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Abstract

Abstract

Plant phytochemicals might not be essential throughout life, but they may promote health and well-
being by preventing, for example, certain non-communicable diseases. Among phytochemicals,
flavan-3-ols are particularly relevant, as they are extensively consumed within diet, being
characteristic compounds of tea, cocoa, wine, pome fruits, berries, and nuts. The existing literature
shows a clear evidence that flavan-3-ols exert beneficial effects on health, however, discrepancies
of results have been highlighted when encouraging results obtained using observational or animal
studies are compared with more wary results from in vivo human intervention studies. The reason
for this inconsistency may lay in the profound structural modifications that these compounds
undergo once in contact with the human body, and in the inter-individual variability described in
the capacity of our body to transform and absorb them. So, assessment of flavan-3-ol bioavailability
and associated inter-individual variability are crucial factors to understand to what extent and in
which forms they are available for the individual internal compartments, a fundamental information
to unravel the biological effects of these compounds in human health. This information is then
completely lacking for cranberry flavan-3-ols.

Among dietary sources rich in phytochemicals, coffee is particularly relevant as it is one of the most
consumed drinks worldwide. In many epidemiological studies, regular coffee consumption has been
associated with a reduced risk of several non-communicable diseases, but no association has yet
been found between circulating and excreted coffee bioactives and derived metabolites and
physiological responses, making the mechanisms through which coffee exerts its potential
preventive effects still widely undisclosed. In this frame, metabolomics may aid in achieving insights
into such open questions, thanks to its several applications in the field of nutrition.

The global objective of this doctoral thesis was to apply metabolomics to nutritional intervention
studies to pursue several aims. Firstly, to assess the bioavailability of flavan-3-ols from cranberry
through the analysis of their main colonic metabolites (phenyl-y-valerolactones and phenyl-valeric
acids), also considering their potential as biomarkers of flavan-3-ol intake and inter-individual
variability in their appearance in plasma and urine. Secondly, to elucidate the presence of different
metabotypes (metabolic phenotypes) in the urinary excretion of flavan-3-ol colonic metabolites as
a strategy to manage the associated inter-individual variability, also assessing the impact of the

statistical technique used in the process. Lastly, to study the changes occurring at metabolomic level
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Abstract

following consumption of different patterns of coffee and the impact on known metabolic
pathways.

Plasma and/or urine samples collected in previously conducted human intervention trials were
analysed trough LC-MS based metabolomics approaches, either targeted or untargeted. Specifically,
a targeted analysis of all the potential conjugated forms of phenyl-y-valerolactones and
phenylvaleric acid revealed that sulfate and glucuronide conjugates of 5-(3’,4’-dihydroxyphenyl)-y-
valerolactone are the main circulating and excreted metabolites after cranberry flavan-3-ols intake,
reaching maximum plasma concentration at about 4—6 h post consumption. These metabolites
show a clear dose-response relationship with the amount of cranberry flavan-3-ols consumed,
supporting their suitability as biomarkers of cranberry flavan-3-ol intake. Glucuronidation seems to
be the most favored phase Il conjugation after cranberry juice intake, despite wide differences
among individuals. A high inter-individual variability is also reported in circulating and urinary
metabolite levels, with some subjects displaying a greater efficiency in metabolizing flavan-3-ols and
producing phenyl-y-valerolactones.

On the basis of this evidence and based on the results of a preliminary set of experiments, where a
different urinary production of phenyl-y-valerolactones and 3-(hydroxyphenyl)propanoic acids upon
green tea flavan-3-ol consumption led to the elucidation of three putative metabotypes, a targeted
analysis of these metabolites revealed different profiles in their urinary excretion upon cranberry
consumption in two diverse experimental settings. A methodological workflow for metabotype
definition and validation, based on broadly accessible multivariate and univariate tools, has been
proposed, highlighting the importance of data pre-treatment and clustering methods on the final
outcomes when analysing datasets of flavan-3-ol metabolites. Non-transformed, centered, and UV-
scaled data has been key to unravel metabolic patterns based on colonic metabolism. Cluster
analysis based on k-means and a final consensus algorithm led to quantitative-based models,
whereby the distribution of the clusters was due to the amount of metabolites excreted (high vs.
low). Differently, the expectation-maximization algorithm and clustering according to principal
component scores yield metabotypes characterized by quali-quantitative differences in the
excretion of colonic metabolites. PLS-DA, together with univariate analyses, served to validate the
urinary metabotypes in the production of flavan-3-ol metabolites and to confirm the robustness of
the methodological approach. This metabotyping strategy may be key to manage the inter-
individual variability reported in the colonic metabolism of flavan-3-ols and to further investigate its

consequences in the impact on the observed health effects attributed to this class of compounds.
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Abstract

Finally, the use of an untargeted approach has allowed the detection of changes in the metabolome
due to the intake of different patterns of coffee. Indeed, besides metabolites specifically derived
from coffee intake, endogenous metabolites have been detected whose levels were modulated by
the different patterns of coffee consumed. New metabolic pathways have therefore been identified
to be modulated by the intake of different patterns of coffee, such as the metabolism and
biosynthesis of specific amino acids, that may in turn potentially influence human health.

In conclusion, the application of metabolomics approaches to nutrition intervention studies
previously conducted has offered the possibility to gain new and further insights in the research
field of dietary bioactives, namely the bioavailability of flavan-3-ols and the associated inter-
individual variability, the elucidation of a metabotyping strategy to manage it, and the metabolic
routes by which coffee and coffee-related metabolites may exert effects on human health, opening
the door to new hypotheses about the health effects of coffee consumption and the underlying

mechanisms.

Metabolomics applications to nutritional intervention studies

LC-MS based metabolomics
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Figure 1. Graphical abstract of the doctoral thesis.
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Introduction

1.1. The role of plant bioactives in human health

The World Health Organization (WHO) has estimated that in 2016 non-communicable diseases
(NCDs) collectively caused 41 million deaths worldwide, equivalent to 71% of all global deaths *.
Non-communicable diseases are non-infectious health conditions, which usually last for a long
period of time and therefore are also known as chronic diseases 2. These diseases are caused by a
combination of genetic, physiological, environmental and behavioural factors, and are considered a
major public health concern in developing as well as developed regions of the world. The major
NCDs are cardiovascular diseases (CVDs), cancer, diabetes and chronic respiratory diseases. At a
global level, CVDs cause more premature deaths than cancer . Unhealthy diet is considered one of
the most important preventable risk factor for many NCDs 23, such as CVDs, type 2 diabetes and
certain types of cancer. The WHO and the EAT-Lancet commission on Food, Planet, Health
recommend a radical transformation of the global food system, with drastic shifting towards mostly
plant-based dietary patterns, demonstrated to be both healthier and more sustainable 24>,
Doubling the global consumption of fruits, vegetables, nuts, whole grains and legumes by 2050 may
be key to prevent the onset of certain NCDs (with an estimated reduction of around 19.0-23.6%
deaths per year) as well as to fight environmental degradation, benefiting both human and planet

health 238,

From ten years now, an explosion of research is shedding light on the health benefits of plant-based
diets and specific plant foods. Plant-based foods have generally a low caloric density and a low
glycemic index. In addition, they provide dietary fibre, micronutrients and a wide variety of
biologically active phytochemicals (i.e. bioactives) 7. Phytochemicals are secondary metabolites
synthetized by plants primarily as defence against pathogens and stress. They can be specific to a
given plant species or widely distributed in plants and their final concentration in food products is
affected by industrial and home processing. Dietary intake of phytochemicals often exceeds 1g/day
8 Phenolic compounds are the most abundant and heterogeneous family of phytochemicals and are
widespread in fruits, vegetables and beverages like tea, coffee and wine ° (Figure 2). Other relevant
categories of phytochemicals found in plant-based foods are: alkylresorcinols, carotenoids,
phytosterols, alkaloids, glucosinolates and thiosulfinates 11 (Figure 2). Plant phytochemicals might
not be essential throughout life, but they may promote health and well-being by preventing for
example obesity, type 2 diabetes, cardiovascular and other diseases 7''’. Large intervention studies,

as the PREDIMED (Prevencion con Dieta Mediterranea) trial, have been instrumental in
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demonstrating the health benefits of switching to plant food-rich dietary patterns, including the
Mediterranean diet '® and the New Nordic diet °. In parallel, a number of randomized controlled
trials (RCTs) and meta-analyses have provided good evidence of improvement by particular plant
foods or phytochemicals of risk factors and pathways relevant to weight control and NCDs, such as
glucose and lipid metabolism, insulin resistance, inflammation, blood pressure and endothelial
dysfunction 2°72>. Some plant foods have shown substantially larger health benefits than others for

specific outcomes, likely due to their phytochemical composition that is unique to each species 2°.

However, one of the main hindrances to unravel and exploit the potential of plant bioactives for the
prevention of NCDs is the heterogeneity in the metabolism and individual response to their
consumption, which may lead to inconclusive results. Evidence indicates that some individuals may
benefit from the health effects of these phytochemicals more than others, being age, sex, ethnicity,
and health status some of the factors behind the heterogeneity in the responsiveness to plant

bioactives 272°, The gut microbiome, the occurrence of other dietary components able to shape gut
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Figure 2. Main dietary phytochemicals found in plant-based foods (Modified from Fraga et al. 1°).

microbiota composition and functionality and to be transformed by the gut microbiota into
metabolites able to interact with the host physiology, and the adaptive and innate immunity related

to lymphocytes and monocytes may also condition the metabolism and individual response to plant
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bioactives 3°3°. However, the contribution of all these factors is poorly understood across major
plant phytochemicals classes and health outcomes, even more in the context of plant-based diets

where dozens of different families of plant bioactives coexist.

1.2. The phenolic compounds: bioavailability and health effects

1.2.1. General information

Chemistry and main dietary sources of phenolic compounds
Phenolic compounds (or (poly)phenols) are characterized by having at least one aromatic ring with
one or more hydroxyl groups attached 3¢. Their structures range from simple, low molecular weight,
single aromatic-ring compounds, such as phenolic acids, to complex, polymerized molecules of
relatively high molecular weight, such as hydrolysable and condensed tannins 7. Phenolics occurring
in plant can be classified into two groups based on the number and arrangement of the carbon
atoms in their structure: the flavonoids and the non-
flavonoids 3¢ (Table 1). Flavonoids are composed of two
phenol rings (A and B) linked through a three-carbon
chain that forms a heterocyclic pyran ring (C) containing
one oxygen atom (Figure 3). On the basis of the degree

of oxidation, saturation, and hydroxylation of the central

pyran ring, flavonoids can be divided into different

subclasses. The main subclasses occurring in plant-based

foods are: flavonols, flavanones, isoflavones, Figure 3. The basic skeleton of flavonoid.
anthocyanidins, flavan-3-ols and flavones (Table 1).

Other minor dietary flavonoids are dihydroflavonols, flavan-3,4-diols, coumarins, chalcones,
dihydrochalcones and aurones. Non-flavonoids class includes both compounds with a simpler
chemical structure than that of the flavonoids as well as large and complex molecules. The main
dietary non-flavonoid phenolics are: phenolic acids (hydroxycinnamic and benzoic acids), the
hydrolyzable tannins (ellagitannins and gallotannins, derivatives of ellagic acid and gallic acid
respecitvely), stilbenes, coumarins, and lignans (Table 1). In general, both flavonoids and non-
flavonoids occur in planta in the conjugated form rather than as free compounds, with sugars and

organic acids. Sugar residues are linked by B-glycosidic bonds to a hydroxyl group (O-glycosides) or

a carbon atom of the aromatic ring (C-glycosides). The associated sugars can be monosaccharides,
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disaccharides or even oligosaccharides, glucose being the most common followed by others such as
galactose, rhamnose, xylose, arabinose 3637,

Phenolic compounds are widely distributed throughout the plant kingdom as constituents of almost
all vegetables, fruits, cereals, plant-derived beverages such as coffee, tea and red wine and other
plant-derived foods 37. Most plant foods contain complex mixtures of (poly)phenols, however some
phenolics are mainly present in specific foods such as flavanones in citrus fruits and isoflavones in
legumes. The phenolic content of foods of plant origin can present sizeable differences in seemingly
similar products due to varietal differences, local growing conditions and seasonal changes®.
Flavonoids and phenolic acids are extensively found in most plant foods, while hydrolyzable tannins,
stilbenes, coumarins, and lignans are less common and occur in particular foodstuffs 36738,
Specifically, flavonols are the most ubiquitous flavonoids: they mainly occur in yellow and red
onions, capers, lettuce, parsley, carrot, pumpkin, Brassicaceae and Aliaceae, some berries, mango,
apples and figs 3’. The most common flavonols are conjugated quercetin, kaempferol, isorhamnetin
and myricetin °. Flavan-3-ols are the characteristic (poly)phenols of tea, cocoa, red wine, pome fruits
(as apple and pear), berries and nuts, but they are also found in stone fruits (as apricot and peach),
cereals and legumes 3240, This subclass of compounds is the main dietary source of flavonoids in
Western diets 84142, Differently from other flavonoids, flavan-3-ols exist in planta predominantly as
aglycones rather than glycosides or esterified with gallic acid 3. Flavan-3-ols can occur as
monomers, the most common being (+)-catechin and (—)-epicatechin, or as oligomers and polymers
(the so-called proanthocyanidins, PACs, or condensed tannins). Isoflavones are almost exclusively
found in legumes, with the highest amount found in the cultivated soybean (Glycine max (L.)). The
main isoflavones are genistein, daidzein and glycitein /. Flavanones occur in high concentrations
mainly in citrus fruits and their juices (orange, grapefruit, lemon, lime, etc.) and in smaller amounts
in artichokes, tomatoes and certain aromatic plants such as oregano 3637, The main flavanone
glycosides are hesperidin (hesperetin-7-O-rutinoside), naringin (naringenin-7-O-neohesperidoside),
neohesperidin (hesperetin-7-O-neohesperidoside) and eriocitrin (eriodictyol-7-O-rutinoside) 2.
Anthocyanins (the glycosidic form of anthocyanidins) are those responsible for the blue, purple and
red pigments found in flowers, fruits, leaves, and roots. The most common types of anthocyanidins
are cyanidin (responsible for reddish-purple pigment), delphinidin (responsible for blue-reddish or
purple pigment), pelargonidin (responsible for red and orange pigment), peonidin (responsible for
reddish-purple pigment), malvidin (responsible for purple-blue and red pigment), and petunidin

(responsible for dark red or purple pigment). Among coloured fruits, the main dietary sources are
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berries, cherries, plums, pomegranates, some tropical fruits and fruit-derived products (red wine,
fruit juices and jams). Among dark-coloured vegetables and cereals, anthocyanins are found in red
cabbage, eggplant, red onions, radishes, hazelnuts, pistachio nut, black and red beans, as well as
certain varieties of herbal medicinal plants including red clover, red hibiscus, and purple passion
flower 37, Flavones are the least common flavonoids in food. They occur in relatively high amounts
in parsley and celery (apigenin and luteolin). They are also present in lettuce, artichoke, herbs (such
as rosemary, thyme, oregano, mint, sage, etc.), citrus fruits, cereal grains and sweet peppers 3.
Regarding phenolic acids, hydroxycinnamic acids (p-coumaric, caffeic, ferulic and sinapic acids) are
more abundant in plant foods and are found in coffee and some vegetables, fruits, and cereals
(particularly in potatoes, broccoli, spinach, lettuce, cabbage, apples, pears, cherries, apricots,
peaches, blackcurrants, blueberries, asparagus, wine and rye bread) °. Differently, benzoic acids,
such as gallic, protocatechuic, syringic and vanillic acids, are found in very few edible plant foods,
mainly in some berries such as cloudberry and raspberry, red cabbage, chestnut and tea 32. Then,
concerning hydrolyzable tannins, ellagitannins such as sanguiin H6, punicalagin or pedunculagin
occur in significant amounts in many berries, in particular strawberries and raspberries, as well as
in pomegranate, muscadine grapes, walnuts, chestnuts, hazelnuts, mango, green and black tea, and
are also found in oak-aged beverages (wine, whiskey, etc.) %37, Gallotannins are rarely found in
plant-based foods and occur almost exclusively in mango, chestnuts, and red sword bean ¥,
Stilbenes are present in low quantities in the human diet, resveratrol being the most characteristic,
mainly found in grapes and red wine and in smaller amounts in peanuts, pistachios, some berries,
red cabbage and spinach 3%37. Coumarins are components of plant foods of the Rutaceae (citrus)
and Apiaceae (parsley, celery, etc.) families. Lignans are mainly found in flaxseed
(secoisolariciresinol diglucoside and matairesinol) and sesame seeds (pinoresinol and lariciresinol).
Other minor sources include cereals (triticale and wheat), legumes (soybeans and lentils),
vegetables (garlic, asparagus, broccoli, carrots), and fruits (pears, prunes, strawberries,
lingonberries, blackcurrants) 3’. In Table 1 are reported the basic structures, main representative

compounds and dietary sources of the most important subclasses of phenolic compounds.

Table 1. Basic structures, main representative compounds and dietary sources of the most important subclasses of
phenolic compounds.

Basic Structure Main Compounds Food Sources
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Flavonoids

Flavonols Quercetin Yellow and red onion,
Kaempferol caper, lettuce, parsley,
Myricetin carrot, pumpkin, kale,
© Isorhamnetin cabbage, broccoli, garlic,
berries, mango, apples, figs
OH
o
Flavan-3-ols
Monomers

g2

OH

Proanthocyanidins

+)-Catechin

—)-Epicatechin

(+)
-)
(—)-Epicatechin gallate
(+)-Gallocatechin

Procyanidin B1
Procyanidin B2

Black and green tea,
chocolate, red wine, nuts,
apple, pear, apricot, peach,

grape, berries, cereals

OH
Isoflavones Daidzein Soybean and soy-derived
@] Genistein foods, green bean, lentil,
Glycitein chickpea, pea, mung bean,
broad bean
O
Flavanones Naringenin Orange, grapefruit, lemon,
Hesperetin lime

g

Neohesperidin

Eriocitrin
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Anthocyanidins Cyanidin Berries, cherries, plum,
Delphinidin pomegranate, red wine,
O+ Pelargonidin red cabbage, eggplant, red
AN Peonidin onion, radish, hazelnut,
Malvidin istachio nut, black and
Zon j
Petunidin red bean, medicinal herbs
Flavones Apigenin Parsley, celery, lettuce,
Luteolin artichoke, herbs
(rosemary, thyme,

5

oregano, etc.), citrus fruits,

cereal  grains, sweet

peppers

Non-Flavonoids

Phenolic acids

Hydroxycinnamic acid

OH

4

Benzoic acid

p-Coumaric acid
Caffeic acid
Ferulic acid

Sinapic acid

Gallic acid

Protocatechuic acid

Coffee, potato, broccoli,

spinach, lettuce, cabbage,

apple, pear, cherries,
apricot, peach,
blackcurrant,  blueberry,

asparagus, wine, rye bread

Cloudberry, raspberry, red

cabbage, chestnut, tea

0]
Syringic acid
OH Vanillic acid
Hydrolyzable Tannins
Ellagitannins Sanguiin H6 Strawberry, raspberry,
Punicalagin blackberry, pomegranate,
OH Pedunculagin walnut, chestnut,
HQ 0] OH hazelnut, mango, green
HO O 0 0 and black tea, oak-aged
HO 0 OH beverages
O o OH
HO
OH
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Gallotannins Galloyl-hexoside Mango, chestnut, red
Digalloyl-hexoside sword bean
OH
O
HO o
O%OH
HOI;)k HO OH
OH

Stilbenes Resveratrol Red wine, grape, peanuts,

pistachios, some berries,

red cabbage, spinach

Coumarins Umbelliferone Citrus, parsley, celery
Esculetine
AN
Scoparone
(o] O
Lignans Secoisolariciresinol Flaxseed, sesame seeds,
Matairesinol triticale and wheat,
HsC CHj3 Pinoresinol soybeans and lentils, garlic,
Lariciresinol asparagus, broccoli,

carrots, pears, prunes,
strawberries,

lingonberries,

blackcurrants

Absorption, distribution, metabolism, and excretion of phenolic compounds

When dietary phenolics are consumed, only a small proportion is absorbed in the small intestine,
while a large amount reaches the colon and becomes a suitable substrate for the local microbiota.
As mentioned above, phenolic compounds, with the only exception of flavan-3-ols, exist in planta
predominantly as glycosides and their absorption is firstly associated with a hydrolytic reaction
releasing aglycones. In the small intestine there are two possible routes by which the glucoside

conjugates are hydrolyzed with the resultant aglycones appearing in the epithelial cells, namely
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lactase phlorizin hydrolase (LPH)-diffusion and transport-cytosolic B-glucosidase (CBG) 3. In the first
case, hydrolysis is the result of the action of LPH in the brush border of the small intestine epithelial
cells 3¢, The released aglycone can enter the epithelial cells by passive diffusion, thanks to its
increased lipophilicity and its proximity to the enterocyte membrane. LPH exhibits broad substrate
specificity for flavonoid-O-B-D-glucosides #4. Alternatively, the hydrolytic step is mediated by CBG
within the epithelial cells and so, in order for CBG-catalyzed hydrolysis to occur, the polar glucosides
must be transported into the epithelial cells, possibly with the involvement of the active sodium-
dependent glucose transporter SGLT1 #°. In the enterocytes, (poly)phenol aglycones undergo phase
Il metabolism before entering systemic circulation °. Sulfate, glucuronide and/or methylated
metabolites are formed through the respective action of sulfotransferases (SULT), uridine-5'-
diphosphate glucuronosyltransferases (UGTs) and catechol-O-methyltransferases (COMT). Efflux
back into the lumen of the small intestine of some of the metabolites occurs, and this is thought to
involve members of the adenosine triphosphate (ATP)-binding cassette family of transporters,
including multidrug resistance protein and P-glycoprotein . Once in the portal bloodstream,
metabolites pass on to the liver, where they may be subjected to further phase Il metabolism before
being excreted in urine 3¢. The significant amounts of phenolic compounds not absorbed in the first
gastro-intestinal (Gl) tract pass to the colon, where the local microbiota can cleave conjugated
moieties and the resultant aglycones undergo ring fission, leading to the production of phenolic
catabolites and aromatic compounds. These low molecular weight catabolites can be absorbed in
colonocytes and subjected to phase Il metabolism before entering circulatory system and reaching
the liver, where they may undergo further phase Il metabolism in order to be excreted in urine 36,
In most instances, the quantity of excreted metabolites of colonic origin is well in excess of that of
metabolites that enter systemic circulation via the small intestine 3¢, Although there is speculation
46 up to now there is no compelling evidence that enterohepatic recirculation in humans results in

substantial recycling of (poly)phenol metabolites back into the small intestine via biliary excretion

47

For decades, (poly)phenols were thought to be poorly bioavailable, due to the limited detection in
circulation or in urine of their phase Il metabolites occurring after absorption in the first Gl tract.
However, when colonic catabolites started to be included in the overall estimation of absorption,
distribution, metabolism, and excretion (ADME) of phenolic compounds (which is synonymous with
bioavailability in nutrition research according to the European Food Information Council 2010 #8), it

was evident that many (poly)phenols are highly bioavailable. Nonetheless, it has to be considered

10
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that several factors, first of all the complexity of the colonic microbiota composition, have been
associated with inter-individual variability in the ADME of phenolic compounds and the classification
of subjects as non-, low- and high-producers of phenolic catabolites. Well established examples of
this inter-individual variability are the formation of urolithins from ellagitannins and equol from the
isoflavone daidzein, for which metabolic phenotypes (metabotypes) have been described 4°°°, In
bioavailability studies it is of note that while plasma profiles can supply useful information, they are
not an accurate quantitative guide of absorption because the presence of metabolites and
catabolites in the circulatory system is transient as they are rapidly removed from the bloodstream
via renal excretion. More appropriate estimates of absorption are obtained by determining

cumulative urinary excretion, typically over a 24-48 h period post-intake %°1>2,

The effects on health of phenolic compounds and their derived circulating metabolites

Originally, the primary health benefit attributed to (poly)phenols was thought to lie in their direct
antioxidant effects. However, these effects were demonstrated in vitro using compounds as found
in planta or aglycones °. Nowadays, the antioxidant properties are no longer considered to be as
relevant in vivo, as these compounds do not reach concentrations high enough to have a significant
effect in terms of scavenging free radicals in most tissues °. Nonetheless, a number of other possible
biochemical and molecular mechanisms of action of (poly)phenols have been identified, testing
phenolic metabolites and catabolites at physiological concentrations. These other mechanisms
include several effects within intra- and inter-cellular signalling pathways, such as regulation of
nuclear transcription factors and fat metabolism and modulation of the synthesis of inflammatory
mediators, notably cytokines tumor necrosis factor a, interleukin (IL)-1B and IL-6 1°. For example,
certain flavonoids have been shown to have a role in glucoregulation through downstream signalling
that increases insulin secretion, reduces apoptosis, promotes B-cell proliferation and reduces insulin

resistance, inflammation and oxidative stress in muscle and other cells 1°.

In addition to in vitro studies, fundamental to unravel molecular mechanisms, in the last decades a
number of observational and intervention studies has suggested that (poly)phenol-rich diets
beneficially affect cardiometabolic health and cognitive functioning. Observational studies can
determine if there are associations between a factor (e.g., intake of total phenolics) and disease
incidence (e.g., occurrence of cardiovascular events) and assess the strength of these associations.
Such studies also help in generating hypotheses to be tested in subsequent RCTs, the gold standards
for producing scientific evidence. RCTs are intervention studies, where investigators do intervene

and look at the effects of the intervention (or treatment) on a certain outcome. If well conducted,
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RCTs can establish causal relationships between treatment (e.g., intake of flavan-3-ols from cocoa)
and outcome (e.g., CVDs and/or clinically significant risk factors associated with such disorders). For
example, regarding cardiometabolic health, a cohort study within the PREDIMED trial found an
inverse association between total polyphenol intake and risk of cardiovascular-related events,
independent of other dietary and non-dietary risk factors >3. Recent systematic reviews with meta-
analysis of prospective cohort studies found significant risk reductions of type 2 diabetes and CVDs
when comparing subjects reporting the highest and lowest levels of intakes of different classes of
phenolic compounds >4%, More than 25 RCTs demonstrated that flavonoid-rich foods can prevent
endothelial dysfunction, an early event in the development of atherosclerosis, with an average of

20-30% improved flow-mediated dilatation after acute or short-term intake >°

. Interestingly,
measurement of flavonoid metabolites in plasma showed a perfect time concordance with the
observed effects 6963, Pioneering studies also demonstrated the effects of phenolic compounds by
using randomized controlled cross-over studies to compare the impact of foods to the equivalent
foods enriched or deprived of these compounds 606263 Recent meta-analyses examining the effects
of (poly)phenol-rich foods on biomarkers of cardiometabolic risk revealed that overweight and
obese subjects would receive more benefits from flavanols, anthocyanins and ellagitannins than
normal weight people %223, Moreover, a certain influence of individuals’ metabolic phenotype on
the effects on cardiometabolic health associated with ellagitannin and isoflavone intake has been
observed. Actually, clustering healthy overweight-obese individuals according to their urolithin
metabotypes revealed that only subjects characterized by urolithin metabotype B could benefit
from the consumption of pomegranate by lowering of some serum CVD risk markers , and acute
benefits of equol on arterial stiffness, an established marker of vascular function, were observed
after soy intake only in men characterized by an equol producer phenotype °. The influence of inter-

individual variability in health outcomes needs to be further assessed in new generation

intervention studies °.

Besides cardiometabolic health, phenolic compounds are also thought to have beneficial effects on
cognition. A prospective study of adults in midlife found a positive association between total
(poly)phenol intake and cognitive factors, such as language and verbal memory, assessed over 13
years %87 In longitudinal studies, regular consumption of chocolate within the diet has been shown
to reduce the risk of experiencing cognitive decline %89, In a meta-analysis of 17 independent
observational studies, tea consumption was found to have an inverse linear relationship with the

incidence of cognitive disorders 7°. Chocolate and tea are important dietary sources of flavan-3-ols.

12
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In long-term intervention studies, the strongest evidence of flavan-3-ols exerting benefits on
cognition comes from two studies with similar methodologies conducted in healthy elderly
participants 7! and sufferers of age-related cognitive impairment (n = 90 per study) 2. Participants
consumed drinks containing increasing amounts of flavan-3-ols - low (control), medium (520 mg) or
high (990 mg) - over 8 weeks. Both studies reported that the high-flavan-3-ol drink improved
attention and executive function, besides reducing insulin resistance, blood pressure and lipid
peroxidation 2. A deeper insight into the benefits of flavan-3-ols and their derived metabolites on

brain functioning will be further presented in section 1.2.2.

There are some other putative health benefits attributed to phenolic compounds, such as
anticarcinogenic activity and estrogenic modulation, that at present still lack of strong in vivo

evidence in their support 3.

1.2.2. Focus on flavan-3-ols and their derived colonic metabolites

(The content of this section has also been published as chapter 8 “Flavan-3-ols: Catechins and
Proanthocyanidins” 3, by Claudia Favari, Pedro Mena, Claudio Curti, Daniele Del Rio, Donato Angelino, in
“Dietary Polyphenols” ¥, edited by Francisco A. Tomé&s-Barberan, Antonio Gonzalez-Sarrias, Rocio Garcia-
Villalba, 2020, Wiley-Blackwell. Permission to reuse the content in the present thesis has been granted by
the Publisher. The content of the chapter has been slightly modified to be conformed with the current thesis,
in accordance with the license obtained n. 1139321-1)

Chemistry and main dietary sources of flavan-3-ols

Flavan-3-ols are the most complex subclass of flavonoids, with structures of various molecular
weight ranging from simple monomers to oligomers and polymers of up to 190 units. The
monomeric flavan-3-ol presents two stereogenic centers at C2 and C3 that produce four possible
stereoisomers (two diastereomeric couples of enantiomers) for each level of B-ring hydroxylation
and shows two hydroxyl group in C5 and C7. The hydroxyl groups in the B ring can range from one
to three, yielding different structures: (epi)afzelechin, with one hydroxyl at C4'; (epi)catechin, two
hydroxyls at C3' and C4’; and (epi)gallocatechin, three hydroxyls at C3’, C4’, and C5' (Figure 4). (+)-
Catechin and (—)-epicatechin are the most common flavan-3-ol monomers, being widespread in
nature. Monomers can also undergo esterification with gallic acid, forming (epi)(gallo)catechin
derivatives 236, Differently from other flavonoids, flavan-3-ols exist in planta predominantly as
aglycones rather than glycosides. Proanthocyanidins are the oligomeric and polymeric structures of
flavan-3-ols, also known as condensed tannins. Two types of PACs are distinguished: type B and type
A. Type B PACs are formed from flavan-3-ol monomers by oxidative coupling between the C4 of the

upper unit and the C6 or C8 of the adjacent lower or extension unit (Figure 5). Type A PACs have an
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Figure 4. Stereoisomers of monomeric flavan-3-ols with different patterns of hydroxylation.

additional ether bond between C2 and C7 (Figure 5) and are less widespread in the plant kingdom
than type B PACs. Oligomeric and polymeric structures have an additional chiral center at C4 of
every additional flavan-3-ol unit. Condensed tannins made up exclusively of (epi)catechin units are
called procyanidins, whereas propelargonidins and prodelphinidins are the oligomeric and
polymeric structures consisting of (epi)afzelechin or (epi)gallocatechin subunits, respectively.
Procyanidins are the most abundant type of PACs in plants, while propelargonidins and
prodelphinidins are comparatively rare. Many PACs contain more than one type of monomers, and
also linkages with anthocyanins and flavonols can occur 236°1,

Flavan-3-ols are characteristic polyphenols of tea, cocoa, wine, pome fruits (as apple and pear),
berries, and nuts, but they are also found in stone fruits and legumes 3°4° (Table 2). This subclass of
compounds is the main source of flavonoids in Western diets 841, Different dietary sources contain
distinct types of flavan-3-ols (Table 2). Green tea, the beverage prepared from the leaves of Camellia
spp., contains very high levels of monomers, with the main components being (—)-epigallocatechin-
3-0O-gallate, (—)-epicatechin-3-0-gallate, and (—)-epigallocatechin (Figure 6). Black tea, the product
of the fermentation of green leaves, presents lower amounts of monomers, as a result of the action
of polyphenol oxidase, and a concomitant accumulation of theaflavins and thearubigins. Theaflavins
and thearubigins are dimer- and polymer-like structures, that can also be esterified with gallic acid
936 (Figure 6). These compounds, that are the result of the monomer transformation during tea leaf
fermentation, also belong to the class of flavan-3-ols. Cocoa (Theobroma cacao) beans and their

derived products (cocoa powder and chocolate) are rich sources of (+)-catechin, (-)-epicatechin and
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Procyanidin B, dimer Procyanidin A, dimer
[epicatechin-(4/ = 8)-epicatechin) [epicatechin-(45 =8, 2> Q7)-epicatechin]
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HO
OH -
Procyanidin Bs dimer Propelargonidin A, dimer
[epicatechin-(4/>6)-epicatechin) [epiafzelechin-(45 =8, 23> O7)-afzelechin]

Figure 5. Dimeric B-type and A-type proanthocyanidins.

oligomeric B-type procyanidins (from dimers to decamers) 3. Wine, the alcoholic fermented juice
of Vitis vinifera grapes, as well as apples (Malus domestica), pears (Pyrus communis), and berries

are also characterized by high contents of oligomeric and polymeric PACs 36>,

Bioavailability of flavan-3-ols

The bioavailability of a dietary compound is a crucial factor to understand to what extent and in
which forms it is available for the individual internal compartments. Over the last decades,
significant results have been accomplished in the elucidation of the mechanisms of ADME of
(poly)phenolic compounds, and among them of flavan-3-ols, after dietary intake 74. This information

is fundamental to unravel the biological effects of these compounds in human health. At first
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instance, it has to be considered that many factors affect the bioavailability of flavan-3-ols: the
stereochemical configuration, the degree of polymerization, the flavanol-containing food matrix

ingested, as well as inter-individual variations (including sex, genetic background, gut microbiota

composition, ethnicity, age, dietary habits, etc.) 7>.
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Figure 6. Primary green and black tea flavan-3-ol derivatives.

(-)-Epigallocatechin-3-O-gallate

Thearubigin (R = H)
Thearubigin-3-O-gallate (R = gallate)

Table 2. Examples of dietary sources of flavan-3-ols and content of their main flavan-3-ols (PhenolExplorer 7¢).

Dietary Source

Main Flavan-3-ols

Content* (mean % SD)

Green tea, infusion
(Camellia sinensis L. Kuntze)

(-)-Epigallocatechin-3-O-gallate
(—)-Epigallocatechin

(—)-Epicatechin-3-O-gallate

27.16 £39.91 mg/100 mL
19.68 + 25.11 mg/100 mL

7.50 +10.19 mg/100 mL
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Black tea, infusion (Camellia
sinensis L. Kuntze)

(—)-Epigallocatechin-3-O-gallate
(—)-Epicatechin-3-O-gallate

(—)-Epigallocatechin

9.12 +12.67 mg/100 mL
7.34 £7.10 mg/100 mL

7.19 £ 10.87 mg/100 mL

Cocoa, powder (Theobroma
cacao)

(—)-Epicatechin
(+)-Catechin

Procyanidin dimer B1

158.30 + 86.33 mg/100 g FW
107.75 £ 63.95 mg/100 g FW

112.00 + 0.00 mg/100 g FW

Chocolate (dark)

(—)-Epicatechin
Procyanidin tetramer D

Procyanidin dimer B2

70.36 + 29.54 mg/100 g FW
53.83 + 20.09 mg/100 g FW
36.50 + 11.69 mg/100 g FW

Red wine (Vitis vinifera L.)

Procyanidin dimer B3
Procyanidin dimer B4

(+)-Catechin

9.47 £ 4.29 mg/100 mL
7.29 £3.78 mg/100 mL
6.81 + 6.24 mg/100 mL

Grape, black (Vitis vinifera
L.)

(+)-Catechin
(—)-Epicatechin

(—)-Epicatechin-3-O-gallate

5.46 + 5.74 mg/100 g FW
5.24 £ 5.61 mg/100 g FW
1.68 + 1.87 mg/100 g FW

Apple (Malus domestica)

Procyanidin dimer B2
(—)-Epicatechin

(+)-Catechin

14.56 £ 9.19 mg/100 g FW
8.37 +3.67 mg/100 g FW

1.22 +0.83 mg/100 g FW

Pear (Pyrus communis)

(—=)-Epicatechin

(+)-Catechin

3.77 £ 2.65 mg/100 g FW
0.28 +0.35 mg/100 g FW

Apricot (Prunus armeniaca
L.)

(—)-Epicatechin
(+)-Catechin

Procyanidin dimer B1

3.47 £4.27 mg/100 g FW
2.96 + 3.28 mg/100 g FW
0.09 + 0.00 mg/100 g FW

Peach (Prunus persica L.)

(+)-Catechin

2.33 £ 0.00 mg/100 g FW

Plum (Prunus domestica L.)

Procyanidin trimer C1
Procyanidin dimer B1

Procyanidin trimer isomer

10.01 + 0.00 mg/100 g FW
8.84 + 0.00 mg/100 g FW

7.73 £0.00 mg/100 g FW

Hazelnut (Corylus L.)

(—)-Epigallocatechin
(+)-Catechin

(-)-Epigallocatechin-3-O-gallate

2.80 + 0.00 mg/100 g FW
1.20 + 0.00 mg/100 g FW

1.10 £ 0.00 mg/100 g FW

Almond (Prunus dulcis)

(—)-Epigallocatechin
(+)-Catechin

(—)-Epicatechin

2.60 + 0.00 mg/100 g FW
1.28 + 1.04 mg/100 g FW

0.59 + 0.35 mg/100 g FW
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Lentil (Lens culinaris) (+)-Catechin-3-O-glucose 3.15+0.00 mg/100 g FW
Procyanidin dimer B3 0.71+£0.33 mg/100 g FW
Prodelphinidin dimer B3 0.45 +0.00 mg/100 g FW

* Results expressed as mg/100 g FW are relative to the Fresh Weight of the product.

Flavan-3-ols undergo an extensive metabolism once introduced into the Gl tract. After ingestion,
they pass through the oral cavity and the stomach remaining almost unchanged, thus reaching the
small intestine. Here, some monomers are absorbed in the enterocytes by passive diffusion and
subjected to some degree of phase-Il enzymatic metabolism. Sulfotransferases (SULT), uridine-5'-
diphosphate-glucuronosyl-transferases (UGTs) and catechol-O-methyltransferases (COMT)
originate sulfated, glucuronidated and O-methylated metabolites respectively (Figure 7), which pass
through the portal vein to the liver or efflux back into the lumen mediated via members of the
adenosine-binding cassette (ABC) family of transporters °°%, Unlike simple monomers, flavan-3-ols
with a 3-gallate moiety do not necessarily undergo conjugation by phase-Il enzymes since they have
been detected in the circulation unmetabolized. Besides, a very small percentage of oligomers (<
1%, mainly dimers) seems to be absorbed in the small intestine, getting into the portal bloodstream
in unconjugated forms 74. Absorbed flavan-3-ols rapidly reach the liver, where they may be further
subjected to phase Il metabolism before entering the systemic circulation and eventually
undergoing renal excretion. A small amount of phase Il metabolites may also return from the liver
to the small intestine via enterohepatic recirculation in the bile ®°1. However, most of ingested
flavan-3-ols (> 70%) are not absorbed in the upper part of the Gl tract and reach the colon, where
they are extensively metabolized by the host microbiota 74.

Regarding the microbial metabolism of flavan-3-ol monomers, free (epi)(gallo)catechins present in
the large intestine undergo: (1) C-ring fission by the action of specific bacterial species yielding a di-
or trihydroxyphenylpropan-2-ol derivative, (2) subsequent conversion into phenyl-y-valerolactones
and 4-hydroxy-phenylvaleric acids by the action of Flavonifractor plautii, (3) possible
dehydroxylations, and (4) further transformation into low molecular weight phenolics 7~7° (Figure
8). Free (epi)(gallo)catechins subject to these microbial metabolic pathways can derive from: (a)
undigested simple monomers, (b) galloyl-moiety removal from 3-gallate monomers by microbial
esterases, (c) PAC interflavan link cleavage operated by specific microorganisms. The number and
the position of hydroxyls in the phenyl group of these microbial-derived catabolites depend on the
characteristics of the (epi)(gallo)catechin precursor. In particular, free (epi)catechin is catabolized

into a 1-(3',4'-dihydroxyphenyl)-3-(2",4",6"-trihydroxyphenyl)propan-2-ol, before being converted
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Figure 7. Structures of leading native and colonic flavan-3-ol metabolites.

into 5-(3',4'-dihydroxyphenyl)-y-valerolactone and/or 4-hydroxy-5-(3',4'-dihydroxyphenyl)valeric
acid 7777 (Figure 8). The y-valerolactone ring can also be opened to 4-hydroxy-5-(3',4'-
dihydroxyphenyl)valeric acid and/or be later dehydroxylated to 5-(3',4'-dihydroxyphenyl)valeric
acid’® (Figure 8). When (epi)gallocatechin is the colonic precursor, 1-(3',4',5'-trihydroxyphenyl)-3-
(2",4",6"-trinydroxyphenyl)propan-2-ol is produced and converted into 5-(3'4'5'-
trihydroxyphenyl)-y-valerolactone and 4-hydroxy-5-(3',4’,5'-trihydroxyphenyl)valeric acid. These
trihydroxyphenyl catabolites can be dehydroxylated to the analogous 3',5'-dihydroxyphenyl and
3',4'-dihydroxyphenyl derivatives, both of which can subsequently yield the 3’-hydroxyphenyl
derivative, and the 3',4’-dihydroxyphenyl derivative potentially also the 4’-hydroxyphenyl derivative
74.

Phenyl-y-valerolactones (PVLs) and their related phenylvaleric acids (PVAs) are the main catabolites

produced, but these compounds can be further converted by the intestinal microbiota into other
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low molecular weight phenolics, such as phenylpropionic, benzoic and cinnamic acid derivatives, by
successive loss of carbon atoms from the side chain through B-oxidation 7°. In this sense, a single
monomeric precursor can lead to a broad array of phenolic metabolites. Concerning B-type PAC
dimers and oligomers, besides the possible depolymerisation into monomeric units previously
described (which represents a minor catabolic route, Figure 8 pathway 1), the main degradation
pathways involve the direct production of PVLs 787° (Figure 8 pathway 2) and other low molecular
weight phenolics 787° (Figure 8 pathway 3 and 4). For example, for procyanidin B2, 5-(3',4'-
dihydroxyphenyl)-y-valerolactone could result from the direct degradation of its lower unit (Figure
8 pathway 2), while 2-(3',4'-dihydroxyphenyl)acetic acid could derive from the cleavage of its upper
unit (Figure 8 pathway 3). Moreover, other microbial metabolites, such as 5-(2,4'-dihydroxyphenyl)-
2-ene-valeric acid, could arise from the simultaneous degradation of the upper and lower units 7°

(Figure 8 pathway 4). Differently, less is known about the microbial catabolism of A-type PACs, which

are more resistant to microbial breakdown than B-type. This resistance could be probably due to
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their more rigid interflavan ether bonds 8%81, Like B-type dimer catabolism, degradation of A-type
procyanidins starts with the cleavage of monomeric unit C-rings, followed by the production of
various phenolic acids 8. The occurrence of PVA derivatives after incubation of A-type dimers with
colonic microbiota has been observed, while the formation of PVLs from A-type PACs has not been
reported to date 8. The products of the colonic microbial catabolism of flavan-3-ols (mainly PVLs,
PVAs, and phenolic acids) can be absorbed in colonocytes by passive transport and be subjected to
enzymatic phase Il metabolism, before getting into the portal bloodstream to reach the liver. In
hepatocytes, these catabolites can be further conjugated by phase Il enzymes before passing to the
systemic circulation or getting expelled back into the intestinal lumen via enterohepatic
recirculation. The circulating fraction is then excreted in urine 74, Lastly, undigested flavan-3-ols
(mostly high molecular weight PACs with a degree of polymerization, DP, > 4) and unabsorbed
catabolites are voided in faeces. Faeces may also contain conjugated metabolites released from

enterocytes or excreted through the bile 8223,

Over the years, numerous human intervention studies have been carried out for evaluating the
profiles of absorption and excretion of flavan-3-ols to understand to what extent and in which forms
these compounds are bioavailable for the human organism. Ottaviani and colleagues investigated
the ADME of (—)-epicatechin, one of the most widely consumed flavan-3-ols, using radiolabeled and
stereochemically pure [2-4C](-)-epicatechin ([2-}*C]EC) 84. This fundamental study, that will be
followed as an example along this section, revealed that levels of recovered radioactivity were
substantially higher in urine than in plasma, as determined by liquid scintillation counting, with
mean total radioactivity in plasma never exceeding 2% of intake, while reaching 82% + 5% of
ingested [2-1*C]EC in urine, over the 0-48 h period after consumption. Inter-individual differences
were observed, especially in the recovery of radioactivity in urine, with individual values ranging
from 49 to 90% #. Analysis of blood samples showed that radioactivity was associated almost
exclusively with plasma rather than blood cellular components. The pharmacokinetic profile was
biphasic with maximum peaks at ~1 h and 6 h after [2-}*C]EC intake. A Tmax0f 1.0 + 0.1 h is indicative
of absorption in the small intestine and was related to the presence of 12 native phase Il
metabolites, mainly in the forms of (-)-epicatechin-3'-glucuronide, 3'-0O-methyl-(-)-epicatechin-5-
sulfate, and (—)-epicatechin-3'-sulfate. Native phase Il (—)-epicatechin metabolites reached an
overall Cmax of 1223 + 104 nmol/L, before declining rapidly with an apparent elimination half-life
(AT1/2) of 1.9+ 0.1 h and disappearing from the circulatory system within eight h. On the other hand,

a TmaxOf 5.8 + 0.4 h is indicative of absorption in the distal Gl tract and it was characterized by the
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occurrence of colonic phase Il catabolites, namely the PVL and PVA derivatives. The main ones were
5-(4'-hydroxyphenyl)-y-valerolactone-3’-sulfate and  5-(4'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide. Microbial-derived metabolites attained a combined Cmax0f 588 + 102 nmolL/L, but they
were retained in the circulation longer than the native phase-Il metabolites, showing an AT/, of 5.7
+ 0.7 h and area under the curve (AUC) concentration ~3-fold higher. In fact, ~0.2% of [2-1*C]EC
intake was still present in plasma 24 h after consumption. Radioactivity associated to phenolic acid
derivatives in plasma was low and this precluded their detection by HPLC-RC, making it impossible
to quantify in plasma how much of the ingested (—)-epicatechin was converted into these low
molecular weight phenolics. Inter-individual variations in plasma Cmax0of metabolites were reported,
with higher differences observed for colonic catabolites concentrations 8284, Urinary excretion
reflected the plasma pharmacokinetic profiles. Native phase-Il (—)-epicatechin metabolites were
mostly excreted in the first 0-4 h collection period and represented 20% + 2% of the ingested [2-
14C]JEC, absorbed in the proximal Gl tract. As in plasma, the major urinary structurally-related (-)-
epicatechin metabolites (SREMs) were (—)-epicatechin-3'-glucuronide, 3'-O-methyl-(—)-epicatechin-
5-sulfate, and (—)-epicatechin-3'-sulfate. PVL and PVA derivatives were excreted later, mainly over
the 4-8 h, 8-12 h, and 12-24 h collection periods. Their urinary excretion corresponded to 42 +5 %
of the consumed [2-14C]EC and, as in plasma, the main representatives were 5-(4’-hydroxyphenyl)-
y-valerolactone-3'-sulfate and 5-(4'-hydroxyphenyl)-y-valerolactone-3’-glucuronide. Concerning
low molecular weight phenolics, their urinary excretion continued over 48 h post [2-1*C]EC intake
and represented 28 + 3 % of the ingested radioactivity. Thus, recovery of microbial-derived
catabolites absorbed in the colon was about 70% of the consumed [2-*C]EC. Variability among
individuals in the levels of urinary excretion was 2.9-fold for native phase Il (—)-epicatechin
metabolites and 3.2-fold for PVL and PVA derivatives, while there was a much more substantial
variation with low molecular weight phenolics, but these were relatively minor metabolites 8284,
When considering dimeric flavan-3-ols, native procyanidin B1 can be rapidly absorbed in
enterocytes, though in small quantities, and appear in circulation mainly unconjugated. It is also
quickly excreted, after undergoing enzymatic methylation and then glucuronidation or sulfation.
Colonic-derived 5-(3',4’-dihydroxyphenyl)-y-valerolactone conjugates were the most important
metabolites detected later after procyanidin B1 intake, exhibiting high plasma levels and significant

urine excretion. High inter-individual variability was also reported 2°.

It must be taken into account that, unless consumed as food supplements, (—)-epicatechin and other

flavan-3-ols are not consumed as pure compounds, but as part of more complex food matrixes,
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which may affect their bioavailability and pharmacokinetic profiles. Plenty of human intervention
studies tried to assess ADME of flavan-3-ols using their primary dietary sources, in particular tea and
cocoa products, but also grape and grape-by products, cranberry, apples and almonds 86:87,96-101,88-
%, In general, native phase-ll metabolites show shorter plasma Tmax than colonic phase-lI
metabolites, reflecting a proximal Gl tract absorption versus a distal Gl tract absorption, as well as
higher plasma Cmax but lower AT1/2. Cumulative urinary excretion of colonic phase-Il metabolites is
instead more elevated than that of native phase Il metabolites. Monoglucuronide and monosulfate
forms of flavan-3-ol monomers are the dominant native phase Il metabolites, as well as
monoglucuronide and monosulfate derivatives of PVLs are the main colonic phase-Il catabolites. In
particular, glucuronide- and sulfate-conjugates of 5-(3’,4'-dihydroxyphenyl)-y-valerolactone are the
most important flavan-3-ol metabolites, regardless of the food source, and have therefore been
proposed as biomarker of flavan-3-ol intake 1°2. High inter-individual variability is always recorded,
especially in the production of PVLs and PVAs, likely due to individual differences in the gut
microbiota composition. Thus, the possible existence of different metabotypes (metabolic
phenotypes) in the production of flavan-3-ol colonic metabolites has been proposed. They were
observed in a free-living study in which volunteers were daily supplemented with very high amounts
of green tea flavan-3-ols 19, Three putative metabotypes related to green tea flavan-3-ols were
distinguished and characterized by: (1) an elevated excretion of tri- and dihydroxyphenyl-y-
valerolactones and a reduced excretion of 3-(hydroxyphenyl)propionic acids (metabotype 1); (2) a
medium excretion of dihydroxyphenyl-y-valerolactones and reduced excretion of trihydroxyphenyl-
y-valerolactones and 3-(hydroxyphenyl)propionic acids (metabotype 2); and (3) a high excretion of
3-(hydroxyphenyl)propionic acids and limited production of phenyl-y-valerolactones (metabotype
3). Recently, a study on this topic has somehow denied the existence of metabotypes coming from
nut proanthocyanidins. Differences in the flavan-3-ols consumed in each study (green tea
monomers vs. nut oligomers) might account for these differences. However, it is important to
emphasise that the results between both studies are not contradictory. The work by Cortés-Martin

and colleagues 04

observed clusters of individuals using the same metabolites that were considered
in the tea study by Mena and collaborators 13, In particular, Cortés-Martin and colleagues observed
four clusters representing groups of volunteers with different concentrations of hydroxyphenyl-y-
valerolactones and hydroxyphenylpropionic acids 1%, fully in line with the preliminary study 1%. A
relevant aspect supporting the robustness of these clear inter-individual differences in the

production of flavan-3-ol colonic catabolites is related to a limitation of the work carried out with
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nuts proanthocyanidins, since the amount of proanthocyanidins provided under free living
conditions was very low (54 mg per day) and cannot be considered a good source of flavan-3-ol
catabolites (80% of the nut flavan-3-ols presented a mean degree of polymerization ranging from
2.4 to 8.5). In this sense, it could be considered that Cortés-Martin and collaborators confirmed the
presence of different metabolic profiles in a work closer to a free-diet setting than to an intervention
with sources of flavan-3-ols able to yield colonic metabolites 1%. The only contradictory point
between these studies is related to the concept of metabotypes that both groups have considered:

while the study by Mena and colleagues 1

considered the definition of metabotyping as the
classification of individuals in subgroups according to their metabolic profile (as usually done in the
nutrition field %), Cortés-Martin and collaborators adhered to a more restrictive definition
considering “gut microbiota polyphenol metabotypes”, which are characterised by the presence—
absence of specific metabolites for specific individuals %% Therefore, beyond definitions, it is
important to highlight that Cortés-Martin and colleagues confirmed the existence of a high inter-
individual variability in the production of colonic metabolites of flavan-3-ols and that volunteers can
be grouped according to different metabolic profiles 1%. Nevertheless, further research is needed
to confirm the existence and stability of these metabotypes and to understand how they may vary
based on the flavan-3-ol profile of the food source consumed. The elucidation of metabotypes is of

particular interest to fully understand the potential health benefits associated with flavan-3-ol

consumption and their microbiota-derived metabolites on an individual basis.

Health benefits of flavan-3-ols and their derived circulating metabolites

Being categorized as “natural antioxidants”, together with all the phenolic compounds, the first
studies on the health effects of favan-3-ols focused on their role on oxidative stress and redox state
of the cellular environment 106107 Today, the most relevant health benefits attributed to flavan-3-
ols are those towards cognitive decline and inflammatory status and cardiometabolic health.
Moreover, flavan-3-ols and their derived circulating and excreted metabolites might exert a

beneficial action against urinary tract infections (UTIs).

Regarding the beneficial action on nervous system functions, Schaffer and Halliwell 1% suggested
that flavan-3-ols might alter brain function at three locations: i) outside the central nervous system
(i.e. by improving cerebral blood flow), ii) at the blood-brain barrier (i.e. by altering multi-drug
resistant protein-dependent influx and efflux mechanisms of various biomolecules) and iii) inside
the central nervous system (i.e. by directly modifying the activity of neurons and glial cells). The first

hypothesized mechanism has been proven in a recent RCT involving sedentary older adults
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consuming, for 3 months, a high (900 mg/d) or low (45 mg/d) dose of cocoa flavan-3-ol supplements
109 Results highlighted that high flavan-3-ol supplementation significantly enhanced the
hippocampal dentate gyrus function by increasing cerebral blood volume (measured using
functional magnetic resonance imaging) compared to those who were supplemented with low-
flavan-3-ol cocoa. This study confirmed a previous one from the same group, where young adults,
after the consumption of pure (-)-epicatechin (up to 3 mg/kg) or a flavan-3-ol-rich cocoa drink (917
mg/d), showed a significant transient increase in the flow-mediated vasodilation response at 1-4 h
post-consumption compared to baseline and a low-flavan-3-ol cocoa beverage (37 mg/d) 1.
Authors demonstrated that the increase of (—)-epicatechin and its metabolites, such as 4’-0O-methyl-
epicatechin-glucuronide, 4'-O-methyl-epicatechin, and epicatechin-7-glucuronide, significantly
correlated with increasing concentrations of plasma and urinary nitric oxide, as well as with the
induction of nitric oxide synthesis. Authors concluded that this might be the mechanism behind
amelioration of flow-mediated vasodilation after flavan-3-ol consumption %,

The close link between the cerebral blood flow (including oxygen and nutrient delivery) and brain
cell activities is defined as neurovascular coupling. A direct association has been underlined
between impaired neurovascular coupling and cognitive diseases . Sorond and colleagues
investigated whether flavan-3-ol-rich cocoa could affect neurovascular coupling through the
improvement in endothelial and cognitive functions in a parallel-arm, double-blind clinical trial,
where sixty older volunteers, with or without impaired neurovascular coupling, consumed, for 30
days, up to 1200 mg/d of cocoa flavan-3-ols 2. Cocoa consumption was associated with significant
increased neurovascular coupling for impaired individuals and amelioration of their cognitive
performance after the intervention, compared to healthy elderlies. Other than the above-
mentioned biological effects, authors hypothesized also cholinergic, anti-inflammatory, antioxidant,
and B-amyloid-reducing properties for cocoa flavan-3-ols 12,

Flavan-3-ols have been consistently studied for their preventive role towards as mild as severe
cognitive decline models, such as dementia and Alzheimer’s disease. Concerning the former, one of
the leading studies in the field is the Cocoa, Cognition, and Aging (CoCoA) Study, a RCT where 90
elderlies with mild cognitive impairment were supplemented daily, for 8 weeks, a drink containing
high, intermediate or low cocoa flavan-3-ols (990, 520, or 45 mg/day, respectively) 7213, Not only
cognitive functions, assessed by Mini-Mental State Examination, Trail Making Test A and B, and
verbal fluency test, but also insulin resistance, blood pressure, and lipid peroxidation markers

improved at eight weeks following the consumption of the high flavan-3-ol beverage in comparison
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to the intermediate and lower ones. Consequently, it was hypothesized that circulating flavan-3-ol
metabolites might have improved the vascular reactivity, such as nitric oxide-dependent endothelial
function, or markers of oxidative stress and, in turn, they promoted neuronal functions 3,
Oxidative damage has been indicated as one of the most dangerous enhancers of neuronal
degeneration, caused by the accumulation of iron or radical species — mainly derived by oxygen or
nitrogen — which trigger neuroinflammation and depletion of endogenous antioxidant enzymes and
compounds '#, Green tea catechins have been considered among the most effective polyphenols
counteracting neuroinflammation and oxidative processes. Epigallocatechin-gallate (EGCG) is
regarded as a “multimodal acting molecule”, as it seems to be involved in various cellular
neuroprotection mechanisms including iron-chelation, scavenging of oxygen and nitrogen radical
species, and activation of protein kinase-C signaling pathway *'°. The biological activity of EGCG also
shows a characteristic biphasic pattern, where higher doses exhibit pro-oxidant and pro-apoptotic
effects, supposedly involved in its anti-tumorigenic role, whereas low doses have neuroprotective
effects 16, Other potential mechanisms involve EGCG binding to peroxisome proliferator-activated
receptors, which pleiotropically act as transcription factors for a large number of downstream target
genes 7. The protective effects of green tea catechins on Alzheimer’s disease have also been
considered in several human intervention studies. Three Japanese studies focusing on green tea
beverages confirmed the improvement in cognitive functions (by means of Mini-Mental State
Examination or Dementia Scales) of volunteers with different shades of cognitive impairment and
dysfunction, after the consumption of more than 200 mg/day green tea catechins, up to 12 months,
compared to placebo 18,

Very few studies focused on the putative biological role of flavan-3-ol gut microbial metabolites,
PVLs and PVAs, on neuronal improvement, so far. Unno and collaborators treated human SH-SY5Y
neuroblastoma cells with 5-(3',5'-dihydroxyphenyl)-y-valerolactone, 5-(5-hydroxyphenyl)-y-
valerolactone-3'-sulfate, and 5-(5-hydroxyphenyl)-y-valerolactone-3’-glucuronide, in the range of
0.01-1.0 mM for 48 h 11°. These colonic metabolites induced an increase in neurite numbers 11°. A
recent work carried out by Angelino and colleagues, in the frame of an international collaboration,
have used five experimental models, with increased complexisty and experimental realism
(including in silico, in vitro and in vivo animal studies, to understand whether PVLs and PVAs are able
to cross the blood-brain barrier 129, Results showed the blood-brain barrier permeability of one of
the main flavan-3-ol microbial metabolites, 5-(hydroxyphenyl)-y-valerolactone-sulfate, supporting

the hypothesis that those microbial derivatives might be present in brain tissues. Therefore, further
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works with this metabolite may shed light on the prospects of flavan-3-ol colonic metabolites for

the prevention of neurological disorders.

Several different flavan-3-ol-rich foods have been considered for their beneficial effects towards
inflammation, as observational studies reported an association between flavan-3-ol intake and
positive impact on cardiometabolic outcomes, i.e. cholesterol levels, blood pressure, and
myocardial infarction °. Among these, a prospective study on the Cancer Prevention Study II
Nutrition cohort showed that flavan-3-ol intake was positively associated with a lower risk of fatal
cardiovascular disease 12!, while a meta-analysis of cohort, case-control, and cross-sectional studies
reported more moderate risk of any cardiovascular disease and diabetes and a reduced risk of stroke
in individuals who consumed higher levels of cocoa and chocolate 22, Similarly, a recent meta-
analysis focused on inter-individual variability, also indicated that flavan-3-ols derived from green
tea, apple, and cocoa products might improve blood lipid levels, in particular in overweight adults
123.

A recent meta-analysis of Berends and colleagues summarized findings from RCTs focused on both
short- and long-term consumption of chocolate and cocoa-based products, and it evidenced
significant decrease in blood pressure (both systolic and diastolic), improvements in insulin
resistance, in flow-mediated dilatation (FMD), high-density lipoprotein cholesterol (HDL-C), and
low-density lipoprotein cholesterol (LDL-C) 124, Again, another review which considered RCTs on the
protective role of berry (poly)phenols, among which flavan-3-ols, towards markers of cardiovascular
disease, pointed out that the most active positive effects were shown on blood pressure, lipid-
related markers, and FMD %°. Exciting and contrasting results have been highlighted when not only
flaval-3-ols, but also their colonic metabolites, have been considered as biological effectors. A recent
RCT found that the consumption of cocoa extract, containing 130 mg (—)-epicatechin and 560 mg
procyanidins, by 45 healthy men for 4 weeks significantly improved FMD, decreased blood pressure,
arterial stiffness markers (pulse wave velocity and augmentation index) and total cholesterol,
compared to those who consumed 20 mg (—)-epicatechin and 560 mg procyanidins, and control 126,
Authors hypothesized that flavan-3-ol monomers and their derived SREMs could be more effective
in the improvement of vascular function than procyanidins and circulating PVLs, while reduction on
total cholesterol was related to the procyanidin content rather than to the monomers.
Nevertheless, plasma 5-(3'-hydroxyphenyl)-y-valerolactone-4’-sulfate was found positively
correlated with an increase in FMD 4h and 8h after cranberry juice consumption (containing up to

1910 mg of total (poly)phenols), compared to control. Some improvement in blood pressure after
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cranberry juice intake was observed compared to the baseline in the intervention group, but no
significant results were observed when comparing changes in blood pressure, pulse wave velocity
or augmentation index to the control 1?7, Contrasting results on endothelial function markers have
been found when considering the health status of the participants and the chronic/acute
consumption of the supplement. While a crossover RCT involving volunteers with coronary artery
disease showed a decrease in carotid-femoral pulse wave velocity after consumption of cranberry
juice for 4 weeks 1?8, these results were not confirmed when healthy men consumed a single
supplementation of a blueberry drink 12°,

Both cocoa- and berry-containing products have been found to significantly improve platelet
function by means of the use of a platelet function analyser. A significant increase in adenosine-5'-
diphosphate/collagen closure time has been found i) after 2h and 6h consumption of dark
chocolate, by healthy volunteers 39, ii) after 8-week supplementation of 100 g berries, by subjects
with metabolic syndrome 13! and iii) after 4h dark chocolate consumption, by healthy male
volunteers 32, Particularly in this last study, a focus on the putative role of SREMs and PVLs in
increasing adenosine-5'-diphosphate/collagen closure time was paid, revealing a significantly
positive correlation with single and total SREMs but not with PVLs.

Several molecular mechanisms underlying the biological effects of flavan-3-ols and their derivatives
have been hypothesized. Flavan-3-ols have been found to increase nitric oxide availability through
the activation of several different phosphorylation cascades, leading to the activation of the
endothelial nitric oxide synthase, the major enzyme responsible for the production of nitric oxide
133 An intriguing hypothesis by Rodriguez-Mateos and colleagues claims that some phenolic
metabolites have a structure similar to the Nicotinamide Adenine Dinucleotide Phosphate (NADPH)
oxidase inhibitor apocynin (acetovanillone) 2°, which has been showed to act as a potent NAPDH
oxidase inhibitor in in vitro models of endothelial cells. A decrease in NADPH oxidase activity has
been proposed as the primary mechanism mediating the short-term improvements in FMD
observed after consumption of flavan-3-ol-rich foods. Among these, Bernatoniene and collaborators
focused on sources of catechins, i.e. tea, cocoa and wine, and their potential beneficial effects on
cardiovascular diseases 3. Catechins from green tea decreased blood pressure and reduced the risk
of stroke and coronary heart disease, alleviated conditions associated with vascular dysfunction,
including vascular inflammation and smooth muscle cell proliferation, blood platelet aggregation,
lipoprotein oxidation, altered lipid profile, and vascular reactivity. Epigallocatechin gallate enhanced

expression of p53, p21, and NF-kB, induced the apoptosis of vascular smooth muscle cells and
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prevented the development of atherosclerosis. Besides, catechins reduced the accumulation of

cholesterol and its oxidation products in artery walls in vivo, thus improving blood circulation 134,

A third potential beneficial action of flavan-3-ols and derived metabolites on human health worth
mentioning is the one against UTIs. Urinary tract infections are caused by bacteria and certain fungi,
with uropathogenic Escherichia coli (UPEC) as the most common cause. UTls can be uncomplicated
(e.g., cystitis and pyelonephritis affecting the lower and upper urinary tract, respectively, but
without structural abnormalities in the tract) or complicated, when able to compromise the affected
parts (e.g., obstruction of the urinary tract) '3°. UTls are among the most pervasive bacterial
infections and represent a significant economic and medical burden worldwide. They account for
several millions of outpatient hospital visits and millions of emergency room visits, with a vast
annual direct cost for national healthcare systems 3. Cranberry consumption has been reported to
be effective in decreasing the occurrence and severity of UTI in women %37, The preventive effect of
cranberry on UTls has been attributed to its bioactives and/or their metabolites during the phase of
bacterial adherence to the uroepithelial cells, disabling or inhibiting the adhesion of UPEC and
preventing bacterial colonization and progression of UTI. Importantly, cranberries are supposed to
reduce UTl-related symptoms by suppressing inflammatory cascades as an immunologic response
to bacterial invasion 38, Another interesting theory, which considers the large intestine a reservoir
for uropathogenic bacteria, claims that A-type PACs might specifically decrease the transient
intestinal colonisation by UPEC, consequently reducing the risk of UTI incidence 38, Despite several
studies pointed out that the beneficial effects towards UTI-related diseases and recurrence might
be driven from type-A PACs 3%, Peron and colleagues pointed out that A-type PACs might not be the
sole responsible for the anti-adhesive activity, as these compounds present in the original food have
been detected in very low concentrations (< nM) in urine samples of women who consumed
cranberry products %0 There is still a debate in literature concerning which is or are the
compound(s) present in urine after cranberry consumption that prevent(s)/inhibit(s) the effective
adherence of uropathogens to uroepithelial cells. Three recent in vitro investigations focused on the
major gut microbial derivatives from cranberry flavan-3-ols and their anti-adhesive activity against
UPEC on human bladder cells. Gonzalez de Llano and collaborators found that catechol, benzoic
acid, vanillic acid, phenylacetic acid and 3,4-dihydroxyphenylacetic acid showed anti-adhesive
activity against UPEC on human bladder T24 cells in a concentration-dependent manner from 100—
500 pM, whereas procyanidin A2, widely reported as an inhibitor of UPEC adherence on

uroepithelium, was only statistically significant at 500 pM 38, Mena and colleagues investigated the
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role of 5-(3',4'-dihydroxyphenyl)-y-valerolactone derivatives on the inhibition of UPEC adherence to
bladder epithelial cells, showing that all the compounds significantly decreased the UPEC adherence
at 100 pM, up to 50 uM for 5-(3'-hydroxyphenyl)-y-valerolactone-4’-sulfate 14!, Gonzalez de Llano
and collaborators found that 3’,4’-dihydroxyphenylacetic acid (but not its methyl derivative)
inhibited UPEC adherence to both Gram-positive and Gram-negative bacteria up to 250 pM 42,

Despite the in vitro findings support the biological effects of flavan-3-ol gut microbial derivatives, in
vivo studies have reported conflicting results. One of the primary limits worth to be considered is
the wide inter-individual variability observed in the human urinary/plasmatic phenolic metabolite
profile. As previously described, inter-individual differences in the production of flavan-3-ol
metabolites might lead to the existence of urinary metabotypes, which group subjects with similar
capacity to metabolize flavan-3-ols 3, It remains to be proven whether the intake of cranberry
polyphenols would also cluster subjects according to their phenolic metabolite profile in
physiological fluids (urine, plasma, and feces) and whether these hypothetical metabotypes could
be one of the factors putatively associated with the considerable variability observed in the efficacy

of cranberry products.

The existing literature is consistent with the evidence that flavan-3-ols are bioactive compounds
with beneficial effects on health. Despite this, discrepancies of results have been highlighted when
encouraging results obtained using observational and in vivo animal studies are compared with
more wary results from in vivo human interventions studies 1**. Most of the reasons fall in the
profound structural modifications that these compounds undergo once in contact with the human
body, and in the inter-individual variability that defines every single organism as “unique”. Recently,
essential viewpoints and position papers have been published to fill this evidence gap. Ottaviani and
colleagues produced an interesting handbook of rules worth to be considered when studying the
health effects of flavan-3-ols, among which i) an in-depth characterization of the food/supplement
flavan-3-ol profile, ii) the study of ADME of the compounds, with the identification of both flavan-
3-ol conjugates as well as gut microbial derivatives, iii) the choice of outcomes/endpoints and of
adequate statistical methods #°. A recent viewpoint of the European COST-POSITIVe network

(https://wwwe6.inra.fr/cost-positive) has pointed out that the failing results in in vivo studies might

be linked to the high variability in ADME among volunteers, particularly because of the different gut
microbiota metabolism or the presence of polymorphisms in phase | and Il metabolism enzymes 4,

To fully understand the effects of flavan-3-ol intake on human health at individual level, further
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research is needed. This research should be undeniably conducted taking into account the evidence

collected to date and considering real life situations of flavan-3-ol intake #’.

1.3. Metabolomics as a tool in nutrition research

Metabolomics is the field of “omics” sciences that has grown more rapidly in the recent years and
it focuses on the analysis of the metabolome, namely the set of small molecules (<1500 Da) derived
from cellular metabolism in complex specimens, as biofluids, tissues and cells #8149 |t can also be
described as the application of high throughput analytical technologies, such as liquid
chromatography or gas chromatography coupled to mass spectrometry (LC-MS or GC-MS) and
nuclear magnetic resonance spectroscopy (NMR), aimed at characterizing the metabolome **°. Two
separate approaches have been distinguished: targeted and untargeted metabolomics. Targeted
metabolomics is hypothesis-driven and looks for specific and previously defined metabolites in a
sample, often related to a specific metabolic pathway (e.g., fatty acids, acylcarnitines, amino acids
or particular classes/subclasses of phytochemicals) °1152, Untargeted metabolomics, instead, is the
analysis of all the measurable metabolites in a sample, including unknown metabolites, and it can
be useful to generate new hypotheses 3. Whether targeted or untargeted, metabolomics
generates large and complex datasets that necessitate advanced statistical and bioinformatics tools
for their interpretation. In addition to univariate statistical methods, multivariate analyses are
required, including principal component analysis (PCA), clustering methods and partial least-squares

discriminant analysis (PLS-DA) 150153,

The potential of metabolomics applied to nutrition research is wide (Figure 9), allowing the study of
the ADME of dietary compounds, the discovery and validation of food intake biomarkers (and,
through them, better measuring food consumption), the study of biological responses to dietary
interventions and of diet-related disease, the identification of novel biomarkers of disease, the
determination of metabotypes (metabolic phenotypes) 149153154 |n particular, three metabolomics
applications - study of the ADME of dietary compounds, determination of metabotypes, study of
the metabolic changes following dietary interventions - will be dealt with more in detail in the
following subparagraphs 1.3.1, 1.3.2, 1.3.3. These applications are those adopted in the PhD project

reported in this thesis.
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Figure 9. Applications of metabolomics in the field of nutrition.

1.3.1. Evaluation of dietary compounds bioavailability

In bioavailability studies, targeted metabolomics analysis of plasma and/or urine samples can
provide information on absorption, metabolism and excretion of dietary compounds 8815156 Thijs
information is key to figure out in which forms, what concentrations and how long compounds from
the diet circulate within the human body and are available to target tissues and organs, where they
can exert biological effects. To this end, specific analytical methods are developed that allows
absolute or semi quantification of selected metabolites, on the basis of reference standards
availability. First of all, metabolites of interest are extracted and purified from the biological
samples. Then, they are separated by liquid or gas chromatography prior to mass spectrometry
detection **’. Also NMR can be employed, but this technique has a lower sensitivity than MS, which
narrows its coverage of the food metabolome to predominant nutrients, sugars and metabolites
present in the range of millimolar to micromolar concentrations *°°, whereas derivative metabolites
from bioactive compounds are usually present in the range of micromolar to nanomolar
concentrations. Today also, technological advancements contribute to increasing the number of
compounds that can be quantified simultaneously in a single analysis. For example, using selected
retention times with ultra-performance liquid chromatography and multiple-reaction monitoring
transitions with triple-quadrupole instruments, hundreds of metabolites can be monitored in a

single run 7,

In addition, this information can help in the validation process for candidate food intake biomarkers,

as defined by the FoodBAIll (Food Biomarkers Alliance) consortium (https://foodmetabolome.org/)
158 |n fact, it provides data on dose-response and time-response, two of the eight criteria comprising

the developed validation procedure.
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1.3.2. Metabotyping

The concept of metabotyping, or metabolic phenotyping, describes the classification of individuals
into homogeneous subgroups, the so-called metabotypes or metabolic phenotypes, on the basis of
their metabolic or phenotypic characteristics *° (Figure 10). This concept implies that individuals
within a metabotype show a high metabolic similarity than those grouped in different metabotypes.
Metabolomics has emerged as a tool for determining metabotypes, as metabolomic profiles or
combinations of specific metabolites can be used for stratifying individuals into subgroups 1%. In
nutrition research, metabotyping was initially adopted to distinguish individuals with or without
diet-related diseases, but it has rapidly developed to identify those subjects at metabolic risk and to
evaluate different responses to dietary interventions 0> With an increased interest in the
observed inter-individual variation in response to dietary interventions, metabotyping represents
an unbiased method of identifying these differential responses. The ultimate goal would be to
harness the metabotyping approach for delivering personalised nutrition, i.e., targeted dietary

advice to individuals based on which metabotype they belong to > (Figure 10).

- Cluster 1
< “ <> # Targeted dietary advice
» »
Cluster 2
< « o o
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’ DT T = e
Metabolic profiles ¥ N v

Figure 10. Overview of the concept of metabotyping. Individuals are grouped into metabotypes based on their
metabolic phenotypes and dietary advice is delivered tailored to the metabotype.

In this sense, considering the inter-individual variability characterizing the ADME of plant food
bioactives and the biological responses to their consumption, subjects presenting similar metabolic
capacity towards plant food bioactives can be grouped into metabotypes. As emphasised by the

COST-POSITIVe network (https://www6.inra.fr/cost-positive), the stratification of individuals into

different metabotypes may represent a potential strategy to identify population subgroups that

could gain particular benefit from the consumption of specific plant food bioactives . To this end,
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both targeted and untargeted metabolomics appear to be valid approaches. Targeted metabolomics
can help in grouping subjects based on their ability to produce specific metabolites. The metabolite
production can be either dichotomic (production vs. non production of specific metabolites), as in
the case of gut-microbiota mediated metabolites from ellagitannins and isoflavones 4%1€0, or
characterized by different proportions of certain metabolites belonging to a catabolic pathway. An
untargeted approach can instead provide a comprehensive phenotype after exposure to a diversity
of food phytochemicals 6. Metabotyping can be used both ex post to stratify individuals according
to their internal exposure to phytochemical metabolites and also to prospectively establish
correlations among metabolites signatures and health-related outcomes 9. Well-described
metabotypes in literature are those of gut-derived metabolites from ellagitannins and isoflavones,
based on individuals’ capacity to produce or not, respectively, certain urolithins and equol, as
mentioned before %10, In human intervention studies, clustering individuals according to their
urolithin or equol metabotype has proven that only subjects characterized by a certain metabotype
show improvement of cardiometabolic markers following ellagitannin or isoflavone intake 49>,
However, for most families of plant food bioactives, a lot of work still needs to be carried out in
defining reliable metabotypes. First of all, shared statistical procedures for metabotype definition
are lacking, and there is an on-going discussion on which statistical methods should be used to
obtain the best separation among subgroups *°°. Then, the key determinants responsible for the
different metabotypes, and, in particular, the role of genetics and the microbiome still have to be
deciphered. This knowledge will be crucial to further develop a more robust metabotyping
approach. As a final aim, metabotyping may be useful in refining the recommendations of plant
foods rich in specific bioactives, and also in providing science-based tailored dietary advice for their

consumption to individuals ®,

1.3.3. Study of the metabolic changes following dietary interventions

The food we eat impacts on our metabolic pathways. Metabolomics is actually well-suited to
examine the influence of certain diets, food items or specific dietary components on endogenous
metabolic routes, with the ultimate goal of understanding the effects of such diets, foods or dietary
components on human health, and unravelling the underlying mechanisms 6%, Both targeted and
untargeted approaches can serve the purpose. On the one hand, targeted metabolomics can
monitor specific health biomarkers, or a group of pre-defined metabolites related to a specific
metabolic pathway, and quantify their levels in biological fluids after a dietary intervention, perhaps

together with selected diet-related chemicals or metabolites. For instance, Chiuve and colleagues

34



Introduction

studied the influence of two specific diet-derived molecules, betaine and choline, on reducing
plasma levels of homocysteine, a well-established risk factor for cardiovascular disease and many
other chronic diseases 12, Likewise, Zheng and collaborators used a targeted approach to measure
plasma amino acid concentrations in response to weight-loss diet interventions in two independent
studies, and revealed significant decreases in branched chain and aromatic amino acids, both
previously associated with insulin resistance and type 2 diabetes 93, This study, applying
metabolomics to a pre- and post-dietary intervention scenario, provided insights into potential
mechanisms linked to the health benefits of certain dietary regimens. On the other hand,
untargeted metabolomics comprehensively monitors all the measurable metabolites in a sample,
both of exogenous and endogenous origin, including unknown metabolites. This allows the
detection of both metabolites specifically associated with the consumption of a given food or diet
and metabolites from endogenous metabolic pathways, whose levels may be modulated by the
intake of that particular food or diet. As an example, the untargeted GC-MS metabolomics analysis
of plasma samples from 145 individuals who followed either the New Nordic Diet (NND) or the
Average Danish Diet (ADD) for a six-month period revealed significant differences in the blood
metabolome between the the two diets 164, The metabolites found to be at higher levels in the NND
individuals included those directly reflecting the higher intake of fish, whole grain and vegetables,
including crucifers, and other metabolites mainly reflecting the impact of NND on energy
metabolism to increase gluconeogenesis and ketosis, leading to hypothesise mechanisms through
which the NND elicits its beneficial effects. Actually, one of the main challenges of this approach lies
in the mapping of observed changes in metabolite levels to metabolic routes and processes 3. This
task is presently supported by useful tools (such as MetaboAnalyst ®> or ChemRICH 1), that,
however, still need further improvement. In addition, since food is also made of components that
are transformed into products partly identical to some endogenous metabolites, sometimes it is
hard to distinguish the diet induced changes in the metabolome impacting health from changes
deriving from the food itself €7,

Collaboration between scientists from different disciplines is required to obtain meaningful
interpretation of the data ¢!, and the identification of unknown metabolites still remains a major
bottleneck in metabolomics, with the resulting consequence that biological interpretation has to be
performed on a small number of identified metabolites %1%’ Indeed, endogenous metabolites are

currently better covered in reference databases, like the Human Metabolome Database (HMDB) 18,
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than food-derived metabolites, which are characterized by a large chemical complexity and
diversity, and are still widely undocumented.

The great efforts the nutrimetabolomics community is carrying out to update databases, improve
software tools, and promote sharing of data and resources should significantly contribute to
overcome the current limitations associated to metabolomics experiments and to help deciphering
the complex interactions between dietary components and our physiology, potentially responsible

of effects, either beneficial or detrimental, on human health 10,167,
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Aims of the thesis

The objective of this doctoral thesis was to apply metabolomics for the analysis of biological samples
collected in nutrition intervention studies in humans, to gain new and further insights in the field of
nutrition research focused on dietary bioactive compounds. In particular, within my PhD project, |

applied:

() targeted metabolomics to evaluate the absorption, metabolism and excretion of flavan-3-ols
from cranberry through the analysis of their main colonic metabolites (phenyl-y-valerolactones and
phenyl-valeric acids), considering also their potential use as biomarkers of flavan-3-ol intake and the
inter-individual variability in their appearance in plasma and urine (3.1 Study 1 — Kinetic profile and
urinary excretion of phenyl-y-valerolactones upon consumption of cranberry: a dose—response

relationship),

(I1) targeted metabolomics to elucidate the presence of different metabotypes in the urinary
excretion of principal flavan-3-ol colonic metabolites after consumption of cranberry products, also
assessing the impact of the statistical technique used for metabotyping (3.2 Study 2 — Metabotypes

of flavan-3-ol colonic metabolites after cranberry intake: elucidation and statistical approaches),

(1) untargeted metabolomics to investigate the changes occurring at metabolomic level following
consumption of different patterns of coffee and the impact on metabolic pathways (3.3 Study 3 —

Metabolomic changes after coffee consumption: new paths on the block).

58



Chapter 3 —Selected studies

59



Selected studies — Study 1

3.1. Study 1

Kinetic profile and urinary excretion of phenyl-y-valerolactones upon

consumption of cranberry: a dose-response relationship

Claudia Favari!, Pedro Mena?, Claudio Curti?, Geoffrey Istas3, Christian Heiss*, Daniele Del Rio*> &,

Ana Rodriguez-Mateos"

1 Human Nutrition Unit, Department of Food & Drug, University of Parma, Parma, Italy
2Department of Food & Drug, University of Parma, Parma, Italy

3 Department of Nutritional Sciences, Faculty of Life Sciences and Medicine, King’s College London, London,

UK

4 Department of Clinical and Experimental Medicine, Faculty of Health and Medical Sciences, University of

Surrey, Guildford, UK
>Human Nutrition Unit, Department of Veterinary Science, University of Parma, Parma, Italy

School of Advanced Studies on Food and Nutrition, University of Parma, Parma, Italy

* Corresponding authors: Via Volturno 39, 43125 Parma, ltaly; Tel.: +39 0521-903841; E-mail:
daniele.delrio@unipr.it; Franklin Wilkins Building, 150 Stamford Street, SE1 9NH London, UK; TIf: +44 20 7848

4349; E-mail: ana.rodriguez-mateos@kcl.ac.uk

The content of this section has also been published in Food & Function (Favari C, Mena P, Curti C, et al (2020)
Kinetic profile and urinary excretion of phenyl-y-valerolactones upon consumption of cranberry: a dose—

response relationship. Food Funct 11:3975-3985. https://doi.org/10.1039/DOFO00806K).
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Abstract

Cranberries are a rich source of poly(phenols), mainly monomeric and oligomeric flavan-3-ols.
However, information on the appearance of their main circulating microbial metabolites, namely
phenyl-y-valerolactones and phenylvaleric acid, is lacking despite its relevance to understanding the
health effects attributed to cranberries. The aim of this study was to evaluate the absorption,
metabolism and urinary excretion of cranberry flavan-3-ols through the targeted analysis of phenyl-
y-valerolactones and their related phenylvaleric acids, considering also their potential as biomarkers
of flavan-3-ol intake and inter-individual variability in their appearance in plasma and urine. A six-
arm acute crossover, randomized, double-blinded, controlled intervention trial was performed in
ten healthy males who consumed a cranberry juice drink (375, 716, 1131, 1396, 1741 mg of total
flavan-3-ols) or an isocaloric control drink with one-week washout. Plasma and urine were analyzed
by UHPLC-ESI-QqQ-MS/MS and 22 compounds were identified. Glucuronide and sulfate conjugates
of 5-(3',4'-dihydroxyphenyl)-y-valerolactone were the main circulating and excreted metabolites
after cranberry juice intake, with glucuronidation appearing to be the most favorable conjugation
route. These compounds reached maximum plasma concentration at about 4-6 h. Plasma and
urinary concentrations of the sum of the metabolites increased in relation to the amounts of
cranberry flavan-3-ols provided by the drink, showing a clear and linear dose-dependent
relationship and underscoring their potential as biomarkers of flavan-3-ol intake. A high inter-
individual variability in circulating and urinary metabolite levels was observed and, interestingly,
some subjects seemed to display a greater efficiency in metabolizing flavan-3-ols and producing

phenyl-y-valerolactones.

Keywords

Cranberry; phenolic metabolites; flavan-3-ols; proanthocyanins; phenyl-y-valerolactones
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3.1.1. Introduction

Growing evidence from human intervention studies reveals beneficial actions of cranberry
(Vaccinium macrocarpon Ait.) consumption on human health 1%, mainly related to prevention of
urinary tract infections > and improvements in vascular function 7. These health benefits have been
attributed to cranberry phenolic content, which is mainly constituted by flavan-3-ols, flavonols,

8, In particular, flavan-3-ols, in their monomeric, but mainly

phenolic acids and anthocyanins
oligomeric form (the so called proanthocyanidins) are the most abundant compounds in cranberries
%, It has to be pointed out that the ability of these compounds to impart positive health effects is
closely related to their bioavailability %11, as flavan-3-ols are poorly absorbed in the upper
gastrointestinal tract and mostly reach the large intestine, where they are extensively metabolized
by the host microbiota into smaller metabolites, namely phenyl-y-valerolactones (PVLs),
phenylvaleric acids (PVAs) and other low molecular weight phenolics, such as phenylpropionic,
benzoic and cinnamic acid derivatives 2. These smaller phenolics can be absorbed and in turn
subjected to phase Il metabolism at colonocyte and/or hepatocyte level, in order to produce
conjugated metabolites (as sulfate, glucuronide, methoxy or combination thereof) that can circulate
through the system and then be excreted in urine. These compounds are therefore the ones
potentially available to target tissues and organs '3 and may have an effect on (patho)physiological
scenarios where cranberry may show protective effects 741>,

In particular, conjugated PVLs and their related acids (PVAs) are the main circulating metabolites of
flavan-3-ols of colonic origin, and are specific for this class of compounds 2. However, information
on their production after cranberry intake is limited ®17. Also, little is known about whether they
follow a dose-dependent response in vivo at different levels of intake of cranberry flavan-3-ols.
Therefore, the principal aim of this work was to evaluate the absorption, metabolism and urinary
excretion of cranberry flavan-3-ols through the targeted analysis of PVLs and their related PVAs after
consumption of a cranberry juice containing increasing amounts of total flavan-3-ols (TF). This may
serve to further support the suitability of PVLs as biomarkers of flavan-3-ol intake. Moreover, since
the gut microbiota composition varies among individuals, it may result in differences in the
production of PVLs and PVAs 181°, Consequently, the second aim of the present study was to assess

the extent of this inter-individual variability.
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3.1.2. Material and Methods

Materials

All chemicals and solvents used in this study were of analytical grade. 5-Phenyl-y-valerolactone-3'-
sulfate, 5-phenyl-y-valerolactone-4'-sulfate, 5-phenyl-y-valerolactone-3’-glucuronide, 5-(3',4'-
dihydroxyphenyl)-y-valerolactone, 5-(3',5' dihydroxyphenyl)-y-valerolactone, 5-(3'-hydroxyphenyl)-
y-valerolactone-4'-sulfate, 5-(5'-hydroxyphenyl)-y-valerolactone-3'-sulfate and 5-(5'-
hydroxyphenyl)-y-valerolactone-3’-glucuronide were synthesized in house 292!, All solvents and
reagents were purchased from Sigma (St. Louis, MO, USA). Ultrapure water from MilliQ system

(Millipore, Bedford, MA, USA) was used throughout the experiment.

Study Design

The study protocol has already been described 7’. Briefly, ten healthy men aged between 18 and
35 years took part in a six-arm acute crossover, randomized, double-blinded, controlled intervention
trial registered under the NIH ClinicalTrials.gov website (NCT02517775). The study was conducted
in accordance to the guidelines stated in the current revision of the Declaration of Helsinki, and
informed consent was obtained for all subjects. All procedures involving human subjects were
approved by the University of Dusseldorf Research Ethics Committee (ref: 14-012). Volunteers were
asked to consume a cranberry drink containing 375, 716, 1131, 1396, 1741 mg of total flavan-3-ols
(TF) or an isocaloric control (0 mg TF) drink with one-week washout. Participants were instructed to
follow a low-(poly)phenol diet for 3 days before and during the study day and had to fast for 12 h
before the study day. Blood samples were taken before and at 1, 2, 4, 6, 8 and 24 h after drink

intake; urine samples were collected at baseline, between 0-8 h and 8-24 h after drink intake.

UHPLC-ESI-QqQ-MS/MS analysis

Plasma and urine samples were prepared according to validated protocols 17?° and then both
biological samples were analyzed through UHPLC DIONEX Ultimate 3000 fitted with a TSQ Vantage
triple quadrupole mass spectrometer (Thermo Fisher Scientific Inc., San Jose, CA, USA) equipped
with a heated-electrospray ionization source (H-ESI-Il; Thermo Fisher Scientific Inc.).
Chromatographic and ionization parameters were set following a validated method optimized for
the analysis of PVLs 2. Metabolite identification was carried out by comparison of the retention
time with in-house synthesized standards and/or MS/MS fragmentation patterns. Up to 72
compounds were monitored in selective reaction monitoring (SRM) mode. Quantification was

performed with calibration curves of standards, when available. When not available, metabolites
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were quantified with the most structurally similar compound, as in the case of 5-phenyl-y-
valerolactone-4'-glucuronide, quantified with its isomer 5-phenyl-y-valerolactone-3’-glucuronide; 5-
(4'-hydroxyphenyl)-y-valerolactone-3'-glucuronide, 5-(3'-hydroxyphenyl)-y-valerolactone-4'-
glucuronide, 5-phenyl-y-valerolactone-methoxy-glucuronide isomer (3',4’) and 5-phenyl-y-
valerolactone-sulfate-glucuronide isomer (3',4’), quantified with 5-(5-hydroxyphenyl)-y-
valerolactone-3’-glucuronide; and the 5-phenyl-y-valerolactone-methoxy-sulfate (3',4') isomers 1

and 2, quantified with 5-(3'-hydroxyphenyl)-y-valerolactone-4’-sulfate.

Data analysis

All data were expressed as mean values * SEM. Kinetic parameters were calculated using the
PKSolver add-in software for Microsoft Excel %2. Associations between total plasma concentrations
or urinary excretions of quantified compounds and flavan-3-ol content in the intervention drinks,
both using average and individual values, were assessed with linear regression models using
Microsoft Excel. Inter-individual variability was assessed according to the recommendations
suggested by the COST Action POSITIVe “Interindividual variation in response to consumption of

plant food bioactives and determinants involved” 23,

3.1.3. Results

Plasma kinetics

A comprehensive identification and quantification of PVLs and PVAs was performed in both plasma
and urine, thanks to specifically synthesized standards. Twenty-two compounds were identified
(Table 3). Phase-ll conjugated forms of 5-(3',4’-dihydroxyphenyl)-y-valerolactone were the most
representative compounds, followed by derivatives of 5-(monohydroxyphenyl)-y-valerolactone (3’
or 4' isomers). Free PVLs and derivatives of 5-(3',5'-dihydroxyphenyl)-y-valerolactone were present
in minor amounts, while phase-Il conjugated forms of 5-(3',4',5'-trihydroxyphenyl)-y-valerolactone
and 5-(3',4',5'-trihydroxyphenyl)valeric acid were found at trace levels in just a few samples and

consequently they were identified but not quantified.

Table 3. Mass spectral characteristic of PVLs and PVAs identified in plasma and urine

Product ions
Retention Parention

Compound time [M-H]- Quantifier Qualifier(s)

(min) (m/z2) (m/2) (m/z2)

5-(dihydroxyphenyl)-y-valerolactone-
glucuronide (3',4',5') 1.57 399 223 175
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5-(5’-hydroxyphenyl)-y-valerolactone-3'-
glucuronide

5-(3',5'-dihydroxyphenyl)-y-valerolactone

5-(dihydroxyphenyl)-y-valerolactone-sulfate
(3,4,5)

5-phenyl-y-valerolactone-4'-glucuronide

5-(3'-hydroxyphenyl)-y-valerolactone-4'-
glucuronide

5-phenyl-y-valerolactone-sulfate-glucuronide
isomer (3',4')

5-(4'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide

4-hydroxy-5-(hydroxyphenyl)valeric acid-
sulfate (3'/4') isomer 1

4-hydroxy-5-(hydroxyphenyl)valeric acid-
glucuronide (3'/4)

5-(3',4'-dihydroxyphenyl)-y-valerolactone

5-(5'-hydroxyphenyl)-y-valerolactone-3'-
sulfate

5-phenyl-y-valerolactone-methoxy-
glucuronide isomer (3',4")

5-hydroxyphenyl-y-valerolactone-methoxy-
glucuronide (3',4',5')

5-phenyl-y-valerolactone-3'-glucuronide

4-hydroxy-5-(hydroxyphenyl)valeric acid-
sulfate (3'/4’) isomer 2

5-(hydroxyphenyl)-y-valerolactone-methoxy-
sulfate (3',4',5')

5-(hydroxyphenyl)-y-valerolactone-sulfate
(3',4' isomers)

5-phenyl-y-valerolactone-4'-sulfate

5-phenyl-y-valerolactone-methoxy-sulfate
(3',4') isomer 1

5-phenyl-y-valerolactone-3'-sulfate

5-phenyl-y-valerolactone-methoxy-sulfate
(3',4') isomer 2

2.38

3.78

3.80

3.87

3.92

4.03

4.08

4.15

4.15

4.17

4.26

4.30

4.31

4.33

4.34

4.47

4.88

4.94

5.02

5.10

5.20

383

207

303

367

383

463

383

305

401

207

287

397

413

367

305

317

287

271

301

271

301

207

123

223

191

207

287

207

225

225

122

207

221

237

191

225

237

207

191

221

191

221

113

163

179

113

113

207

113

207

207

163

163

206

222

113

207

222

163

147

206

147

206

123

138

147

383

175

122

122

113

175

147

122

106

125

106

125

122

163

113

121

121

175

123

Thirteen compounds were quantified in plasma.

Quantitatively,

5-(4’-hydroxyphenyl)-y-

valerolactone-3'-glucuronide,  5-(3'-hydroxyphenyl)-y-valerolactone-4'-glucuronide

65

and

5-



Selected studies — Study 1

(hydroxyphenyl)-y-valerolactone-sulfate (which is the sum of the two 3',4’ isomers) were the most

representative compounds (Table 4).

Table 4. Kinetic parameters of PVLs detected in plasma after cranberry juice consumption (mean + SEM, n = 10). The
coefficient of variation (CV%) of Cmax is reported in brackets.

Compound Cmax (NM) Tmax (h) AUCo-24 (nM h)

5-phenyl-y-valerolactone-3'-sulfate

Treatment 375 mg TF 1.01+0.88 0.20+0.20 11.60+11.39
(36%) (32%)
Treatment 716 mg TF 0.58 +0.33 1.00 £ 0.54 1.10£0.64
(56%) (54%)
Treatment 1131 mg TF 1.69+1.69 0.20+0.20 10.87 +10.87
(32%) (32%)
Treatment 1396 mg TF 0.87 £ 0.45 1.00 £ 0.54 4.08 +2.76
(61%) (47%)
Treatment 1741 mg TF 0.88+0.53 0.80+0.44 3.89+2.16
(53%) (57%)

5-phenyl-y-valerolactone-4'-sulfate

Treatment 375 mg TF 0.13+0.09 2.60 £2.39 0.52+041
(46%) (41%)
Treatment 716 mg TF 0.42+0.24 2.60+2.38 2.70+£1.86
(55%) (46%)
Treatment 1131 mg TF 0.60+0.43 2.40+2.40 3.39+3.17
(45%) (34%)
Treatment 1396 mg TF 0.23+0.12 2.70£2.38 0.94+0.61
(58%) (48%)
Treatment 1741 mg TF 0.61+0.24 3.20+2.33 248 +1.26
(80%) (62%)

5-phenyl-y-valerolactone-3’-glucuronide

Treatment 375 mg TF 0.62 +0.62 0.60 +0.60 2.60 +2.60
(32%) (32%)

Treatment 716 mg TF 0.87 £0.45 1.20+0.80 1.73+1.08
(62%) (51%)
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Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-phenyl-y-valerolactone-4'-glucuronide

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-(hydroxyphenyl)-y-valerolactone-sulfate (3',4'

isomers)

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-(5'-hydroxyphenyl)-y-valerolactone-3’-sulfate

Treatment 375 mg TF

2.16+1.24
(55%)

2.61+1.32
(62%)

2.84+2.14

(42%)

2.98+0.96
(98%)
4.78 +0.95
(160%)
12.01+1.75
(216%)
10.83 +1.63
(210%)
9.62 £3.12

(97%)

49.27 £ 16.19
(96%)
87.38 £23.75
(116%)
70.46 +9.29
(240%)
127.82 +26.43
(153%)
166.44 + 53.95

(98%)

0.64 £0.38

(53%)

0.50 £0.27

2.00 £0.94

0.60+0.43

2.70 £ 2.37

4.40+2.30

6.20+3.01

3.90+2.26

1.80£0.59

3.90+0.91

2.70+0.62

6.90 +£2.04

4.40+0.65

4.20+£0.76

0.80 £0.59

4.93+2.98
(52%)

11.04 + 6.66
(52%)

12.44+9.91

(40%)

7.52+2.63
(91%)
20.66 + 7.93
(82%)
50.60 + 12.10
(132%)
28.45 +3.84
(235%)
26.74 £ 8.07

(105%)

377.90 +93.91
(127%)
737.89 +158.11
(148%)
812.22 + 164.47
(156%)
1265.28 +312.37
(128%)
1712.65 + 624.63

(87%)

0.99+0.70

(45%)
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Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-(4'-hydroxyphenyl)-y-valerolactone-3'-

glucuronide

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-(3'-hydroxyphenyl)-y-valerolactone-4'-

glucuronide

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

0.08 £0.08
(32%)

0.00 +0.00

0.12+0.12
(32%)

0.00 +0.00

36.47 +6.59
(175%)
85.66 + 10.58
(256%)
116.83 £ 17.73
(208%)
153.12 £ 20.07
(241%)
175.69 + 18.74

(297%)

10.77 +3.13
(109%)
20.46 +2.43
(266%)
25.64 +3.74
(217%)
35.48 +5.71
(197%)
38.60 + 7.93

(154%)

0.10+0.10

0.00 +0.00

0.00 £ 0.00

0.00 +0.00

4.70+0.67

4.70 £ 0.67

6.20 £ 0.47

5.80+£0.36

6.40+0.50

4.10+0.90

6.50+2.03

5.60 £ 0.50

6.20+0.55

8.00 +£1.86

0.08 £0.08
(32%)

0.00 +0.00

0.06 £ 0.06
(32%)

0.00 +0.00

309.80 + 43.95
(223%)
801.06 + 91.50
(277%)
1098.50 + 130.97
(265%)
1572.50 + 196.48
(253%)
1871.47 +222.26

(266%)

70.57 +20.76
(108%)
152.08 +23.34
(206%)
217.85 +36.93
(187%)
365.04 + 59.58
(194%)
388.55 + 60.65

(203%)
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5-(5'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-phenyl-y-valerolactone-methoxy-sulfate (3',4’)
isomer 1

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

Treatment 1741 mg TF

5-phenyl-y-valerolactone-methoxy-sulfate (3',4’)
isomer 2

Treatment 375 mg TF

Treatment 716 mg TF

Treatment 1131 mg TF

Treatment 1396 mg TF

3.24+1.45
(71%)
4.01+1.39
(91%)
1.42 £0.99
(45%)
4.80£1.51
(100%)
2.10+1.11

(60%)

0.36+0.16
(69%)
0.72+0.36
(63%)
0.65+0.16
(125%)
0.89 +0.43
(65%)
1.08 £0.27

(128%)

0.50 +0.13
(123%)
0.61+0.13
(143%)
0.72+0.16
(140%)
0.96 +0.27

(112%)

1.90+0.90

3.40+1.27

1.60+1.07

4.00+1.15

220+1.13

1.50+0.83

3.80+2.33

4.70+£2.33

4.00 £0.94

4.70+0.90

2.00+£0.87

2.50+0.75

6.40+2.23

5.80 +£0.81

24.24 +11.99
(64%)
32.81+13.31
(78%)
12.79+8.89
(45%)
26.07 +9.33
(88%)
12.48 +7.12

(55%)

1.90 £ 1.25
(48%)
3.56+1.31
(86%)
3.61+1.73
(66%)
5.14 £ 2.45
(66%)
7.31+2.85

(81%)

2.80+1.28
(69%)
3.20+1.22
(83%)
7.57 +1.87
(128%)
8.74+2.62

(105%)
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Treatment 1741 mg TF 1.05+0.33 6.20+2.16 10.10 + 3.68
(101%) (87%)
5-phenyl-y-valerolactone-methoxy-glucuronide
isomer (3',4')
Treatment 375 mg TF 3.66 +1.59 0.10+0.10 14.69  8.62
(73%) (54%)
Treatment 716 mg TF 5.45+1.86 3.40%1.15 41.34+11.39
(93%) (115%)
Treatment 1131 mg TF 7.80+1.28 7.00+2.16 61.49 +11.10
(192%) (175%)
Treatment 1396 mg TF 9.76 +1.74 6.60 + 0.52 99.90 £ 20.33
(178%) (155%)
Treatment 1741 mg TF 10.54 +2.79 3.30+£0.92 78.39£15.47
(120%) (160%)
5-phenyl-y-valerolactone-sulfate-glucuronide
isomer (3',4')
Treatment 375 mg TF 6.28+4.74 1.20£0.68 12.16 £9.47
(42%) (41%)
Treatment 716 mg TF 2.23+1.00 2.20+0.92 5.72 £2.86
(71%) (63%)
Treatment 1131 mg TF 2.67+1.13 4.20£2.39 22.36 £11.05
(75%) (64%)
Treatment 1396 mg TF 3.93+1.32 3.30+1.14 30.09 £11.48
(94%) (83%)
Treatment 1741 mg TF 3.53+1.54 2.80+0.95 24.69+£12.76
(72%) (61%)

In particular, 5-(4’-hydroxyphenyl)-y-valerolactone-3’-glucuronide was present at the highest
concentration, and its kinetic profiles after each of the six treatments are shown in Figure 11a. No
increase in the plasma concentration was observed after the consumption of the control drink
without flavan-3-ols, as expected, while after the intake of the cranberry juice drinks, there was a

rapid increase in the plasma concentration of the metabolite, reaching its maximum concentration
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(Cmax) at about 5 h post intake for treatments with lower amounts of flavan-3-ols and at 6 h post

intake for treatments with higher amounts. After reaching its maximum, plasma concentration

5-(4'-hydroxyphenyl)-y-valerolactone-3'-glucuronide 5-(3'-hydroxyphenyl)-y-valerolactone-4"-glucuronide
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Figure 11. Kinetic profile of 5-(4’-hydroxyphenyl)-y-valerolactone-3'-glucuronide (a), 5-(3'-hydroxyphenyl)-y-
valerolactone-4'-glucuronide (b), 5-(hydroxyphenyl)-y-valerolactone-sulfate (3’, 4') (c) and of the sum of quantified PVLs
(d) for the different treatments. Data are expressed as nM, mean + SEM (n = 10). Treatment O TF corresponds to the
control drink, other treatments to cranberry juice drinks with growing amounts of total flavan-3-ols.

decreased, going back to baseline levels at 24 h. The isomer of this metabolite, 5-(3'-hydroxyphenyl)-
y-valerolactone-4'-glucuronide, was present at lower concentration but, similarly, its plasma
concentration rapidly increased after cranberry juice intake, reaching its maximum after 4 h for
treatments with lower amounts of flavan-3-ols and after 6 h for treatments with higher amounts
(Figure 11b). After reaching its Cmax, the concentration decreased, going back to basal levels at 24 h
post intake.

A similar trend was also observed for 5-(hydroxyphenyl)-y-valerolactone-sulfate (the sum of the two
3',4" isomers), which was one of the most abundant compounds despite the high inter-individual
variability and greater differences between treatments (Figure 11c). This metabolite reached its Cmax

at about 6 h for treatments 2, 4, 5, while peaked sooner, at 4 h, for treatment 3 and later, at 8 h, for

treatment 6. The kinetic profiles of the other derivatives of 5-(3',4'-dihydroxyphenyl)-y-
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valerolactone did not differ from the previous ones, despite the much lower plasmatic
concentration reached by these metabolites. Differently, derivatives of 5-(3'-hydroxyphenyl)-y-
valerolactone and 5-(4’-hydroxyphenyl)-y-valerolactone showed an earlier Tmax (1-4 h), with not so
clear kinetic profiles (Supplementary Figure 1 e-n). This could be likely due to the low circulating
amounts and the extensive variability recorded for these minor metabolites.

When considering the kinetic profiles of the sum of quantified PVLs, the trend observed for the main
metabolites is consistent, with Cnax reached at about 6 h for almost all the treatments (Figure 11d).
As a sum, quantified PVLs in plasma attained maximum levels ranging from 76.9 + 57.1 nM to 292.6

+ 149.7 nM after consumption of increasing amounts of total flavan-3-ols.

Urinary excretion

The type and amount of PVLs excreted in urine over the 24 h after cranberry juice consumption
(treatment 375-1741 mg TF) are shown in Table 5. Consistently with the observations made for
plasma, 5-(4'-hydroxyphenyl)-y-valerolactone-3’-glucuronide, 5-(3'-hydroxyphenyl)-y-
valerolactone-4'-glucuronide and 5-(hydroxyphenyl)-y-valerolactone-sulfate were excreted in high
amounts. The cumulative excretion of PVLs for the different urine samples collected is presented in

Supplementary Figure 2a-n.

Table 5. Cumulative excretion of PVLs in urine after 24h following cranberry juice consumption. Data are expressed in
pmol (mean * SEM, n = 10). Coefficient of variation (CV%) is reported in brackets.

Compound
Treatment Treatment Treatment Treatment Treatment
375 mg TF 716 mgTF 1131 mgTF 1396 mgTF 1741 mgTF
5-phenyl-y-valerolactone-3'-sulfate 0.04+0.02 0.03+0.01 0.19+0.17 0.11+£0.09 0.05+0.02

(63%) (77%) (35%) (40%) (88%)

5-phenyl-y-valerolactone-3'-glucuronide  0.29+0.16 0.26+0.09 0.58+0.46 0.43+0.20 0.43+0.18

(59%) (92%) (40%) (68%) (75%)

5-phenyl-y-valerolactone-4’-glucuronide  0.59+0.27 0.61+0.21 0.85+0.37 0.82+0.21 1.13+0.18

(68%) (94%) (72%) (127%) (197%)
5-(3',4'-dihydroxyphenyl)-y-
valerolactone 0.05+0.03 0.11+0.04 0.10+0.04 0.21+0.07 0.31+0.09
(53%) (79%) (89%) (98%) (107%)
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5-(hydroxyphenyl)-y-valerolactone-
sulfate (3',4') 3.16+0.93 568+1.69 6.83+2.07 10.71+2.39 10.35+2.57

(107%) (106%) (104%) (142%) (127%)

5-(5'-hydroxyphenyl)-y-valerolactone-3'-
sulfate 0.02+0.01 0.02+0.01 0.05+0.02 0.08+0.04 0.03+0.01

(60%) (89%) (88%) (64%) (70%)

5-(4'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide 6.21+1.47 13.98+1.37 17.37+3.97 23.76+3.07 30.41+3.24

(134%) (322%) (138%) (245%) (297%)

5-(3'-hydroxyphenyl)-y-valerolactone-4'-
glucuronide 1.79+051 3.66+0.51 3.88+095 7.96+2.30 7.00+0.92

(111%) (225%) (129%) (110%) (239%)

5-(5'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide 0.55+0.14 0.75+0.16 0.46+0.16 0.71+0.20 0.82+0.20

(121%) (146%) (93%) (111%) (129%)

5-phenyl-y-valerolactone-methoxy-
sulfate (3',4) isomer 1 0.01+0.00 0.02+0.01 0.02+0.01 0.03+0.01 0.02+0.01

(70%) (121%) (96%) (111%) (119%)

5-phenyl-y-valerolactone-methoxy-
sulfate (3',4') isomer 2 0.03+0.01 0.07+0.02 0.07+0.03 0.08+0.02 0.10+0.02

(148%) (110%) (74%) (145%) (129%)

5-phenyl-y-valerolactone-methoxy-
glucuronide isomer (3',4) 0.66+0.17 1.15+0.19 1.07+0.17 153+0.18 1.55+0.18

(121%) (190%) (194%) (273%) (268%)

5-phenyl-y-valerolactone-sulfate-

glucuronide isomer (3',4) 1.84+0.49 3.37+0.53 4.06+1.42 4.89+0.99 6.16+1.11
(120%) (199%) (90%) (156%) (175%)

Total 15.25+3.50 29.71+3.25 35.52+8.92 51.32+6.96 58.42+6.48
(138%) (289%) (126%) (233%) (285%)
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When considering the consumption of the cranberry juice with highest flavan-3-ol content (1741
mg TF), 5-(4'-hydroxyphenyl)-y-valerolactone-3’-glucuronide was the main excreted metabolite for
all the subjects, followed by 5-(hydroxyphenyl)-y-valerolactone-sulfate or 5-(3'-hydroxyphenyl)-y-
valerolactone-4'-glucuronide (Figure 12a and 12b). Overall, derivatives of 5-(3',4'-dihydroxyphenyl)-
y-valerolactone were the main excreted metabolites when compared to derivatives of 5-(3'-
hydroxyphenyl)-y-valerolactone  and  5-(4-hydroxyphenyl)-y-valerolactone  (Figure  12c).

Glucuronide conjugates were, for all subjects, more abundant than sulfate (Figure 12d).
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Figure 12. (a) Cumulative urinary excretion of PVLs at 24 h after treatment with higher flavan-3-ols content (1741 mg
TF). Data are expressed as umol. (b) Relative contribution of each PVL to the total urinary excretion at 24 h after
treatment with higher flavan-3-ols content (1741 mg TF). (c) Relative contribution of derivatives of 5-(3',4'-
dihydroxyphenyl)-y-valerolactone compared to derivatives of 5-(3'-hydroxyphenyl)-y-valerolactone and 5-(4'-
hydroxyphenyl)-y-valerolactone to the total urinary excretion at 24 h after treatment with higher flavan-3-ols content
(1741 mg TF). (d) Relative contribution of glucuronide and sulfate conjugates to the total urinary excretion at 24 h after
treatment with higher flavan-3-ols content (1741 mg TF).

Plasma and urinary dose-response
From the kinetic profiles of both the main and total metabolites, a dose-dependent effect was

observed, as the metabolite concentration in plasma increased with increasing amounts of

cranberry flavan-3-ols provided by the intervention drinks (Figure 11 a-b-c-d). When plotting the
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area under the curve (AUCo.24) values of the sum of PVLs versus the flavan-3-ol content in the
intervention drinks, a positive linear dose-response relation was clearly observed (regression of R?

=0.98) (Figure 13).
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Figure 13. Relation between total amount of ingested flavan-3-ols and Area under the curve (AUCo24) of the
concentration in plasma of PVLs over 24h. Data are expressed as nM*h, mean + SEM, n = 10.

Similarly to what was observed in plasma, the urinary excretion of the main metabolites increased
with increasing amounts of cranberry flavan-3-ols provided by the intervention drinks, showing a
dose-dependent effect. When plotting the total urinary excretion of PVLs over 24h versus the flavan-
3-ol content in the intervention drinks, a positive linear dose-response relation is clearly observed

(regression of RZ2=0.98) (Figure 14).

Inter-individual variability

A high variability among subjects was observed in the production of PVLs, as indicated by the high
coefficients of variation (CV%) reported in brackets in Table 4 for plasma and in Table 5 for the
urinary excretion.

Following the highest flavan-3-ol intake (treatment 1741 mg TF), AUCo-24 values of the sum of PVLs
varied between 1034 nM*h and 8839 nM*h and total urinary excretion of PVLs ranged from 18.07
umol to 80.34 umol. Every subject produced different amounts and proportions of each metabolite

(Figure 12a and 12b), with subjects 9 and 10 excreting lower amounts of PVLs compared to others.
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Figure 14. Relation between total amount of ingested flavan-3-ols and cumulative quantity of excreted metabolites.
Data are expressed as umol, mean = SEM, n = 10.

For all the subjects, conjugates of 5-(3',4’-dihydroxyphenyl)-y-valerolactone were prevalent respect
to conjugates of 5-(3'-hydroxyphenyl)-y-valerolactone and 5-(4’-hydroxyphenyl)-y-valerolactone
(Figure 12b), with percentages varying from 91% to 98% of total excreted PVLs. In general,
derivatives of 5-(3'-hydroxyphenyl)-y-valerolactone were less present than 5-(4'-hydroxyphenyl)-y-
valerolactone derivatives, with the sole exception of subject 3 who excreted 3.53% of 5-(3'-
hydroxyphenyl)-y-valerolactone derivatives compared to excretions varying from 0.15% to 1.12%
for the other subjects. This trend was also confirmed for the rest of the treatments (375-1396 mg
TF). Regarding phase Il conjugation, glucuronide conjugates were the main metabolites compared
to sulfate and methoxy ones (Figure 12b and 12d), with percentages ranging from 51% to 91% of
total excreted PVLs.

Interestingly, it was noted that the variation in PVL production among subjects remained consistent,
subjects 1, 2 and 7 were almost always the highest PVL producers while subject 9 the lowest PVL
producer, irrespective of the dose. This trend was observed for both plasma concentrations and
urinary excretions (Figure 15a and 15b) and was confirmed on the basis of the good coefficients of
determination observed for individual dose-response relationships (R%>0.75 for most of the
individuals, Tables S1a and b in Supplementary Information). The individual relations were obtained

plotting the area under the curve (AUCo-24) values or the total urinary excretion values of the sum
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of quantified PVLs of each subject versus the flavan-3-ol content in the intervention drinks for

plasma concentrations (Figure 15a) and urinary excretions (Figure 15b), respectively.
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Figure 15. (a) Inter-individual variability in circulating concentrations of the sum of quantified PVLs after consumption
of cranberry juice containing increasing amount of total flavan-3-ols. Data are expressed as Area under the curve (AUC)
of the concentration in plasma over 24h in nM*h. (b) Inter-individual variability in urinary excretion of the sum of
quantified PVLs after consumption of cranberry juice containing increasing amount of total flavan-3-ols. Data are
expressed as cumulative quantity of excreted metabolites in umol.

3.1.4. Discussion

In this work, up to 22 compounds among PVLs and PVAs were identified in human biofluids upon
consumption of cranberry drinks. Several studies have shown that PVLs concentration exceeds PVAs
concentration 2, and this observation was also reflected in our results. Thirteen PVLs were
guantified in plasma and urine, while PVAs were only found at trace levels in a few samples. The
availability of reference molecules that were specifically synthesized 2%?! allowed the absolute
guantification of most of the cranberry-derived PVLs detected (8 compounds), as well as an accurate
semi-quantification of the rest of the metabolites (5 compounds). To the best of our knowledge, this
is the first study investigating the kinetic profile of cranberry-derived PVLs and PVAs in humans.
Glucuronide and sulfate conjugates of 5-(3',4'-dihydroxyphenyl)-y-valerolactone were the main
circulating and excreted metabolites. In particular, 5-(4'-hydroxyphenyl)-y-valerolactone-3'-
glucuronide was the main metabolite present in plasma and urine for all the subjects, differently
from what was observed by Anesi and colleagues 2*, who reported higher amounts of 5-
(hydroxyphenyl)-y-valerolactone-sulfate upon consumption of apple flavan-3-ols. Also, Anesi and
colleagues found a ratio “5-hydroxyphenyl-y-valerolactone-sulfate / -glucuronide” either nearly

equivalent to 1 or in favour of sulfate-conjugates rather than glucuronide-conjugates. Similar results
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to those of the present study, were observed by Cortés-Martin and colleagues in a trial where
volunteers were fed mixed nuts 2°, although in this case authors did not use a glucuronidated PVL
to quantify 5-hydroxyphenyl-y-valerolactone-glucuronide isomers, and thus data cannot be
compared to the present work.

The relationship between the total amount of flavan-3-ols provided by cranberry juice and the levels
of PVLs in plasma and urine was also examined. The sum of plasma and urinary PVLs positively
correlated with the amount of ingested flavan-3-ols, showing a linear dose-response, with
glucuronide and sulfate derivatives of 5-(3',4’-dihydroxyphenyl)-y-valerolactone being the key
metabolites driving the overall correlation. This result suggests that 5-(3',4'-dihydroxyphenyl)-y-
valerolactone, in its sulfate and glucuronide conjugated forms, could serve as biomarker of intake
for cranberry flavan-3-ols. These metabolites have already been proposed as biomarker of flavan-
3-ol intake in a large epidemiological study 26, but information on cranberry was missing. Cranberry
is a rich source of flavan-3-ols, not only monomeric but mainly oligomeric, contributing to the
dietary intake of this class of compounds. This study has shown that consumption of cranberry
flavan-3-ols leads to the production of the same metabolites originated after intake of cocoa-
derived products, wine, and green tea contributing to the pool of circulating PVLs. In addition, our
results indicate that sulfate and glucuronide conjugated forms of 5-(3',4'-dihydroxyphenyl)-y-
valerolactone could be used in clinical trials to check compliance with interventions made of
standardized cranberry products. A wide variability among subjects was registered for all the
assessed metabolites, as CV% of Cmax in plasma and of cumulative amounts excreted in urine was
up to 297% and 322%, respectively. Not all the compounds exhibited the same level of variability,
as, for example, for 5-(4’-hydroxyphenyl)-y-valerolactone-3'-glucuronide a greater CV% was
recorded. This could be due to differences at individual level in metabolizing flavan-3-ols, which is a
result of the individual genotype and gut microbiota composition. When considering the sum of all
the metabolites, a broad variability was found too, suggesting that there were some subjects able
to metabolize flavan-3-ols more efficiently than others, producing higher amounts of PVLs.

Finally, we acknowledge that, although volunteers were instructed to follow dietary restrictions
before the study days, we had limited control over this aspect. This could have led to an increase in
the inter-individual variability and also to differences in the Tmax reported for the cranberry juices,
as mentioned by Feliciano and colleagues 7, as well as for the small amounts of PVLs detected at

baseline for some treatments.
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3.1.5. Conclusion

This study shows that glucuronide and sulfate conjugated forms of 5-(3',4'-dihydroxyphenyl)-y-
valerolactone were the most relevant PVLs produced, circulating and excreted after cranberry juice
intake. Glucuronidation seems to be the most favorable phase Il metabolic pathway after cranberry
juice intake, despite the fact that a wide inter-individual variability exists. We noted that most of
the metabolites showed a dose-dependent relation, as reflected in a positive and highly significant
correlation between the total PVLs, both circulating and excreted, and the amount of flavan-3-ols
ingested with cranberry juice. Glucuronide and sulfate conjugates of 5-(3',4’-dihydroxyphenyl)-y-
valerolactone drove the overall correlation and seems to be promising biomarkers of cranberry
flavan-3-ols intake. Moreover, certain subjects displayed greater efficiency in metabolizing flavan-
3-ols and producing PVLs with respect to others, and this might explain the differences in the
putative health effects associated to these compounds. Further studies with a higher sample size
are needed to better explore the inter-individual variability existing in the production of these

colonic metabolites.
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Supplementary Figure 1e-n. Pharmacokinetic profile of 5-phenyl-y-valerolactone-3'-sulfate (e), 5-
phenyl-y-valerolactone-4'-sulfate (f), 5-phenyl-y-valerolactone-3'-glucuronide (g), 5-phenyl-y-
valerolactone-4'-glucuronide (h), 5-(5'-hydroxyphenyl)-y-valerolactone-3’-sulfate (i), 5-(5'-
hydroxyphenyl)-y-valerolactone-3’-glucuronide (j), 5-phenyl-y-valerolactone-methoxy-sulfate (3',4’)
isomer 1 (k), 5-phenyl-y-valerolactone-methoxy-sulfate (3',4') isomer 2 (l), 5-phenyl-y-
valerolactone-methoxy-glucuronide  isomer (3',4’) (m) and 5-phenyl-y-valerolactone-sulfate-
glucuronide isomer (3',4') (n) for the different treatments. Data are expressed as nM, mean + SEM
(n=10). Treatment O TF corresponds to the control drink, other treatments to cranberry juice drinks

with growing amounts of total flavan-3-ols.
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Supplementary Figure 2a-n. Cumulative urinary excretion profile of 5-phenyl-y-valerolactone-3'-
sulfate (a), 5-phenyl-y-valerolactone-3’-glucuronide (b), 5-phenyl-y-valerolactone-4'-glucuronide
(c), 5-(3',4'-dihydroxyphenyl)-y-valerolactone (d), 5-(hydroxyphenyl)-y-valerolactone-sulfate (3',4'
isomers) (e), 5-(5-hydroxyphenyl)-y-valerolactone-3'-sulfate  (f), 5-(4’-hydroxyphenyl)-y-
valerolactone-3'-glucuronide (g), 5-(3’-hydroxyphenyl)-y-valerolactone-4'-glucuronide (h), 5-(5'-
hydroxyphenyl)-y-valerolactone-3’-glucuronide (i), 5-phenyl-y-valerolactone-methoxy-sulfate (3',4’)
isomer 1 (j), 5-phenyl-y-valerolactone-methoxy-sulfate (3',4’) isomer 2 (k), 5-phenyl-y-
valerolactone-methoxy-glucuronide isomer (3',4’) (I), 5-phenyl-y-valerolactone-sulfate-glucuronide
isomer (3',4') (m) and of the sum of quantified PVLs (n) for the different treatments. Data are
expressed as umol, mean + SEM (n = 10). Treatment O TF corresponds to the control drink, other
treatments to cranberry juice drinks with growing amounts of total flavan-3-ols.
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Table S1. Individual dose-response relation between (a) total amount of ingested flavan-3-ols and
Area under the curve (AUC) of the concentration in plasma of PVLs over 24h and (b) total amount
of ingested flavan-3-ols and cumulative quantity of excreted PVLs in urine.

a

Subject Equation R?
All (n=10) y=2.2575x+113.07 0.981
1 y =4.1603x + 183.67 0.785
2 y = 2.5589x + 425.06 0.949
3 y =2.0872x +421.29 0.789
4 y =2.2223x-102.44 0.976
5 y =1.1354x + 228.06 0.788
6 y=1.4211x + 184.62 0.961
7 y =2.2859x - 107.54 0.920
8 y=1.962x-123.01 0.852
9 y =0.5098x + 395.69 0.310
10 y=4.2317x-374.7 0.985

b

Subject Equation R?

All(n=10) y=0.031x+4.9335  0.982
1 y =0.0345x + 2.4507 0.816
2 y =0.0436x - 3.4747 0.785
3 y =0.0366x + 10.938 0.799
4 y =0.0263x + 5.7057 0.767
5 y =0.0235x +0.3171 0.794
6 y =0.05x +4.1262 0.669
7 y =0.0488x - 4.7871 0.878
8 y =0.0363x - 5.895 0.890
9 y =0.0139x + 3.6589 0.414
10 y =0.0057x + 18.91 0.453
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Abstract

Purpose: Extensive inter-individual variability exists in the production of flavan-3-ol metabolites.
Preliminary metabolic phenotypes (metabotypes) have been defined, but there is no consensus on
the existence of metabotypes associated with the catabolism of catechins and proanthocyanidins.
This study aims at elucidating the presence of different metabotypes in the urinary excretion of
main flavan-3-ol colonic metabolites after consumption of cranberry products and at assessing the
impact of the statistical technique used for metabotyping.

Methods: Data on urinary concentrations of phenyl-y-valerolactones and  3-
(hydroxyphenyl)propanoic acid derivatives from two human interventions has been used. Different
multivariate statistics, principal component analysis (PCA), cluster analysis, and partial least square-
discriminant analysis (PLS-DA), have been considered.

Results: Data pre-treatment plays a major role on resulting PCA models. Cluster analysis based on
k-means and a final consensus algorithm lead to quantitative-based models, while the expectation-
maximization algorithm and clustering according to principal component scores yield metabotypes
characterized by quali-quantitative differences in the excretion of colonic metabolites. PLS-DA,
together with univariate analyses, has served to validate the urinary metabotypes in the production
of flavan-3-ol metabolites and to confirm the robustness of the methodological approach.
Conclusions: This work proposes a methodological workflow for metabotype definition and
highlights the importance of data pre-treatment and clustering methods on the final outcomes for
a given dataset. It represents an additional step toward the understanding of the inter-individual

variability in flavan-3-ol metabolism.

Trial registration number
The acute study was registered at clinicaltrials.gov as NCT02517775, August 7, 2015; the chronic
study was registered at clinicaltrials.gov as NCT02764749, May 6, 2016.

Keywords

Metabotypes; flavan-3-ols; inter-individual variation; phenolic metabolites; phenyl-y-valerolactones
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3.2.1. Introduction

Flavan-3-ols are characteristic polyphenols of tea, cocoa, wine, pome fruits (as apple and pear),
berries, and nuts, but they are also found in stone fruits and legumes 2. This subclass of compounds
is the main dietary source of flavonoids in Western diets 3 and has been associated with beneficial
effects on the prevention of cardiometabolic diseases ®=°. In addition, other putative benefits have
been observed against cognitive decline %! and urinary tract infections '#13, In plant-based foods,
they occur as simple monomers or as oligomers and polymers of up to 190 units (also known as
proanthocyanidins or condensed tannins) 4. When ingested, both monomeric and high molecular
weight flavan-3-ols are poorly absorbed and metabolized in the first gastrointestinal tract, reaching
the colon and becoming a suitable substrate for the local microbiota®>. These compounds undergo
an extensive microbial metabolism leading to the formation of specific metabolites, namely phenyl-
y-valerolactones (PVLs) and phenylvaleric acids (PVAs), as well as of common end-products of
(poly)phenol colonic catabolism, such as phenylpropanoic, phenylacetic, and benzoic acid
derivatives 1671%, The microbial metabolites are then absorbed by colonocytes before reaching the
liver and are converted into phase Il conjugated derivatives. Conjugated PVLs (sulfate, glucuronide,
methoxy, and combinations thereof) are the main colonic circulating metabolites after ingestion of
monomeric and polymeric flavan-3-ols by humans *=23 and, in particular, sulfate and glucuronide
derivatives of 5-(3',4'-dihydroxyphenyl)-y-valerolactone have been proposed as biomarkers of
flavan-3-ol intake 23?4, These metabolites may be responsible for the health effects attributed to
flavan-3-ols, as they are circulating molecules potentially available to target tissues and organs prior
to be excreted in urine®®.

An extensive inter-individual variability is reported in the production of flavan-3-ol metabolites 2%~
232529 possibly affecting, at individual level, the health benefits associated with this class of
compounds *°. This variability might be due to personal differences in gut microbiota composition,
resulting in different metabolic phenotypes or metabotypes (i.e. different profiles of circulating and
consequently excreted metabolites), likely impacting their effects on health, as it happens for other
phenolic metabolites of colonic origin. Well-described examples of these differences are equol
production from isoflavones and urolithin production from ellagitannins 3°32, Stratification of
individuals according to their equol/urolithin metabotype has proven to be necessary to understand
the health effects associated to isoflavone and ellagitannin intake 33-3>. However, the information
on flavan-3-ol colonic metabolites is much less defined. In vitro anaerobic incubations of (-)-

epicatechin revealed inter-individual differences in its colonic metabolism and the formation of
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certain metabolites was correlated with specific microbial phyla 3. In a recent preliminary study,
three putative metabotypes after green tea flavan-3-ol consumption were defined in vivo on the
basis of a different urinary production of PVLs and 3-(hydroxyphenyl)propanoic acids (HPPs),
through explorative partial least squares-discriminant analysis (PLS-DA) models 2°. Similar results
were obtained after consumption of nut proanthocyanidins in nearly free living conditions, using
the k-means clustering algorithm 2, but the authors did not associate the different profiles of PVLs
and HPPs to metabotypes as they adhered to a more restrictive definition of phenolic metabotypes,
characterised by the presence/absence of specific metabolites. However, the urinary profiles there
described could be defined as flavan-3-ol colonic metabotypes when considering a broader
definition of the term, commonly accepted in the nutrition field as “subgroups of individuals sharing
the same metabolic profile” 37. Beyond terminology, it is clear that there is a lack of information on
how to handle the inter-individual variability in the production of phenolic metabolites to define
metabotypes in those cases where all the subjects produce all the phenolic metabolites of a
catabolic pathway, but in different proportions, as it happens for flavan-3-ols and for the main
dietary classes of (poly)phenols.

The primary aim of the present study was to evaluate the existence of metabotypes, based on the
urinary excretion of flavan-3-ol metabolites after consumption of flavan-3-ols from cranberry
products, to shed light on this key aspect associated with the metabolism of these major phenolics.
Secondly, this work aimed at investigating the impact of the statistical techniques used for the
definition of phenolic metabotypes, defining an approach to specifically seek for metabotypes when
they are not characterized by the dichotomic production/non-production of specific phenolic

metabolites.

3.2.2. Material and Methods

Intervention studies

The dataset for this study consisted of urinary concentrations of several gut microbiota-derived
metabolites of flavan-3-ols, namely monohydroxyPVLs (isomers 3’ and 4'), dihydroxyPVLs (3',4'), and
HPPs, quantified in urine samples collected in two different cranberry feeding studies, one with an
acute design and one chronic. These metabolites were chosen according to previous evidence 26,
The acute study was a crossover, randomized, controlled intervention trial registered under the NIH
ClinicalTrials.gov website (NCT02517775). The study was conducted in accordance with the
guidelines stated in the current revision of the Declaration of Helsinki, and informed consent was

obtained for all subjects. All procedures involving human subjects were approved by the University
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of Dusseldorf Research Ethics Committee (ref: 14-012). Briefly, ten healthy men had to consume a
cranberry drink containing increasing amounts of total flavan-3-ols (TF) or an isocaloric control (0
mg TF) drink with one-week washout %338, Participants were instructed to follow a low-(poly)phenol
diet for 3 days before and during the study day and had to fast for 12 h before the study day. Urine
samples were collected at baseline, between 0-8 h and 8-24 h after drink intake. For the study
purpose, data on cumulative urinary excretion (0-24 h) of the metabolites after higher flavan-3-ol
intake (716, 1131, 1396, and 1741 mg TF) were considered, for a total of 40 observations.
Quantitative data on the urinary excretion of PVLs have been previously reported 23, while data on
HPPs is novel.

The chronic study was a parallel, randomized, controlled trial in which 22 healthy participants were
asked to consume a cranberry powder containing 0.5 mg of flavan-3-ol monomers and 374 mg of
proanthocyanidins every day for one month, without any other dietary restriction or
recommendation. The study was registered under the NIH ClinicalTrials.gov website (NCT02764749)
and was conducted according to the guidelines laid down in the current revision of the Declaration
of Helsinki. Informed consent was obtained for all participants and all procedures involving human
subjects were approved by the University of Dusseldorf Research Ethics Committee (Ref: 5360R).
Cumulative 24-h urine samples from the first (v1) and the last (v2) intervention day were collected
and analyzed to obtain data on metabolite concentration, for a total of 43 observations (1 sample
from v1 was missing). In this case, both data on PVLs and HPPs are new. To sum up, a reasonable

number of observations (n = 83) was used for subsequent statistical analyses.

Sample analysis

Urine samples were prepared according to a previous report 3° and then analyzed through UHPLC
DIONEX Ultimate 3000 fitted with a TSQ Vantage triple quadrupole mass spectrometer, equipped
with a heated-electrospray ionization (H-ESI-Il) source (Thermo Fisher Scientific Inc., San Jose, CA,
USA). Chromatographic and ionization parameters were set following a validated method optimized
for the analysis of PVLs 3°. Metabolite identification was carried out by comparison of the retention
time with in-house synthesized standards and/or MS/MS fragmentation patterns. Up to 76
compounds among PVLs, PVAs and HPPs were simultaneously monitored in selective reaction
monitoring (SRM) mode. Eleven metabolites were quantified in urine samples from the two
interventions, namely 5-phenyl-y-valerolactone-3'-sulfate, 5-phenyl-y-valerolactone-3'-
glucuronide, 5-phenyl-y-valerolactone-4'-glucuronide, 5-(3',4'-dihydroxyphenyl)-y-valerolactone, 5-

(hydroxyphenyl)-y-valerolactone-sulfate (3',4" isomers), 5-(4’-hydroxyphenyl)-y-valerolactone-3'-
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glucuronide,  5-(3’-hydroxyphenyl)-y-valerolactone-4'-glucuronide,  5-phenyl-y-valerolactone-
methoxy-sulfate isomer (3',4’), 5-phenyl-y-valerolactone-sulfate-glucuronide isomer (3',4'), 3-
(phenyl)propanoic acid-sulfate and 3-(phenyl)propanoic acid-glucuronide. This nomenclature
follows the current recommendations for (poly)phenol catabolites #°. Quantification was performed
with calibration curves of standards, when available. When not available, metabolites were
qguantified with the most structurally similar compound, as in the case of 5-phenyl-y-valerolactone-
4'-glucuronide, quantified as its isomer 5-phenyl-y-valerolactone-3'-glucuronide; 5-(4'-
hydroxyphenyl)-y-valerolactone-3'-glucuronide, 5-(3'-hydroxyphenyl)-y-valerolactone-4'-
glucuronide and 5-phenyl-y-valerolactone-sulfate-glucuronide isomer (3',4), quantified as 5-(5'-
hydroxyphenyl)-y-valerolactone-3'-glucuronide; 5-phenyl-y-valerolactone-methoxy-sulfate isomer
(3',4"), quantified with 5-(3'-hydroxyphenyl)-y-valerolactone-4'-sulfate (prepared in house using
reported procedures, 3°); and the 3-(phenyl)propanoic acid-sulfate and —glucuronide, quantified as
3-(4'-hydroxyphenyl)propanoic  acid-3'-sulfate and 3-(4’-hydroxyphenyl)propanoic acid-3'-
glucuronide (Toronto Research Chemicals, Toronto, Canada), respectively. Sums of metabolites
belonging to the same aglycone compound were calculated: namely 5-phenyl-y-valerolactone-3'-
sulfate and 5-phenyl-y-valerolactone-3'-glucuronide for 5-(3'-hydroxyphenyl)-y-valerolactone
aglycone; 5-phenyl-y-valerolactone-4'-glucuronide for 5-(4’-hydroxyphenyl)-y-valerolactone; 5-
(3',4'-dihydroxyphenyl)-y-valerolactone, 5-(hydroxyphenyl)-y-valerolactone-sulfate (3,4’ isomers),
5-(4'-hydroxyphenyl)-y-valerolactone-3'-glucuronide, 5-(3'-hydroxyphenyl)-y-valerolactone-4'-
glucuronide, 5-phenyl-y-valerolactone-methoxy-sulfate isomer and 5-phenyl-y-valerolactone-
sulfate-glucuronide isomer for 5-(3',4'-dihydroxyphenyl)-y-valerolactone; and 3-(phenyl)propanoic
acid-sulfate and 3-(phenyl)propanoic acid-glucuronide for 3-(hydroxyphenyl)propanoic acid
aglycone. This way, two different datasets, one consisting of 83 observations (samples) and 11
variables corresponding to individual metabolites, and one consisting of 83 observations (samples)
and 4 variables corresponding to the sums of metabolites belonging to the same aglycone, were

considered. All the metabolite data are expressed as umol excreted in 24 h.

Unsupervised analyses

Principal component analysis

Principal component analysis (PCA) was performed using SIMCA 16.0.1 software (Sartorius Stedim
Data Analytics, Umea, Sweden). Both datasets were subjected to several transformations (no
transformation, logarithmic transformation, and power transformation) and four mean centering

plus scaling methods (1, neither centering nor scaling, 2) only centering, 3) centering plus unit
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variance scaling or autoscaling, and 4) centering with Pareto scaling) of the variables, resulting in a
total of 24 PCA models. In particular, logarithmic transformation applied was a 10-based logarithm
Log (C1*X + C2) where C1 = 1 and C2 = 0 and the power transformation was (C1*X + C2)® with C1 =
1, C2 =0and C3 =2 *!, No scaling was taken into consideration as many variables already presented
values close to zero. Centering converted all the data to variations around zero instead of around
the mean of the data; unit variance scaling used standard deviation as scaling factor, while Pareto
scaling used the square root of standard deviation %2. All models were presented by default with
two principal components (PC). The parameters used to assess the quality of each model and
subsequent data interpretability were R?(X) and Q?, namely the model fit (or explained variation)

and the predictive ability, respectively.

Cluster analysis: cluster identification and consensus

The two datasets, individual metabolites or the sums of metabolites belonging to the same aglycone
compound, were separately submitted to cluster analysis after being centered and unit variance
scaled. The cluster analysis was carried out using R version 3.6.1. *3. The cluster analysis was
performed using nine different algorithms, namely hierarchical clustering on principal components
(HCPC) 44, hierarchical k-means (H-Kmeans), hierarchical partition around medoids (H-PAM),
hierarchical fuzzy (H-fuzzy), partition around medoids (PAM) %%, k-means (Kmeans) 6, fuzzy c-means
47 hierarchical * and expectation-maximization (EM) %°. The number of clusters between two and
ten clusters were experimented. To maintain results stability, the process was repeated for five
times. Twenty-five internal cluster indexes such as Ball Hall, Banfield Raftery, C index, etc., were
applied to measure how compact the clusters were. The optimal number of clusters were selected
based on the majority voting scheme. Using the identified optimal number of clusters, we developed
nine clustering models using the aforementioned algorithms. Majority voting was used to identify
the final cluster assignments (final consensus, FC). In addition, clustering was carried out taking into
account the scores of each observation for each principal component (PC) after conducing PCAs with

autoscaled data.

Supervised analysis: Partial least square-discriminant analysis

PLS-DA on both datasets was performed using SIMCA 16.0.1 software (Sartorius Stedim Data
Analytics, Umea, Sweden). Observations were assigned to classes based on the results of cluster
analysis and their PC scores. Variables of both datasets were centered and unit variance scaled
(autoscaled). Model validity was assessed by R%(X), Q?, the random permutation test, and CV-ANOVA

within the SIMCA package. The identification of the most relevant metabolites from the whole set
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of metabolites (variable selection) was performed using the Variable Importance in Projection (VIP)
scores, estimating the importance of each variable in the projection used in a PLS model °°: variables

with VIP scores greater than 1 were considered important in the given model.

Univariate statistics

The urinary excretion of individual metabolites, sums of metabolites belonging to the same aglycone
compound, and sums of sulfate or glucuronide metabolites per each cluster defined after applying
different clustering methods (FC, EM, Kmeans, and PC score-based) were expressed as mean +
standard deviation. The normality of data distribution was checked through the Kolmogorov—
Smirnov test. Data homoscedasticity was tested with Levene’s test. Comparisons between two
clusters were performed using independent sample t-test for normally distributed variables or non-
parametric Mann—Whitney U test for non-normally distributed variables. Comparisons among three
clusters were investigated by one-way ANOVA with post hoc Dunnett’s test (all variables were
heteroscedastic) for normally distributed variables or non-parametric Kruskal-Wallis test with post
hoc pairwise multiple comparison for non-normally distributed variables. Differences were
considered significant at p-value < 0.05. Boxplots were built using the urinary excretion of sums of
metabolites belonging to the same aglycone compound. All these univariate statistical analyses

were performed using IBM SPSS Statistics version 26 (IBM, Chicago, IL, USA).

3.2.3. Results

Effect of data pre-treatment on resulting PCA models

To evaluate the influence of data pre-treatment on the resulting PCA models and derived biological
outcomes, several transformations and scaling methods were applied to the two distinct datasets.

Considering individual metabolites, applying no data transformation resulted in better models
compared to logarithmic and power transformations, which yielded worse R?(X) and Q? values than
non-transformed models (Table 6). In fact, logarithmic transformation of variables returned many
missing values, due to its inability to deal with zero value %2, while power transformation increased
data skewness, which is not advisable. This was likely due to the presence of many excretion values
close to zero, as it happened for minor excreted metabolites. Regarding scaling methods, for every
applied transformation, higher quality models were obtained when using, in order, no scaling >
centering > centering with Pareto scaling > centering with unit variance scaling (UV) (or autoscaling)
(Table 6). Looking at every model, it was possible to identify patterns of metabolite (variable)

distribution in the loading plot (Fig. 16 and Figure S1A-L). Three types of patterns were observed
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(Table 1): (1) one reflecting differences in phase Il metabolism (P), as sulfate and glucuronide
metabolites grouped separately in the loading plot (Figure 16B); (2) one reflecting differences in
colonic metabolism (C), on the basis of the derivatives originating from a certain aglycone (Figure

16D); and (3) one resembling a random distribution (R), as a biological interpretation was not found.

Table 6. Statistics of computed PCA modelsillustrating the effect of transformation and scaling methods on the datasets
considering individual metabolites and sums of metabolites belonging to the same aglycone compound.

Individual metabolites
Data pre-treatment Model quality parameters Pattern*

Transformation | Mean centering + scaling | R?X (cum) Q?*(cum)

None 0.965 0.781 C

Centering 0.935 0.681 P
None -

Centering + UV 0.621 0.247 C

Centering + Pareto 0.818 0.551 P

None 0.862 0.622 P
Log Centering 0.704 0.303 R

Centering + UV 0.622 0.230 R

Centering + Pareto 0.648 0.257 R

None 0.991 0.527 P

Centering 0.990 0.511 P
Power -

Centering + UV 0.621 -0.070 C

Centering + Pareto 0.926 0.560 P

Sums of metabolites
Data pre-treatment Model quality parameters Pattern®

Transformation | Mean centering + scaling | R?X (cum) Q?(cum)

None 0.999 0.282 C

Centering 0.998 0.094 C
None -

Centering + UV 0.715 -0.139 C

Centering + Pareto 0.949 0.076 C

None 0.933 0.396 C
Log Centering 0.728 -0.210 C

Centering + UV 0.705 -0.210 C

Centering + Pareto 0.704 -0.210 C

None 1.00 0.063 C

Centering 1.00 0.045 C
Power :

Centering + UV 0.720 -0.210 C

Centering + Pareto 0.998 -0.020 C

Notes: The two parameters R2X (cum) and Q? (cum) represent respectively the model fit (or explained
variation) and the predictive ability. The higher these values, the better the model. Abbreviations: UV: Unit
Variance. Centering + UV is so-called autoscaling.

* “Pattern” stands for “pattern of metabolite distribution”: P, data distribution on the basis of the phase Il
metabolism; C, distribution on the basis of the colonic metabolism; R, random distribution (no biological
explanation).

A phase Il metabolism-based distribution pattern was mainly observed after applying centering or
centering with Pareto, while a colonic metabolism-based pattern was shown after autoscaling,

regardless of the transformation used (Table 6). This colonic metabolism pattern accounted for the
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existence of potential flavan-3-ol colonic metabotypes. Interestingly, random distribution was only

seen after applying logarithmic transformation. No pattern was associated to the intervention study

(acute or chronic) or the treatment/visit type, indicating that these aspects did not influence the

variability registered in our data (Figure 16A and 16C and Figure S1A-L).
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Figure 16. Score (A, C, E) and loading (B, D, F) plots resulting after PCA analysis on non-transformed, centered data for
individual metabolites (A, B), non-transformed, centered and unit variance scaled data for individual metabolites (C, D),
non-transformed, centered data for sums of metabolites belonging to the same aglycone compound (E, F).

The best PCA model showing a phase Il metabolism-based distribution was obtained after non

transforming and centering data (Figure 16A and B). Samples in the top right quadrant (Figure 16A)

were characterized by a more abundant excretion of 5-(hydroxyphenyl)-y-valerolactone-sulfate

(3',4" isomers) (Figure 16B), while samples in the bottom right quadrant by a higher excretion of

glucuronide derivatives of 5-(3',4'-dihydroxyphenyl)-y-valerolactone, namely 5-(4'-hydroxyphenyl)-

y-valerolactone-3'-glucuronide and 5-(3'-hydroxyphenyl)-y-valerolactone-4'-glucuronide. These
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three compounds are the most excreted after consumption of flavan-3-ols %2324 and probably
phase Il metabolism of some individuals favours sulfation, while in some others glucuronidation is
predominant 2>, As a matter of fact, when looking at every subject during the different treatments
(acute study) or intervention days (chronic study), it was possible to observe that most of the related
samples appeared close together, suggesting that the pattern of conjugation of flavan-3-ol
catabolites is preserved in different subjects (as for example samples 44 and 54, 50 and 60, 45 and
55, 47 and 67 in Figure 16A). On the other hand, the best PCA model representing a colonic
metabolism pattern was obtained after non transforming and autoscaling the data (Figure 16C and
D). In this case, samples in the top right quadrant were characterized by a higher urinary
concentration of 3-(hydroxyphenyl)propanoic acid and 5-(hydroxyphenyl)-y-valerolactone (both 3’
and 4’) derivatives, while samples in the bottom right quadrant were described by a more abundant
excretion of 5-(3',4’-dihydroxyphenyl)-y-valerolactone derivatives, suggesting differences in the
microbial production and urinary excretion of flavan-3-ol catabolites. As in the previous case,
samples belonging to the same person fell close and within the same quadrant (as for example
samples 49, 59 and 69, 32 and 42, 50 and 60, 44 and 54, 45 and 55, 56 and 66, 47 and 67 in Figure
16C). This was relevant as it accounted for the conservation of the metabolic pattern in the short
time.

When considering sums of metabolites belonging to the same aglycone, the information about
phase |l metabolism was obviously lost, but it served to better highlight differences in the colonic
metabolism of flavan-3-ols. Also in this case, not transformed data returned higher quality models
compared to logarithmic- and power-transformed data (Table 6). Power transformation resulted in
overfitted models, especially when coupled to any scaling or centering. Better models were
obtained when applying, in order, no scaling > centering > centering with pareto scaling > centering
with unit variance scaling (or autoscaling) to data matrix (Table 6), as for the individual metabolite
dataset. All the models showed a colonic metabolism-based distribution pattern, even though not
all the models displayed similar distributions for samples and metabolites in the score and loading
plots, respectively (Figure 16E, F and Figure S2A-M). The model resulting after non transforming and
centering the variables in the dataset is shown in Figure 16E, F, as an example of a high quality PCA
model considering sums of metabolites belonging to the same aglycone. The information gathered
from these plots was that the samples placed in the top right quadrant were characterized by a
higher excretion of 3-(hydroxyphenyl)propanoic acids and those placed in the bottom right

guadrant by a higher excretion of 5-(3',4’-dihydroxyphenyl)-y-valerolactone derivatives, while 5-
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(hydroxyphenyl)-y-valerolactones (both 3’ and 4’ isomers) did not account for sample variability
(Figure 16E, F). In general, the conservative pattern of metabolite production among subjects was
also observed using the sum of metabolites (i.e., samples 49, 59 and 69, 46 and 56, 50 and 60, 45
and 55, 44 and 54 in Figure 16E).

In all these unsupervised analyses, samples out of the Hotelling’s circle (as visible in Figure 16A, C,
and E) were not defined as outliers to be removed, since there are no profiles of metabolite
excretion that can be judged as correct and incorrect when it comes to the individual production of

flavan-3-ol metabolites.

Cluster definition

Once PCA highlighted a notable variability in the production of PVLs and HPPs, attention was paid
into sample grouping. Testing several clustering criteria on nine clustering algorithms identified two
clusters as the optimal number of groups best describing the data. This was done when considering
both datasets (individual metabolites, Figure 17A, and sums of metabolites belonging to the same
aglycone compound, Figure 17B) and all the clustering methods tested performed similarly, except
for the EM algorithm when individual data were taken into account (Figure 17A). Then, a FC on
clustering was voted, based on each observation frequency to fall within a group (Table S1). The
results of three clustering methods were then selected to be used for the PLS-DA, namely EM, since
it performed differently to the rest of the clustering algorithms; Kmeans, as it is widely applied 372
and has already been used when studying the potential metabotypization of flavan-3-ol colonic
metabolites 2°> and FC, because it merged and summarized all the results obtained after testing all
the different clustering algorithms. Regarding the distribution of the observations between clusters,
one cluster was larger than the other (about 60 observations vs. about 20) for all the three
algorithms chosen. Of note, a subject allocated in a group after applying a clustering method on the
dataset with individual metabolites was not necessarily then allocated in the same group when the
same clustering method was applied to the dataset with sums of metabolites belonging to the same
aglycone.

Clustering was also carried out according to the scores of each observation for the PCA models
obtained after autoscaling. In particular, two (PC score-based, 2 groups) and three clusters (PC
score-based, 3 groups) were defined for both datasets. Two clusters were obtained by allocating the

observations with a positive PC2 in a group and the observations with a negative PC2 in another
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Figure 17. Two-classes cluster plot resulted from the application of different clustering methods on the datasets with
individual metabolites (A) and with sums of metabolites belonging to the same aglycone compound (B).

group, the two clusters including a similar number of samples. The three clusters were set by
allocating the observations with positive PC1 and PC2 scores in one group, the observations with a
positive PC1 and a negative PC2 score in a second group, and the observations with a negative PC1

score in a third group. Of these three groups, one was notably more numerous than the other two.
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PLS-DA models to explore differences between clustering methods and the biological relevance of each
group

All the PLS-DA models performed with individual metabolites taking into account the groups from
the selected clustering methods showed a good explained variance (R2X) (Table 7). The models
performed upon grouping by clustering algorithms (FC, EM, Kmeans) showed a better predictive
ability (Q? > 0.5) than the models clustering observations by using PC scores (Q2 < 0.5). All the models
passed cross-validation by CV-ANOVA (p-value in Table 7) and by random permutation (Figure S3A-
E). These results asserted model validation and excluded data overfitting. The two PLS-DA models
performed using the classes defined by FC and Kmeans were very similar (Figure 18A, C). In both
models, the distribution of the clusters was due to the amount of metabolites excreted (high vs.
low) (VIP values for all the models are reported in Table S2). Differently, the PLS-DA model
performed using the classes defined by EM clustering (Figure 18B) identified two groups
characterized by the excretion of different metabolites: group 1 presented a higher excretion of 5-
(3',4'-dihydroxyphenyl)-y-valerolactone metabolites, while group 2 had a higher excretion of 3-
(hydroxyphenyl)propanoic acid derivatives and 5-phenyl-y-valerolactone-4'-glucuronide, these
differences being attributed to differences in the colonic metabolism of flavan-3-ols. A similar trend
was observed in the PLS-DA models performed using groups defined according to the PC scores
(Figure 18D and E), as they were described by the excretion of different colonic metabolites. When
2 groups were considered (Figure 18D) (PC score-based, 2groups), group 1 showed a higher
excretion of (monohydroxyphenyl)-y-valerolactone (both 3 and 4 and 3-
(hydroxyphenyl)propanoic acid derivatives, while group 2 presented a higher excretion of 5-(3',4'-
dihydroxyphenyl)-y-valerolactone metabolites. When 3 groups were taken into account (Figure 18E)
(PC score-based, 3groups), group 1 was characterized by a greater excretion of 5-(hydroxyphenyl)-
y-valerolactone (both 3’ and 4') and 3-(hydroxyphenyl)propanoic acid conjugates, group 2 by a
higher excretion of mono-conjugated 5-(3',4'-dihydroxyphenyl)-y-valerolactones and group 3 by a
limited excretion of metabolites. None of the 5 PLS-DA models showed a distribution of the
observations within each group due to phase Il metabolism (Figure 18A-E).

When considering sums of metabolites belonging to the same aglycone, all the PLS-DA models
exhibited good explained variance (R?X) (Table 7), even better than what observed for the PLS-DA
models with individual metabolites (Table 7). The models performed using classes defined by FC and
EM also showed quite good predictive ability (Q2 > 0.5), differently from Kmeans and clustering by
PC scores (Q? < 0.5). All the models passed cross-validation by CV-ANOVA (p-value in Table 7) and
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by random permutation (Figure S4A-E). These results validated the model and excluded overfitting

of the data.

Table 7. Statistics of computed PLS-DA models, considering the class resulted from different clustering methods and
individual metabolites or sums of metabolites belonging to the same aglycone compound.

Individual Metabolites

. Model Quality Model Reliability
Clustering Method R?X (cum) | QZ (cum) | p value CV-ANOVA Pattern*
FC 0.562 0.518 4.2e12 A
Kmeans 0.565 0.590 4.6e A
EM 0.583 0.538 9.6e1 C
PC score-based, 2 groups 0.594 0.481 2.3e10 C
PC score-based, 3 groups 0.618 0.451 3.8e C

Sums of Metabolites

. Model Quality Model Reliability
Clustering Method R?X (cum) | Q2 (cum) | p value CV-ANOVA Pattern*
FC 0.712 0.601 6.1 A
Kmeans 0.635 0.492 3.4e%0 A
EM 0.711 0.58 2.5e13 A
PC score-based, 2 groups 0.713 0.402 1.0 C
PC score-based, 3 groups 0.713 0.452 43¢ C

Notes: The two parameters R2X (cum) and Q2 (cum) represent the model fit (or explained variation) and the
predictive ability, respectively. The higher these values, the better the model.

Abbreviations: p-value CV-ANOVA is the p-value resulting from cross-validation analysis assessing the
reliability of the model. The model is valid for p-value < 0.05.

* “pPattern” stands for “pattern of metabolite distribution”: A, data distribution on the basis of the amount
of metabolites excreted (high vs. low); C, data distribution on the basis of the colonic metabolism.

The idea behind sums of metabolites is to highlight colonic metabolism by hiding individual
differences attributed to phase Il metabolism. Nevertheless, PLS-DA models performed using classes
defined by clustering algorithms (FC, EM, Kmeans) yielded similar outputs and presented data
distributions based mainly on the amount of metabolites excreted (Table 7, Figure S5A-C, VIP values
in Table S2). Briefly, most of the samples were characterized by a low excretion of metabolites
whereas a smaller group showed a higher excretion of all of them. A distribution into groups
reflecting a different colonic metabolism was however observed in the PLS-DA models obtained
using clusters defined by the PC scores (Figure S5D, E). When 2 groups were defined, one group of
observations was characterized by the prevalent excretion of 5-(3',4'-dihydroxyphenyl)-y-
valerolactones and 5-(3'-hydroxyphenyl)-y-valerolactones, while the other group was characterized
by the excretion of 5-(4'-hydroxyphenyl)-y-valerolactone and 3-(hydroxyphenyl)propanoic acid
derivatives (Figure S5D). When observations were clustered into 3 groups (Figure S5E), one group

showed a high excretion of 5-(4'-hydroxyphenyl)-y-valerolactone and 3-(hydroxyphenyl)propanoic
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Figure 18. PLS-DA models (score and loading plots) considering individual metabolites and the clusters obtained from
different clustering methods: (A) final consensus — FC —, (B) k-means — Kmeans —, (C) expectation-maximization — EM —
and PC score-based models for 2 (D) or 3 (E) groups.

acid derivatives, a second group of 5-(3',4'-dihydroxyphenyl)-y-valerolactones and 5-(3'-

hydroxyphenyl)-y-valerolactones, and a third larger group was associated to a scarce excretion of

metabolites.

Univariate statistics confirm the differences in metabolite excretion between groups

Results from PLS-DA models and information on discriminating metabolites were confirmed by
univariate statistics. Considering individual metabolites (Table 8), after clustering on the basis of FC
and Kmeans, the small group of high excretors of flavan-3-ol catabolites showed statistically
significant differences in the urinary excretion of most of the metabolites in comparison with the
larger group of low excretors (Table 8), except for 5-phenyl-y-valerolactone-4'-glucuronide (and 5-
phenyl-y-valerolactone-3'-glucuronide in the case of the Kmeans-based groups). On the contrary,
EM clustering identified significant differences only in the quantities of 5-phenyl-y-valerolactone-4'-
glucuronide, 5-(3’-hydroxyphenyl)-y-valerolactone-4'-glucuronide and 3-(phenyl)propanoic acid
glucuronide, these compounds being excreted at higher levels in the group with a lower number of
observations. PC score-based clustering into two groups distinguished a cluster of subjects excreting
higher amounts of 5-(hydroxyphenyl)-y-valerolactones (both 3’ and 4’ derivatives) and 3-
(phenyl)propanoic acid glucuronide and lower quantities of some 5-(3',4'-dihydroxyphenyl)-y-
valerolactone derivatives, while the other cluster showed an inverse excretion pattern, clearly
marked by the differential colonic metabolism of flavan-3-ols (Table 8). When three PC score-based
groups were considered, one larger group was characterized by a low excretion of all metabolites
(low excretors), another smaller group by a high excretion of 5-(hydroxyphenyl)-y-valerolactone
(both 3" and 4’ isomers) and 3-(hydroxyphenyl)propanoic acid conjugates, as well as a moderate
excretion of main 5-(3',4’-dihydroxyphenyl)-y-valerolactone derivatives, and a third small group by
a low/moderate  excretion of 5-(hydroxyphenyl)-y-valerolactone (3'/4') and 3-
(hydroxyphenyl)propanoic acid conjugates, and a high excretion of main 5-(3',4-dihydroxyphenyl)-
y-valerolactone derivatives (Table 8). In this model, all the metabolites reported statistically
significant differences among groups.

In order to favour comparisons between data processing strategies, data for individual metabolites
were also pooled, once clusters were defined. Results for sums of metabolites belonging to the same

aglycone reflected the same trend previously described for individual metabolites on the basis of
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each clustering approach (Figure 19). The general trend described for the dataset with individual
metabolites was also confirmed when clustering was performed on the datasets with sums of
metabolites belonging to the same aglycone. Nevertheless, some differences in comparison to the
previous results were observed. In particular, 5-(3’,4’-dihydroxyphenyl)-y-valerolactone was not
significant between the two clusters for FC model, while differences in 5-(4’-hydroxyphenyl)-y-
valerolactone were statistically significant (Figure 19). For the Kmeans model, 5-(3'-hydroxyphenyl)-
y-valerolactone and 5-(4’-hydroxyphenyl)-y-valerolactone were significantly different between the
two clusters. 5-(3'-hydroxyphenyl)-y-valerolactone was significantly different as well in EM model.
PC score-based model with 2 groups did not yield statistically significant differences for the sum of
5-(3'-hydroxyphenyl)-y-valerolactones. Differences in 5-(3’,4’-dihydroxyphenyl)-y-valerolactone
excretion between groups for the PC score-based model with 3 groups were the same as reported
when individual data was considered, while for the other aglycones some differences in their
excretion were found (Figure 19).

The sum of metabolites was also conducted by considering phase Il metabolism (sulfation and
glucuronidation) using the dataset for individual metabolites. After clustering by FC and Kmeans,
the small observation groups presented higher excretion of sulfate and glucuronide derivatives
(Table 8). Something similar was seen for the PC score-based model on 3 groups, with 2 groups
having a higher excretion of phase Il conjugates than the third group, but without differences
between the 2 groups with a high excretion of PVLs and HPPs. The PC score-based model on 2 groups
did not yield differences in the rate of conjugations between groups, while EM clustering returned

a group characterized by the higher excretion of glucuronide (Table 8).

Sulfate/glucuronide ratio as proxy of individual variability in phase Il metabolism

To investigate deeper the inter-individual variability in phase Il metabolism, an aspect that was
previously described 2>°%, the sulfate/glucuronide ratios of the sums of all metabolites (Figure 20A),
5-(3',4'-dihydroxyphenyl)-y-valerolactones (Figure 20B), 5-(hydroxyphenyl)-y-valerolactones (Figure
S6A) and 3-(hydroxyphenyl)propanoic acids (Figure S6B) were calculated. 5-phenyl-y-valerolactone-
sulfate-glucuronide isomer (3',4’) was excluded from the calculation. In general, the
sulfate/glucuronide ratio of the sums of all metabolites (Figure 20A) and of the sums of aglycones
(Figure 20B, Figure S6A and B) was in favour of glucuronide conjugates. Just very few subjects (n =
2 for the sum of all metabolites, n = 7 for 5-(3,4'-dihydroxyphenyl)-y-valerolactones) presented a

ratio higher than 1.1, meaning higher excretion of sulfate conjugates. This observation was in line
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Table 8. Urinary excretion of individual metabolites and sums of metabolites sulfate or glucuronide per each cluster defined after applying different clustering methods (final
consensus -FC-, expectation-maximization -EM-, k-means -Kmeans-, and PC score-based models for 2 or 3 groups) on the dataset with individual metabolites. Data are expressed
in umol (mean + SD). Mean differences between groups were considered significant for p < 0.05 and significant p-values are highlighted in bold. N indicates the number of
observations per cluster.

Clust FC Kmeans EM PC score-based, 2 groups PC score-based, 3 groups
uster
|Metabolite
1
N. N. Mean +SD  |p value| N. Mean +SD  |p value| N. Mean+SD |pvalue|N.| Mean*SD pvalue [N.| Mean+*SD p value
5-Phenyl-y-valerolactone-3'-
. 1 65 0.33+0.42 66 0.35+0.47 60 0.42 £0.67 40| 0.68+0.91 11| 1.26+£1.39a
[glucuronide 0.041 0.077 0.261 0.014
0.006
2 18 1.06 £ 1.40 17 1.01+1.42 23 0.64 +1.06 43 0.31+0.64 15| 0.64 +1.00 ab
3 - - - - - - - - - - - - |57| 0.29+0.42b
5-Phenyl-y-valerolactone-3'-sulfate |1 65| 0.07+0.16 66| 0.07+0.16 60| 0.15+0.40 40| 0.25+0.49 11| 0.67+0.76a
0.000 0.000 0.975 0.039
2 18| 047%0.72 17| 0.49+0.74 23 0.16 +£0.38 43 0.07 £ 0.26 15| 0.16+0.42b 0.000
3 - - - - - - - - - - - - 57| 0.05+0.13b
5-Phenyl-y-valerolactone-4'-
. 1 65 0.90+0.94 66 0.90+0.94 60| 0.72+0.58 40| 1.42+1.18 11| 1.84+1.28a
[glucuronide 0.118 0.102 0.002 0.000
0.005
2 18 1.30+£0.95 17 1.32+£0.98 23 1.69+1.33 43 0.58 £ 0.38 15| 0.86+0.37b
3 - - - - - - - - - - - - 57| 0.85+0.92b
5-(3',4’-Dihydroxyphenyl)-y-
1 65 0.05+0.10 66| 0.04+0.10 60 0.12£0.22 40| 0.02+0.08 11| 0.08+0.14b
valerolactone 0.000 0.000 0.339 0.000
0.000
2 18| 0.32+0.32 17| 0.34+0.32 23| 0.07+0.15 43| 0.18+0.25 15| 0.39+0.32a
3 - - - - - - - - - - - - 57| 0.04+0.08b
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5-(4’-Hydroxyphenyl)-y-

65 10.8+£8.28 66| 11.13+8.64 60| 13.52+13.89 40| 10.66 +10.02 11(18.78 £ 14.09 ab
valerolactone-3’-glucuronide 0.000 0.000 0.191 0.003
0.000
18| 28.85+18.56 17| 28.63+19.11 23| 17.84+11.93 43| 18.49+15.15 15| 30.77 £ 17.65a
- - - |- - - |- - - |- - - |57] 9.71+7.33b
5-(3'-Hydroxyphenyl)-y-
. 65 2.65+2.04 66| 2.80+2.37 60| 3.40+3.72 40 2.79+2.35 11| 5.14+2.74a
valerolactone-4'-glucuronide 0.000 0.000 0.015 0.013
0.000
18| 8.73+6.60 17| 850%6.73 23 5.47 +5.39 43 5.07 £5.35 15| 9.52+6.92a
- - - |- - - |- - - |- - - 57| 2.29+1.61b
5-(Hydroxyphenyl)-y-valerolactone-
. 65 3.11+3.54 66| 3.09*3.51 60 6.40+£8.12 40| 4.41+6.04 11| 11.89+7.03 a
[sulfate (3',4"isomers) 0.000 0.000 0.574 0.074
0.000
18| 16.93+8.87 17| 17.80+8.31 23 5.34+6.46 43 7.68+8.71 15| 15.80+£9.90a
- - - |- - - |- - - |- - - |57| 2.44%2.740
5-Phenyl-y-valerolactone-sulfate-
L 65 3.19+3.04 66| 3.19%+3.02 60 4.23+4.90 40 4.71+4.44 11| 9.44+4.51a
[glucuronide isomer (3',4') 0.000 0.000 0.260 0.847
0.000
18| 9.71+6.49 17| 10.08 *+6.49 23 5.57+4.57 43 4.50+5.20 15| 872+6.89a
- - - |- - - |- - - |- - - |57] 259+231b
5-Phenyl-y-valerolactone-methoxy-
. 65| 0.01+0.02 66| 0.01+0.02 60| 0.02+0.03 40| 0.02+0.03 11| 0.05+0.04a
[sulfate isomer (3',4') 0.000 0.000 0.252 0.715
0.000
18 0.05 +0.04 17| 0.05+0.04 23 0.01 £0.02 43 0.02 £0.03 15| 0.04+0.03a
- - - - - - - - - - - - 57| 0.01+£0.01b
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3-(Phenyl)propanoic acid-sulfate 1 65| 0.10%0.17 66| 0.10%0.17 60| 0.18+0.27 40| 0.35+0.70 11| 1.08+1.02a
0.000 0.000 0.081 0.208
2 18| 0.92+0.83 17| 097+0.82 23 0.52+£0.88 43 0.20+0.28 15| 0.42+0.34a 0.000
3 - - - - - - - - - - - - 57| 0.08+0.16b
3-(Phenyl)propanoic
. . 1 65 1.98+1.75 66| 1.98+1.73 60 1.46+1.20 40| 3.73+2.96 11| 6.00+3.88a
[Fcid-glucuronide 0.001 0.001 0.000 0.000
0.000
2 18| 4.54+3.61 17| 4.68*3.67 23| 5.34+281 43 1.43+1.17 15| 2.33+1.28b
3 - - - - - - - - - - - - 57| 1.92+1.80b
SUM of SULFATE conjugates 1 65| 3.28*3.65 66| 3.27%3.63 60 6.76 £ 8.47 40| 5.03+6.90 11| 13.69+7.89a
0.000 0.000 0.718 0.113
2 18| 18.38+9.17 17| 19.32+8.50 23 6.03+£7.55 43 7.97 +9.07 15| 16.42 +10.34a | 0.000
3 - - - - - - - - - - - - 57| 2.58+2.86b
SUM of GLUCURONIDE conjugates |1 65| 16.66+10.7 66| 17.17+11.38 60| 19.51+18.24 40| 19.27+15.2 11]33.02+20.05a
0.000 0.000 0.001 0.107
2 18| 44.47 +24.65 17| 44.15+25.37 23| 30.99+17.51 43| 25.88 +21.07 15|44.11+24.35a | 0.000
3 - - - - - - - - - - - - 57| 15.06+9.31b
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with one of the PCA models characterized by a more abundant excretion of 5-(hydroxyphenyl)-y-

valerolactone-sulfate (3',4' isomers, Figure 16A,B).

A positive

linear correlation was clearly observed (r =

0.977, p<0.001) between the

sulfate/glucuronide ratio of the sums of all the metabolites and the sulfate/glucuronide ratio of 5-

(3',4'-dihydroxyphenyl)-y-valerolactones (Figure 20C), suggesting that the ratio of the sums of all

the sulfate or glucuronide metabolites is mainly influenced by the sulfate/glucuronide ratio of 5-
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Figure 20. Inter-individual variability in phase |l
metabolism illustrated by the sulfate (SULF)/glucuronide
(GLUC) ratio of the sums of respective conjugated
metabolites (A) and of 5-(3',4’-dihydroxyphenyl)-y-
valerolactones (dOH-PVL) (B) in urine samples. (C)
Relationship between the sulfate/glucuronide ratio of all
the metabolites and the sulfate/glucuronide ratio of 5-
(3',4'-dihydroxyphenyl)-y-valerolactones.

(3',4'-dihydroxyphenyl)-y-valerolactones,
which were actually the main excreted
metabolites. Weaker correlations were
observed between the sulfate/glucuronide
ratio of the sums of metabolites and the
sulfate/glucuronide ratio of both 5
(hydroxyphenyl)-y-valerolactones (r = 0.547,
p<0.001, Figure S6C) or 3
(hydroxyphenyl)propanoic acids (r = 0.724,

p<0.001, Figure S6D).

3.2.4 Discussion

When flavan-3-ols are consumed, different
patterns of production and excretion of their
main colonic metabolites, namely PVLs and
HPPs, can be observed due to the unique
genetic asset and microbiota composition of
each individual 2°-232>72°_ For instance, some
subjects may be more efficient in
metabolizing flavan-3-ols and producing
higher quantities of metabolites compared
to others 2>°3, or glucuronidation may be
favoured in some individuals rather than

sulfation 2°°1,

Metabotyping may be a
strategy to manage this individual variability
and to further investigate its consequencesin

the impact on the observed health effects
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attributed to flavan-3-ols. This work demonstrates that, by applying different strategies of
multivariate data analysis, it is possible to cluster all these different metabolic patterns,
characterizing groups of individuals. This outcome confirmed thus the existence of metabotypes in
the urinary excretion of flavan-3-ol colonic metabolites, as previously hypothesised 26, even though
results were different from those preliminary ones.

Data pre-treatment deeply influenced the observations gathered from PCA. No transformation of
the data returned higher quality models. Mean centering and mean centering + Pareto scaling
highlighted different patterns of phase Il metabolism (sulfation vs. glucuronidation), while centering
+ UV scaling showed different patterns of colonic metabolism. These facts emphasised the
importance of data pre-treatment when analysing datasets of flavan-3-ol metabolites, as it is well
acknowledged that pre-treatment procedures in metabolomics studies may greatly influence the
biological relevance of the results*2.

The inter-individual variability in phase Il metabolism observed using certain PCA models revealed
that most of the subjects excreted higher quantities of glucuronide derivatives, and this was
supported by the analysis of the sulfate/glucuronide ratio and, especially, of the sulfate/glucuronide
ratio of 5-(3',4’-dihydroxyphenyl)-y-valerolactones, quantitatively the main excreted metabolites,
as previously discussed 23. This variability could be related to genetic polymorphisms in phase I
enzymes >*°, but also to the influence of the dose of flavan-3-ols, since the sulfonation pathway
has higher affinity but lower capacity than the glucuronidation one, so that when the consumed
amount of flavan-3-ols increases, a shift from sulfation toward glucuronidation might occur °’. This
may be an explanation with respect to other works reporting a higher excretion of sulfate
derivatives °1°8, together with the lack of the respective reference compound for metabolite
quantification °°, but further research is needed to better understand the reasons behind these
differences in phase Il metabolism. Therefore, to overcome experimental limitations associated
with the production and quantification of phase Il metabolites, the sums of metabolites belonging
to the same aglycone were taken into account, also as a strategy that should lead to a better
assessment of colonic metabolism. However, this reductive approach did not yield any benefits in
comparison with processing individual metabolite data and calculating sums at the end of the
procedure, in line with a previous report 2°. It is worth mentioning that different PCA data pre-
treatments should be assessed to fully understand and summarize what happens at colonic level,

as well as in phase Il conjugation.
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Regarding clustering algorithms, EM, rather than the broadly used Kmeans algorithm, was useful in
clustering individuals on the basis of their pattern of excretion of colonic metabolites (i.e. flavan-3-
ol colonic metabotypes). Kmeans served its purpose to identify groups of individuals with different
metabolic profiles in the production of flavan-3-ol colonic metabolites 2, but, in the present work,
it was quite influenced by the overall amount of metabolites excreted. The PLS-DA model built using
EM clustering was also affected by the excreted amount of metabolites, but it showed a trend
towards a different metabolic profiles, as a group of individuals was characterized by a relatively
high excretion of 5-(4’-hydroxyphenyl)-y-valerolactone and HPP derivatives, while the other by a
reduced production of these metabolites. The models better highlighting urinary metabotypes of
flavan-3-ol colonic metabolites were the two models built using PC scores for clustering. The model
with two groups of observations suggested that a small group of subjects is more able to metabolize
flavan-3-ols into smaller metabolites (5-(hydroxyphenyl)-y-valerolactones -both 3’ and 4'- and
HPPs), while 5-(3',4’-dihydroxyphenyl)-y-valerolactones was predominant in the main group, fully in
line with previous data 2>2%. The model with three groups was able to discriminate observations on
the basis of both the total amount excreted and the pattern of colonic metabolites, leading to
metabotypes deserving to be further investigated in future bioactivity and functional studies. It
should be noted that the PC score-based strategy had the power of well describing the data, but a
limited predictive ability. Nevertheless, generalizable predictive models in flavan-3-ol colonic
catabolism are not expected due to the chemical complexity of this family of polyphenols and to
their variability in dietary sources administered. For example, flavan-3-ols from green tea are rich in
trihydroxylated precursors and may lead to more complex metabolic pathways 26, flavan-3-ols from
cranberries, the case of the present work, are poor of trihydroxylated precursors and rich in
dihydroxylated ones, while the intervention by Cortés-Martin and colleagues 2°> consisted of a
supplementation of 54.5 mg/d of nut procyanidins, but in free-diet conditions, so that the presence
of both dihydroxylated and trihydroxylated precursors is foreseeable according to epidemiological
data on the consumption of flavan-3-ols in similar populations 46061,

Faecal fermentation of (-)-epicatechin has also highlighted the possible existence of metabotypes
among 24 individuals using PCA and hierarchical clustering, where different patterns of (-)-
epicatechin catabolism were observed 3¢. Common features on metabolic phenotypes have been
observed, regardless of the experimental setting, like, for example, the ability of some individuals
to metabolise 5-(3',4'-dihydroxyphenyl)-y-valerolactone into 5-(hydroxyphenyl)-y-valerolactones

and HPPs at a faster pace and the presence of low producers of all metabolites. However, the
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allocation of most of the individuals into specific metabotypes will depend on the dataset used,
unless further insights on key discriminant metabolites arise, or massive epidemiological evidence
is collected to establish specific thresholds.

The biological causes behind the observed metabotypes may rely on the differences in gut
microbiota composition of individuals, as this has been reported to be the most important factor
modulating the inter-individual variability reported in the colonic metabolism of phenolic
compounds 2 and, in particular, of flavan-3-ols **3¢, Information on specific bacterial strains and
enzymes involved in the bioconversion of flavan-3-ols to PVLs and low-molecular weight phenolic
acids, as well as on factors that may modulate their activities, is very limited. Up to now,
Adlercreutzia equolifaciens, Eggerthella lenta, Flavonifractor plautii, and Lactobacillus plantarum
IFPL935 are the only bacteria identified as responsible for the catabolism of flavan-3-ols into 5-(3',4'-
dihydroxyphenyl)-y-valerolactone and 5-(3'-hydroxyphenyl)-y-valerolactone 16364  put, for
example, 5-(4’-hydroxyphenyl)-y-valerolactone has not been described as one of their catabolic
products. In addition, no microorganisms responsible for further pB-oxidation into 3-
(hydroxyphenyl)propanoic acids have been reported, yet.

Besides a better understanding of the metabolism and bioavailability of flavan-3-ols, the importance
of identifying different metabotypes relies on the possibility of unravelling the health effects
associated with flavan-3-ol consumption and associated to their microbiota-derived metabolites, as
it has been described for isoflavones (with equol production) and ellagitannins (with urolithin
production) 33735, For instance, in vitro findings support the biological effects of flavan-3-ol colonic
metabolites against uropathogenic Escherichia coli adherence to uroepithelial cells %3, while it is
well-known that human studies administering cranberry flavan-3-ols to prevent urinary tract
infections (UTIs) have reported conflicting results 8>, This might be due to different profiles of
excreted metabolites, exerting different biological effects. In this sense, clustering subjects
according to their urinary metabotype of flavan-3-ol colonic metabolites may provide new insights
in the actual effect of flavan-3-ols on UTI prevention, not only through cranberries but potentially

also from other flavan-3-ol food sources like cocoa, wine, pome fruits, other berries, and nuts.

3.2.5. Conclusion

The current work shed light on the existence of metabotypes in the urinary excretion of flavan-3-ol
metabolites, which are not characterized by the production/non-production of specific metabolites,
but by different quali-quantitative metabolic profiles. A series of univariate and multivariate tools,

all broadly accessible to the research community, highlighted the importance of data pre-treatment
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and clustering methods on the final outcomes for a given dataset. Different profiles in the urinary
excretion of PLVs and HPPs were observed upon cranberry consumption in two diverse
experimental settings, these metabolic profiles being related to not only specific pathways of phase
I metabolism but also the type of metabolites produced at colonic level. Insights depended on PCA
data pre-treatment: non-transformed, centered, and UV-scaled data were key to unravel metabolic
patterns based on colonic metabolism, while other approaches favoured differences in phase Il
metabolism. Regarding clustering, while Kmeans and a FC algorithm highlighted differences in the
overall production of PVLs and HPPs, the EM algorithm and PC score-based clustering yielded well-
defined metabotypes in the urinary excretion of these metabolites. The true physiological relevance
of each metabotyping model, whether based on phase Il or colonic metabolism, will be related to
the application of these inter-individual differences to explore their potential impact on the
biological activity of this major (poly)phenol subclass. When applied to physiological outcomes,
different ways of metabotyping may lead to different biological observations, fostering the
understanding of the impact of flavan-3-ols on human health. The unambiguous elucidation of
metabotypes and the allocation of subjects into a metabotype or another, when dealing with
(poly)phenols not characterized by the selective production of specific metabolites, will likely
depend on the datasets considered for the development of further predictive models. Therefore,
these results, both the proposed metabotypes and the defined procedures, should be validated in
larger datasets involving a higher number of participants, more phenolic metabolites from the
flavan-3-ol metabolic pathway, and different sources of flavan-3-ols. In any case, this work
represents an additional step toward the understanding of the bioavailability of flavan-3-ols and the
inter-individual variability associated to these compounds and it will be useful for future studies
aiming to investigate metabolic phenotypes in the production and urinary excretion of other classes

of phenolic metabolites.
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Figure S1A-L. PCA models (score and loading plots) for individual metabolites on: (A) non-
transformed non-scaled data, (B) non-transformed centered and Pareto scaled data, (C) log-
transformed non-scaled data, (D) log-transformed centered data, (E) log-transformed autoscaled
data, (F) log-transformed centered and Pareto scaled data, (G) power-transformed non-scaled data,
(H) power-transformed centered data, (I) power-transformed autoscaled data, (L) power-

transformed centered and Pareto scaled data.
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Figure S4A-E. Permutation plots of the PLS-DA models considering sums of metabolites belonging
to the same aglycone family and the clusters obtained from different clustering methods: (A) final
consensus — FC —, (B) k-means — Kmeans —, (C) expectation-maximization — EM — and PC score-based

models for 2 (D) or 3 (E) groups.
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Figure S5A-E. PLS-DA models (score and loading plots) considering sums of metabolites belonging
to the same aglycone family and the clusters obtained from different clustering methods: (A) final
consensus — FC —, (B) k-means — Kmeans —, (C) expectation-maximization —EM —and PC score-based
models for 2 (D) or 3 (E) groups.
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and 3-(hydroxyphenyl)propanoic acids (HPPs) (B) in urine samples. Relation between the ratio of
the sums of all the sulfate or glucuronide metabolites values and the sulfate/glucuronide ratio of 5-
(monohydroxyphenyl)-y-valerolactones (C) or 3-(hydroxyphenyl)propanoic acids (D).
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Table S1. Classification in groups according to every clustering method.
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124

SUMS OF METABOLITES BELONGING TO THE

INDIVIDUAL METABOLITES SAME AGLYCONE COMPOUND

PC PC PC PC
Study Subject | Identifier score- |score- score- |score-
FC Kmeans | EM based, |based, |FC Kmeans | EM based, |based,

2 3 2 3
groups | groups groups | groups
Chronic-vl 1|1 1 1 1 1 3 1 1 1 2 2
Chronic-vl 2(2 2 2 1 2 2 2 2 2 2 2
Chronic-vl 3(3 1 1 1 1 3 1 1 1 1 3
Chronic-vl 54 1 1 2 1 3 2 1 2 1 1
Chronic-vl 9|5 1 1 2 1 3 2 1 2 1 1
Chronic-vl 10 |6 1 1 1 1 3 1 1 1 1 3
Chronic-vl 117 1 1 1 1 3 1 1 1 1 3
Chronic-vl 12 |8 1 1 1 2 3 1 1 1 1 3
Chronic-vl 14 |9 1 1 1 1 1 1 1 1 2 3
Chronic-vl 17 | 10 1 1 1 1 3 1 1 1 1 3
Chronic-vl 19 |11 1 1 1 2 3 1 1 1 2 3
Chronic-vl 21|12 1 1 1 1 3 1 1 1 2 2
Chronic-vl 24|13 1 1 1 1 3 2 1 2 1 1
Chronic-vl 25|14 1 1 1 1 3 1 1 1 1 3
Chronic-vl 27 | 15 1 1 1 2 3 1 1 1 2 3
Chronic-vl 32|16 1 1 2 1 3 1 1 1 1 3
Chronic-vl 34|17 1 1 1 2 3 1 1 1 2 3
Chronic-vl 37|18 1 1 1 2 3 1 1 1 1 3
Chronic-vl 39|19 1 1 2 1 3 1 1 1 1 3
Chronic-vl 41120 2 2 1 1 1 1 1 2 1 1
Chronic-vl 42 (21 1 1 2 1 3 1 1 1 1 1
Chronic-v2 1|22 1 1 1 1 3 1 1 1 1 3
Chronic-v2 223 1 1 2 1 1 2 1 2 1 1
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Chronic-v2 3|24
Chronic-v2 525
Chronic-v2 926
Chronic-v2 10| 27
Chronic-v2 11128
Chronic-v2 12|29
Chronic-v2 14 |30
Chronic-v2 16|31
Chronic-v2 1732
Chronic-v2 1933
Chronic-v2 21|34
Chronic-v2 24|35
Chronic-v2 25|36
Chronic-v2 27|37
Chronic-v2 32|38
Chronic-v2 34|39
Chronic-v2 37|40
Chronic-v2 39 |41
Chronic-v2 41|42
Chronic-v2 42|43
Acute-1741 mg TF 1|44
Acute-1741 mg TF 2|45
Acute-1741 mg TF 3|46
Acute-1741 mg TF 4147
Acute-1741 mg TF 5|48
Acute-1741 mg TF 6|49
Acute-1741 mg TF 7|50
Acute-1741 mg TF 8|51
Acute-1741 mg TF 9|52
Acute-1741 mg TF 10|53
Acute-1396 mg TF 1|54
Acute-1396 mg TF 2|55
Acute-1396 mg TF 3|56
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Acute-1396 mg TF 4|57
Acute-1396 mg TF 5|58
Acute-1396 mg TF 6|59
Acute-1396 mg TF 7|60
Acute-1396 mg TF 8|61
Acute-1396 mg TF 9|62
Acute-1396 mg TF 10|63
Acute-1131 mg TF 1|64
Acute-1131 mg TF 2|65
Acute-1131 mg TF 3|66
Acute-1131 mg TF 4|67
Acute-1131 mg TF 5|68
Acute-1131 mg TF 6|69
Acute-1131 mg TF 7|70
Acute-1131 mg TF 8|71
Acute-1131 mg TF 9|72
Acute-1131 mg TF 10|73
Acute-716 mg TF 1|74
Acute-716 mg TF 2|75
Acute-716 mg TF 3|76
Acute-716 mg TF 477
Acute-716 mg TF 5|78
Acute-716 mg TF 6|79
Acute-716 mg TF 7|80
Acute-716 mg TF 8|81
Acute-716 mg TF 9|82
Acute-716 mg TF 10| 83
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Table S2. VIP values for individual metabolites and aglycone compounds of each PLS-DA model
considering classes defined by each clustering method selected (final consensus — FC —, k-means —
Kmeans —, expectation-maximization — EM — and PC score-based models for 2 or 3 groups).

VIP value
PC score- | PCscore-
Metabolites
FC Kmeans EM based, based,
2groups 3groups
5-Phenyl-y-valerolactone-3'-glucuronide 0.80 0.83 0.66 0.82 0.71
5-Phenyl-y-valerolactone-3'-sulfate 0.78 0.78 0.63 0.79 0.96
5-Phenyl-y-valerolactone-4'-glucuronide 0.31 0.31 1.36 1.52 0.69
5-(3',4’-Dihydroxyphenyl)-y-valerolactone 1.01 1.05 0.59 1.36 1.22
5-(4'-Hydroxyphenyl)-y-valerolactone-3'- 1.03 1.00 0.62 1.02 1.03
glucuronide
5-(3'-Hydroxyphenyl)-y-valerolactone-4'- 1.04 0.94 0.68 0.94 1.11
glucuronide
5-(Hydroxyphenyl)-y-valerolactone-sulfate (3,4 1.34 1.37 0.85 0.74 1.15
isomers)
5-Phenyl-y-valerolactone-sulfate-glucuronide 1.11 1.09 0.70 0.29 0.96
isomer (3',4')
5-Phenyl-y-valerolactone-methoxy-sulfate isomer 1.08 1.09 0.83 0.22 0.91
(3,4
3-Phenylpropanoic acid sulfate 1.32 1.33 0.92 0.50 1.09
3-Phenylpropanoic acid glucuronide 0.76 0.77 2.09 1.63 1.03
3'OH-PVLs 0.88 1.26 0.70 0.35 0.7
4'0OH-PVLs 1.42 0.65 1.34 1.56 1.25
3',4'diOH-PVLs 0.64 0.91 0.63 0.79 1.04
HPPs 0.90 1.08 1.14 0.90 0.87

3'0OH-PVLs, sum of conjugates from the aglycone 5-(3'-hydroxyphenyl)-y-valerolactone; 4'OH-PVLs, 5-(4'-
hydroxyphenyl)-y-valerolactone; 3',4'diOH-PVLs, 5-(3',4'-dihydroxyphenyl)-y-valerolactone; HPPs, 3-
(hydroxyphenyl)propanoic acid.
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Abstract

Scope: Several studies suggest that regular coffee consumption may help preventing chronic
diseases, but the impact of daily intake and the contribution of coffee metabolites in disease
prevention are still unclear. The present study aimed at evaluating whether and how different
patterns of coffee intake (one cup of espresso coffee/day, three cups of espresso coffee/day, one
cup of espresso coffee/day and two cocoa-based products containing coffee two times per day)
might impact endogenous molecular pathways.

Methods and results: A three-arm, randomized, cross-over trial was performed in 21 healthy
volunteers who consumed each treatment for one month. Urine samples were collected to perform
untargeted metabolomics based on UHPLC-IMS-HRMS. A total of 153 discriminant metabolites were
identified. Several molecular features were associated with coffee consumption, while others were
linked with different metabolic pathways, such as phenylalanine, tyrosine, energy metabolism,
steroid hormone biosynthesis and arginine biosynthesis and metabolism.

Conclusion: This information has provided new insights into the metabolic routes by which coffee

and coffee-related metabolites may exert effects on human health.

Keywords

Biomarker, cocoa, coffee, metabolomics, xenobiotics.
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3.3.1. Introduction

Coffee is one of the most appreciated and consumed beverages worldwide. Besides the pleasant
aroma and taste, it is considered an important source of bioactive compounds, mainly caffeine,
trigonelline, chlorogenic acids, cafestol, and kahweol !. In many epidemiological studies, regular
coffee consumption has been associated with a reduced risk of several chronic diseases, such as
type 2 diabetes, atherosclerotic heart disease, and stroke, as well as of neurodegenerative
conditions, like Parkinson’s and Alzheimer’s diseases 278. Most meta-analyses have shown an
apparent dose-response effect, with the lowest disease risk achieved with the consumption of about
3-5 cups/day %10, However, the dose — a cup of coffee — is not a standardized measurement, and
compound content of a dose also varies with the brewing method 1. Of note, no association has
already been found between circulating coffee-related metabolites and physiological responses,
making the mechanisms through which coffee exerts its potential preventive effects still widely
undisclosed.

Among the plant matrixes with high content in bioactive phytochemicals, cocoa is also gaining
increasing attention in nutrition research 12714, Cocoa and its derived products mainly contain flavan-
3-ols and theobromine, a closely related analogue of caffeine 3. Cocoa products may enhance the
preventive effects of regular coffee consumption, and, in turn, cocoa-based products containing
coffee, combining the phytochemical content of both coffee and cocoa, may be regarded as a
potential candidate to increment the levels of putatively protective metabolites in the context of a
balanced diet °. Since for some individuals the consumption of more than 1-2 coffees daily is
unlikely, the substitution of coffee with cocoa-based products containing coffee may represent an
alternative strategy to supply both cocoa and coffee bioactives and to ensure their putative
bioactivity.

It is worth noting that, except for trigonelline, coffee and cocoa-related phytochemicals are
extensively transformed by human metabolism, and the gut microbial catabolism. These derived
compounds, rather than the parent molecules, are circulating molecules that might exert a
beneficial action in human health 1. To date, the complete pool of circulating metabolites resulting
from coffee and cocoa consumption still needs to be disclosed. In this frame, metabolomics allows
a comprehensive description of the metabolites in a biological sample, providing information on
exposure to exogenous metabolites and on levels of endogenous metabolites from metabolic
pathways, thus allowing the study of biochemical processes modulation 6. In most recent years, the

number of metabolomic studies applied to answer nutritional questions has increased. In particular,
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metabolomic profiling has been widely used to map biomarkers of intake, which are metabolites
generated from compounds present in a specific food 2!, On the other hand, untargeted
metabolomics approaches aim at identifying not only biomarkers specifically associated with a given
food like coffee, but also metabolites that may reflect the biological effects of specific dietary
components. This strategy may help in elucidating the contribution of coffee metabolites in disease
prevention and in shedding light on the underlying mechanisms %223, For instance, a comprehensive
metabolomic analysis of serum samples following coffee intake (up to 8 cups of coffee/day) revealed
that metabolites from the endocannabinoid and fatty acid acylcholine pathway decreased in
response to coffee consumption whilst those of the steroid pathway generally increased 24.
Moreover, induction of fatty acid metabolism, mainly related to carnitine derivatives, was observed
in urine after 30 days following green coffee bean extract consumption 2°. Shi and colleagues have
also identified several plasma metabolites specifically associated with filtered and boiled coffee
consumption and used them to estimate filtered or boiled coffee intake and to find associations
with type 2 diabetes risk 2.

Based on those previous studies, there is still room for discovering novel pathways of coffee
metabolic effects using metabolomics. This untargeted metabolomics study has revealed new
molecular pathways affected by coffee and cocoa intake, linking metabolic pathways to different

levels of coffee and cocoa intake.

3.3.2. Materials and methods

Chemicals

HPLC-grade methanol, acetonitrile, and acetic acid were purchased from Sigma-Aldrich
(Taufkirchen, Germany); bidistilled water was obtained using Milli-Q System (Millipore, Bedford,
MA, USA). MS-grade formic acid from Fisher Chemical (Thermo Fisher Scientific Inc., San Jose, CA,
USA) and ammonium acetate (Fluka, Chemika-Biochemika, Basil, Switzerland) were also used.
Leucine-enkephalin, used as lock mass standard and Major Mix for collisional cross-sectional (CCS)

calibration were purchased from Waters (Milford, USA.).

Subjects

Twenty-one volunteers were recruited in Parma (Northern ltaly) to participate in the study.
Inclusion and exclusion criteria and main subject clinical characteristics have already been published
27, Briefly, 21 subjects, 10 males (2 smokers) and 11 females (6 smokers), aged 25.9 + 0.5, BMI 22.3

+ 0.6 kg/m?, were enrolled. The study was conducted according to the guidelines of Good Clinical
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Practice and the Declaration of Helsinki. All subjects provided written informed consent before

study entry, and they all completed the intervention study.

Dosage information and study design

A three-arm, randomized cross-over trial was performed in 21 healthy volunteers, as previously
reported '°. The study was approved by the Ethics Committee for Parma Hospital and University
(AZOSPR/0015693/6.2.2.) and registered on ClinicalTrials.gov on May 21, 2017 (NCT03166540).
Briefly, participants had to consume three different treatments in a random order for one month:
(1) one cup of espresso coffee/day (at 9.00 AM, namely 1C group), (2) three cups of espresso
coffee/day (at 9.00 AM, 12.00 noon, and 3.00 PM, namely 3C group) and (3) one cup of espresso
coffee/day and two cocoa-based products containing coffee (CBPCC) twice per day (coffee at 9.00
AM and two CBPCC at 12.00 PM and 3.00 PM, namely PC group). The randomization list was
generated using Random Number Generator Pro (Segobit Software). Volunteers were supplied with
a single-serve coffee machine (Essenza EN 97.W, De’ Longhi Appliances S.r.l., Treviso, Italy) and
coffee capsules (Capriccio, Nespresso ltalia S.p.a., Assago, ltaly) to standardize raw material,
brewing method and cup volume, and also with the CBPCC (Pocket Coffee, Ferrero Commerciale
Italia S.r.l., Alba, Italy). The number of CBPCC was chosen considering that the amount of caffeine
provided by a cup of espresso coffee was =60 mg per serving, while two CBPCC provided, together,
=30 mg of caffeine and thus were approximately the same as half coffee cup in terms of caffeine
content. Minimal dietary restrictions were given to volunteers two days before and on each
sampling day to exclude other sources of coffee/cocoa-related phytochemicals apart from those
provided by the assigned treatment. The sampling day corresponded to the last day of each
intervention period. On the sampling day, urine from each volunteer was collected at baseline (t0)
and different collection periods within 0-3 h, 3—6 h, 6-9 h, and 9-24 h. Samples used for this study
corresponded to the period 9-24 h. The volume of urine collected during each period was measured

and two 2 mL samples were stored at —80 °C until analysis.

Urine sample preparation

Urine samples were prepared as described elsewhere 22, Briefly, urine samples were thawed on ice
before analysis and centrifuged for 10 min at 10,000g to remove particulates. 50 uL of supernatant
were diluted with 100 pL of Milli-Q water. Quality control samples consisting of all urine samples to
form a pool were analyzed for the study and injected every 9 samples to allow for the performance

of the analytical system in terms of retention times, mass accuracy and signal intensities to be
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evaluated. Three technical replicates of each sample were injected. All samples were acquired in a

randomized order.

UHPLC-TWIMS-QTOF analysis

ACQUITY I-Class UPLC separation system coupled to a VION IMS QTOF mass spectrometer (Waters,
Wilmslow, UK) equipped with electrospray ionization (ESI) interface was employed.

Samples were injected (5 pL) and chromatographically separated using a reversed-phase C18 HSS
T3 ACQUITY column 2.1 x 100 mm, 1.7 um particle size (Waters, Milford, MA, USA). A gradient
profile, as previously described was applied 22. In short, water (eluent A) and acetonitrile (eluent B),
both acidified with 0.1% formic acid, were used as mobile phases. Initial conditions were set at 1%
B followed by a linear change to 15% B in 3 min and 50% B in 3 min. Finally, 95% B was achieved at
9 min prior to holding at 95% for 1 min to allow for column washing before returning to initial
conditions. Column recondition was completed over 3 min, providing a total run time of 14 min. The
column was maintained at 40 °C and a flow rate of 0.5 mL/min used.

Mass spectrometry data were collected in both positive and negative electrospray mode over the
mass range of m/z 70-1000. Source settings were maintained using a capillary voltage, 2.5 kV; cone
voltage, 40 V; source temperature, 120 °C; desolvation temperature, 500 °C and desolvation gas
flow, 800 L/h. The TOF analyzer was operated in “sensitivity mode” and data acquired using HDMSE
29 which is a data-independent approach (DIA) coupled with ion mobility. The ion mobility device
within the Vion was calibrated using the Major Mix IMS calibration kit (Waters, Wilmslow, UK) to
allow for CCS values to be determined in nitrogen. The calibration covered the CCS range from 130-
306 A2. The TOF was also calibrated prior to data acquisition using sodium formate (Waters,
Wilmslow, UK) and covered the mass range from 151 Da to 1013 Da. TOF and CCS calibrations were
performed for both positive and negative ion mode. Data acquisition was conducted using UNIFI 1.8

(Waters, Wilmslow, UK).

Data processing and multivariate modelling

Data processing and compound identification were conducted using Progenesis QI Informatics
(Nonlinear Dynamics, Newcastle, UK). Each UPLC-MS run was imported as an ion-intensity map,
including m/z (m/z range 70-1000) and retention time, that were then aligned in the retention-time
direction (0-8.5 min). From the aligned runs, an aggregate run representing the compounds in all
samples was used for peak picking. This aggregate was then compared with all runs, so that the

same ions are detected in every run. Isotope and adduct deconvolution were applied, to reduce the
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number of features detected. Data were normalized according to creatinine intensity in each
sample.

Unsupervised principal components analysis (PCA) with pareto scaling was performed to check the
quality of the raw data. Afterward, the variables were filtered, retaining entities with coefficients of
variation (CV) lower than 30% across the QCs. From the analysis of the variance (ANOVA) significant
features were selected, retaining those presenting, simultaneously, fold change > 2, and Benjamini-
Hochberg FDR adjusted p-value (q value) < 0.01. In parallel, multivariate supervised models,
including least-squares discriminant analysis (PLS-DA) were built and validated using SIMCA
software (v. 16.0.2, Sartorius Stedim Data Analytics, Sweden). Cross-validation of the PLS-DA model
using one-third leaving out approach and permutation testing were applied to validate and to
exclude overfitting by inspecting model parameters (goodness-of-fit R%Y and goodness-of-
prediction Q?Y). The variable influence in projection analysis (VIP) was further used to identify the
compounds that have the highest discrimination potential (VIP value threshold > 1.2). The resulting
significant features to both ANOVA p-values < 0.01 and VIP > 1.2 were subjected to the
identification.

Metabolites were identified by publicly available database searches including Lipid Metabolites and
Pathways Strategy (LIPID MAPS) 3°, Human Metabolome database (HMDB) 3!, and METLIN 32, as well
as by fragmentation patterns, retention times and collision cross-sections. CCS values were searched
against “MetCCS Predictor” database containing m/z and CCS values by selecting a ACCS of 5% for
metabolite matching 33. Based on the Metabolomics Standards Initiative 3%, metabolites were
annotated as level Il (putatively characterized), level Il (putatively identified compounds) and level
| (identified compound), as reported in Table 9. Level | identification was performed by comparison
of rt and fragmentation pattern with the standard collect in our UNIFI library, created by running a

mix of standards with the same analytical method.

Metabolic pathway analysis

Identified metabolites were submitted to the Pathway and Network Analysis modules in
MetaboAnalyst 4.0 using HMDB identifiers 3°. For the former analysis, Fishers’ exact test and
relative-betweenness centrality were the algorithms respectively selected to perform pathway
enrichment analysis and pathway topology analysis, using the current KEGG version of “homo
sapiens” library. For the network analysis, the Metabolite-Metabolite Interaction Network mode

was chosen.
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3.3.3. Results and Discussion

Multivariate modelling and metabolite identification

An untargeted metabolomics approach was used to explore metabolome changes in urine in
response to different patterns of coffee consumption. UHPLC-TWIMS-QTOF data sets, obtained in
positive and negative ionization modes, were separately submitted for data analysis. A total of
15714 and 19591 features were initially peak picked for positive and negative modes, respectively.
Most likely, the high number of detected features was due to the use of ion mobility between LC
and MS detector. Indeed, Rainville and co-authors have quantified that the features detected in
urine increased up to 41% when adding a further dimension of separation as provided by ion
mobility between the LC system and the Q-TOF, most likely due to a combination of separation of
co-eluting compounds and noise reduction 3¢,

At first, the PCA of non-averaged samples was employed to explore the data obtained. Score scatter
plots for both positive and negative ionization data are depicted in Figure S1. Both PCA plots
demonstrated a grouping of samples associated with coffee consumption. Afterward, technical
replicates were merged, and both unsupervised and supervised models were constructed. PLS-DA
(Figure 21) applied on positive and negative datasets showed a clear separation between 1C and
the other two treatments (PC and 3C), displaying excellent goodness-of-fit (R?Y) and good prediction
ability (Q?). Cross-validation of both PLS-DA models indicates that 100% of urine samples analyzed
in positive ionization mode were correctly classified, while in ESI(-) the percentage of total correct
classification was 98.4% since one sample was not correctly predicted (1C sample predicted as PC).

Permutation plots are depicted in Figure S2.
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Figure 21. (A) PLS-DA model built with positive ionization data (R%Y = 0.95, Q% = 0.651) and (B) negative ionization data
(R2Y = 0.906, Q% = 0.769). The intervention treatment groups (1C, 3C, PC) are color coded accordingly.
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Subsequently, significant features were selected, retaining those presenting, simultaneously, fold
change >2, and FDR adjusted p-value (g value) < 0.01 and merged with those showing VIP > 1.2. This
filtering step returned a dataset with 3590 significant features for both polarities, which were
subjected to the identification. This last step is considered the bottleneck of the whole
metabolomics workflow, which remains a major analytical challenge. With mass fragmentation and
CCS matching, 153 identifications were assigned out of 3590, meaning that less than 5% of the
significant features were translated into knowledge. All significant features are reported, for
completeness, in Table S1. We assume that the vast majority of the unidentified features may
correspond to coffee or cocoa chemicals and their metabolites. These beverages have a tremendous
chemical complexity, and their derived metabolites are largely undocumented and thus absent from
reference databases. Endogenous metabolites involved in human metabolic pathways are currently
better covered in databases. The annotation of discriminant metabolites, information regarding
their biochemical class, and statistical parameters (ANOVA p-value and fold change) of each
metabolite are reported in Table 9. Further analytical details on accurate mass, detected adduct,
formula, error ppm, CCS value and retention time are summarized in Table S2. In parallel to 3-groups
modelling, 2-groups comparison was performed between 3C vs. 1C, PCvs. 1C and 3C vs. PC. PLS-DA
models were built, and their plots showing excellent clustering are summarized in Figure S3.
Significant metabolites from the binary comparisons with their fold changes are reported in Table

9.

Metabolism of coffee and cocoa phytochemicals (biomarkers of intake)

More than one hundred out of the 153 annotated metabolites were generated from phytochemicals
present in coffee and the CBPCC. These metabolites belonged to various chemical classes, including
cinnamic acids, imidazopyrimidines, naphthofurans, pyridine derivatives, phenols, and benzene
derivatives, among others (Table 9).

As expected, we observed an increase in urinary levels of caffeine and its related metabolites
(dimethylxanthines, monomethylxanthines, and methyluric acids, with the sole exceptions of
theobromine and its metabolites) upon increased coffee consumption, reaching the highest
intensities for the 3C treatment (3 cups of coffee per day). After being rapidly absorbed and
metabolized in the liver, caffeine and its metabolites are slowly removed from the circulation 3.
Trigonelline followed the same trend in urine samples, with the highest mean value for 3C and

lowest in 1C group. Conversely to caffeine, trigonelline is excreted unmetabolized 7, and has already

145



Selected studies — Study 3

Table 9. Statistically significant urine metabolites annotated using UHPLC-TWIMS-QTOF. Metabolite levels that increase in response to the first considered treatment are shaded
red and metabolite levels that decrease are colored green. The fold change value is calculated as the ratio between the highest mean concentration reported in a specific
treatment (1C, 3C or PC) for a metabolite and the lowest mean concentration reported for the same metabolite in the respective treatment. A red-shaded value of 1.0 for the
mentioned ratio means that the real value was, for example, 1.023 rounded to 1.0, indicating an increase, although small.

Fold Change
Class Sub Class Putative identification g value
3c/1C 3c/pPC PC/1C
3-(Imidazol-5-yl)lactate® 6.3E-03 0.5 0.4 13
Azoles Imidazoles
4-Amino-1H-imidazole-5-carboxylic acid™ ¢ 1.0E-16 24 1.2 2.0
4-Aminophenol™ ¢ 1.0E-16 2.8 0.8 3.5
Aniline and substituted anilines
Aniline™® 3.8E-09 1.9 0.6 3.2
Anilines 4-Methoxyaniline® 1.2E-11 3.8 0.9 4.4
Benzaldehydes 3-Hydroxybenzaldehyde™ ¢ 4.5E-12 1.9 n.s. n.s.
Benzenesulfonic acids and derivatives 3,4-Dihydroxybenzenesulfonic acid® 2.8E-08 1.4 0.9 1.6
Hydroxybenzoic acid™ ¢ 1.0E-16 2.5 11 2.2
Benzoic acids and derivatives
Benzoic acid-4-sulfate™ ¢ 3.9E-07 1.1 0.5 2.3
Benzyl alcohols Benzyl Alcohol™ ¢ 1.0E-07 n.s. 1.6 n.s.
Benzene and substituted derivatives
Tyramine® 1.3E-13 8.8 0.7 13.4
Phenethylamines
Phenethylamine™® 1.0E-16 7.0 0.8 8.5
Benzene-1,3,5-triol° 7.7E-03 1.3 1.1 1.2
Phenols and derivatives
Benzene-1,3-diol 2.7E-08 14 0.9 1.6
Phenylacetaldehydes Phenylacetaldehyde® 4.0E-02 0.8 0.3 3.1
4-Hydroxybenzylamine® 1.0E-16 5.9 1.0 6.2
Phenylmethylamines
Phenylmethanamine™ ¢ 1.0E-16 3.8 0.8 4.5
Phenylpyruvic acid derivatives 3-(4-Hydroxyphenyl)Pyruvate™ ¢ 1.3E-07 n.s. 3.5 n.s.
Benzenoids Phenols 6-Hydroxydopamine™ ¢ 2.4E-11 1.8 n.s. n.s.
Glutamine™ ¢ 1.4E-10 2.9 n.s. n.s.
3,4-Dihydroxy-L-Phenylalanine® 8.6E-10 1.4 1.0 13
6-acetamido-3-aminohexanoic acid® 2.1E-09 1.2 0.5 2.5
Carboxylic acids and derivatives Amino acids, peptides, and analogues
Arginine® 1.0E-16 7.7 n.s. n.s.
Phenylalanine® 7.2E-14 3.2 1.2 2.7
3-Methoxy-L-Tyrosine® 1.3E-04 1.7 n.s. n.s.
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4-Hydroxy-L-Phenylglycine™ ¢ 4.4E-10 1.7 n.s. n.s
Dihydrodipicolinic acid® 2.2E-02 3.0 19 1.6
N,N-Dimethylarginine (ADMA)° 3.5E-02 0.7 0.6 3.6
N5-(1-Carboxyethyl)-ornithine® 3.2E-12 1.7 0.5 3.6
N-Acetylleucine® 9.6E-04 2.0 0.8 1.7
N-Acetyl-L-lysine® 4.3E-05 2.2 11 2.1
O-Acetyl-L-homoserine® 9.1E-13 4.8 4.5 11
Phosphocreatine™ ¢ 6.4E-13 2.0 1.4 n.s
Tilarginine acetate™ ¢ 2.9E-04 0.9 0.7 n.s
4-Methylene-L-glutamate® 2.9E-12 4.4 1.3 34
Dicarboxylic acids and derivatives Glutarate® 2.4E-03 1.5 n.s. n.s
Tricarboxylic acids and derivatives Citric Acid® 6.2E-04 n.s. n.s. 0.6
Cinnamic acid™¢ 2.0E-03 1.7 13 13
Cinnamic acids
4’-methoxycinnamic acid® 1.3E-04 2.0 1.8 11
Cinnamic acid-sulfate™® 1.0E-16 3.6 1.3 2.8
Cinnamic acids and derivatives Dimethoxycinnamic acid ® 1.7E-04 1.1 2.1 0.5
3'-Hydroxycinnamic acid-4'-sulfate® 1.6E-04 1.9 1.7 1.1
Hydroxycinnamic acids and 4"-Hydroxy-3'-methoxycinnamic acid® 2.76-:03 16 18 0.9
derivatives
3'-Hydroxycinnamic acid® 3.7E-02 1.6 1.2 1.3
4'-Hydroxycinnamic acid® 1.2E-02 1.7 2.0 0.9
3-Propanoic acid-3'-sulfate® 2.8E-02 0.7 1.4 0.5
Coumarins and derivatives Hydroxycoumarins 7-Hydroxy-3-(4-methoxyphenyl)-4-propylcoumarin® 1.2E-04 14 1.0 13
Pyrazines 3,5-diethyl-2-methylpyrazine® 1.0E-16 1.2 0.2 5.9
Diazines Pyrimidines.an(.i pyrimidine 5-Acetylamino-6-formylamino-3-methyluracil® 1.6E-02 2.4 1.2 2.0
derivatives
L-Ascorbic acid 2-glucoside® 2.3E-07 3.1 1.3 2.4
Dihydrofurans Furanones
3-Hydroxy-4,5-dimethyl-2(5H)-furanone® 7.1E-07 2.6 2.2 1.2
Fatty acid esters Sorbate™ ¢ 9.1E-10 1.8 n.s. 0.9
Ethylmalonic Acid® 1.4E-02 1.7 n.s. 1.3
Fatty Acyls Fatty acids and conjugates Hydnocarpic acid® 6.3E-04 2.6 1.3 2.1
Hydroxy-methylsuccinic acid™ ¢ 1.0E-16 1.7 0.3 5.3
Lineolic acids and derivatives Methyl Jasmonate® 3.3E-11 n.s. n.s. 2.3
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Glycerophospholipids Glycerophosphates Sn-Glycero-3-Phosphocholine® 1.0E-16 n.s. n.s. 7.1
Hydroxy acids and derivatives Beta hydroxy acids and derivatives 0-Methyl-(epi)catechin-sulfate™® 1.0E-16 2.8 0.4 7.3
1,3,7-Trimethyluric acid*® 1.9E-06 4.5 1.3 3.4
1,3-Dimethyluric acid*? 1.2E-06 2.8 1.3 2.1
1,7-Dimethyluric acid*? 1.1E-06 2.5 11 2.2
1-Methyluric acid™? 1.0E-16 2.1 1.1 2.0
3,7-Dimethyluric acid™? 1.0E-16 1.9 0.2 8.1
3-Methyluric acid? 1.0E-16 2.1 0.4 5.8
3-Methylxanthine™® 1.0E-16 1.8 0.3 5.4
Imidazopyrimidines Purines and purine derivatives
7-Methylxanthine™® 1.0E-16 1.7 0.3 4.9
1-Methylxanthine® 1.5E-06 2.5 13 1.9
Caffeine™? 5.3E-09 4.0 1.2 33
Paraxanthine™? 1.0E-16 1.8 0.3 6.7
Theobromine™? 4.0E-07 2.2 11 2.0
Theophylline™? 1.5€-07 2.9 13 2.3
Uric acid*< 1.2E-02 1.1 1.2 1.1
Indoles and derivatives Indole® 4.1E-04 n.s. n.s. 1.6
Indolyl carboxylic acids and 3-Methylindolepyruvate*® 4.6E-10 4.7 1.9 2.4
Indoles and derivatives S
derivatives Indole-3-methylethanoate® 2.1E-10 3.3 1.8 1.9
Tryptamines and derivatives 5-Hydroxy-L-Tryptophan® 1.1E-04 0.9 1.4 0.7
Gamma-keto acids and derivatives Hydroxy-oxovaleric acid® 7.0E-09 19 13 1.5
Medium-chain keto acids and . .

Keto acids and derivatives derivatives 2-Oxoadipate 1.3€-02 n.s. n.s. 1.5
Short-chain keto acids and Oxo-pentenoic acid® 1.4E-02 1.4 11 13

derivatives
Organonitrogen compounds N-arylamides 5-Acetylamino-6-amino-3-methyluracil"® 1.0E-16 2.7 11 2.3
3-Dehydroshikimate® 6.2E-12 2.1 n.s. n.s.

Alcohols and polyols

Pantothenic acid® 4.2E-11 4.5 2.4 1.9
D-Sorbitol® 1.0E-16 7.8 n.s. n.s
Organooxygen compounds Galactitol*< 3.8E-02 1.2 0.6 2.0
Carbohydrates and carbohydrate 1-Ribosylnicotinamide® 2.4E-08 2.7 14 2.0

conjugates
D-Glucuronic Acid® 3.0E-04 2.0 n.s. n.s
Inosine monophosphate® 1.0E-16 9.0 n.s. n.s
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Mannitol® 1.0E-16 10.0 n.s. n.s

Raffinose® 1.0E-16 n.s. n.s. 8.8

Carbonyl compounds 1-Methyl-2-pyrrolecarboxaldehyde*~< 1.1E-03 1.8 n.s. 1.8

Peptidomimetics Hybrid peptides Carnosine® 9.0E-09 5.5 n.s. n.s
5-(Hydroxyphenyl)-y-valerolactone™® 1.0E-16 n.s. n.s. 17.4

5-(Phenyl)-y-valerolactone-sulfate™® 1.0E-16 n.s. 0.05 n.s

5-(3',4'-Dihydroxyphenyl)-y-valerolactone® 1.0E-16 n.s. 0.02 n.s

5-(Hydroxyphenyl)-y-valerolactone-sulfate™® 1.0E-16 n.s. 0.04 1.2

Phenyl-y-valerolactones

Phenyl-y-valerolactones and phenylvaleric 5-(Hydroxyphenyl)-y-valerolactone-sulfate® 1.7E-02 1.1 0.85 1.2
acids 5-(Hydroxyphenyl)-y-valerolactone-glucuronide™® 1.0E-16 n.s. 0.04 n.s.
5-(Methoxyphenyl)-y-valerolactone-sulfatec 1.0E-16 n.s. n.s. 8.3

5-(Dihydroxyphenyl)-y-valerolactone-sulfate (3',4',5')*< 1.4E-08 n.s. n.s. 2.4

5-(Hydroxyphenyl)valeric acid*~< 1.7E-02 0.5 1.0 2.1

Phenylvaleric acids

5-(Phenyl)valeric acid-sulfate*< 1.9E-03 0.3 0.8 3.1

3,4-Dihydroxyphenylacetic acid® 4.5E-03 1.8 n.s. n.s

Benzenediols 3-Hydroxymethyl-phenol*~* 6.0E-03 1.7 1.5 11

Dopamine*~© 1.8E-08 1.4 1.0 14

Benzene-1,2,4-triol° 5.7E-09 3.0 2.8 1.1

Benzenetriols and derivatives 4-Methylphenol-2-sulfate*»® 1.1E-08 1.4 0.8 1.7

Phenols 4-Methylbenzenediol-sulfate™ ¢ 1.0E-10 1.9 1.3 1.5
2-Hydroxy-2-(4'-hydroxy-3'-methoxyphenyl)acetic acid © 2.1E-07 n.s. n.s. 2.4

3-Methoxytyramine*-< 1.0E-04 1.9 n.s. n.s.

Methoxyphenols 4-Hydroxy-3-Methoxyphenylglycol © 2.1E-04 n.s. n.s. 2.3

DL-Normetanephrine*~< 3.6E-03 n.s. n.s. 1.5

3-methoxybenzaldehyde-4-sulfate™® 1.0E-16 2.5 0.7 3.4

Prenol lipids Sesquiterpenoids Farnesyl Diphosphate® 1.3E-02 n.s. n.s. 2.7
Deoxyadenosine® 1.0E-16 17.6 n.s. 3.9

Purine nucleosides Purine 2'-deoxyribonucleosides

Deoxyadenosine monophosphate® 1.1E-11 3.2 n.s. n.s

Pyridine nucleotides Nicotinamide nucleotides Nicotinamide Mononucleotide® 1.0E-16 n.s. 0.03 n.s
5-Hydroxy-6-methylnicotinic acid ** 1.7E-03 3.3 2.2 1.5

Pyridines and derivatives Pyridi"ecda;’is:z’i'\i‘;:dds and 6-amino nicotinamide”® 1.0E-16 2.0 03 6.6
N,N-Diethylnicotinamide® 5.7E-03 1.4 0.8 1.6
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2-Hydroxypyridine™ ¢ 6.7E-12 3.0 11 2.7
Hydropyridines
2,6-Dihydroxypyridine© 2.7E-05 1.6 1.2 3.0
Steroidal glycosides estriol 3-glucuronide™® 3.5E-13 3.6 0.9 4.1
Bile acids, alcohols and derivatives Taurocholic Acid® 2.9E-13 n.s. 14.2 n.s
Estriol *® 9.6E-05 2.7 1.2 2.3
Steroids and steroid derivatives
Estrane steroids 2-methoxy-17beta-estradiol 3-glucosiduronic acid® 1.5E-02 24 13 1.9
3-0-(Carboxymethyl)estrone *» 2.7E-03 2.5 1.5 n.s
Pregnane steroids Progesterone® 1.0E-16 3.8 n.s. n.s
2-Hydroxy-2-phenylacetic acid *© 1.4E-03 1.8 2.0 0.9
Benzene and substituted derivatives Phenylacetic Acid ** 1.1E-03 1.7 0.9 2.0
Phenylethanol® 1.8E-07 2.1 n.s. n.s
Benzimidazoles Dimethylbenzimidazole® 3.1E-06 5.8 n.s. n.s
((17-Oxoestra-1,3,5(10)-trien-3-yl)oxy)acetic acid ** 7.5E-09 3.2 0.8 3.8
2-Deoxyinosose™® 1.0E-16 1.6 0.3 5.4
4-Oxocyclohexanecarboxylic acid ** 4.4E-09 1.5 0.8 1.8
Miscellaneous Guanidino-butanol® 5.1E-02 1.3 2.7 0.5
Hydroxy-(indol-yl)ethanamine® 1.1E-02 1.0 1.2 0.8
Trigonelline™® 2.9E-10 2.2 1.3 1.7
Miscellaneous Trihydroxy-5alpha-cholan-24-yl sulfate™ < 1.0E-16 3.7 1.7 n.s.
Kahweol oxide glucuronide™® 2.6E-13 3.7 0.8 4.4
Phenol esters Phenylacetic acid isomer"< 1.0E-16 4.0 n.s. n.s.
3-(2-Hydroxyphenyl)propanoic acid *< 4.8E-05 1.0 1.9 0.5
3-(3’-Hydroxy-l}’-methoxyphe.nyI)Propanoic acid® 1.1E-03 18 22 s,
Phenylpropanoic acids 3—(3’—Methoxy—4’—hyé?gzzs::;zlfgggaanccfc) acid® (Dihydroferulic
acid) 3.9E-03 1.8 2.1 0.5
2-Hydroxy-3-(4'-hydroxyphenyl)propanoic acid ® 9.1E-07 2.2 n.s. n.s.
2-Aminoadenosine™ ¢ 1.4E-03 0.9 0.7 1.3
Purine nucleosides
Inosine™ ¢ 4.4E-03 n.s. n.s. 1.8
Pyrrolizines 2,3-Dihydro-5-(3-hydroxypropanoyl)-1H-pyrrolizine® 8.4E-03 3.0 13 2.3

Class and Sub class have been taken from Human Metabolome Database (HMDB); nomenclature for dietary (poly)phenolic catabolites is in accordance with the
recent recommendations proposed by Kay and co-authors 73, nomenclature for the other metabolites is in accordance with the common names present in the
DBs used (mainly Metlin, PubChem and HMDB).
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g value is the FDR adjusted p-value. n.s.: not significant according to p-value < 0.01 in the 2-groups comparison.
“indicates metabolites common to both corrected p-Value < 0.01 and VIP > 1.2.

2identified metabolites (level I).

®putatively identified metabolites (level Il).

¢ putatively characterized metabolites (level Il)

1C, 3C and PC are the three treatments under investigation, respectively characterized by the consume for a month of one cup of espresso coffee/day, three cups
of espresso coffee/day and one cup of espresso coffee/day and two cocoa-based products containing coffee (CBPCC) twice per day.
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been found to significantly correlate with coffee consumption. Indeed, it has been proposed as a

20 or in combination with 1-methylxanthine and

biomarker of coffee intake, alone
cyclo(isoleucylprolyl) in previous studies 8. However, neither cyclo(isoleucylprolyl) nor the
diterpene atractyligenin glucuronide, recognized as specific biomarkers of coffee consumption,
were detected in the present study 3. This observation reinforces the potential of trigonelline to
serve as a candidate biomarker of coffee intake.

Another important class of coffee-derived metabolites is that of cinnamic acids, which originated
mainly from the metabolism of chlorogenic acids, the main phenolic compounds found in coffee .
This metabolism takes place both at the upper and lower level of the gastrointestinal tract, with the
latter involving the gut microbiota. Once absorbed, coffee hydroxycinnamates are then subjected
to phase Il metabolism at the hepatocyte level and enter into circulation ®. In line with this
prediction, coumaric acid-sulfate was the most significant marker of this class of compounds, with
the highest intensity in the 3C treatment and lowest in the 1C group. However, these compounds
cannot serve as selective biomarkers of coffee intake, because of their very poor specificity and their
colonic origin 1728, which is inevitably affected by a high inter-individual variation due to intrinsic
variability of the human gut microbiota “°.

Investigating the PC intervention, in which coffee and cocoa intake were combined, an increased
amount of theobromine derivatives, kahweol oxide glucuronide and nicotinamides was observed in
urine (Table 9). Theobromine is known to be found in cocoa and to be rapidly absorbed and
converted in, among other metabolites, 3,7-methyluric acid, 3-methylxanthine, 7-methylxanthine
and 3-methyluric acid #'. These four metabolites were found to be greatly excreted after the PC
treatment and, in particular, 3,7-methyluric acid and 3-methyluric acid were good discriminant
markers for both positive and negative ionization modes (Table 9 and Table S2). On the other hand,
although kahweol oxide glucuronide and nicotinamides mostly derive from coffee consumption,
they changed notably as a consequence of the PC treatment. Both metabolites might be considered
markers of different roasting processes or coffee brewing styles, different from the espresso 4243,
Thus, this result might indicate that the cocoa-based products most likely contained a coffee with a
phytochemical composition different to that of the espresso coffees consumed by the volunteers.
Moreover, the significant presence of compounds coming exclusively from cocoa constituents
rather than coffee, like flavan-3-ol metabolites and phenethylamines, was observed. Eight phenyl-
y-valerolactone glucuronides and sulfates were detected as markers for the PC treatment, these

having been reported to originate by colonic microbial catabolism of flavan-3-ols %, In particular, 5-
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(3',4'-dihydroxyphenyl)-y-valerolactone and its glucuronide and sulfate derivatives were among the
metabolites showing the most significant fold changes compared to the espresso coffee treatments

(1C and 3CQ).

Biological interpretation of significant markers
Untargeted metabolomics allowed the identification of unrelated metabolites to coffee and cacao.

The role of these metabolites was evaluated by pathway analysis.

Pathway analysis
The pathway analysis shows the main metabolic routes modulated by the modes of coffee

consumption under study (Figure 22). All the identified pathways resulted in being upregulated
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Figure 22. Pathway analysis performed with all the significant metabolites identified. The output displays metabolic
pathways arranged by scores from pathway enrichment (y-axis) and topology analysis (x-axis). The color and size of each
circle are based on p-values and pathway impact values, respectively (from yellow to red, the —log(p) increases, the
bigger the circle size, the higher the pathway impact value).

following coffee intake (Table S3). As previously stated, caffeine is the main bioactive compound in

coffee beans and abundantly present in coffee. Once ingested, it is rapidly absorbed and

metabolized into more hydrophilic metabolites that can be excreted in the urine. Up to nine known
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metabolites corresponding to this pathway were identified in urine samples following coffee intake,
highly impacting on the urinary metabolome. Other metabolic routes influenced by the intake of
coffee were the metabolism and biosynthesis of specific amino acids (in particular phenylalanine,
tyrosine and arginine), ascorbate and aldarate metabolism, ubiquinone and other terpenoid-
guinone biosynthesis, galactose metabolism, purine metabolism, nicotinate and nicotinamide
metabolism, steroid hormone biosynthesis and citrate cycle (TCA cycle), as depicted in Figure 22.
Phenylalanine biosynthesis and metabolism, arginine, ubiquinone and other terpenoid-quinone
biosyntheses are paths that had never been linked to coffee consumption before.

Phenylalanine metabolism resulted as the second most perturbed pathway (Figure 22). In particular,
the route arising from the catabolism of phenylalanine into phenylacetic acid was significantly
altered. In this sense, phenylalanine metabolism, phenylalanine, tyrosine and tryptophan
biosynthesis and tyrosine metabolism were influenced by coffee consumption. Other pathways
involving amino acids affected by the mode of coffee consumption were arginine biosynthesis and
metabolism. Arginine is a semi-essential amino acid that has many functions, including being
involved in the urea cycle, as a precursor of nitric oxide, creatine, glutamate, and proline, and it can
be converted into glucose and glycogen if needed 3. On the other hand, the activation of nicotinate
and nicotinamide metabolism is probably a consequence of the presence of trigonelline and other
pyridines (N-methylpyridinium and niacin) in coffee %3, as well as of caffeine for purine metabolism.
The impact on the TCA cycle (via citric acid) suggests an influence on energy metabolism. The effects
of coffee and its constituents on energy metabolism has been observed and extensively studied 4>~
47 with several mechanisms of action having been proposed and reviewed 2, but none involving
the TCA cycle. A similar effect towards the TCA cycle was observed by Takahashi and colleagues in
mice when, through an integrated multi-omics study, researchers found that TCA cycle-related
proteins in mice were upregulated upon coffee consumption °. Among these upregulated proteins,
NADH dehydrogenase (ubiquinone), which may explain the presence of ubiquinone and other
terpenoid-quinone biosynthesis among the main perturbed pathways. The underlying mechanism
by which coffee, through one or more of its components, determines this upregulation of TCA cycle

enzymes is still unknown.

Functional response metabolites (biomarkers of effect)
A dose-dependent increase following coffee intake (1 and 3 cups of espresso coffee per day) was
also observed for unusual pathways that did not involve bioactive coffee compounds directly (Figure

23). This was the case of some amino acids, purine nucleosides and steroids.
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Figure 23. Detailed metabolic pathways involved and the significant metabolites (endogenous and exogenous) identified
in urine after coffee or coffee and cocoa intake and their inter-connections. Information on pathways has been drawn
from KEGG database. * indicates level | identified metabolites. Phe: phenylalanine; Tyr: tyrosine; Trp: tryptophan; Arg:
arginine; Pro: proline; 1-Mx: 1-methylxanthine, AFMU: 5-Acetylamino-6-formylamino-3-methyluracil;, AAMU: 5-
Acetylamino-6-amino-3-methyluracil; TCA cycle: tricarboxylic acid cycle/citrate cycle.

Amino acids

Several amino acids are naturally present in coffee. However, the significant presence of arginine
and phenylalanine in the urinary metabolome upon coffee consumption (3C) (Table 9) is more likely
due to the activation of metabolic pathways leading to their syntheses, as described above *°°. To
the best of our knowledge, the link of arginine with coffee seems to be new, since no other study
identified changes in arginine levels upon coffee consumption, nor suggested a potential effect of
coffee on human health through the modulation of arginine biosynthesis. Cornelis and collaborators
did not report arginine but found a slight decrease in homoarginine levels following coffee intake
24 Homoarginine is an endogenous non-proteogenic amino acid produced from arginine and lysine
by the catalytic action of arginine:glycine amidinotransferase (AGAT) °1°2, Recent epidemiological
studies have demonstrated an association between low circulating concentrations of L-
homoarginine and an increased risk of cardiovascular and all-cause mortality °3>4. The high levels of
free arginine in urine, after the 3C treatment, could have different implications—for example, a
decreased conversion into homoarginine or reduced production of dimethylarginines, among

others. If homoarginine favors human health by promoting nitric oxide synthesis, endogenous

dimethylated derivatives of arginine (asymmetric dimethylarginine and symmetric
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dimethylarginine) are generally accepted cardiovascular risk factors °2°°. Notably, asymmetric
dimethylarginine slightly increased (3.6 fold-change) after the PC treatment compared to a lower
coffee dose (1C). These observations should be investigated more in-depth to explore any possible
association with disease prevention or development.

Phenylalanine is the essential amino acid precursor of tyrosine. Via tyrosine metabolism, it is also a
precursor for catecholamines, like dopamine. Regarding phenylalanine, increased levels of this
amino acid were registered for the first time as a consequence of high coffee consumption (3C vs.
1Cand PCyvs. 1C) (Table 9), likely having an impact on the synthesis and metabolism of tyrosine and
dopamine. This result is in contrast with the findings of the EPIC-Potsdam Study on the evaluation
of various biomarkers as potential mediators of the association between coffee consumption and
incident type 2 diabetes °. Actually, in that study authors reported an inverse association between
coffee consumption and plasma levels of phenylalanine in men. However, they couldn’t suggest any
plausible biological explanation for this association and a consequent linkage with type 2 diabetes.
Dopamine levels also raised after higher coffee intake, highlighting an increased amount of
catecholamines as a consequence of coffee consumption. Increased dopamine levels may represent

a potential neuroprotective mechanism exerted by coffee °’.

Purine nucleosides

A higher excretion of deoxyadenosine was observed for the 3C treatment, mostly as a nucleoside
(with a fold change of 17.6 when comparing 3C vs. 1C) but also esterified with a phosphate group
forming the corresponding nucleotide (with a fold change of 3.2 when comparing 1C vs. 3C). This
compound is a critical component of DNA, and it is linked with coffee consumption for the first time.
Its increased levels at the highest coffee intake might be a result of enhanced purine metabolism,
as shown by the pathway analysis. Disorders in purine metabolism have been associated with
various diseases, such as gout >8, multiple sclerosis >°, and certain cancers °. However, the purine
compounds showing altered levels in those studies were different from deoxyadenosine and an
important role was played by uric acid, the final product of purine degradation. In our study, uric
acid increased only slightly following coffee intake (Table 9), but this is likely due to caffeine
metabolism 1. This enhanced deoxyadenosine production, not accompanied by increased uric acid

excretion, may necessitate further investigation.

Steroids and steroid derivatives
The link between coffee and steroid metabolism is not new and has been largely studied mainly

because of the possible association with female cancer risk 827% and adverse effects during
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pregnancy %768, In particular, in the present study, an impact on steroid hormone biosynthesis and
augmented levels of progesterone, estriol, (carboxymethyl)estrone, methoxy-estradiol
glucosiduronic acid and estriol glucuronide (Table 9) were reported. While most are inactive
metabolites usually excreted in the urine, progesterone and estriol are hormones that can affect
human health, particularly in female subjects in delicate conditions, such as pregnancy, lactation, or
menopause 7%, Cornelis and colleagues also found a significant plasmatic enrichment of steroid
metabolites after coffee intake but linked to the androgen pathway 2%. This could be due to
differences in the study population (at elevated risk of type 2 diabetes vs. healthy subjects),
sampling times, analysed samples matrix (plasma vs. urine) or in the types of intervention since
subjects in that study had to consume higher doses of coffee (4 to 8 cups per day), and the brewing
method was not standardized. Augmented levels of steroid hormones (estriol and progesterone)
after 3C treatment compared to 1C are very relevant to consider, but their association with female
cancers is controversial, both in pre- and post-menopausal women 6263667172 "Eyrther research
aimed at elucidating increased hormone levels will be of great interest. A recent meta-analysis
associated coffee intake with probable decreased risk of breast and endometrial cancers, among
other pathologies, with the lowest risk reached with the consumption of about 4-5 cups/day °, thus

reducing any concern about this specific association.

Others

The boost to ascorbate and aldarate metabolism to produce high amounts of D-glucuronate is
possibly due to the increased need, following coffee consumption, to remove the many xenobiotic
substances introduced, considering that glucuronidation of exogenous compounds is the first phase
Il mechanism involved in the detoxification of reactive electrophiles and the production of polar
metabolites that diffuse less across membranes. Regarding the functional effect of the treatment
including cocoa (PC treatment) on pathways associated to specific metabolic responses, it should
be noted that the only major route, beyond those related to the metabolism of cocoa xenobiotics,
regulated by this intervention in comparison to the other treatments was phenylalanine catabolism
into phenylacetic acid.

This work is part of a bigger study having as primary outcome the bioavailability assessment of the
three main groups of phytochemicals in roasted coffee (methylxanthines, phenolic compounds, and
trigonelline), their modulation by the level of consumption, and the definition of the daily average
concentration of coffee derived plasma circulating metabolites following the consumption of

different doses of coffee, even after its partial replacement with cocoa-based confectionary
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containing coffee in a real-life setting. As a limitation of our observation, however intrinsic in the
original study design, the absence of a treatment providing only cocoa products (without coffee)

may prevent us from seeing further functional effects of the PC treatment.

3.3.4. Concluding remarks

In conclusion, this study showed that —in controlled but realistic conditions — it is possible to detect
changes in the metabolome that are associated with different modes of coffee consumption. First,
we demonstrated that the use of a holistic approach, such as untargeted metabolomics, may
disclose not only the fate of coffee components after ingestion, but also how coffee can modulate
endogenous metabolome changes. Indeed, besides the already known coffee and cocoa biomarkers
of intake, we detected endogenous metabolites from the phenylalanine, tyrosine and arginine
biosynthesis and metabolism, energy metabolism and steroid hormone biosynthesis that were
affected by the three modes of coffee consumption and may, in turn, potentially influence human
health. Although only 5% of the detected features were identified, our results unveil the complex
metabolic pathways that may be modulated by coffee and cocoa consumption, some of which being
reported for the first time.

Inter-individual variability, day-to-day variation, and differences in coffee composition, among other
aspects that may lead to a more comprehensive evaluation of the effect of coffee on the
metabolome, were not assessed due to the complex nature of this study. These shortcomings might
be considered in future studies. Actually, the observed changes should be further validated by
guantitative measurement in the kinetics of all key metabolites of the modulated pathways, and
their biological meaning and potential implications in disease prevention should also be investigated

in specifically designed intervention studies.

158



Selected studies — Study 3

Acknowledgments
Authors thank the volunteers for participating in the study, and Yevgeniy Topolskyy, Francesca Zicca,
Debora Fede, Luciano Notarpietro, Matteo Chini, and Chiara Bandini for their assistance in the

conduction of the study.

Author contributions

C.F. and L.R. contributed equally to this work. P.M., D.D.R., and F.B. designed the study. M.T., AR,
D.M., M.A,, A.D.C,, and R.B. conducted the study. L.R. and L.A.G. performed the analysis. L.R. and
C.F. analyzed and interpreted data and drafted the manuscript. P.M,, J.R.,, C.M., C.D.A. and D.D.R.

edited the manuscript. All authors critically read and approved the final version of the manuscript.

Sources of funding
This work was partially funded by Soremartec Italia S.r.l. (Alba, Italy). The funder approved the final
trial protocol prior to its implementation, but it was not involved in the design of the study, data

analysis and interpretation, nor the drafting of this manuscript.

Conflict of Interest
Daniele Del Rio and Furio Brighenti have received research grants from Soremartec Italia S.r.l. Lee

A. Gethings is a Waters’ employee. The rest of the authors declare no conflict of interest.

Data availability
Data matrices have been deposited in the following dataset: Righetti, Laura; Favari, Claudia; Mena,

Pedro (2020), “Metabolomic changes after coffee consumption: new paths on the block”, Mendeley

Data, V2, doi: 10.17632/5w936rthzg.2, https://data.mendeley.com/datasets/5w936rthzg/2

159


https://data.mendeley.com/datasets/5w936rthzg/2

Selected studies — Study 3

Electronic Supplementary Information (ESI)

Figure S1. Unsupervised principal components analysis (PCA) models built from non-averaged
samples run in positive (R2X = 0.808, Q? = 0.716) and negative (R?X = 0.807, Q% = 0.564) ionization
modes (A, B). The intervention treatment groups (1C, 3C, PC) are color coded accordingly.

Both PCA plots demonstrated natural grouping of samples by coffee consumption., with some
differences between positive and negative modes. Particularly, positive PCA (Figure S1A) showed a
clear separation between PC and the other two treatments (1C and 3C) (PC1 + PC2 = 59% of total
variance). This might be due to metabolites specifically associated with cocoa intake, which were
nicely ionized in ESI positive mode. Indeed, the intensities of theobromine metabolites and aromatic
amines (as tyramine and phenethylamine) were found to be significantly higher in the PC group. On
the other hand, PCA resulting from negative mode proved a nice separation of the three treatments
(Figure S1B). The first two PCs accounted for the 33% of the total variance.
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Figure S2. Permutation plots obtained for (A) positive and (B) negative ionization modes of 3-groups
comparison data.
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Figure S3. PLS-DA plots for two-groups comparison.
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Table S1. ESI positive and ESI negative significant features ranked by ANOVA P-Value, including
annotated and non-identified metabolites. The annotated metabolites are depicted in bold.
Available at doi.org/10.1002/mnfr.202000875.

Table S2. Chromatographic and spectrometric characteristic of significant annotated metabolites.

Mass

Putative identification Formula Adducts Detected Error R:I' C°C ZS dc,,fs
m/z [min] [A’] (A?)
[ppm]
3-(Imidazol-5-yl)lactate © C6H8N203 M+H 157.0601 -4.5 0.5 130
4-Amino-1H-imidazole-5-carboxylic acid ™ ¢ C4H5N302 M-H20-H 108.0198 -4.0 2.1 1275
4-Aminophenol ™ ¢ C6H7NO M+H 110.0606 5.6 0.5 1179 16
Aniline *? C6H7N M+H 94.0647 -47 0.5 1174 2.4
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4-Methoxyaniline €
3-Hydroxybenzaldehyde ™ ¢
3,4-Dihydroxybenzenesulfonic acid
Hydroxybenzoic acid ™ ¢

Benzyl Alcohol ™ ¢
5-(Phenyl)valeric acid-sulfate *¢
2-Hydroxy-2-phenylacetic acid ¢
Phenylacetic Acid *°
Phenylethanol ¢
Tyramine ©
Phenethylamine ™®
Benzene-1,3,5-triol ¢
Benzene-1,3-diol €
Phenylacetaldehyde ®
4-Hydroxybenzylamine ©
Phenylmethanamine "¢
3-(4-Hydroxyphenyl)Pyruvate "¢
6-Hydroxydopamine ™ ¢
Dimethylbenzimidazole ¢
Glutamine *
3,4-Dihydroxy-L-Phenylalanine ©
6-acetamido-3-aminohexanoic acid ¢
Arginine ©

Phenylalanine ¢
3-Methoxy-L-Tyrosine ©
4-Hydroxy-L-Phenylglycine ™ ¢
Dihydrodipicolinic acid ®
N,N-Dimethylarginine ¢
N5-(1-Carboxyethyl)-ornithine ©
N-Acetylleucine ¢
N-Acetyl-L-lysine ¢
O-Acetyl-L-homoserine ®
Phosphocreatine *

Tilarginine acetate”
4-Methylene-L-glutamate ©
Glutarate ©

Citric Acid ©

Cinnamic acid”™ ¢
4’-methoxycinnamic acid ®
Cinnamic acid-sulfate **°
Dimethoxycinnamic acid °
3'-Hydroxycinnamic acid-4'-sulfate ®
4’-Hydroxy-3’-methoxycinnamic acid ®
3’-Hydroxycinnamic acid €
4'-Hydroxycinnamic acid €
7-Hydroxy-3-(4-methoxyphenyl)-4-
propylcoumarin ¢
3,5-diethyl-2-methylpyrazine ®

C7HONO
C7H602
C6H605S
C7H603
C7H80
C11H1406S
C8H803
C8H802
C8H100
C8H11NO
C8H11N
C6H603
C6H602
C8H80
C7HONO
C7HSON
C9H804
C8H11NO3
CO9H10N2
C5H10N203
CO9H11NO4
C8H16N203
C6H14N402
C9H11NO2
C10H13NOA4
C8HONO3
C7H7NO4
C8H18N402
C8H16N204
C8H15NO03
C8H16N203
C6H11INO4
C4H10N30O5P
CO9H20N404
C6HONO4
C5H804
C6H807
C9H802
C10H1003
C9H806S
C11H1204
C9H807S
C10H1004
C9H803
C9H803

C19H1804
C9H14N2

M+H
M-H
M-H
M-H
M-H
M+H
M+H
M+H
M-H
M+H
M+H
M-H
M-H
M+H
M+H
M+H
M-H20-H
M-H20-H
M+Cl
M-H20-H
M-H20-H
M+Na
M+Cl
M+Na
M-H20-H
M-H20-H
M+ACN+H
M+H
M+Na
M+Na
M+Na
M+Na
M+Cl
M+Cl
M+Na
M-H20-H
M+Cl
M+H
M+H
M-H
M+H
M+H
M+H
M+H
M+H

M-H20-H
M+H

124.0753
121.0291
188.9858
137.0223
107.0498
275.0565
153.0543
137.0593
121.0652
138.0903
122.0960
125.0237
109.0291
121.0642
124.0753
108.0803
161.0235
150.0556
181.0521
127.0505
178.0499
211.1051
209.0802
188.0696
192.0654
148.0397
211.0711
203.1497
227.1000
196.0951
211.1052
184.0587
246.0056
283.1170
182.0419
113.0238
226.9978
149.0592
179.0685
242.9955
209.0797
261.0069
195.0641
165.0540
165.0536

291.1025
151.1218

-11.8
5.8
5.6
1.3
-4.9
8.2
5.8
4.5
1.4
2.7

3.7

-0.5
4.1

1.9

-3.6
-3.2
-4.9
7.3

-3.4
10.0
1.2

5.4

-2.3
-5.8

-6.5

-0.6
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0.9
2.9
2.7
2.7
3.8
5.1
3.1
2.4

3.6
1.7

1.2
2.7
3.8
0.7
0.6
3.8
2.7
3.3
1.2
3.4
2.7
3.9
2.5
4.0
2.7
2.3
0.5
2.7
0.9
3.6
3.3
2.6
5.0
2.7
3.6
3.6
4.1
4.1
3.2
4.2
3.7
3.1
3.7
3.4

2.9
2.6
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5-Acetylamino-6-formylamino-3-
methyluracil ®

L-Ascorbic acid 2-glucoside®
3-Hydroxy-4,5-dimethyl-2(5H)-furanone ©
Sorbate ™2

Ethylmalonic Acid ©
5-(Hydroxyphenyl)valeric acid *¢
Hydnocarpic acid ®
Hydroxy-methylsuccinic acid *
Oxo-pentenoic acid ©

Methyl Jasmonate ©
Sn-Glycero-3-Phosphocholine ©
O-Methyl-(epi)catechin-sulfate “®
1,3,7-Trimethyluric acid *°
1,3-Dimethyluric acid ™2
1,7-Dimethyluric acid ™2
1,7-Dimethyluric acid ™2
1-Methyluric acid *?
3,7-Dimethyluric acid *?
3,7-Dimethyluric acid *?
3-Methyluric acid 2
3-Methyluric acid®
3-Methylxanthine *®
7-Methylxanthine ™ °
1-Methylxanthine®
Caffeine ™2

Paraxanthine ™2
Theobromine ™?
Theophylline ™2
Theophylline ™2

Uric acid “ ¢

Indole ©
3-Methylindolepyruvate ™
Indole-3-methylethanoate
5-Hydroxy-L-Tryptophan ¢
Hydroxy-oxovaleric acid ©
2-Oxoadipate ©

Kahweol oxide glucuronide ¢
Kahweol oxide glucuronide ™
((17-Oxoestra-1,3,5(10)-trien-3-

yl)oxy)acetic acid *®
b

b

2-Deoxyinosose
4-Oxocyclohexanecarboxylic acid *°
Guanidino-butanol ®
Hydroxy-(indol-yl)ethanamine ©
Trigonelline *®

Trihydroxy-5alpha-cholan-24-yl sulfate ™ ¢

5-(Phenyl)-y-valerolactone-sulfate *°

C8H10N404

C12H18011
C6H803
C6H802
C5H804

C11H1403
C16H2802
C5H805
C5H603
C13H2003
C8H21NO6P+
C16H1609S
C8H10N403
C7H8N403
C7H8N403
C7H8N403
C6H6N403
C7H8N403
C7H8N403
C6H6N403
C6H6N403
C6H6N402
C6HB6N402
C6HB6N402
C8H10N402
C7H8N402
C7H8N402
C7H8N402
C7H8N402
C5H4N403
C8H7N
C12H11NO3
C11H11NO2

C11H12N203
C5H804
C6H805

C26H32010

C26H32010
C20H2404

C6H1005
C7H1003
C5H13N30
C10H12N20
C7H7NO2
C24H4207S
C11H1206S

M+H

M+H
M+H
M-H20-H
M-H20-H
M+H
M+Na
M+H
M-H
M+Cl
M-H20-H
M-H
M+H
M+H
M+H
M-H
M-H
M-H
M+H
M-H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M-H
M+H
M-H
M+Cl
M+H
M+H
M-H20-H
M-H20-H
M-H20-H
M-H
M+H
M+H

M+H
M-H20-H
M+Na
M-H20-H
M+H
M+Cl
M-H

227.0772

339.0915
129.0540
93.0342
113.0240
195.1007
275.1992
149.0447
113.0239
259.1110
239.0902
383.0409
211.0817
197.0667
197.0668
195.0518
181.0363
195.0516
197.0664
181.0362
183.0510
167.0563
167.0563
167.0553
195.0875
181.0719
181.0716
179.0568
181.0719
167.0206
152.0261
218.0803
190.0852
219.0758
113.0240
141.0186
503.1917

505.2053
329.1746

163.0598
123.0445
154.0952
157.0762
138.0548
509.2356
271.0271

13

-4.7
-3.5

-3.4
4.7

1.8
-4.9
1.4

-10.2
5.7
4.2
1.1
-0.6
-3.0
2.5
4.1
2.9
2.9
1.2
-0.4
-0.6
1.9
-0.8
-0.6
2.2
3.4
-0.5
2.8

-10.2

-4

-5.4
-3.7
-3.2
45

1.0
3.0

-1.7
-4.9
1.0
-4.9
-0.9
2.3
-0.1

1.2

2.5

2.7
3.0
4.9

2.1
4.4
3.1
3.8
3.7

2.4
2.7
2.7
1.8
2.1
2.1
15
15
2.1
1.9
2.5
3.4
2.5
0.7
2.8
2.8
0.6
14
1.4
2.1
15
3.4
0.7

5.0
5.0

2.5

3.4
0.6

15
0.5

4.8
4.0

163

140.2

169.6
122.6
137.9
190.5
140.4
167.1
127.8
190.5
156.3
157.2
191.9
141
135.9
137.4
134.1
128.7
1341
133
128.7
131
129.2
129.2
130.7
137.5
1311
132.6
130.3
132.6
123.5
153.0
146.6
139.3
148.5
179.9
139.5
215.0

210.9
171.5

129.5
138.3
131.7
146.1
1245
218.3
157.5

0.5
0.2

0.3
-1.1

0.7

1.4
-1.4
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4-Methylbenzenediol-sulfate

5-(Dihydroxyphenyl)-y-valerolactone-

sulfate (3',4',5") "¢
Benzoic acid-4-sulfate *¢
5-(Hydroxyphenyl)-y-valerolactone-sulfate

*b

5-(Hydroxyphenyl)-y-valerolactone-sulfate
5-(Methoxyphenyl)-y-valerolactone-sulfate
3-Propanoic acid-3'-sulfate °
4-Methylphenol-2-sulfate ™ ?
3-methoxybenzaldehyde-4-sulfate ™
5-Acetylamino-6-amino-3-methyluracil *°
3-Dehydroshikimate *

Pantothenic acid °

D-Sorbitol ©
Galactitol ¢

1-Ribosylnicotinamide °
5-(Hydroxyphenyl)-y-valerolactone-
glucuronide ™

D-Glucuronic Acid ©

Inosine monophosphate ©

Mannitol ¢
Raffinose ©

b

b

1-Methyl-2-pyrrolecarboxaldehyde ™ ¢

2,6-Dihydroxypyridine ©

Carnosine ©

Phenylacetic acid isomer *¢
3,4-Dihydroxyphenylacetic acid ©
3-Hydroxymethyl-phenol ™ ¢
5-(3',4'-Dihydroxyphenyl)-y-valerolactone
)

Dopamine ™ ¢

Benzene-1,2,4-triol ©
2-Hydroxy-2-(4'-hydroxy-3'-
methoxyphenyl)acetic acid ©
3-Methoxytyramine ™ ¢
4-Hydroxy-3-Methoxyphenylglycol €
DL-Normetanephrine ¢

5-(Hydroxyphenyl)-y-valerolactone ™

3-(2-Hydroxyphenyl)propanoic acid ™ ¢

b

b

3-(3'-Hydroxy-4'-methoxyphenyl)propanoic

acid (Dihydroisoferulic acid) €

3-(3'-Methoxy-4'-hydroxyphenyl)propanoic

acid (Dihydroferulic acid) ®
2-Hydroxy-3-(4'-hydroxyphenyl)propanoic

acid ®

Farnesyl Diphosphate ©
2-Aminoadenosine *

Inosine *

Deoxyadenosine ¢

C7H806S M-H
C11H1208S M-H
C7H606S M+H
C11H1207s M-H
C11H1207S M-H
C12H1407S M-H
C9H1006S M+H
C7H805S M-H
C8H806S M-H
C7H10N403 M-H
C7H805 M-H20-H
C9H17NO5 M+H
C6H1406 M+Cl
C6H1406 M+Na
C11H16N205 M+H
C17H20010 M-H
C6H1007 M+Cl
C10H13N408P M-H20-H
C6H1406 M+Cl
C18H32016  M-H20-H
C6H7NO M+H
C5H5NO2 M+H
C9H14N403 M+Cl
C8H802 M-H
C8H804 M-H
C7H802 M+Na
C11H1204 M-H
C8H11NO2 M-H20-H
C6H603 M+H
C9H1005 M-H20-H
C9H13NO2 M-H20-H
C9H1204 M-H
C9H13NO3 M-H20-H
C11H1203 M-H
C9H1003 M+H
C10H1204 M+H
C10H1204 M+H
C9H1004 M-H20-H
C15H2807P2 M-H
C10H14N604 M-H
C10H12N405 M+Cl
C10H13N503 M-H

218.9942

303.0149
218.9962

287.0222
287.0207
301.0366
247.0238
203.0012
230.9958
197.0662
153.0183
220.1179
217.0478
205.0669
257.1110

383.0974
229.0112
329.0310
217.0493
485.1526
110.0604
112.0388
261.0754
135.0448
167.0340
147.0431

207.0646
134.0601
127.0390

179.0341
148.0758
183.0658
164.0711
191.0699
167.0694

197.0795

197.0798

163.0392
381.1234
281.1009
303.0521
250.0917

7.4

-6.6
-1.8

-0.7
3.1
3.5
133
1.5
0.0
3.8
-6.2
-0.3
3.4
7.5
8.7

0.3
-4.4
4.9
5.0
2.7
3.4
-4.8
-2.6
-2.9
-5.7
11.6

2.8
-6.5
0.5

-4.4
-6.2
-2.5
-3.1
1.9
-5.4

7.0

5.2

-4.5
-0.8
1.8
7.0
-11.5

2.4

31
33

3.8
4.6
3.9
2.4
3.4
3.3
0.8
2.4
1.2
5.1
0.5
2.4

3.6
2.3
4.2
4.2
3.6
0.8
0.8
5.2
3.4
4.4
3.7

3.6
3.4
3.3

4.2
4.0
2.4
3.8
4.0
4.2

3.7

3.4

3.7
4.1
4.6
4.5
1.7

164

139.1

164.4
143.5

160.1
155.3
169.4
155.8
133.6
141.6
140.2
141.6
146.5
159.9
139.8
155.3

181.8
162.5
162.0
158.3
208.4
119.3
119
159.5
127.5
128.0
125.1

182.1
141.8
122.8

146.0
146.9
149.0
152.0
158.2
129.2

188.2

188.2

152.1
181.9
195.3
162.8
155.1

0.0

1.6

4.4
0.8
1.9

1.2
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Deoxyadenosine ©

Deoxyadenosine monophosphate €
Nicotinamide Mononucleotide €
5-Hydroxy-6-methylnicotinic acid ™°
6-amino nicotinamide
N,N-Diethylnicotinamide ®
2-Hydroxypyridine ™ ¢
2,3-Dihydro-5-(3-hydroxypropanoyl)-1H-
pyrrolizine ®

estriol 3-glucuronide ™®

Taurocholic Acid ©
Estriol P

2-methoxy-17beta-estradiol 3-

glucosiduronic acid ®

3-0-(Carboxymethyl)estrone "

Progesterone ¢

C10H13N503
C10H14N506P
C11H15N208P

C7H7NO3
C6H7N30
C10H14N20
C5H5NO

C10H13NO2

C24H3209

C26H45NQO7S
C18H2403

C25H3409

C20H2404
C21H3002

M+H
M-H
M+Cl
M+H
M+H
M+H
M+H

M+H

M+Na
M-H20-H
M+Na
M+H

M+H
M+Cl

252.1070
330.0627
369.0256
154.0495
138.0645
179.1165
96.0441

180.1000

487.1933

496.2701
311.1625

479.2274

329.1743
349.1935

-8.6
5.6

-1.1
-2.2
12.1
7.8

-3.3

-10.9

-1.2

-7.3
2.6

-0.2

-1.4
-1.5

1.7
3.6
3.4
2.3
2.5
1.6
0.7

11

5

5.7
4.9

4.3

4.1
4.4

155.6 0.8
170.1 1.9
172.3
127.4
128.8
135.6
1171 3.2

137

211.3

213.4
167.3

206.2

171.5
181.1

Nomenclature for dietary (poly)phenolic catabolites is in accordance with the recent recommendations
proposed by Kay and co-authors (Kay et al., 2020), nomenclature for the other metabolites is in accordance
with the common names present in the DBs used (mainly Metlin, PubChem and HMDB).

*indicates metabolites common to both ANOVA p-value<0.01 and VIP>1.2.

2identified metabolites (level 1).

®putatively identified metabolites (level Il).

¢ putatively characterized metabolites (level )

RT is the Retention Time measured in minutes.

CCS is the observed Collision Cross Section value measured in A2,

dCCS is the deviation of the observed CCS value from the expected one, reported in A2,

Table S3. Results from the pathway analysis, performed with all the significant metabolites. In
particular, the main metabolite routes perturbed by coffee consumption, the number of compounds
matched on the total number of compounds in the pathway and the pathway impact value
calculated from pathway topology analysis are reported.

Pathway Name Match Status Impact
Caffeine metabolism 09/10 1
Tyrosine metabolism 08/42 0.39
Phenylalanine metabolism 04/10 0.74
Phenylalanine, tyrosine and tryptophan biosynthesis 02/04 0.5
Arginine biosynthesis 02/14 0.08
Galactose metabolism 03/27 0.03
Purine metabolism 05/65 0.01
D-Glutamine and D-glutamate metabolism 01/06 0
Nitrogen metabolism 01/06 0
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Taurine and hypotaurine metabolism
Ascorbate and aldarate metabolism
Ubiquinone and other terpenoid-quinone biosynthesis
Alanine, aspartate and glutamate metabolism
Aminoacyl-tRNA biosynthesis

Glyoxylate and dicarboxylate metabolism
Nicotinate and nicotinamide metabolism
Histidine metabolism

Arginine and proline metabolism

Pentose and glucuronate interconversions
Terpenoid backbone biosynthesis
Pantothenate and CoA biosynthesis
Tryptophan metabolism

Fructose and mannose metabolism
Citrate cycle (TCA cycle)

beta-Alanine metabolism

Lysine degradation

Inositol phosphate metabolism

Steroid hormone biosynthesis

Pyrimidine metabolism

Steroid biosynthesis

Primary bile acid biosynthesis

01/08
01/08
01/09
02/28
03/48
02/32
01/15
01/16
02/38
01/18
01/18
01/19
02/41
01/20
01/20
01/21
01/25
01/30
03/85
01/39
01/42
01/46

0.5

0.11

0.03
0.03
0.09
0.06
0.13
0.18
0.01
0.13
0.03
0.09
0.06
0.14

0.07

0.01
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4.1. General remarks

In the present doctoral thesis, three specific metabolomics applications have been addressed.

The first application was aimed at evaluating the bioavailability of flavan-3-ols from cranberry in
realtion to the absorption, metabolism, and excretion of PVLs and PVAs, the main and specific
colonic metabolites of this subclass of flavonoids. Their potential as biomarkers of flavan-3-ol intake
and inter-individual variability in their appearance in plasma and urine was also considered (3.1.
Study 1 — Kinetic profile and urinary excretion of phenyl-y-valerolactones upon consumption of
cranberry: a dose—response relationship). Information on PVLs and PVAs production following
cranberry intake was limited, despite its relevance for understanding the health effects attributed
to these berries 2. Cranberry flavan-3-ols are not only monomeric, but mainly oligomeric and
characterized by A-type bonds, known to be less accessible than B-type bonds, which are typical,
for example, of oligomeric flavan-3-ols found in cocoa 3. Within this study, it was shown that
consumption of cranberry flavan-3-ols leads to the production of the same colonic metabolites
originated after intake of other dietary sources of flavan-3-ols, as cocoa-derived products, wine, and
green tea, contributing to the pool of circulating PVLs. Actually, PVLs were mainly found in human
biofluids upon consumption of cranberry flavan-3-ols, while PVAs were only found at trace levels in
a few samples, reflecting the observations obtained in previous studies . In particular, sulfate and
glucuronide conjugated forms of 5-(3',4-dihydroxyphenyl)-y-valerolactone were the main
circulating and excreted metabolites. Conjugated forms of 5-(3',4'-dihydroxyphenyl)-y-
valerolactone reached maximum plasma concentration at about 4-6 h post consumption, in
accordance with their colonic origin, and then decreased, going back to baseline levels at 24 h.
Differently, derivatives of 5-(3'-hydroxyphenyl)-y-valerolactone and 5-(4'-hydroxyphenyl)-y-
valerolactone showed an earlier Tmax With not so clear kinetic profiles, but this could have been likely
due to the low circulating amounts and the extensive variability recorded for these minor
metabolites.

Plasma and urinary concentrations of the sum of the metabolites increased in relation to the
amounts of cranberry flavan-3-ols provided by the intervention drink, showing a clear and linear
dose-dependent relationship with the intake, with glucuronide and sulfate derivatives of 5-(3',4'-
dihydroxyphenyl)-y-valerolactone being the key metabolites driving the overall correlation. This
result suggested that 5-(3',4'-dihydroxyphenyl)-y-valerolactone, in its sulfate and glucuronide

conjugated forms, may serve as biomarker of intake for cranberry flavan-3-ols. Actually, these
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metabolites have already been proposed as biomarkers of flavan-3-ol intake in a large
epidemiological study >, but information on cranberry was missing. In addition, our results indicated
that sulfate and glucuronide derivatives of 5-(3’,4'-dihydroxyphenyl)-y-valerolactone could be used
in clinical trials to check compliance with interventions made of standardized cranberry products.

Glucuronidation seemed to be the most favorable phase Il metabolic pathway after cranberry juice
intake, even though a wide inter-individual variability existed. A high inter-individual variability was
also reported in circulating and urinary metabolite levels and, interestingly, some subjects seemed
to display a greater efficiency in metabolizing flavan-3-ols and producing PVLs. This might indicate
that metabotypes (i.e., subjects presenting different metabolic profiles) of flavan-3-ols colonic
metabolites could be present and this might explain the differences in the putative health effects

associated to flavan-3-ols.

On the basis of the previous evidence and the results of a preliminary work ¢, where a different
urinary production of PVLs and HPPs upon green tea flavan-3-ols consumption led to the definition
of three putative metabotypes, the second metabolomics application was aimed at elucidating the
presence of different metabotypes in the urinary excretion of the main flavan-3-ol colonic
metabolites after consumption of cranberry products in two diverse experimental settings, and at
assessing the impact of the statistical technique used for metabotyping (3.2. Study 2 — Metabotypes
of flavan-3-ol colonic metabolites after cranberry intake: elucidation and statistical approaches). A
methodological workflow for metabotype definition has been proposed, trying to fill in the present
gap on how to handle the inter-individual variability in the production of phenolic metabolites to
define metabotypes in those cases where the production does not result dichotomic (production vs.
non-production of specific phenolic metabolites) 7, and all the subjects produce instead all the
phenolic metabolites of a catabolic pathway, but in different proportions. The methodological
workflow proposed consisted in the subsequent application of different multivariate statistics —
PCA, cluster analysis and PLS-DA -, followed by univariate analyses to confirm the results from PLS-
DA models and validate the robustness of the methodological approach. Data pre-treatment played
a major role on resulting PCA models, as non-transformed, centered, and UV-scaled data were key
to unravel metabolic patterns based on colonic metabolism, while other pre-treatments highlighted
differences in phase Il metabolism. Regarding clustering, k-means and a final consensus algorithm
highlighted differences in the overall production of PVLs and HPPs, leading to quantitative-based
models whereby the distribution of the clusters was due to the amount of metabolites excreted

(high vs. low). Differently, the expectation-maximization algorithm and clustering according to
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principal component scores yielded well-defined metabotypes characterized by quali-quantitative
differences in the excretion of the colonic metabolites. The true physiological relevance of each
metabotyping model will be related to the application of these inter-individual differences to
explore their potential impact on the biological activity attributed to flavan-3-ols. For instance, in
vitro findings support the biological effects of flavan-3-ol colonic metabolites against uropathogenic
Escherichia coli adherence to uroepithelial cells %1, while it is well-known that human studies
administering cranberry flavan-3-ols to prevent urinary tract infections have reported conflicting
results 213, This might be due to different profiles of excreted metabolites, exerting different
biological effects. In this sense, clustering subjects according to their urinary metabotype of flavan-
3-ol colonic metabolites may provide new insights in the actual effect of flavan-3-ols on UTI
prevention, not only through cranberries but potentially also from other flavan-3-ol food sources
like cocoa, wine, pome fruits, other berries, and nuts.

The results of this work are not conclusive and should be validated in larger datasets involving a
higher number of participants, more phenolic metabolites from the flavan-3-ol metabolic pathway,
and different sources of flavan-3-ols. However, this work represents an additional step toward the
understanding of the inter-individual variability in flavan-3-ol metabolism, which is key to further
investigate its impact on the observed health effects attributed to this major subclass of

(poly)phenols.

Finally, the last metabolomics application was aimed at investigating the changes occurring at
metabolomic level and the impact on metabolic pathways upon daily consumption, for a whole
month, of different patterns of coffee (3.3. Study 3 — Metabolomic changes after coffee
consumption: new paths on the block). The adoption of an untargeted approach has allowed the
simultaneous identification not only of metabolites specifically associated with coffee consumption,
that are principally of exogenous origin, but also of endogenous metabolites, the levels of which
were influenced by the different treatments, reflecting the physiological effects of consuming
different patterns of coffee. All the pathways that were significantly impacted by coffee intake were
upregulated. Caffeine metabolism resulted the principal pathway influenced by coffee
consumption, highly affecting urinary metabolome and this was expected, being caffeine the
principal bioactive compound found in coffee and, once ingested, rapidly absorbed and metabolized
22 Besides caffeine metabolism, endogenous metabolic pathways, such as the metabolism and
biosynthesis of specific amino acids, were modulated and may, in turn, potentially influence human

health. Specifically, an upregulation of phenylalanine biosynthesis and metabolism, arginine
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biosynthesis and ubiquinone biosynthesis have been associated to coffee consumption for the first
time. Of note, these results should be confirmed by further studies, but the most important aspect
is that this study opens the door to new hypotheses about the health effects of coffee consumption,

and the possible underlying mechanisms.

4.2. Analytical considerations

All the metabolomics applications reported in this doctoral thesis have been performed by using
MS, in view of its sensitivity and selectivity, coupled to LC, due to its breadth of coverage of the

metabolome 23.

Specifically, ultra-high performance liquid chromatography coupled to a triple quadrupole mass
spectrometer has been adopted for the targeted analyses performed in study 1 (3.1.) and 2 (3.2.),
in view of the increased sensitivity and specificity of this technology, yielding lower detection and
quantitation limits. The availability of specifically sinthesized analytical standards 2% together with
a validated method optimized for the analysis of PVLs 2% allowed the absolute quantification of most
of the PVLs detected, as well as an accurate semi-quantification of the remaining metabolites (PVLs,
PVAs and HPPs). Indeed, the lack of reference compounds for in vivo metabolites (as phase Il
glucuronide, sulfate and methylated metabolites of phenolic compounds) is one of the major issues
in bioavailability studies, precluding both level | identification 2® of the metabolites present in

biofluids and accuracy in their quantitative estimate %’.

Ultra-high performance liquid chromatography coupled to high resolution MS equipped with ion
mobility separation has been employed for the untargeted experiment developed in study 3 (3.3.).
In this case, the use of ion mobility has added a further dimension of separation, increasing the
number of detected features, and a further parameter for molecules description (the collision cross
section value, CCS) that has enhanced putative identification of significant features (level Il
identification?®) in those cases where analytical standards were not available. Metabolite
identification remains one of the most challenging step of the whole metabolomics workflow and,
unfortunately, only a small percentage of detected features has been translated into knowledge,
limiting biological interpretation. However, as a discovery strategy, the untargeted metabolomics
approach adopted in study 3 has generated robust and comprehensive datasets, containing large
amounts of information, and, undoubtedly, this strategy has created new hypotheses to be

investigated in the future.
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Overall, the results contained in this thesis constitute an important piece in the advancement of the

research on dietary bioactives and associated health benefits.
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