microbiome composition and an in bacterial gene richness. 

Moreover, correlations between metabolites, microbiome, and health 

outcomes highlighted the bidirectional modulation between PP and gut 

microbiota. Finally, this overall analysis showed the importance of gut 

microbiota in explaining variability in response to aronia berry PP 

consumption. 



336 
 

 

 

 

 

 

 

 

CHAPTER 7 

Discussion 

 

 

 

 

 

 

 

 

 

 

 

 



337 
 

This chapter reviews the main outcomes of the experiments and analysis 

conducted through this thesis and discusses them according to the current 

state of literature. Additionally, an outline of the main strengths and limitations 

related to the present work is given, which need to be considered when 

interpreting the results. Finally, recommendations for future work needed in 

the field of (poly)phenol (PP) research associated to cardiovascular diseases 

is presented. 

7.1. Summary of main findings  

The main purpose of this thesis was to investigate whether the consumption 

of an aronia berry extract could improve cardiometabolic health in healthy 

middle-aged subjects. A randomised controlled human intervention trial was 

conducted to investigate this, as described in Chapter 3. To understand the 

potential mechanisms of action and the role of aronia berry PP on the 

improvements in vascular function found in the clinical trial, the bioavailability 

of aronia berry PP was investigated with the plasma and urine of the 

volunteers participating in the study (Chapter 4). As a high variability in 

vascular response to aronia berry PP was found among participants, a 

comprehensive assessment of potential factors affecting the interindividual 

variability in response to the intervention was conducted (Chapter 5). Finally, 

the impact of aronia berry PP on gut microbiota and its role in the 

interindividual variability in response was investigated in Chapter 6.  
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A summary of the main discoveries for each chapter can be found hereunder: 

 

❖ Main findings Chapter 3 (Effects of aronia berry (poly)phenols on 

cardiometabolic health): 

• Twelve-week daily consumption of an aronia berry extract did 

not improve 24-hour ambulatory blood pressure (BP) in a group 

of 102 healthy middle-aged men and women (primary outcome). 

 

• No changes in FMD, blood flow velocity, office BP, arterial 

stiffness, heart rate, blood lipids, and blood cortisol levels 

(secondary outcomes) were observed after Aronia berry 

consumption. Significant improvements in SBP were found in the 

aronia group when compared with baseline (-2.4 ± 0.9 mmHg), 

but not when compared with the control group. 

 

• Daily aronia berry PP consumption for 12 weeks significantly 

improved 24h ambulatory central and peripheral arterial stiffness 

measured as augmentation index when compared with the 

control group (Δ24h AIxbr= -6.8%, Δ24h AIxao= -3.3%). The same 

trend was observed for awake AIxbr, awake AIxao and awake 

PWV (Δ= -6.1%, -2.9%, and -0.24 m/s, respectively). 

 

❖ Main findings Chapter 4 (Bioavailability and metabolism of aronia 

berry (poly)phenols): 

• Aronia berry PP were found to be bioavailable in plasma and 

urine with 92 PP metabolites found in plasma and urine of 
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volunteers after consumption of aronia PP for 12 weeks. The 

main compounds found were predominantly hippuric acids, 

followed by cinnamic acids and benzoic acids for urinary 

samples and benzene diols and triols and benzoic acids for 

plasma samples. 

 

• Five individual urinary metabolites significantly increased 

compared to Control in the Aronia group following 12-week 

supplementation: 2,3-dihydroxybenzoic acid, 4-O-caffeoylquinic 

acid, 5-O-caffeoylquinic acid, 3-O-feruloylquinic acid, and 4-O-

feruloylquinic acid. A total of 18 and 12 plasma compounds were 

significantly increased compared to Control 2h post-

consumption, on the first and last study visit, respectively. Some 

compounds, such as 5-O-caffeoylquinic acid (i.e., chlorogenic 

acid), were also increased compared to baseline in both urine 

and plasma samples after 12 weeks. 

 

• Correlations were investigated between plasma and urinary PP 

metabolites and significant vascular outcomes. Plasma and 

urinary metabolites of aronia PP (mainly hydroxybenzoic acids, 

phenylacetic acids, hydroxycinnamic acids, and benzene diols 

and triols) correlated significantly with improvements in awake 

PWV, as well as 24h and awake central and peripheral AIx. 

 

 

 



340 
 

❖ Main findings Chapter 5 (Assessment of interindividual variability 

following aronia berry (poly)phenol consumption): 

• A high variability in response to aronia berry PP was found with 

coefficients of variation ranging from ≈200% for 24h SBP and 

DBP to ≈2560% for total cholesterol and triglycerides. 

 

• Subgroup analysis showed that the beneficial effects of aronia 

berry on arterial stiffness measured as AIx were found in women 

and individuals with high fruit and vegetable intake, presenting a 

high physical activity level, normoweight, normotensive, younger 

than 56 years and consuming less than 3.8 units of alcohol per 

week. 

 

• On the contrary, beneficial effect of the aronia berry 

supplementation on blood pressure was observed in subjects 

presenting a low or moderate physical activity level, a total PP 

intake lesser than 700 mg/day and an alcohol consumption of 

more than 3.8 units per week. 

 

❖ Main findings Chapter 6 (Impact of aronia berry (poly)phenols on 

gut microbiota): 

• Twelve-week aronia berry supplementation impacted positively 

and significantly bacterial gene count compared to placebo, 

suggesting that the intervention improved microbial richness. 

 

• In Aronia group, abundance in beneficial SCFA-producer 

bacteria Intestinimonas butyriciproducens increased 12 weeks 
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after daily consumption, and 18 species were significantly 

enriched in Aronia compared with Control following the 

intervention, including beneficial bacteria such as Bacteroides 

dorei, Bacteroides xylanivsolvens, Dialister invisus, Roseburia 

sp. and Faecalibacterium prausnitzii. 

 

• A multi-omic approach revealed significant correlations between 

urinary and plasma PP metabolites, clinical outcomes, and gut 

bacterial abundances following 12-week intervention. 

 

• An interindividual variability analysis based on k-means 

clustering showed that responders presented a lower gene count 

at baseline compared with non-responders, and baseline 

abundance of the beneficial bacterium B. adolescentis was 

significantly correlated with improvement in 24h DBP. 

 

• This analysis of responsiveness also highlighted that responders 

presented significant decreases in Δ24h and Δawake SBPbr and 

DBPbr compared with Control and non-responders. On the 

contrary, non-responders showed significant reductions in Δ24h 

and Δawake AIxao and AIxbr compared with responders and 

Control.  

 

• Gut microbiome composition was found to be an important factor 

in explaining variability in vascular response, confirming the 

strong and bidirectional link between PP and gut microbiome. 
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7.2. Strengths of this work 

One of the strengths of the work presented here is the high quality of the 

clinical trial which was central to this PhD thesis. The study design consisted 

of a double blind randomised controlled trial which included 102 participants, 

making this study the largest trial ever performed investigating the effects of 

aronia PP on cardiovascular health. Subjects were randomly allocated into 

Aronia and Control groups, to prevent any “pre-analytical” variations which 

may induce bias. The randomization was carried out using a computerized 

random number generator by an external researcher. Each subject entering 

the study was assigned a participant’s number corresponding to one of the 2 

intervention groups. The relationship between the participant’s number and 

the treatment group was unknown to both investigators and participants. 

Moreover, a stratification according to gender was also performed.  

Both investigators and participants were blinded to the allocated treatments, 

as the interventional aronia extract product tested in the RCT was 

indistinguishable from the control product. In addition, the interventional 

product was well characterised in terms of nutrients and PP content and 

represented a relevant and dietarily achievable amount of PP that can be 

taken as part of a normal diet. Subjects followed their normal diet without any 

restrictions, which constitutes a better representation of the habitual life and 

diet of volunteers than other clinical trials conducted under more artificial 

conditions, which are harder to reproduce in real life.   
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The population involved was a well-defined and relatively homogenous group 

composed of middle-aged men and women (n= 47 and 55, respectively), who 

were prehypertensive but otherwise healthy. 

Furthermore, the techniques and methodology applied during the trial were 

gold standard procedures such as flow-mediated dilation measurement,  

24-hour recordings of vascular outcomes, or the use of robust and validated 

questionnaires to assess the baseline diet and physical activity level of 

participants. This includes the use of 7-day food diary to assess the diet of 

participants, which is a gold standard in nutritional studies. All this allowed us 

to collect the data in a pertinent and standard manner. Regarding the analytical 

work on biosamples, our trial used one of the most comprehensive methods 

existing so far, which is validated for more than 120 PP metabolites including 

phase II and gut microbial metabolites. Gut microbiome analysis was 

conducted using shotgun metagenomics sequencing which is also a gold 

standard technique for microbiome analysis.  
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7.3. Limitations 

Several limitations need to be considered when interpreting the main results 

emanating from the present thesis. 

First, the investigation of bioactivity and bioavailability of aronia berry PP was 

conducted in a population of middle-aged participants, implying that 

extrapolation of the findings to other segments of the general population such 

as younger or older individuals cannot be undertaken. Indeed, metabolism and 

cardiovascular function are widely dependant on age, and the improvement of 

arterial stiffness observed in our study may not be seen on a younger 

population with more flexible blood vessels.  

Similarly, most men and women included in the trial were healthy, i.e., not at 

risk of CVD, with a diet generally rich in PP, and presenting a high level of 

physical activity. The amount of PP given through the treatment was small 

compared with the habitual intake. This high baseline intake might be the 

reason why we did not see many or stronger effect of the treatment on the 

various outcomes. Therefore, we cannot estimate the effect of the intervention 

on subjects at higher risk or presenting CVD, who may be a better target to 

observe the impact of aronia PP on hard clinical endpoints rather than 

surrogate biomarkers of CVD risk. 

Another weakness of our trial concerns the timepoints used to measure the 

vascular outcomes. Indeed, we only measured baseline and 12-week 

timepoints, without intermediary point such as 4, 6 and 8 weeks. As some 

parameters such as blood pressure can vary for a number of reasons, having 
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more timepoints in this trial could have improved the robustness of the 

findings. Moreover, the overall duration of the trial may not be long enough, 

and it could have been interesting to assess the effects of the treatment on the 

longer term (6 month or 1 year). 

Compliance based on capsule count was high (> 99%) but it was not assessed 

during the course of the study. The implementation of additional study visits in 

between endpoints over the 12 weeks could improve the assessment of this 

parameter. 

Another limitation is related to the fact we did not measure the socioeconomic 

status of the participants, or other factors such as pollution and environment, 

which could be important factors for cardiovascular health. 

Moreover, as previously stated, our RCT did not restrict the consumption of 

PP prior to the study visits or during the study. This led to a baseline 

concentration of phenolic compounds to be high, potentially masking some of 

the effects of the PP supplementation. This aspect of our protocol also implies 

that results may be extensively correlated to the food intake of subjects taking 

place in the last days preceding the study visits. However, significant 

improvements in arterial stiffness were observed despite this absence of 

strictly controlled diet, suggesting that even a small dose of PP can induce 

beneficial health effects among a population with high PP intake. Likewise, 

background diet was assessed in this trial using a 7-day food diary at baseline 

and following the 12-week intervention and we did not see any significant 

change in the diet. However, we cannot rule out that other bioactives present 

in the diet of volunteers could potentially exert beneficial health effects. 
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7.4. Conclusions 

This work demonstrated that dietarily achievable amounts of aronia berry PP 

consumed daily over 12 weeks significantly decreased components of arterial 

stiffness in middle-aged healthy men and women. The magnitude of the effect 

was -0.24 m/s for awake PWV, and between -2.9 to -6.8% for AIx. Although 

no cut-off has been defined to relate a decrease in AIx to an improvement of 

cardiovascular health, the clinical relevance of arterial stiffness improvement 

allows us to think our findings could be associated with a decrease in the risk 

of CVD.   

Moreover, we were able to significantly correlate the improvement in arterial 

stiffness to increases in specific plasma and urinary metabolites, suggesting 

that such phenolic metabolites may be related to the improvements observed, 

although more work is needed to confirm these findings and the causality of 

these relationships.    

Through the subgroup analysis findings, we found a high variability in 

response to aronia berry PP, with some factors appearing relevant such as 

gender, age, or physical activity. These findings could be valuable to widen 

our understanding of the interindividual variation in response to plant-based 

interventions, and to set some basis for future approaches to personalised 

nutrition.  

Finally, the metagenomic approach used in our trial showed the impact of the 

aronia supplementation on gut microbiota, with improvements in gene count 

and beneficial bacterial species. Importantly, gut microbiota seems to have an 

important role in explaining the variability in response, as we demonstrated for 
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the first time the strong correlation between some beneficial butyrate-

producing bacterial species and blood pressure as well as arterial stiffness 

following chronic intake of aronia berry extract. This is one of the very few 

existing RCTs designed with a multi-omic approach to link gut microbiome 

composition, PP metabolites concentration, and vascular outcomes.  
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7.5. Future work 

Cardiovascular diseases account for more than 25% of the overall deaths in 

the UK each year, which represents a huge social and economic burden for 

the population (British Heart Foundation). As a result, it is necessary to raise 

awareness in the population and implement accessible nutritional guidelines 

to promote healthy eating behaviour and prevent these age-related disorders.  

The health benefits of fruits, vegetables, and plant-based diets are 

increasingly being recognized, in particular for the prevention of 

cardiometabolic diseases. While the beneficial role of PP consumption on 

health has been demonstrated in preclinical studies and short-term small scale 

clinical trials, there is a need for larger cohorts investigating the clinical efficacy 

of PP consumption on the general public. There is also a need to investigate 

in more details the absorption, distribution, metabolism, and excretion of PP, 

to predict the interindividual response to dietary intakes. 

It is with this aim that tailored nutrition comes into play with a promising 

approach targeting both management and prevention of chronic CVD. 

Although personalized nutrition is at its early stages of development, the key 

aspects of this tactic are well defined and include the monitoring of physical 

activity and dietary habits, the development of “deep phenotyping” techniques 

and the exploration of omic techniques such as nutrigenomics and 

metabolomics (de Toro-Martín et al. 2017). 

The present study, with the use of gold standard dietary assessment 

techniques, advanced targeted metabolomics, physical activity monitoring and 

gut microbiome sequencing, is in line with the mind set of tailored nutrition.  
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Based on the high interindividual variability in response observed in this work, 

further studies need to be conducted to assess the reason for such 

unpredictability. It is crucial to implement study designs accounting for 

genetics, ethnicity, dietary background, physical activity, age, or 

socioeconomic status to pursue the work related to factors associated to 

interindividual variability in response to phenolic compounds intake and, as a 

result, build tailored nutritional programs based on these parameters. Indeed, 

the current national recommendations, e.g., the “5 a day” campaigns, offer a 

“one-size fits all” tactic, which would need to be reviewed to fulfil the 

requirements of the population on a segmented basis, according to everyone’s 

need. Based on this statement, the future of nutrition research will probably 

involve the creation of cooperative databases and longitudinal clinical trials to 

take into consideration the factors related to variations in responsiveness. 

Moreover, results from nutritional RCTs are still divergent in terms of results 

and magnitude of effects, and there is a necessity for the development of trials 

involving standardized and relevant protocols, larger cohorts, gold standard 

assessments, long-term intervention, and dietarily achievable doses of 

supplementation, to be able to move forward in the field of nutrition, improve 

our knowledge of variability in response to PP interventions, and compare 

results within trials. All these improvements and future directives will provide 

some essential information to make headway into the field of personalized 

nutrition and contribute to the promotion of healthy cardiovascular ageing. 
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Appendix A: Poster displayed in Clapham Junction station (A0 poster). 

 

 

 

Appendix B: Advertisement published in Evening Standard and Metro 

newspapers. 
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 Appendix C: Participant information sheet of the ABP study. 
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Appendix D: Case report form of the ABP study.
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Appendix E: Consent form of the ABP study. 
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Appendix F: Example of food-frequency questionnaire section (EPIC-Study). 
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Appendix G: Example of 7-day food diary section (EPIC-Study). 
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Appendix H: International Physical Activity Questionnaire (IPAQ). 
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Supplementary Figure S1: Heatmap showing hierarchical Ward-linkage 

clustering of correlations between targeted Aronia-related compounds and 

significantly different features in gut microbiome and urinary and plasma 

metabolites (. < 0.1, *p< 0.05, **p< 0.01 and ***p< 0.001). The heatmap was 

visualised using the ComplexHeatmap R package. 
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Supplementary Table S1. Multiple reaction monitoring (MRM) parameters of 

validated compounds and internal standards optimized by LC-ESI-MS/MS.  

 

ESI

mode

(+/-)

Q

(m/z)

q1

(m/z)

q2

(m/z)

Q

(V)

q1

(V)

q2

(V)

Flavan-3-ols

(‒)-Epicatechin - EC TRC 4.7 - 289 245 203 123 15 18 31

(‒)-Epicatechin-3'-sulfate -  EC-3'-S GB 6.3 - 303 97 122 244 25 31 18

3'-Methoxy-(‒)-epicatechin - 3'-MeO-EC GB 7.5 - 303 137 165 - 17 18 -

4'-Methoxy-(‒)-Epicatechin - 4'-MeO-EC GB 4.2 - 369 289 97 231 31 18 20

Procyanidin A2 - Procyanidin A2 SA 10.1 - 575 285 449 - 29 22 -

Flavonols

Quercetin - Quercetin SA 12.2 - 301 151 179 107 22 19 27

Quercetin-3-sulfate - Quercetin-3-S TRC 7.2 - 477 301 - - 22 - -

Quercetin-3-glucuronide - Quercetin-3-GlcUA TRC 7.8 - 477 301 - - 23 - -

Quercetin-7-glucuronide - Quercetin-7-GlcUA TRC 6.2 - 381 301 179 - 17 29 -

Kaempferol-3-glucuronide -
Kaempferol-3-

GlcUA
ES 9.1 - 461 285 257 - 20 32 -

Myricetin - Myricetin SA 11.8 - 301 151 149 125 19 28 19

Morin - Morin SA 10.2 - 317 151 179 137 24 19 25

Benzene diols and triols

1,2-Dihydroxy-4-

methylbenzene
4-Methylcatechol

1,2-diOH-4-Me-

Benz

IBET/

ITQB
3.5 - 123 108 95 - 21 15 -

2-Hydroxy-4-methylbenzene-1-

sulfate*

4-Methylcatechol-

1-sulfate

2-OH-4/5-Me-Benz-

1-S*

IBET/

ITQB
3.5 - 203 123 122 80 22 32 21

2-Hydroxybenzene-1-

glucuronide

Catechol-

1-glucuronide

2-OH-Benz-1-

GlcUA

IBET/

ITQB
3.4 - 285 109 113 - 30 13 -

2,3-Dihydroxybenzene-1-

sulfate

Pyrogallol-

1-O-sulfate
2,3-diOH-Benz-1-S

IBET/

ITQB
0.6 - 205 125 80 123 18 27 13

2,6-Dihydroxybenzene-1-

sulfate

Pyrogallol-

2-O-sulfate
2,6-diOH-Benz-1-S

IBET/

ITQB
1.0 - 205 125 80 123 18 27 13

2-Hydroxy-6-methoxybenzene-

1-sulfate*

1-Methylpyrogallol-

sulfate

2-OH-3/6-MeO-

Benz-1-S*

IBET/

ITQB
2.8 - 219 124 139 - 25 15 -

3-Hydroxy-2-methoxybenzene-

1-sulfate  

2-Methylpyrogallol-

sulfate

3-OH-2-MeO-Benz-

1-S

IBET/

ITQB
1.5 - 219 124 - - 25 - -

Benzaldehydes

3,4-Dihydroxybenzaldehyde - 3,4-diOH-BAL SA 4.1 - 121 92 93 - 24 22 -

4-Hydroxybenzaldehyde - 4-OH-BAL SA 3.3 - 177 108 92 81 23 25 21

4-Hydroxy-3-

methoxybenzaldehyde
Vanillin 4-OH-3-MeO-BAL TRC 5.1 - 151 136 92 108 16 22 23

Benzoic acids

Benzoic acid - BA SA 5.5 - 121 77 - - 11 - -

2-Hydroxybenzoic acid - 2-OH-BA SA 5.2 - 137 93 65 - 18 28 -

3-Hydroxybenzoic acid - 3-OH-BA SA 3.6 - 137 93 - - 13 - -

4-Hydroxybenzoic acid - 4-OH-BA SA 3.1 - 137 93 65 - 17 30 -

2,3-Dihydroxybenzoic acid - 2,3-diOH-BA SA 3.6 - 153 109 108 - 15 24 -

2,4-Dihydroxybenzoic acid - 2,4/2,6-diOH-BA* SA 3.4 - 153 67 65 109 16 17 21

2,5-Dihydroxybenzoic acid - 2,5-diOH-BA SA 2.9 - 153 109 108 - 15 21 -

2,6-Dihydroxybenzoic acid - 2,6-diOH-BA SA 3.3 - 153 135 65 109 17 21 18

3,4-Dihydroxybenzoic acid Protocatechuic acid 3,4-diOH-BA SA 1.7 - 153 108 109 - 15 24 -

3,5-Dihydroxybenzoic acid - 3,5-diOH-BA SA 1.4 - 153 109 65 - 14 13 -

2,3,4-Trihydroxybenzoic acid - 2,3,4-triOH-BA SA 1.8 - 169 151 107 123 16 21 21

MRM transitions Collision 

Compound name Other usual name Abbreviation Source RT

Parent

ion 

(m/z)
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2-Hydroxy-4-methoxybenzoic 

acid
- 2-OH-4-MeO-BA SA 8.948  -  167.05  108.15  123.15  80.05  21  16  24 

3-Hydroxybenzoic acid-4-

sulfate

Protocatechuic acid-

4-sulfate
3,4-diOH-BA-4-S TRC 2.1 - 329 109 153 113 34 17 14

4-Hydroxybenzoic acid-3-

sulfate

Protocatechuic acid-

3-sulfate
3,4-diOH-BA-3-S TRC 1.2 - 233 109 153 108 27 14 45

4-Hydroxybenzoic acid-3-

glucuronide

Protocatechuic acid-

3-glucuronide

3,4-diOH-BA-3-

GlcUA
TRC 1.0 - 233 109 153 108 27 14 45

4-Hydroxy-3,5-

dimethoxybenzoic acid
Syringic acid

4-OH-3,5-diMeO-

BA
SA 4.5 - 197 182 123 - 12 21 -

3,4,5-trihydroxybenzene ethyl 

ester

Gallic acid ethyl 

ester

3,4,5-triOH-Benz-

OEt
SA 4.8 - 197 124 125 169 22 22 17

3,4,5-Trihydroxybenzoic acid Gallic acid 3,4,5-triOH-BA SA 0.8 - 169 125 79 81 15 21 21

3-Hydroxy-4-methoxybenzoic 

acid-5-sulfate

4-Methylgallic acid-

3- sulfate

3-OH-4-MeO-BA-5-

S
TRC 1.6 - 263 168 183 124 22 15 30

4-Hydroxy-3-methoxybenzoic 

acid
Vanillic acid 4-OH-3-MeO-BA SA 4.0 - 167 152 108 123 17 18 15

3-Methoxybenzoic acid-4-

sulfate

Vanillic acid-

4-sulfate
3-MeO-BA-4-S

IBET/

ITQB
2.3 - 247 167 152 - 15 25 -

4-Methoxybenzoic acid-3-

sulfate

Isovanillic acid-

3-sulfate
4-MeO-BA-3-S TRC 3.2 - 247 167 152 108 15 23 31

Hippuric acids

Hippuric acid - HA SA 3.9 - 178 134 77 - 14 18 -

2ʹ-Hydroxyhippuric acid Salicyluric acid 2ʹ-OH-HA E 4.7 - 194 93 150 65 23 15 42

3ʹ-Hydroxyhippuric acid - 3ʹ-OH-HA E 3.1 - 194 150 93 92 14 17 30

4ʹ-Hydroxyhippuric acid - 4ʹ-OH-HA E 2.5 - 194 100 93 74 11 18 22

alpha-hydroxyhippuric acid - α-OH-HA SA 3.0 - 194 73 - - 10 - -

Cinnamic acids

Cinnamic acid - CA SA 11.1 + 149 103 131 77 -15 -22 -32

3ʹ,4ʹ-Dihydroxycinnamic acid Caffeic acid 3ʹ,4ʹ-diOH-CA SA 4.0 - 179 134 135 - 17 25 -

3ʹ-Hydroxycinnamic acid-4ʹ-

sulfate

Caffeic acid-

4'-sulfate
3ʹ-OH-CA-4ʹ-S TRC 3.5 - 259 179 135 134 15 26 40

4ʹ-Hydroxycinnamic acid-3ʹ-

sulfate

Caffeic acid-

3ʹ-sulfate
4ʹ-OH-CA-3ʹ-S TRC 3.2 - 259 179 135 134 15 26 40

3ʹ-Hydroxycinnamic acid-4ʹ-

glucuronide

Caffeic acid-

4ʹ-glucuronide
3ʹ-OH-CA-4ʹ-GlcUA TRC 3.8 - 355 135 179 - 35 20 -

4ʹ-Hydroxycinnamic acid-3ʹ-

glucuronide

Caffeic acid-

3ʹ-glucuronide
4ʹ-OH-CA-3ʹ-GlcUA TRC 3.5 - 355 179 135 - 16 35 -

4ʹ-Hydroxy-3ʹ-methoxycinnamic 

acid
trans-Ferulic acid 4ʹ-OH-3ʹ-MeO-CA SA 4.0 - 193 134 178 133 17 14 25

3ʹ-Methoxycinnamic acid-4ʹ-

sulfate

Ferulic acid-

4ʹ-sulfate
3ʹ-MeO-CA-4ʹ-S TRC 4.0 - 273 193 178 134 14 23 29

3ʹ-Methoxycinnamic acid-4ʹ-

glucuronide

Ferulic acid-

4ʹ-glucuronide

3ʹ-MeO-CA-4ʹ-

GlcUA
TRC 4.7 - 369 134 193 113 35 17 14

3ʹ-Hydroxy-4ʹ-methoxycinnamic 

acid
Isoferulic acid 3ʹ-OH-4ʹ-MeO-CA SA 6.0 - 193 134 - - 15 - -

4ʹ-Methoxycinnamic acid-3ʹ-

sulfate

Isoferulic acid-

3ʹ-sulfate
4ʹ-MeO-CA-3ʹ-S TRC 4.1 - 369 113 193 178 16 20 29

4ʹ-Methoxycinnamic acid-3ʹ-

glucuronide

Isoferulic acid-

3ʹ-glucuronide

4ʹ-MeO-CA-3ʹ-

GlcUA
TRC 4.5 - 273 193 178 134 16 22 28

4-O-Caffeoylquinic acid
Cryptochlorogenic 

acid
4-CQA TRC 4.0 - 353 173 179 191 16 17 23

5-O-Caffeoylquinic acid Chlorogenic acid 4/5-CQA* SA 4.0 - 353 191 85 93 19 43 42

3-O-Feruloylquinic acid - 3-FQA TRC 5.4 - 367 191 93 134 15 27 34

4-O-Feruloylquinic acid - 4-FQA TRC 5.2 - 367 173 193 134 16 17 34

4'-Hydroxy-3',5'-

dimethoxycinnamic acid
Sinapic acid

4ʹ-OH-3ʹ,5ʹ-diMeO-

CA
SA 6.5 - 223 208 121 193 12 29 21

3ʹ-Hydroxycinnamic acid m-Coumaric acid 3ʹ-OH-CA SA 5.6 - 163 119 93 91 15 31 25

4ʹ-Hydroxycinnamic acid p-Coumaric acid 4ʹ-OH-CA SA 5.0 - 163 119 93 - 16 33 -

2ʹ-Hydroxycinnamic acid o-Coumaric acid 2ʹ-OH-CA SA 6.8 - 163 119 93 117 14 29 24
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Cinnamic acid-4ʹ-sulfate
p-Coumaric acid-

4ʹ-sulfate
CA-4ʹ-S TRC 3.7 - 243 119 - - 25 - -

Cinnamic acid-4ʹ-glucuronide
p-Coumaric acid-

4ʹ-glucuronide
CA-4ʹ-GlcUA TRC 3.7 - 339 119 113 163 39 13 17

Phenylacetic acids -

Phenylacetic acid - PA SA 5.7 - 135 91 - - 9 - -

3ʹ-Hydroxyphenylacetic acid - 3ʹ-OH-PA SA 3.9 - 151 107 - - 12 - -

3ʹ,4ʹ-Dihidroxyphenylacetic 

acid

Homoprotocatechuic 

acid
3ʹ,4ʹ-diOH-PA TRC 2.8 - 167 123 - - 10 - -

3ʹ-Methyoxyphenylacetic acid-4ʹ-

sulfate

Homovanillic acid-

sulfate
3ʹ-MeO-PA-4ʹ-S TRC 3.3 - 261 181 137 122 16 22 25

Phenylpropanoic acids

2-(4ʹ-

Hydroxyphenoxy)propanoic 

acid

- 2-(4ʹ-OH-ph-O)-PrA SA 3.7 - 181 109 - - 15 - -

3-(2ʹ-Hydroxyphenyl)propanoic 

acid
- 3-(2ʹ-OH-ph)-PrA TRC 5.5 - 165 121 106 - 15 21 -

3-(3ʹ-Hydroxyphenyl)propanoic 

acid
- 3-(3ʹ-OH-ph)-PrA SA 4.9 - 165 121 119 - 14 16 -

3-(2ʹ,3ʹ-

Dihydroxyphenyl)propanoic 

acid

-
3-(2ʹ,3ʹ-diOH-ph)-

PrA
TRC 4.2 - 181 137 122 163 17 24 15

3-(2ʹ,4ʹ-

Dihydroxyphenyl)propanoic 

acid

-
3-(2ʹ,4ʹ-diOH-ph)-

PrA
SA 3.6 + 183 123 165 55 -11 -15 -16

3-(3ʹ,4ʹ-

Dihydroxyphenyl)propanoic 

acid

Dihydrocaffeic acid
3-(3ʹ,4ʹ-diOH-ph)-

PrA
SA 3.6 - 181 137 - - 15 - -

3-(3ʹ,5ʹ-

Dihydroxyphenyl)propanoic 

acid

-
3-(3ʹ,5ʹ-diOH-ph)-

PrA
SA 3.3 + 183 165 137 - -12 -17 -

2-Hydroxy-3-(4ʹ-

hydroxyphenyl)propanoic acid
-

3-(4ʹ-OH-ph)-2-OH-

PrA
SA 2.9 - 181 163 135 - 16 17 -

3-(4ʹ-Hydroxy-3ʹ-

methoxyphenyl)propanoic acid
Dihydroferulic acid  

3-(4ʹ-OH-3ʹ-MeO-

ph)-PrA
SA 5.2 - 195 136 121 - 15 27 -

3-(4ʹ-Hydroxyphenyl)propanoic 

acid-3ʹ-glucuronide

Dihydrocaffeic acid-

3ʹ-glucuronide

3-(4ʹ-OH-ph)-PrA-3ʹ-

GlcUA
TRC 3.8 - 357 181 - - 21 - -

3-(4ʹ-Hydroxyphenyl)propanoic 

acid-3ʹ-sulfate

Dihydrocaffeic acid-

3ʹ-sulfate

3-(4ʹ-OH-ph)-PrA-3ʹ-

S
TRC 3.4 - 261 181 137 - 17 23 -

3-(3ʹ-Methoxyphenyl)propanoic 

acid-4ʹ-sulfate

Dihydroferulic acid-

4ʹ-sulfate

3-(3ʹ-MeO-ph)-PrA-

4ʹ-S
TRC 4.2 - 371 113 195 - 16 20 -

3-(3ʹ-Methoxyphenyl)propanoic 

acid-4ʹ-glucuronide

Dihydroferulic acid-

4ʹ-glucuronide

3-(3ʹ-MeO-ph)-PrA-

4ʹ-GlcUA
TRC 3.9 - 275 195 136 135 17 23 35

3-(4ʹ-Methoxyphenyl)propanoic 

acid-3ʹ-sulfate

Dihydroisoferulic 

acid-3ʹ-sulfate

3-(4ʹ-MeO-ph)-PrA-

3ʹ-S
TRC 4.7 - 371 113 195 - 17 21 -

3-(4ʹ-Methoxyphenyl)propanoic 

acid-3ʹ-glucuronide

Dihydroisoferulic 

acid-3ʹ-glucuronide

3-(4ʹ-MeO-ph)-PrA-

3ʹ-GlcUA
TRC 4.2 - 275 195 136 135 18 25 35

Valerolactones

(4R)-5-(3′-hydroxyphenyl)-γ-

valerolactone-4′-sulfate
 -

5-(3′-OH-ph)-γ-VL-

4′-S
TRC 4.7 - 287 207 163 122 20 28 33

Internal standards

Taxifolin - Taxifolin SA 6.4 - 303 285 125 177 11 22 12

RT: retention time, ESI: electro-spray interface, MRM: multiple reaction monitoring, Q: transition used for quantification, q1,q2: qualifier 

transitions used for identification of each compound, RAq1, RAq2: relative ion abundance of q1 and q2, SA: Sigma-Aldrich (Steinheim, 

Germany), TRC: Toronto Research Chemicals (Toronto, Canada), IBET/ITQB: Institute for Experimental Biology and Technology/Instituto 

de Tecnologia Química e Biológica (Lisbon, Portugal), E: Enamine (Kiev, Ukraine), ES: Extrasynthese (Genay, France), GB: GERBU 

Biotechnik (Heidelberg, Germany), F:Fisher (Loughborough, UK), C: Cayman Chemical (Michigan, USA), RCG: ReseaChem GmbH 

(Burgdorf, Switzerland), CCB: ChemCruz™ Biochemicals (Huissen, Germany), DPS: Dalton Pharma Services (Toronto, Canada).* mix 

of isomers
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Supplementary Table S2. Number of volunteers included in the BAB and 

BACO analysis for each parameter and each timepoint, in the ITT population. 

 
Acute 

Chronic 
Acute on chronic  24h Awake Asleep 

Ambulatory PSBP   97 94 94   

Ambulatory PDBP   97 94 94   

Office PSBP 102 97 97 

Office PDBP 102 97 97 

Office CSBP 101 96 96 

Office CDBP 101 96 96 

Office PWV 100 93 93 

Office AIx 100 95 92 

Office HR (seated) 102 97 97 

Office HR (supine) 101 96 96 

Ambulatory CSBP   80 79 77   

Ambulatory HR   97 97 94   

Ambulatory PWV   79 79 77   

Ambulatory AIxao   80 79 77   

Ambulatory AIxbr   80 79 77   

FMD 101 97 97 

Blood flow velocity 100 97 96 

QRISK®3 score   91   

Cortisol   90   

Total cholesterol   91   

Triglycerides   91   

HDL   91   

LDL   91   

 

 

 

 

 

 



410 
 

Supplementary Table S3. Contribution of food groups and some specific 

foods to the intake of total (poly)phenols and (poly)phenol classes in the ABP 

study. 
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Supplementary Table S4. Effects of aronia berry extract after 12-week 

consumption on 24-hour, awake and asleep central PWV and peripheral and 

central AIx in the ITT population and each intervention group, following BACO 

analysis. 

Parameter Unit CFB Aronia CFB Control CFC p-value 

24-hour PWVao m/sec -0.048 ± 0.110 0.111 ± 0.105 -0.159 0.301 

Awake PWVao m/sec -0.153 ± 0.136 0.125 ± 0.134 -0.278 0.049 

Asleep PWVao m/sec -0.079 ± 0.129 0.143 ± 0.128 -0.222 0.228 

24-hour AIxao % -0.886 ± 0.796 2.183 ± 0.776 -3.069 0.007 

Awake AIxao % -1.061 ± 0.982 1.860 ± 0.969 -2.921 0.023 

Asleep AIxao % -0.701 ± 1.258 1.537 ± 1.241 -2.238 0.211 

24-hour AIxbr % -2.169 ± 1.554 4.293 ± 1.515 -6.463 0.004 

Awake AIxbr % -2.692 ± 1.985 3.578 ± 1.960 -6.270 0.012 

Asleep AIxbr % -1.389 ± 2.485 3.029 ± 2.453 -4.418 0.211 

Values expressed as mean ± SD. AIx, augmentation index; ao, aortic; br, brachial; 
CFB, changes from baseline; CFC, changes from Control; PWV, pulse wave velocity.  
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Supplementary Table S5. Post-hoc analysis of the power calculation of the 

main vascular parameters of the ABP study. 

 

  

Changes from 

baseline
n

Changes from 

baseline
n

24h heart rate (bpm) -0.161 ± 0.900 49 -1.611 ± 0.909 48 100

24h SBPao (mmHg) -1.444 ± 0.889 39 -0.276 ± 0.866 41 100

24h AIxao (%) -0.985 ± 0.810 39 2.278 ± 0.789 41 100

24h AIxbr (%) -2.330 ± 1.578 39 4.446 ± 1.539 41 100

24h PWV (m/s) -0.045 ± 0.112 39 0.107 ± 0.108 41 100

Asleep SBPbr (mmHg) -1.290 ± 1.056 47 -1.343 ± 1.056 47 4.3

Asleep DBPbr (mmHg) -1.018 ± 0.785 47 -0.500 ± 0.785 47 89.2

Asleep heart rate (bpm) 0.170 ± 0.944 47 -0.291 ± 0.944 47 66

Asleep SBPao (mmHg) -1.567 ± 1.400 38 0.017 ± 1.382 40 99.8

Asleep AIxao (%) -0.966 ± 1.275 38 1.795 ± 1.258 40 100

Asleep AIxbr (%) -1.913 ± 2.519 38 3.539 ± 2.486 40 100

Asleep PWV (m/s) -0.112 ± 0.131 38 0.175 ± 0.129 40 100

Awake SBPbr (mmHg) -1.965 ± 0.801 49 -1.797 ± 0.809 48 17.6

Awake DBPbr (mmHg) -1.779 ± 0.588 49 -1.352 ± 0.595 48 94.5

Awake heart rate (bpm) -0.089 ± 1.031 49 -1.860 ± 1.042 48 100

Awake SBPao (mmHg) -1.685 ± 1.015 39 -1.031 ± 1.002 41 82.6

Awake AIxao (%) -1.046 ± 1.006 39 1.845 ± 0.993 41 100

Awake AIxbr (%) -2.621 ± 2.033 39 3.509 ± 2.007 41 100

Awake PWV (m/s) -0.132 ± 0.138 39 0.105 ± 0.137 41 100

Office SBP (mmHg) -2.378 ± 0.915 49 -0.01 ± 0.924 48 100

Office DBP (mmHg) -0.909 ± 0.704 49 -1.020 ± 0.712 48 11.7

Office peripheral heart rate (bpm) -0.471 ± 0.922 49 -2.228 ± 0.932 48 100

Office PWV (m/s) 0.334 ± 0.197 49 0.302 ± 0.204 46 11.8

Office AIx (%) -0.902 ± 1.055 49 -0.560 ± 1.089 48 34.8

Office central SBP (mmHg) -1.798 ± 0.932 49 -0.168 ± 0.952 48 100

Office central DBP (mmHg) -0.208 ± 0.805 49 -1.038 ± 0.805 48 99.9

Office central heart rate (bpm) -0.718 ± 0.869 49 -1.060 ± 0.888 48 48.3

Flow mediated dilation (%) 0.148 ± 0.208 49 0.564 ± 0.210 48 100

Blood flow velocity (cm/sec) -0.984 ± 3.434 49 3.403 ± 3.488 48 100

Post-hoc power 

calculation

(%)

AIx, augmentation index; ao, aortic; br, brachial; DBP, diastolic blood pressure; PWV, pulse wave

velocity; R, responders; SBP, systolic blood pressure. Values presented as mean ± SD. Post-hoc

power calculation using https://clincalc.com/stats/Power.aspx.

Aronia Control
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Supplementary Table S6. Urinary (poly)phenol metabolites at baseline and 

following acute, chronic, and acute on chronic consumption of aronia berries 

for Aronia and Control groups, and associated changes from Control.  

 

 

 

Mean SD Mean SD Mean SD Mean SD Lower Higher

Total (poly)phenols 4906157 3120855 4176413 2549594 5268891 3081831 5191836 4680419 -922988 706565 -2325889 479912 0.356

Flavan-3-ols

EC 123 178 56.6 114 182 363 137 295 -59.4 41.1 -141 22.2 0.691

 EC-3'-S 712 797 655 598 663 710 622 698 14.9 131 -245 275 0.823

3'-MeO-EC 23.3 92.7 1.4 10.1 8.1 44.0 4.9 33.9 -3.3 5.1 -13.5 6.8 0.459

4'-MeO-EC 9.1 16.0 6.8 12.2 22.9 47.8 10.9 22.4 -4.2 3.7 -11.7 3.2 0.442

Procyanidin A2 - - - - - - - - - - - -

Flavonols

Quercetin 20.9 83.7 8.3 31.2 83.5 532 24.1 161 -15.8 23.7 -62.8 31.2 0.983

Quercetin-3-S 143 144 125 124 163 166 168 170 -22.5 13.5 -49.4 4.3 0.191

Quercetin-3-GlcUA 200 383 150 215 178 222 187 382 -43.8 62.3 -167 79.8 0.931

Quercetin-7-GlcUA 8.2 29.2 5.5 17.9 8.5 21.4 7.6 21.5 -2.3 3.9 -10.1 5.5 0.665

Kaempferol-3-GlcUA 541 664 454 539 753 1220 541 792 -65.9 133 -329 197 0.965

Myricetin 83.1 147 78.2 133 204 831 84.0 183 -2.9 32.6 -67.7 61.8 0.283

Morin - - - - - - - - - - - -

Benzene diols and triols

1,2-diOH-4-Me-Benz 5712 4549 4522 3922 5445 4780 6645 8065 -2326 970 -4252 -400 0.054

2-OH-4/5-Me-Benz-1-S* 65715 61359 47076 46641 55617 50276 58334 62837 -16740 9049 -34706 1227 0.147

2-OH-Benz-1-GlcUA 2559 2331 2657 2241 3788 3451 4068 6069 -660 867 -2382 1062 0.225

2,3-diOH-Benz-1-S 1019 843 865 750 1289 1123 1524 1697 -527 243 -1010 -44 0.242

2,6-diOH-Benz-1-S 16167 23207 12012 14057 19148 21876 22161 38833 -9319 5537 -20313 1676 0.983

2-OH-3/6-MeO-Benz-1-S* 27828 37158 18218 17608 31495 35018 35947 58424 -17205 7895 -32881 -1529 0.184

3-OH-2-MeO-Benz-1-S 2584 5114 1392 1871 2680 3637 3642 8395 -2261 1045 -4336 -185 0.149

Benzaldehydes

3,4-diOH-BAL - - - - - - - - - - - -

4-OH-BAL 96.6 178 71.6 120 53.7 118 82.7 167 -21.7 29.1 -79.5 36.1 0.125

4-OH-3-MeO-BAL 77.9 439 - - - - 73.5 509 -73.5 73.7 -220 72.8 0.085

Benzoic acids

BA 16744 35288 10740 11975 10886 11962 7462 7058 1825 1547 -1246 4897 0.537

2-OH-BA 1603 2581 971 1098 2079 2898 2521 7452 -1404 1079 -3547 739 0.823

3-OH-BA 1284 1917 1022 818 996 1016 1012 1135 -40.8 195 -429 347 0.795

4-OH-BA 16284 18152 10822 7668 13900 8856 12891 10272 -2470 1782 -6009 1068 0.914

2,3-diOH-BA 134653 224300 94401 50583 84247 46896 89442 79441 2637 13657 -24479 29753 0.040

2,4/2,6-diOH-BA* 2238 2779 1575 972 1598 1002 1558 1177 -105 208 -517 308 0.413

2,5-diOH-BA 30330 56479 20472 11155 18270 10693 19642 18878 326 3176 -5980 6632 1.000

2,6-diOH-BA 1230 1511 892 485 898 513 879 612 -43.0 107 -256 170 0.574

3,4-diOH-BA 1289 825 1310 684 1286 628 1174 1195 122 185 -246 490 0.948

3,5-diOH-BA 15182 18064 12034 12317 15654 17787 17985 21872 -5496 3010 -11472 480 0.270

2,3,4-triOH-BA - - - - - - - - - - - - -

2-OH-4-MeO-BA - - - - - - - - - - - - -

3,4-diOH-BA-4-S 7299 5916 6461 3925 7068 3851 7813 8601 -1511 1318 -4129 1107 0.931

3,4-diOH-BA-3-S 4043 3421 4411 3757 3842 2718 5117 12450 -931 1844 -4593 2730 0.334

3,4-diOH-BA-3-GlcUA 113 85.4 116 64.5 121 82.8 109 104 9.4 16.5 -23.4 42.1 0.215

4-OH-3,5-diMeO-BA 967 711 798 492 911 603 818 724 -35.1 121 -274 204 0.756

3,4,5-triOH-Benz-OEt 35.2 120 26.5 107 5.0 28 24.4 119 -9.3 22.4 -53.8 35.3 0.670

3,4,5-triOH-BA 472 691 463 1014 549 1210 505 815 -16.1 174 -363 330 0.603

3-OH-4-MeO-BA-5-S 11477 12499 9202 13488 14115 26739 12401 15530 -2147 2468 -7046 2753 0.391

4-OH-3-MeO-BA 10672 6231 9065 6156 11531 6513 11326 9050 -1953 1419 -4770 864 0.507

3-MeO-BA-4-S 9059 10165 8049 7280 8773 6870 9375 8938 -1658 1435 -4508 1191 0.480

4-MeO-BA-3-S 4619 4000 4213 3557 4076 2404 4555 4237 -577 751 -2068 914 0.686

Hippuric acids

HA 3553948 2529468 3009548 2120694 3949340 2585886 3812518 3307914 -670763 503808 -1671086 329559 0.411

2ʹ-OH-HA 33702 25972 26745 18425 46701 58143 37665 40659 -6889 5862 -18527 4749 0.834

3ʹ-OH-HA 240314 223269 239700 202259 271962 210083 320357 546724 -66210 79369 -223799 91378 0.559

4ʹ-OH-HA 66733 69863 48929 31998 51932 22717 64047 61625 -18650 9841 -38190 890 0.091

α-OH-HA - - - - - - - - - - - -

Chronic CFC (Aronia - Control)

PBaseline (n= 51) 12 weeks (n=48) Baseline (n= 51) 12 weeks (n=49) Mean

difference
SEM

Aronia

95% CI

Control
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Cinnamic acids

CA - - 27.1 190 110 555 204 1086 33.9 58.7 -82.8 150.5 0.548

3ʹ,4ʹ-diOH-CA 503 410 422 223 520 301 509 658 -87 95 -275 101 0.801

3ʹ-OH-CA-4ʹ-S 4036 3991 3184 1645 3124 1838 3368 4001 -410 617 -1635 816 0.902

4ʹ-OH-CA-3ʹ-S 25049 26115 19963 9931 21114 14514 22490 29819 -3908 4382 -12608 4793 0.908

3ʹ-OH-CA-4ʹ-GlcUA 1955 1623 1600 1098 2023 1319 2315 2352 -712 360 -1427 2.9 0.130

4ʹ-OH-CA-3ʹ-GlcUA 556.5 498.6 442.6 266.2 508.1 415.6 559.4 780.9 -150.6 110.6 -370.1 69.0 0.449

4ʹ-OH-3ʹ-MeO-CA 109902 102415 90599 48814 103654 74577 100322 135279 -13549 19856 -52973 25876 0.823

3ʹ-MeO-CA-4ʹ-S 171891 147127 147215 77026 174754 123383 168934 207417 -24074 30062 -83762 35614 0.931

3ʹ-MeO-CA-4ʹ-GlcUA 31821 49032 27607 22451 33376 38064 36531 64553 -8916 9130 -27044 9212 0.598

3ʹ-OH-4ʹ-MeO-CA 13544 10268 10918 8421 12793 8489 12994 11149 -2522 1752 -6001 958 0.175

4ʹ-MeO-CA-3ʹ-S 2118 2838 1738 1291 1949 1696 2102 3380 -441 501 -1436 555 0.660

4ʹ-MeO-CA-3ʹ-GlcUA 7209 4607 6537 3602 8136 5474 8339 9963 -1486 1455 -4376 1403 0.948

4-CQA 165 225 224 245 266 388 217 459 46 71 -96 187 0.005

4/5-CQA* 1021 1306 1340 1448 1607 2289 1315 2716 250 422 -588 1088 0.005

3-FQA 2967 6380 3106 4139 3086 3645 2942 5964 138 1018 -1882 2159 0.020

4-FQA 1875 2530 2234 3282 2755 3169 2799 6190 82 906 -1717 1881 0.012

4ʹ-OH-3ʹ,5ʹ-diMeO-CA 802 1120 545 684 768 716 645 605 -105 129 -361 152 0.863

3ʹ-OH-CA 1271 1466 1282 1116 1505 1849 1408 1759 -73 291 -652 505 0.521

4ʹ-OH-CA 1376 1031 1394 864 1372 984 1307 1098 74 196 -315 462 0.403

2ʹ-OH-CA 125 150 131 169 153 135 128 134 16 28 -40 72 0.382

CA-4ʹ-S 2217 1428 2087 1223 1756 1517 2101 1601 -126 295 -711 459 0.106

CA-4ʹ-GlcUA 680 703 632 469 503 433 598 560 7 105 -203 216 0.566

Phenylacetic acids

PA 3232 4920 2620 4159 5599 11585 4094 5660 -1376 1020 -3402 649 0.566

3ʹ-OH-PA 83213 61864 95992 102238 88972 57731 79667 51751 18552 15468 -12160 49263 0.391

3ʹ,4ʹ-diOH-PA 13518 9176 12704 8961 13139 7482 12812 9569 -332 1683 -3673 3010 0.983

3ʹ-MeO-PA-4ʹ-S 2473 1863 2424 1774 2688 1520 2830 2899 -344 415 -1168 480 0.840

Phenylpropanoic acids

2-(4ʹ-OH-ph-O)-PrA 4960 5480 5539 5228 6368 5609 5734 8911 916 1133 -1335 3166 0.051

3-(2ʹ-OH-ph)-PrA 232 331 162 238 232 259 197 263 -40 47 -132 53 0.789

3-(3ʹ-OH-ph)-PrA 11852 18480 11651 14035 15485 21033 15217 26190 -2380 4057 -10435 5676 0.629

3-(2ʹ,3ʹ-diOH-ph)-PrA 549 565 587 590 777 729 722 1055 -28 164 -353 297 0.175

3-(2ʹ,4ʹ-diOH-ph)-PrA 1159 1114 726 695 1224 1268 966 1234 -217 186 -587 153 0.491

3-(3ʹ,4ʹ-diOH-ph)-PrA 2358 2026 2175 1773 2666 1961 2528 3172 -122 408 -931 688 0.569

3-(3ʹ,5ʹ-diOH-ph)-PrA 17452 15804 14711 15029 16427 12883 15784 11424 -1436 2440 -6281 3408 0.535

3-(4ʹ-OH-ph)-2-OH-PrA 7839 6587 6411 4867 7737 5534 8063 7332 -1726 1050 -3810 359 0.306

3-(4ʹ-OH-3ʹ-MeO-ph)-PrA 25449 39792 21682 22277 27498 26334 27582 42225 -5340 6448 -18144 7463 0.629

3-(4ʹ-OH-ph)-PrA-3ʹ-GlcUA 1573 2704 2243 4211 1570 1493 1550 2300 649 677 -694 1992 0.395

3-(4ʹ-OH-ph)-PrA-3ʹ-S 18812 15384 22342 16715 21571 17359 22541 39765 1325 5105 -8812 11461 0.170

3-(3ʹ-MeO-ph)-PrA-4ʹ-S 3947 3054 4007 2819 4397 2697 4927 6837 -750 996 -2727 1228 0.773

3-(3ʹ-MeO-ph)-PrA-4ʹ-GlcUA 7096 6879 7679 6795 6452 5348 8859 21518 -2380 2694 -7730 2969 0.718

3-(4ʹ-MeO-ph)-PrA-3ʹ-S 4722 16868 2708 2975 2632 2285 3005 3647 -397 671 -1729 936 0.960

3-(4ʹ-MeO-ph)-PrA-3ʹ-GlcUA 7660 8374 8573 10046 8847 10594 7225 7870 1562 1707 -1827 4952 0.569

Valerolactones

5-(3′-OH-ph)-γ-VL-4′-S 19030 18867 17899 18274 16222 14993 19923 24437 -4057 4031 -12061 3947 0.266

Differences were calculated from ANCOVA (Bonferroni) including baseline values as covariate, comparing Aronia with Control changes from baseline. 95% CI, 

95% confidence interval; CFC, changes from Control; SD, standard deviation; SEM, standard error of mean. P-values (P) obtained following Mann-Whitney non-

parametric test. * Mix of two isomers.
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Supplementary Table S7. Plasma (poly)phenol metabolites at baseline and 

following acute, chronic, and acute on chronic consumption of aronia berries, 

showing data for Aronia and Control groups.  

 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Total (poly)phenols 353588 648724 289801 679444 530423 1120085 359181 663556 294836 462388 213013 245357 574121 1743646 359917 527399

Flavan-3-ols

EC 101 382 47.4 72.6 56.3 76.9 121 487 90.5 206 73.3 124 243 982 145 338

 EC-3'-S 12.3 40.0 11.2 31.5 15.6 62.3 12.9 33.8 8.7 31.3 6.6 24.6 27.0 118.7 11.2 35.7

3'-MeO-EC 54.3 154 35.8 67.4 68.7 196 87.7 309 55.1 152 63.3 145 172 594 105 278

4'-MeO-EC 12.5 20.4 14.7 32.5 14.4 20.2 14.0 21.7 11.0 11.4 10.1 9.8 13.0 18.0 16.1 22.4

Procyanidin A2 - - - - - - - - - - - - - - - -

Flavonols

Quercetin 40.4 94.8 46.5 152 40.6 84.8 46.7 111 26.2 52.6 25.9 44.8 69.6 225 47.6 89.3

Quercetin-3-S 6.0 3.4 6.2 3.0 12.3 41.5 7.1 8.9 9.0 13.8 9.4 20.1 7.6 7.6 7.4 6.9

Quercetin-3-GlcUA 9.1 32.2 13.5 27.2 13.1 28.4 24.4 54.1 9.5 20.3 4.9 10.5 23.5 110 95.2 614

Quercetin-7-GlcUA 0.6 2.1 0.5 1.8 0.5 2.2 1.1 5.0 2.0 6.7 2.2 9.6 1.8 5.0 4.9 21.2

Kaempferol-3-GlcUA 2.1 7.5 0.9 1.8 3.2 10.8 1.7 5.2 1.4 3.1 1.6 4.4 11.1 44.6 4.8 19.3

Myricetin 352 637 365 881 350 510 372 654 272 342 257 288 437 914 382 501

Morin 2.5 17.0 4.0 26.4 2.1 11.0 1.1 7.7 1.4 7.2 0.0 0.0 2.3 12.2 1.9 9.0

Benzene diols and triols

1,2-diOH-4-Me-Benz 4460 8497 3774 9030 7344 20444 6074 15472 3576 5846 3345 6819 8188 25087 7068 14415

2-OH-4/5-Me-Benz-1-S* 46904 84223 40784 96681 80354 236395 67516 178994 39853 61926 35162 66812 83982 251009 56510 106657

2-OH-Benz-1-GlcUA 140 495 73.3 164 188 508 100 184 99.9 215 49.0 69.4 92.3 180 111 256

2,3-diOH-Benz-1-S 946 1388 1116 3765 2910 8225 1155 2609 1696 3340 1234 2783 1709 3397 1585 3257

2,6-diOH-Benz-1-S 1422 2048 1249 3867 3237 8471 1726 3440 2134 3921 3347 13608 3904 16281 2628 5363

2-OH-3/6-MeO-Benz-1-S* 2562 4139 3065 12577 5896 17070 3684 8556 3552 6358 5219 22056 6870 27219 4695 10275

3-OH-2-MeO-Benz-1-S 270 573 294 667 481 1378 251 492 244 407 291 815 404 982 292 604

Benzaldehydes

3,4-diOH-BAL 6.6 37.7 6.3 30.4 1.2 7.9 4.8 16.4 2.6 10.8 0.0 0.0 9.1 34.1 5.2 18.6

4-OH-BAL 383.2 948.8 431.1 1077.0 529.6 1024.1 528.6 1156.4 304.3 544.0 331.2 571.0 625.6 1605.4 496.1 674.8

4-OH-3-MeO-BAL 143.9 264.7 133.7 324.3 169.4 310.5 149.6 289.2 98.2 122.9 105.8 162.9 191.3 572.1 146.7 232.5

Benzoic acids

BA 6220 10581 5792 12238 10695 22298 7354 11920 6532 10884 5862 8328 16218 43490 9963 14569

2-OH-BA 1937 5753 1666 5067 1705 4060 1375 3014 665 1050 635 1080 1665 5100 1154 2376

3-OH-BA 1012 1715 1210 3404 927 1534 1381 3098 1220 2822 725 1040 2080 5621 1654 3949

4-OH-BA 12226 30152 7736 19010 8632 14578 6944 11758 8020 11562 5903 10869 17065 73063 7391 12749

2,3-diOH-BA 151 379 148 375 200 454 210 430 132 213 141 317 135 163 220 573

2,4/2,6-diOH-BA* 9378 21483 6628 15125 7016 11252 4778 6816 4889 7698 4214 5988 15512 63088 8906 18920

2,5-diOH-BA 7839 28371 6943 26808 4450 7896 3606 7281 2426 3611 1821 3311 5398 16212 3950 9673

2,6-diOH-BA 5119 11726 3618 8256 3830 6142 2608 3721 2669 4202 2300 3268 8467 34437 4861 10328

3,4-diOH-BA 354 827 438 1569 277 623 317 1026 194 316 159 282 670 2340 256 435

3,5-diOH-BA 676 1370 525 735 663 1030 688 1498 584 1106 458 643 1216 3148 908 1636

2,3,4-triOH-BA 7.2 29.3 10.3 49.6 6.4 26.4 8.1 25.2 4.1 14.4 3.6 16.8 10.9 40.1 6.8 15.5

2-OH-4-MeO-BA 1.7 7.5 0.6 2.5 1.3 3.5 0.9 3.2 1.4 4.3 0.6 2.0 1.1 3.3 1.8 6.7

3,4-diOH-BA-4-S 109 307 1665 2859 534 2500 5262 20212 310 1243 79.0 170 322 1058 128 266

3,4-diOH-BA-3-S 55.6 128 898 1287 176 498 1853 5686 82.3 264 31.6 40.2 91.1 242 59.6 184

3,4-diOH-BA-3-GlcUA 0.2 1.3 6.0 16.1 2.1 7.1 23.2 94.5 0.8 4.3 2.4 11.6 4.5 28.0 1.9 6.4

4-OH-3,5-diMeO-BA 73.6 129 117 362 110 180 153 388 69.2 119 76.9 191 123 275 119 221

3,4,5-triOH-Benz-OEt - - - - - - - - - - - - - - - -

3,4,5-triOH-BA 9.6 32.4 3.6 9.4 6.8 16.1 6.7 20.2 9.6 36.0 5.8 14.7 17.3 67.4 10.5 22.6

3-OH-4-MeO-BA-5-S 107 208 80 129 103 258 203 628 184 554 165 619 1055 4679 160 350

4-OH-3-MeO-BA 396 1674 326 499 281 861 843 3110 386 752 157 679 527 1846 91.5 266

3-MeO-BA-4-S 76 317 137 162 102 329 363 1143 82.2 316 18.2 18.3 55.3 148 32.6 63.2

4-MeO-BA-3-S 3362 6097 2812 6635 5659 15791 3572 7066 2753 5131 2488 4960 7178 23735 3034 4569

Hippuric acids

HA 176407 335436 136639 354981 284618 736998 155432 267277 157224 310989 90843 99093 276243 857259 162676 259267

2ʹ-OH-HA 1076 3259 517 1060 730 1469 549 978 826 1512 569 1825 1867 8460 662 1330

3ʹ-OH-HA 5946 18308 4783 14138 9175 18983 5139 8953 2803 3859 2515 4716 13848 59086 4641 9577

4ʹ-OH-HA 1408 2816 1115 2198 2115 3786 1373 2957 748 1258 679 1501 1661 4672 957 1850

α-OH-HA - - - - - - - - - - - - - - - -

Cinnamic acids

CA 98 196 156 457 193 538 195 523 86.0 139 95.4 171 167 510 156 300

3ʹ,4ʹ-diOH-CA 16.9 35.2 13.5 34.6 22.6 54.9 19.5 39.3 11.9 21.8 9.5 11.1 26.8 77.3 23.1 48.1

3ʹ-OH-CA-4ʹ-S 13.1 20.1 24.6 41.6 26.3 45.7 77.8 312 34.9 142 14.8 31.5 36.2 101 121 652

4ʹ-OH-CA-3ʹ-S 125 325 511 1095 278 648 1073 3819 599 2875 234 929 409 1091 419 2033

Visit 1, 0h 

(n=47)

Visit 1, 2h 

(n=43)

Visit 2, 0h

(n=47)

Visit 2, 2h 

(n=46)

Visit 1, 0h 

(n=50)

Visit 1, 2h 

(n=50)

Visit 2, 0h

(n=48)

Visit 2, 2h 

(n=47)

Aronia Control
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3ʹ-OH-CA-4ʹ-GlcUA 199 337 162 245 324 765 216 430 207 415 163 275 372 1017 293 578

4ʹ-OH-CA-3ʹ-GlcUA 57.4 131 41.0 68.6 47.7 101 42.1 75.7 33.0 46.3 23.2 28.0 56.2 151 59.1 160

4ʹ-OH-3ʹ-MeO-CA 73.1 241 283 715 197 668 1084 4054 273 1333 118 526 598 3372 280 1813

3ʹ-MeO-CA-4ʹ-S 245 633 692 1638 491 1000 1414 4995 433 1398 170 331 465 1367 455 2190

3ʹ-MeO-CA-4ʹ-GlcUA 146 310 367 1304 369 907 417 1451 247 845 121 271 239 674 281 1297

3ʹ-OH-4ʹ-MeO-CA 146 486 234 479 187 299 284 496 117 185 66.6 92.6 182 397 187 630

4ʹ-MeO-CA-3ʹ-S 19.2 27.2 42.4 97.8 44.1 107 45.8 99.3 39.6 134 20.0 32.5 52.6 200 28.8 58.5

4ʹ-MeO-CA-3ʹ-GlcUA 79 204 169 379 216 443 248 696 115 295 57 110 129 234 116 369

4-CQA 1.7 7.9 13.0 25.5 5.4 18.6 25.6 75 5.8 30.5 2.9 16.2 2.3 6.5 3.1 16.5

4/5-CQA* 10.7 47.1 81.2 150 33.6 110 156 444 36.4 181 18.4 96.2 15.6 38.4 20.2 97.6

3-FQA 0.9 2.5 42.1 58.3 8.6 35.9 88.8 283 14.6 77.5 4.8 18.9 14.1 72.1 8.5 45.3

4-FQA 5.4 11 14 28.2 14.8 56.0 21.0 45.1 26.0 119 10.4 26.6 15.8 42.8 18.3 69.2

4ʹ-OH-3ʹ,5ʹ-diMeO-CA 0.3 1.6 2.9 11.7 0.3 1.3 0.2 1.3 0.6 4.0 1.2 7.9 0.3 1.9 1.3 4.9

3ʹ-OH-CA 338 617 404 1182 397 685 508 1193 355 672 360 643 715 1875 569 923

4ʹ-OH-CA 49.5 115 80.4 210 57.3 101 99.8 215 33.8 53.0 23.6 29.2 69.4 238 37.4 59.5

2ʹ-OH-CA 24.3 47.5 20.3 33.8 33.7 67.1 37.2 85.4 26.7 54.5 25.0 55.0 59.7 167 36.4 72.2

CA-4ʹ-S 29.7 75.0 40.5 102 29.5 46.9 51.7 151 13.9 21.8 10.5 14.7 36.8 100 18.8 27.9

CA-4ʹ-GlcUA 30.5 59.8 31.3 55.2 39.5 98.8 46.4 116.7 29.6 96.3 13.3 22.9 36.5 84.7 38.3 93.4

Phenylacetic acids

PA 11198 24195 10140 21246 9216 13857 11451 25523 6724 8325 6301 6587 17989 62988 14946 24440

3ʹ-OH-PA 13771 23593 12230 22850 19523 32991 23682 66492 15651 35024 11070 13225 26596 84391 22563 45866

3ʹ,4ʹ-diOH-PA 708 1239 680 1090 1041 2758 761 1689 627 1105 489 792 1389 4447 791 1064

3ʹ-MeO-PA-4ʹ-S 424 928 238 321 607 1479 343 669 395 762 271 329 597 1465 492 962

Phenylpropanoic acids

2-(4ʹ-OH-ph-O)-PrA 131 422 127 343 136 296 130 395 158 527 101 165 176 633 101 157

3-(2ʹ-OH-ph)-PrA 412 863 328 1033 588 1297 393 689 376 833 243 500 692 2085 694 1341

3-(3ʹ-OH-ph)-PrA 9038 26681 5406 16143 23415 75608 6823 11904 4151 6564 5200 13008 6313 14197 4005 6211

3-(2ʹ,3ʹ-diOH-ph)-PrA 29.2 60.6 17.2 24.0 33.3 56.3 32.9 57.5 23.1 51.1 17.8 26.6 39.2 115.2 28.7 46.2

3-(2ʹ,4ʹ-diOH-ph)-PrA 365 522 407 779 549 1098 604 1555 490 1175 398 658 1064 4204 573 852

3-(3ʹ,4ʹ-diOH-ph)-PrA 130 245 134 321 222 483 225 600 147 346 128 272 249 802 234 565

3-(3ʹ,5ʹ-diOH-ph)-PrA 682 1434 671 1639 899 1570 664 1036 562 1020 463 615 973 2631 829 1301

3-(4ʹ-OH-ph)-2-OH-PrA 17028 29096 16612 34832 20194 31688 18465 31652 15240 22875 14802 26269 28296 70684 20489 28581

3-(4ʹ-OH-3ʹ-MeO-ph)-PrA 933 1726 760 1407 1412 2428 1091 2330 1097 1929 842 1083 4128 19459 1403 2753

3-(4ʹ-OH-ph)-PrA-3ʹ-GlcUA 39.3 88.5 32.1 45.0 56.1 118.7 56.5 141.3 37.0 73.3 44.8 75.8 66.5 181.0 51.7 83.2

3-(4ʹ-OH-ph)-PrA-3ʹ-S 362 864 243 688 1089 2978 380 907 532 1212 366 872 740 2587 302 526

3-(3ʹ-MeO-ph)-PrA-4ʹ-S 140 331 115 262 213 396 217 640 135 249 85.7 140 270 741 115 166

3-(3ʹ-MeO-ph)-PrA-4ʹ-GlcUA 216 403 184 569 584 1318 223 440 193 347 164 348 303 621 191 357

3-(4ʹ-MeO-ph)-PrA-3ʹ-S 2927 11919 1868 6192 1227 2731 734 1807 342 560 447 1130 977 2729 2294 12568

3-(4ʹ-MeO-ph)-PrA-3ʹ-GlcUA 252 582 572 3153 575 1353 236 579 163 272 104 152 195 358 138 215

Valerolactones

5-(3′-OH-ph)-γ-VL-4′-S 1316 4994 328 1771 2124 7380 601 2091 197 622 526 1896 951 2673 306 1278

SD, standard deviation. * Mix of two isomers.
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Supplementary Table S8. Plasma (poly)phenol metabolites’ changes from 

Control following acute, chronic, and acute on chronic consumption of aronia 

berries.  

 

Lower Higher Lower Higher Lower Higher

Total (poly)phenols 72651 103715 -133397 278699 0.644 -10004 316300 -638583 618576 0.674 790 124231 -246015 247596 0.132

Flavan-3-ols

EC -25.9 21.6 -68.8 17.0 0.893 -188 151 -488 112 0.683 -27.0 88.0 -202 148 0.333

 EC-3'-S 4.2 5.8 -7.4 15.8 0.748 -10.6 20.5 -51.4 30.1 0.711 1.4 7.3 -13.0 15.9 0.961

3'-MeO-EC -27.8 24.0 -75.5 20.0 0.431 -102 95.6 -292 87.9 0.933 -13.3 61.6 -136 109 0.980

4'-MeO-EC 4.5 4.9 -5.2 14.2 0.478 1.6 4.1 -6.6 9.8 0.628 -2.4 4.5 -11.4 6.6 0.048

Procyanidin A2 - - - - - - - - - - - -

Flavonols

Quercetin 21.5 22.8 -23.8 66.7 0.784 -26.3 37.0 -99.7 47.2 0.589 -0.4 21.0 -42.3 41.4 0.389

Quercetin-3-S -1.4 2.8 -6.9 4.2 0.206 6.8 6.4 -5.8 19.5 0.651 -0.5 1.6 -3.8 2.8 0.866

Quercetin-3-GlcUA 8.5 4.2 0.2 16.8 0.000 -10.5 17.3 -45.0 24.0 0.946 -17.6 28.4 -74.1 38.9 0.023

Quercetin-7-GlcUA -1.0 1.4 -3.7 1.8 0.665 -0.8 0.7 -2.2 0.6 0.658 0.0 2.4 -4.8 4.8 0.329

Kaempferol-3-GlcUA -0.8 0.6 -2.1 0.5 0.471 -8.7 6.9 -22.5 5.1 0.087 -2.7 3.0 -8.6 3.2 0.099

Myricetin 111 133 -155 376 0.829 -71.0 160.3 -389 247 0.880 -4.4 121 -245 236 0.197

Morin 4.1 3.7 -3.4 11.5 0.369 0.0 2.5 -5.0 4.9 0.712 -0.7 1.8 -4.2 2.8 0.718

Benzene diols and triols

1,2-diOH-4-Me-Benz 105 1602 -3079 3288 0.817 -585 4943 -10407 9237 0.956 -810 2894 -6559 4939 0.275

2-OH-4/5-Me-Benz-1-S* 3187 16725 -30040 36414 0.945 -724 52565 -105185 103737 0.703 11790 26257 -40374 63955 0.381

2-OH-Benz-1-GlcUA 17.9 23.6 -29.1 64.8 0.817 106 81.7 -56.6 268 0.086 -18.6 46.5 -111 73.8 0.243

2,3-diOH-Benz-1-S 278 636 -984 1541 0.622 1658 1338 -1002 4317 0.886 -819 458 -1729 90.4 0.059

2,6-diOH-Benz-1-S -809 1869 -4521 2904 0.488 768 2545 -4288 5825 0.975 -726 618 -1953 501 0.202

2-OH-3/6-MeO-Benz-1-S* -438 3457 -7306 6430 0.508 616 4523 -8372 9604 0.849 -745 1478 -3681 2190 0.189

3-OH-2-MeO-Benz-1-S -18.4 147.9 -312.3 275.5 0.988 65.2 248 -428 559 0.276 -48.9 112.9 -273 175 0.389

Benzaldehydes

3,4-diOH-BAL 6.5 4.3 -2.1 15.1 0.194 -7.9 5.4 -18.6 2.7 0.301 0.1 3.7 -7.3 7.4 0.383

4-OH-BAL 100 177 -251 451 0.957 -73.7 291 -652 504 0.697 39.9 196 -349 429 0.134

4-OH-3-MeO-BAL 4.2 49.5 -94.1 103 0.455 -14.7 100 -214 184 0.727 2.8 54.7 -106 111 0.292

Benzoic acids

BA -64.0 2156 -4348 4219 0.982 -5246 7460 -20073 9580 0.662 -2108 2706 -7484 3268 0.216

2-OH-BA 205 556 -899 1309 0.988 155 1006 -1844 2153 0.899 210 522 -828 1247 0.210

3-OH-BA 504 504 -497 1505 0.666 -1166 889 -2933 601 0.781 -177 745 -1657 1303 0.424

4-OH-BA 1278 3154 -4989 7545 0.644 -8372 11472 -31171 14427 0.849 -300 2560 -5385 4785 0.303

2,3-diOH-BA 0.7 71.2 -141 142 0.673 67 72.7 -77.3 212 0.212 -52.4 95.9 -243 138 0.709

2,4/2,6-diOH-BA* 1990 2348 -2675 6655 0.441 -8151 9925 -27875 11572 0.763 -4009 2988 -9945 1926 0.210

2,5-diOH-BA 5004 3885 -2713 12721 0.347 -957 2782 -6486 4572 0.365 -297 1781 -3835 3241 0.265

2,6-diOH-BA 1086 1282 -1460 3633 0.441 -4449 5417 -15215 6317 0.763 -2188 1631 -5428 1051 0.210

3,4-diOH-BA 292 229 -163 747 0.732 -361 374 -1105 382 0.517 58.6 165 -269 386 0.290

3,5-diOH-BA 49.2 140 -229 327 1.000 -533 507 -1539 474 0.943 -168 326 -815 480 0.465

2,3,4-triOH-BA 7.0 7.5 -7.9 22.0 1.000 -4.0 7.4 -18.6 10.6 0.476 1.3 4.4 -7.4 9.9 0.875

2-OH-4-MeO-BA 0.1 0.5 -0.9 1.0 0.508 0.3 0.7 -1.2 1.8 0.512 -1.0 1.0 -3.0 1.1 0.475

3,4-diOH-BA-4-S 1599 409 787 2412 0.000 245 414 -579 1069 0.409 5183 2968 -714 11079 0.000

3,4-diOH-BA-3-S 877 182 516 1239 0.000 93.5 83.9 -73.3 260 0.249 1829 839 162 3496 0.000

3,4-diOH-BA-3-GlcUA 3.7 2.9 -2.1 9.4 0.037 -2.2 4.4 -11.1 6.6 0.183 21.3 13.9 -6.4 48.9 0.250

4-OH-3,5-diMeO-BA 35.9 58.4 -80.2 152.0 0.683 -9.9 50.1 -109 89.7 0.952 31.5 65.7 -99.1 162 0.683

3,4,5-triOH-Benz-OEt - - - - - - - - - - - -

3,4,5-triOH-BA -2.2 2.6 -7.3 3.0 0.592 -10.0 10.6 -31.2 11.1 0.588 -3.9 4.5 -12.9 5.0 0.383

3-OH-4-MeO-BA-5-S -35.2 74.4 -183 113 0.775 -913 705 -2314 488 0.557 84.0 102 -119 287 0.010

4-OH-3-MeO-BA 168 126 -82.4 418 0.025 -235 311 -854 383 0.466 756 460 -157 1669 0.006

3-MeO-BA-4-S 119.0 23.2 72.5 165 0.000 51.2 54.7 -57.6 160 0.248 334 169 -0.5 669 0.000

4-MeO-BA-3-S 14.1 1119 -2208 2236 0.512 -1274 4359 -9937 7389 0.674 563 1236 -1891 3018 0.480

Hippuric acids

HA 44154 52610 -60366 148673 0.493 25373 172237 -316912 367658 0.589 -7486 54751 -116258 101287 0.130

2ʹ-OH-HA -128 295 -715 459 0.740 -1180 1316 -3795 1435 0.918 -80.5 242 -562 401 0.645

3ʹ-OH-HA 444 1633 -2801 3689 0.215 -4305 9577 -23337 14726 0.949 594 1924 -3229 4417 0.126

4ʹ-OH-HA 136 351 -561 833 0.616 441 926 -1399 2281 0.739 388 513 -632 1407 0.205

α-OH-HA - - - - - - - - - - - -

Acute on chronic CFC (Aronia - Control)

P
Mean

difference
SEM

95% CI Mean

difference
SEM

95% CI Mean

difference
SEM

95% CI

Acute CFC (Aronia - Control)

P

Chronic CFC (Aronia - Control)

P
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Cinnamic acids

CA 58.0 70.1 -81.2 197.2 0.981 27.0 113 -197 251 0.590 31.2 84.4 -136 199 0.207

3ʹ,4ʹ-diOH-CA 3.8 5.2 -6.6 14.2 0.328 -2.6 14.5 -31.5 26.2 0.372 -3.5 9.2 -21.7 14.7 0.551

3ʹ-OH-CA-4ʹ-S 13.4 6.7 0.1 26.6 0.124 -9.5 17.0 -43.2 24.2 0.544 -38.1 107 -250 174 0.315

4ʹ-OH-CA-3ʹ-S 421 162 99.6 742 0.000 -126 195 -513 261 0.671 712 632 -543 1968 0.000

3ʹ-OH-CA-4ʹ-GlcUA -1.1 54.2 -109 107 0.746 -36.2 194 -421 349 0.662 -72.9 104 -280 135 0.078

4ʹ-OH-CA-3ʹ-GlcUA 16.9 10.8 -4.5 38.3 0.644 -6.4 28.0 -62.0 49.3 0.325 -16.6 26.1 -68.5 35.3 0.695

4ʹ-OH-3ʹ-MeO-CA 235 106 24.7 446 0.010 -408.9 529 -1460 642 1.000 812 655 -488 2113 0.002

3ʹ-MeO-CA-4ʹ-S 545 237 74.8 1016 0.000 42.1 259 -472 556 0.843 950 799 -637 2536 0.001

3ʹ-MeO-CA-4ʹ-GlcUA 264 188 -111 638 0.003 157 171 -184 497 0.410 105 286 -462 672 0.240

3ʹ-OH-4ʹ-MeO-CA 161 68.2 25.4 297 0.000 2.4 75.5 -148 152 0.473 93.6 113 -131 319 0.294

4ʹ-MeO-CA-3ʹ-S 25.0 14.6 -3.9 54.0 0.042 -7.9 34.9 -77.2 61.4 0.497 17.1 16.9 -16.6 50.7 0.433

4ʹ-MeO-CA-3ʹ-GlcUA 116 56.0 4.7 227 0.002 98.4 75.8 -52.2 249 0.329 127 117 -105 358 0.127

4-CQA 12.1 3.6 4.8 19.3 0.000 3.3 3.0 -2.7 9.3 0.546 22.5 11.3 0.0 45.0 0.000

4/5-CQA* 75.4 21.5 32.8 118 0.000 19.1 17.8 -16.2 54.4 0.446 135 67.2 1.4 268 0.000

3-FQA 40.5 8.4 23.9 57.2 0.000 -5.5 12.4 -30.1 19.2 0.511 81.3 42.0 -2.1 165 0.000

4-FQA 7.3 4.4 -1.4 16.0 0.004 0.1 10.8 -21.3 21.6 0.697 3.1 10.3 -17.4 23.6 0.067

4ʹ-OH-3ʹ,5ʹ-diMeO-CA 2.2 1.7 -1.2 5.7 0.856 0.1 0.2 -0.3 0.5 0.658 -1.1 0.7 -2.5 0.3 0.101

3ʹ-OH-CA 44.3 194 -342 430 0.717 -309 304 -913 296 0.745 -30.2 222 -471 410 0.333

4ʹ-OH-CA 57.5 30.3 -2.8 118 0.020 -11.3 39.9 -90.5 68.0 0.858 62.7 32.7 -2.3 128 0.210

2ʹ-OH-CA -4.6 9.6 -23.6 14.4 0.723 -25.5 27.6 -80.3 29.2 0.949 3.8 16.3 -28.5 36.1 0.461

CA-4ʹ-S 26.3 14.7 -3.0 55.6 0.124 -4.9 17.1 -39.0 29.2 0.645 33.3 22.5 -11.4 78.0 0.569

CA-4ʹ-GlcUA 18.0 8.6 1.0 35.1 0.871 5.1 19.8 -34.2 44.4 0.680 7.3 21.9 -36.1 50.7 0.460

Phenylacetic acids

PA 3668 3217 -2722 10058 0.926 -8310 9962 -28109 11488 0.799 -3610 5232 -14005 6785 0.352

3ʹ-OH-PA 1265 3781 -6247 8777 0.606 -7002 13838 -34503 20499 0.739 1064 11905 -22587 24715 0.113

3ʹ,4ʹ-diOH-PA 174 195 -212 561 0.811 -294 797 -1879 1291 0.994 -23.4 294 -607 560 0.461

3ʹ-MeO-PA-4ʹ-S -32.6 68.1 -168 103 0.459 37.3 317 -592 667 0.975 -149 173 -493 194 0.259

Phenylpropanoic acids

2-(4ʹ-OH-ph-O)-PrA 27.5 54.0 -79.7 135 0.820 -38.0 107 -250 174 0.760 29.0 62.5 -95.1 153 0.217

3-(2ʹ-OH-ph)-PrA 84.2 166 -245 413 0.672 -88.6 374 -832 655 0.436 -274 202 -675 127 0.160

3-(3ʹ-OH-ph)-PrA -1953 2623 -7163 3258 0.488 18793 11745 -4548 42135 0.294 2534 1994 -1429 6496 0.023

3-(2ʹ,3ʹ-diOH-ph)-PrA -1.1 5.3 -11.6 9.3 0.517 -4.0 19.6 -42.9 35.0 0.855 4.5 10.8 -17.0 26.0 0.678

3-(2ʹ,4ʹ-diOH-ph)-PrA 16.0 149 -281 313 0.926 -525 666 -1848 798 0.886 39.1 261 -480 558 0.554

3-(3ʹ,4ʹ-diOH-ph)-PrA 5.8 61.8 -117 129 0.488 -17.2 143 -301 266 0.472 -6.5 121 -246 233 0.372

3-(3ʹ,5ʹ-diOH-ph)-PrA 211 252 -289 711 0.548 -29.8 467 -959 899 0.994 -161 244 -647 324 0.222

3-(4ʹ-OH-ph)-2-OH-PrA 1765 6394 -10937 14468 0.735 -7689 11836 -31211 15833 0.880 -1721 6288 -14212 10771 0.219

3-(4ʹ-OH-3ʹ-MeO-ph)-PrA -76.2 260 -592 439 0.994 -2676 2998 -8633 3281 0.937 -250 531 -1305 805 0.939

3-(4ʹ-OH-ph)-PrA-3ʹ-GlcUA -12.9 13.3 -39.3 13.5 0.652 -8.5 32.9 -74.0 56.9 0.679 5.5 24.0 -42.2 53.2 0.348

3-(4ʹ-OH-ph)-PrA-3ʹ-S -105 164 -431 220 0.543 385 601 -810 1579 0.207 67.4 154 -238 373 0.095

3-(3ʹ-MeO-ph)-PrA-4ʹ-S 28.6 42.8 -56.4 113 0.969 -49.2 128 -304 205 0.793 103 97.1 -90.2 295 0.623

3-(3ʹ-MeO-ph)-PrA-4ʹ-GlcUA 16.1 96.6 -176 208 0.627 304 221 -135 742 0.387 13.5 83.2 -152 179 0.087

3-(4ʹ-MeO-ph)-PrA-3ʹ-S 935 856 -766 2637 0.841 252 594 -928 1431 0.578 -1698 1858 -5389 1993 0.265

3-(4ʹ-MeO-ph)-PrA-3ʹ-GlcUA 458 452 -440 1355 0.890 292 182 -69.7 653 0.270 59.1 90.1 -120 238 0.189

Valerolactones

5-(3′-OH-ph)-γ-VL-4′-S -252 389 -1025 521 0.215 1306 1205 -1090 3701 0.327 256 361 -461 972 0.052

Differences were calculated from ANCOVA (Bonferroni) including baseline values as covariate, comparing Aronia with Control changes from baseline. 95% CI, 95% 

confidence interval; CFC, changes from Control; SEM, standard error of mean. P-values (P) obtained following Mann-Whitney non-parametric test. * Mix of two isomers.
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La vie est courte, 

La Science est longue, 

L'occasion fugitive, 

L'expérience trompeuse, 

Le jugement difficile. 
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