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Abstract

The rising of cardiometabolic risk factors like obesity, higher blood pressure, and
alteration in the metabolism of lipids and glucose during adolescence increase the
risk of type 2 diabetes mellitus, cardiovascular diseases, and all-cause mortality in
adulthood. Several observational studies and clinical trials conducted in adults have
shown the role of (poly)phenols improving cardiometabolic health parameters, even
in individuals with high risk of cardiovascular disease. To date, there are very few
studies about (poly)phenols and cardiometabolic health in adolescents, one of them
is the HELENA study. Additionally, the diversity and the complexity of
(poly)phenols lead to difficulties in their dietary estimation in epidemiological
studies. Most of the studies evaluated dietary (poly)phenols in adolescents based on
dietary tools and rarely used biomarkers in biological samples.

This thesis aimed to study the role of dietary (poly)phenols, estimated using
different approaches, on cardiometabolic health parameters in a cohort of 1326
adolescents aged 11 to 14 years old enrolled at baseline in the SI! Program for
secondary schools in Spain. Overall, our findings suggested that among adolescents:
1) dietary (poly)phenols estimated by food frequency questionnaire are related to
improved cardiometabolic and adiposity parameters, ii) Total (poly)phenols in urine
analyzed by the Folin-Ciocalteu spectrophotometric method and used as a marker
of (poly)phenol intake, was inversely associated with blood pressure and lipid
profile, and with healthier cardiovascular health., iii) A novel and accurate analytical
method to identify and quantify 54 urinary phenolic metabolites (mainly microbial
phenolic metabolites) even aglycones and phase II metabolites through liquid
chromatography coupled to mass spectrometer was developed enterolignans
(enterodiol, enterolactone, and their derivatives) and urolithins (A and B and their
derivatives) were identified as candidate markers of whole grains and nuts intake,
respectively, iv) some phenolic metabolites (gallic acid, urolithin A and B) were
associated with better cardiometabolic health and with lower probability of having
metabolic syndrome.

The results of this thesis suggest that higher dietary (poly)phenols measure through
food frequency questionaries or in wurine were associated with better
cardiometabolic health, specifically body weight/composition, blood pressure,
blood glucose, and lipid profile; in adolescents from a Spanish cohortt.
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INTRODUCTION

INTRODUCTION
1.1. Cardiometabolic health in adolescents

Cardiovascular diseases (CVDs), particularly ischemic heart disease and stroke, are
the leading cause of global death, contributing to disability and increasing health
care costs (1). The number of CVDs deaths is rising alarmingly up from 12.1 million
in 1990 to 18.6 million in 2019 (1). In Europe, CVDs are still a major cause of
morbidity and mortality, reaching 4 million deaths each year, accounting for 45% of
all deaths in adults (2). The main causes of CVD can be classified into non-
modifiable risk factors such as age, sex, family history of CVD risk, and modifiable
risk factors. According to European Heart Association, the main causal and
modifiable CVD risk factors included dyslipidemia, high blood pressure (BP),
cigarette smoking, diabetes mellitus, and adiposity (3).

It is documented that metabolic syndrome (MetS) in adults is a predictor of CVD
(2- to 4-fold higher), type 2 diabetes mellitus (T2DM), and all-cause mortality (4-7).
MetS consists of a combination of cardiovascular risk factors including impaired
glucose metabolism, abdominal obesity, dyslipidemia (increased triglycerides (TG)
and decreased high-density lipoprotein cholesterol (HDI.-c)), and/or elevated BP
(8,9). The pathogenesis of MetS is complex and many aspects are still not fully
understood, but the most accepted hypothesis to describe pathology of MetS is
insulin resistance. The molecular pathways of insulin resistance are explained by
defects between the union of insulin with its receptor, where obesity and sedentary
lifestyles combined with an unhealthy diet and still unknown genetic factors interact
to produce this metabolic condition (10) (Figure 1).

' Overweight or obesity

Genetics & A Age
q{ lb/o l Dyslipidemia

Insulin resistance

-LoLt

- Apo Bt
-HDL+

- Triglycerides

tLipids 1 Blood 1 Fasting
pressure  glucose

\__: Metabolic Syndrome

>

T2DM and CVD risk

Age, sex, race,
i) o R
&%, smoking, physical activity, A V4 family history 1§+

unhealthy diet
o @

Qy Hypertension .\ Inflammation o

Figure 1. Factors contributing to MetS. Adapted from Kahn e# a/. (11)
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Because of the increasing rates of overweight and obesity, unhealthy eating
behavior, and sedentary lifestyle worldwide, the MetS is raising in adults but also in
young populations as adolescents (12,13). According to a recent study published in
the Lancet, around 35.5 million (5%) adolescents aged 13 to 18 years old from 44
countries in 13 regions worldwide had MetS in 2020 (12). Although the prevalence
of MetS in adolescents is low compared to adults (up to 31%), having MetS at early
life stage has serious metabolic consequences in adulthood. Thus, youth with MetS
and some combination of MetS components could have 2-3 times higher risk of
developing T2DM and subclinical atherosclerosis in adulthood (14-16). The lack of
a consensus about the MetS definition is the main problem of MetS in the pediatric
population (17). Thus, at this time, more than thirty definitions are described in the
literature with substantial different MetS diagnostic criteria (18), and the most
reported are described in Table 1. Depending on each definition used, the
prevalence of MetS in children and adolescents has a large variation, from 0.3 to
26.4% (19).

Table 1. MetS diagnostic criteria in children and adolescents. Adapted from
Reisinger ez al. (19)
Ref. Definition Abdominal High BP  Dyslipidemia  High BG

obesity (mm (mg/dL) (mg/dL)
(WC, cm) Hg)
Zimme Abdominal 10-15 years of age  SBP > 130 TG =150 =100 or
tetal obesity plus  WC > 90th or HDL-c <40 diagnosis
(20) 2 of 4 criteria  percentile DBP > 85 of T2DM
1015 years of age

>15 years of age HDL <40 (&)

WC =294 (&) <50 (9)

WC =80 (%)
Cook 3ormore of WC =90th 290th TG =110 2110
et al. 5 criteria percentile percentile  HDIL-c <40
@
Ford et 3 ormoreof WC = 90th 290th TG =110 =110
al. (22) 5criteria  percentile percentile  HDI-c <40
de 3 or more of WC = 75th 290th TG =100 =110
Ferrant 5 criteria percentile percentile  HDIL-c <50
ietal
23)

d boys, @ girls, BG blood glucose, BP blood pressure, DBP diastolic blood
pressure, HDI-c high-density lipoprotein cholesterol, SBP systolic blood pressure,
T2DM type 2 diabetes mellitus, TG triglycerides, WC waist circumference.

22



INTRODUCTION

Due to the increase and the large variation in the prevalence of MetS in children
and adolescents, some epidemiological researchers have proposed evaluating
continuous MetS score (cMetS) as an index for modeling MetS in pediatric
population (24). Several statistical approaches have been applied to calculate cMetS,
like principal components analysis, centiles rankings, and so on (25-27). Hesmant e#
al. validated a cMetS, like the sum of standardized residuals of cardiometabolic risk
variables: WC, mean arterial blood pressure (MAP), HDL-c, TG, and blood glucose
(BG), resulting in an accurate predictor of MetS in 3843 Iranian children and
adolescents aged 7-18 years old (24).

1.1.1.Obesity and cardiometabolic complications

As mentioned before, obesity in adolescence, especially abdominal obesity, is the
main contributor to the severity of MetS, T2DM, and CVD (14). Obesity is
characterized by an excess of adipose mass. The excess of visceral adipose mass
increases the growth and the number of adipocytes, disrupting the normal lipid
accumulation in tissues such as muscle and liver, and elevating free fatty acids
(FFAs). Higher FAAs levels in plasma reduce insulin sensitivity in muscle by
inhibiting insulin-mediated glucose uptake. The high circulating glucose and FFAs
increase pancreatic insulin secretion resulting in hyperinsulinemia. Thus, when
insulin resistance develops, it facilitates the flow of FFAs from adipose tissue to the
liver, there is a reduction in glucose transformation to glycogen, and elevation of
synthesis of TG, very low-density lipoprotein (VLDL), and apolipoproteins (C-11,
C-1II, and B-100). The higher and abnormal production of TG increases lipid
accumulation in the liver and muscle, but also elevates circulating TG levels.
Hypertriglyceridemia modifies the composition of lipoproteins, decreases HDL-c,
and increases low-density lipoproteins cholesterol (LDL-c) levels. LDL-c is
transformed into a smaller particle, with a higher atherogenic capacity. The
adipocyte is also an endocrine cell, that releases many molecules like cytokines and
hormones. In obesity, adipose tissue exhibits abnormalities in the production of
these molecules affecting insulin resistance. For example, there is a high production
of inflammatory cytokines such as tumor necrosis factor alfa (TNF «), interleukin 6
(IL-6), C-reactive protein (CRP), plasminogen activator inhibitor-1 (PAIl), and
lower production of protective hormones like adiponectin, which regulates glucose
levels and fatty acid metabolism. Additionally, obesity is associated with changes in
adipocyte gen expression spanning, for example, it promotes the overexpression of
angiotensinogen gen increasing angiotensin II, and probably contributing to the
appearance of hypertension (28) (Figure 2).
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Figure 2. Physiopathology of obesity and MetS. The excess adipose tissue elevates free
fatty acids (FFAs), inflammatory cytokines such as tumor necrosis factor alfa (ITNF o),
interleukin 6 (IL-6), C-reactive protein (CRP), plasminogen activator inhibitor-1 (PAI1),
and decreases adiponectin. In the muscle, a higher circulating FAAs reduces insulin
sensitivity. Elevated FFAs increase pancreatic insulin secretion resulting in
hyperinsulinemia. Thus, when insulin resistance develops, there is a high flow of FFAs
from adipose tissue to the liver, reducing glucose transformation into glycogen, and
increasing the synthesis of triglycerides, very-low-density lipoprotein (VLDL),
apolipoproteins (C-1I, C-I1I, and B-100), reducing high-density lipoprotein cholesterol
(HDL-c) and elevating low-density lipoprotein cholesterol (ILDL-c). Adapted from Eckel ez
al. (28).

From 1975 to 2016, obesity in children and adolescents, measured by body mass
index (BMI), has increased worldwide, from 5 to 50 million in girls and from 6 to
74 million in boys (29). In Spain, a recent study showed that the prevalence of
overweight and obesity trends in 2.5 million children and adolescents decreased
from 2005 to 2017 (30). However, this trend varies depending on sex, age, and
region. In general, boys have a higher prevalence of obesity than girls. However,
regarding change prevalence, in adolescents aged from 12 to 17 years, the
prevalence of obesity increased in girls (mainly in Aragon, Cantabria, Catalonia, and
Navarra) and decreased in boys, as observed in Figure 3.
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Figure 3. Percent change in the prevalence of obesity in Spain from 2005 to 2017
according to age, sex, and region. Bont e a/. (30).

Lifestyles are acquired in early life stages, and they persist from childhood to
adulthood (31). For this reason, childhood and adolescence are critical periods for
the adoption of food preferences and other key behaviors associated with a healthy
diet and physical activity, to promote better cardiovascular health in adulthood
(31,32). Preliminary evidence reports an inadequate dietary pattern amongst
adolescents in Spain, characterized by lower intake of fruits and vegetables resulting
in lower Mediterranean diet adherence, higher intake of high-fat meals, sugar, in
addition to unhealthy choices such as breakfast skipping, eating at fast-food
restaurants, intake of processed foods and sweets (32,33).

1.1.2.Strategies to improve cardiometabolic health in adolescents

It is well documented that interventions based on healthy dietary behaviors and
active physical activity are the best way to reduce the prevalence of obesity and
improve cardiometabolic health in a young population (34). Adolescence is a key
period of biological, social, and behavioral changes that will be essential for
adopting a healthy lifestyle and eating habits in adulthood (35). However, dietary
behaviors depend on multiple complex factors which need to be considered, like
food preferences, parental education, family income, and nutritional knowledge
(36). Lifestyle habits, such as watching television for more than two hours, also
influence food consumption patterns. Each of these individual, environmental, and
sociocultural factors represent a potential barrier, but also an opportunity to
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promote healthy habits to improve cardiometabolic health (36). Therefore,
identifying each of these determinants will be important in the implementation of
programs to improve eating habits and lifestyle in the community (30).

In this context, during the last years, Spanish public schools have promoted the
implementation of health education systems to increase physical activity and
improve eating patterns in children and adolescents, as well as their families and
school environment, through the SI! (Salud Integral) Program (31,37). The
interventions in schools are probably the best way to promote healthy lifestyles at a
low cost and with greater effectiveness (31,35,37). The SI! Program is an
educational intervention that aims to establish healthy lifestyles at an early age stage,
intervening in four basic interrelated components: the human body, physical
activity, diet, and the management of emotions, the latter aimed at preventing the
use of drugs like tobacco and alcohol (31,37). Based on scientific evidence, the SI
Program! seeks to promote physical activity, healthy eating, reducing sedentary
leisure time, and avoiding drug or alcohol consumption, through increased
knowledge and changing attitudes and habits together with the control of emotions,
with the aim of reducing body weight and visceral adiposity parameters, as well as
improving metabolic profiles and cardiovascular health (31,37) (Figure 4). This
intervention is aimed at secondary school students and is based on the adolescent's
potential to have a positive impact on their health, which will be reinforced by the
family and school environment (37). The design of this intervention is based on the
success of this strategy implemented in preschool children aged 3 to 5 years in
Spain, proving to be effective in adopting healthy habits (31).
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Figure 4. Design of the Si! Program for secondary schools in Spain. Adapted
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The implementation of the SI! Program in adolescents from secondary schools in
Madrid and Barcelona ended in 2021, and currently, the effect of the intervention is
ongoing publish. Details of the data recruitment are described by Fernandez-
Jimenez, R. et al (37), and in the method section of the present thesis.

1.2. Dietary (poly)phenols

(Poly)phenols constitute a group of bioactive compounds or phytochemicals of very
great structural diversity and are largely widespread in the plant kingdom.
(Poly)phenols are secondary metabolites produced by plants, through complex
shikimic acid and malonic acid pathways, as a response to environmental and
ecological challenges (38).

1.2.1.Structure and classification of dietary (poly)phenols

(Poly)phenols represent the largest group of phytochemicals, with several thousand
different phenolic structures identified in plants to date. (Poly)phenols are
characterized by having at least one phenyl aromatic hydrocarbon ring carrying one
or more hydroxyl groups. According to aglycone chemical structure, (poly)phenols
can be classified into five main groups: flavonoids, phenolic acids, stilbenes, lignans,
and “others” such as coumarins, tyrosols, etc. (38). The basic chemical structure of
(poly)phenol is an aglycone, and it is rarely found in foods. Generally, (poly)phenols
in foods are linked to glycosides (glucose, rhamnose, rutin), esters or in their
polymeric form.
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Figure 5. Classification of dietary (poly)phenols. Adapted from Hano ez a/. (39)

Flavonoids are the main group of (poly)phenols, with more than 4000 different
compounds identified in plants (38). The basic chemical structure of flavonoids

consists of two six-carbon phenyl aromatic hydrocarbon rings (ring A and ring B)
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that are bound by one heterocyclic ring of three-carbon (ring C) (Figure 5).
According to the hydroxylation pattern and variation in the heterocyclic ring,
flavonoids can be divided into six subclasses: anthocyanins, flavanols or flavan-3-
ols, flavonols, flavones, flavanones, and isoflavonoids. In plants, generally,
flavonoids are found in their glycosylated form which are formed by an aglycone
linked to glycosidic sugars (glucose, galactose, or rhamnose) (38,40). Anthocyanins
are compounds responsible for the red, blue, and purple pigments in fruit (berries,
pomes, and red wine) and vegetables (onion, leaf vegetables, purple sweet potato),
and cyanidin, delphinidin, and pelargonidin are the most identified in foods.
Flavanols or flavan-3-ols are a very complex group of (poly)phenols, which include
monomers of flavanols (catechin, epicatechin, and their gallates) or polymers of
flavanols (proanthocyanidins). Flavones, such as luteolin, apigenin, and baicalein
have similar chemical structures to flavonols, except for the lack of oxygenation at
ring C. In general, flavones are present in leaf vegetables like celery and parsley.
Flavanols are mainly present in tea, berries, red wine, and cocoa-based products.
Among flavonols, quercetin, myricetin, isorhamnetin, and kaempferol are the most
found in citrus fruits, grapes, onions, and lettuce. Hesperidin and naringenin are the
most representative of flavanones, and they are present in citrus fruits.
Isoflavonoids such as genistein and daidzein are present in soy and soy products
and are classified as phytoestrogens due to their similar chemical structure to
estrogen (Table 2) (41).

Phenolic acids are the most abundant non-flavonoids in plants and are divided into
hydroxybenzoic acids (e.g., gallic acid, wvanillic, and syringic acids) and
hydroxycinnamic acids (e.g., m-coumaric, o¢-coumaric, p-coumaric, ferulic,
chlorogenic acids), both characterized by having at least one phenyl aromatic
hydrocarbon ring and organic carboxylic acid in their chemical structure, as can be
seen in Figure 5 (38,39). Depending on their soluble or bound form, phenolic acids
can be found in the endoplasmic reticulum and preserved in the vacuoles of cell
plants or found in the cell wall conjugated with glycosides and ester bonds (38,39).
These phenolic compounds are widely distributed in fruits (apples, cherries, berries,
wine), vegetables (broccoli, lettuce, and tomatoes), grains, seeds, legumes, coffee,
etc. (Table 2).

There are other non-flavonoids relevant to human health that can be found in
plants, although they are not widespread in plant foods. Among these, stilbenes and
lignans are the most representative. Stilbenes, being resveratrol the main
contributor, are found in grapes and red wine but in low quantities. Lignans are
recognized as phytoestrogens and are found in the bound forms in flax, sesame, and
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many grains and tyrosols are mainly present in olive and extra virgin olive oil (Table

2).

Table 2. (Poly)phenol food sources.

(Poly)phenol subclasses Food sources

Flavonoids

Anthocyanins

Flavanols or Flavan-3-ols
e Catechins

¢ Proanthocyanidins

e Theaflavin

Flavanones

Flavones

Flavonols

Isoflavonoids

Phenolic acids

Hydroxybenzoic acids
Hydroxycinnamic acids
Hydroxyphenylacetic acids

Hydroxyphenylpropanoic
acids

Stilbenes
Lignans
Other (poly)phenols

Alkylmethoxyphenols
Alkylphenols

Furanocoumarins

Hydroxybenzaldehydes
Naphtoquinones
Tyrosols

Curcuminoids

Berries, drupes, pomes, fig, fruit juices, nuts, pulses,
olives, leaf vegetables, onion, red wine, putple sweet
potato.

Cocoa and cocoa products, pomes, cereals, berries
b b b b

gourds, fruit juices, nuts, pulses, wine, beer,
ciders, tea.

ocoa and cocoa products, cereals, berties, cherries
C d roducts, cereals, berries, cherries,
pomes, drupes, tropical fruits, nuts, red wine.
Tea
Citrus fruit

erbs, spices, whole-grain cereals, citrus frui
Herbs, spices, whole-grain cereals, citrus fruit
(orange), olive.

ices, herbs, nuts, betties, olive, leaf vegetables
Spices, herbs, nuts, berries, olive, leaf tables,
pulses, cabbages, onion, whole-grain cereals, tea
(black).

Soy and soy products.

Nuts, berries, tropical fruit, leaf vegetables, cocoa,
soy products, herbs, tea.

Herbs, berries, cereals, dried fruits, coffee beverage,
drupes, pomes, berties, tropical fruits, drupes, tuber
(potato).

Olives, olive oil

Olives

Red wine, berties, nuts
Seeds oils, cabbages (kale, broccoli), nuts, drupes

Seed oils (rape seed), beer, coffee beverages
Cereals and cereals products, coffee beverages, and
cocoa

Stalk vegetables (Celery), herbs (parsley), citrus
juice

Nuts, red wine, cocoa powdet, olives.

Nuts

Olives, olive oil

Spices

Data obtained from Phenol Explorer version 3.6
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1.2.2.Factors that conld influence (poly)phenol content in_foods

Agricultural and technological factors have shown to influence the content of
(poly)phenols in plants. The main agricultural factors include genetic diversity,
environment (seasonal variability, water availability, sunlight, and temperature), soil
fertilization, irrigation system, pest/microbial stress, and ripening stage (42).
Although most of these factors are controlled by the grower, climate change has an
impact on the phenolic content. For example, studies show that sun exposure can
increase anthocyanins and flavonols (like quercetin) in some plants (40,42).
Technological factors include all post-harvesting treatments, such as cleaning,
storage, antimicrobial treatments, and food processing. During the storage, there is
a gas generation that can modulate the synthesis of some (poly)phenol subclasses.
Food processing, mainly mechanical, thermal, and non-thermal treatments, affects
the content and profile of dietary (poly)phenols (42,43). Drying, grinding, and heat
treatments cause (poly)phenol losses in foods. Meanwhile, encapsulation enhances
(poly)phenol bioavailability. (Poly)phenols are susceptible to changes during
cooking techniques (boiling, frying, steaming, baking, stewing, roasting, and
microwave), mainly by the degradation by heat, oxidation, isomerization, and release
of (poly)phenols by rupture of cell walls (44).

1.2.3.  Bioavailability of dietary (poly)phenols and the role of the gut microbiota

The human biological health effect of dietary (poly)phenols depends on the quantity
consumed and their absorption, distribution, metabolism, and elimination (45).
Briefly, (poly)phenol bioavailability involved the following processes (Figure 6): 1)
release of (poly)phenols from the food matrix; 2) changes in (poly)phenols during
gastric/small intestinal digestion; 3) cellular uptake of aglycons and some
conjugated (poly)phenols by enterocytes; 4) microbial phenolic metabolism of non-
absorbed (poly)phenols; 5) phase I/1I enzyme modification in the small intestine or
colon; 6) transport of (poly)phenols in the bloodstream and tissue redistribution; 7)
(poly)phenol excretion via the kidney, mammalian glands, or re-excretion into the
gut via bile (46,47).

In foods, most of the (poly)phenols are present as glycosides, esters, and polymers,
the latest characterized by their high molecular weight and poor bioavailability
(48,49). Digestion begins in the oral cavity with the reduction of particle size and
the enzymatic action of amylase, enhancing the process during the following stages
of digestion. Due to the short interaction time, the impact of enzymatic digestion
on (poly)phenol release is low (46,47).
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Figure 6. (Poly)phenol bioavailability. Adapted from Bohn and Del Rio e al.
(41,47)

CBG, cytosolic B-glucosidase; COMT, catechol-O-methyl transferase; LPH, lactase-
phlorizin hydrolase; MRP, multidrug resistance proteins; SGLT-1, sodium-glucose linked
transporter 1.
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In the stomach, pepsin reaction, peristaltic movement, and the low pH decrease
particle size, promoting the release of (poly)phenols (47). According to some
authors, anthocyanins, isoflavonoids aglycones, and some phenolic acids (caffeic
acid, gallic acid, and chlorogenic acid) can be absorbed in this gastric phase, due to
the rapid postprandial appearance in plasma (47,50-52).

In the small intestine, aglycones can be absorbed. However, more than 80% of
dietary (poly)phenols (mainly in their glycoside form) are poorly absorbed in the
small intestine and pass to the large intestine, which are metabolized by gut
microbiota through enzymatic reactions (deglycosylation, dehydroxylation,
demethylation, deconjugation, epimerization, ring fission, hydrolysis, and chain-
shortening reaction) and transformed into lower molecular weight compounds,
namely microbial phenolic metabolites. During the absorption, (poly)phenols are
conjugated in the small intestine and later in the liver, following phase I (e.g.
reduction/oxidation, methylation, hydroxylation, hydrolysis, e.g. via cytochrome
P450-dependent mixed-function oxidases and catechol-O-methyl-transferase) and
phase II  metabolism (e.g. glucuronidation by uridine-5-diphosphate
glucuronosyltransferase, and sulfation via sulfotransferases). This process depends
on the nature of the substrate and dose of each phenolic. When (poly)phenols reach
the systematic circulation, they are rapidly eliminated from plasma, distributed to
different target tissues, or excreted through biological fluids, like urine, bile, and
breast milk. Excretion of phenolic compounds varies according to molecular
weight; thus, heavy compounds are usually eliminated through bile, meanwhile,
molecules with lower weight are eliminated frequently through urine (53). Since
dietary (poly)phenols are extensively modified, and the forms (mainly glucuronide
and sulfate) that appear in human samples are usually different from the precursor
(poly)phenol found in foods, greater attention should be focused on exploring the
potential biological activity of (poly)phenol metabolites, especially metabolites
derived from gut microbiota. Some microbial phenolic metabolites could have more
bioactive effects than their native or parental (poly)phenols, as is the case of lignans,
which are metabolized to enterolactone and enterodiol, or ellagitannins metabolized
in urolithins, which act as stronger phytoestrogens than their parental compound
(45,49,54,55). Given the above, details of the bioavailability of (poly)phenols and
the role of gut microbiota on human health are available in Article 1.

The bioavailability of dietary (poly)phenols differs among individuals. This
interindividual variation could be explained by different factors: the composition of
gut microbiota, genetic polymorphisms in the expression of enzymes implicated in
phase I/II metabolism, intake of alcohol, smoking, age, sex, and the synergistic
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effects of the mixture of (poly)phenols and other nutrients present in the diet, as
well as the food matrix (56,57). A positive effect of sugars on (poly)phenol
glucoside uptake has been suggested (46). Thus, a green tea formulation with
sucrose, ascorbic acid, or citrus juices protected catechins degradation and
improved their bioavailability (58). Similarly, chocolate products with sucrose
increased plasmatic levels of catechins and epicatechins (59). On another hand,
dietary lipids enhance apolar (poly)phenol absorption by the formation of mixed
micelles, thus, enhancing its transepithelial transport (46,47). Tuck e al. showed that
absorption of tyrosol and hydroxytyrosol increased after the administration of olive
oil (lipid-rich matrix) (60). By contrast, proteins can negative effect on (poly)phenols
bioavailability. However, is difficult to judge due to some contradictions in the
studies. Studies with blueberries showed that milk addition reduces the recovery of
anthocyanins having a negative effect on the antioxidant activity of blueberries (61).
However, studies with cacao powder and milk showed an increase of urinary
phenolic acids such as wvanillic and phenylacetic acid; and a reduction of
protocatechuic, hydroxybenzoic, hydroxyhippuric, hippuric, caffeic, and ferulic
acids after the consumption of cacao powder dissolved in milk (62). It is probable
that this protein effect depends on type of protein and (poly)phenols (46,47).
Dietary fiber increases the intestinal bulk (soluble fiber) and reduces transit time
(insoluble fiber), both action that reduces (poly)phenol bioavailability. However,
positive effect on (poly)phenol bioavailability has been observed with fermentable
fiber such as fructo-oligosaccharides, inulin, and resistant starches, increasing the
microbial phenolic metabolism (e.g. quercetin and isoflavones) (63—65). Although,
the effect of mineral intake on (poly)phenol bioavailability has not ever been
described, (poly)phenols reduce the absorption of iron, zinc, copper, and sodium,
due to chelation (47,60).

Health status also has implications on the bioavailability of (poly)phenols. Some
(poly)phenols as epigallocatechin-3-O-gallate have a high affinity to plasma proteins
extending their half-life in the blood (67).

1.2.4. Methods of estimation and quantification of (poly)phenol intake

In epidemiological studies, different methods to assess phenolic intake are used to
evaluate the relationship between these compounds and human health, and they can
be divided into two groups: dietary tools and biomarker analysis using analytical
approaches (68,09).
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1.24.1.  Dietary tools to estimate (poly)phenol intake

The diversity and the complexity of (poly)phenols lead to difficulties to estimate
dietary intakes. The most reliable tools for (poly)phenol intake are 24-h or 48-h diet
recall, food records/diaties, diet history questionnaires, weight food records, or
food frequency questionnaires (FFQ). Each one, including its strengths and
limitations, is described in Table 3. Among them, FFQ is the most widely dietary
assessment tool used to measure food sources of (poly)phenol intake, because of its
ability to measure long-term exposure to dietary factors (68,70). These methods are
then cross-referenced using available (poly)phenol food composition databases (68).
In this thesis, we used the Phenol-Explorer database because it is the most
comprehensive database that includes flavonoid and non-flavonoids subclasses of
(poly)phenols from more than 400 foods (71). However, in the literature, other
databases are also used such as the USDA database for flavonoids, the UK food
standards Agency Food composition database on phytoestrogens, etc. (68).

Table 3. Strengths and limitations of (poly)phenol intake commonly used in
epidemiological studies. Adapted from Xu ¢z al. (70)

Ability to capture

Characteristics Strengths Limitations food sources of
(poly)phenols
FFQs

Fasy to conduct or Less able to capture
A list with specific food If red day-to-day variability in Able ¢ cur
items (10-200+), able to seti-reported, diet; lack of specificity ¢ fo capture

. capture past-long- long-term

assess long-term intake tak foods; prone to phenol intak
exposure. rerm intake misreporting and (poly)phenol intake.

exposure. .

memory bias.
24-h/48-h Recall
Recall food intake in the More specificity
previous 24 h or 48 h. High participant burden  (poly)phenol
To evaluate habitual Easy to conduct; if conducted multiple content; repeat
diet, two or more recalls not restricted to a times; prone to recalls are needed to
are needed to apply predefined food list. misreport and memory  capture habitual
during a long period of bias. dietary
time. (poly)phenol.
Food records or diaries

Able to identify Quality of data may Morte specificity
Record of intake for 3,7 day-to-day decline with the (poly)phenol
days, etc.; usually variability after 2 or increasing number of content; able to
assisted with pictures of more records, not  days reported. Hand- capture intake of
portion sizes. restricted to a written food records are less common foods.

predefined food list. inexpensive to collect
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Structured
questionnaire/interview
on food intake during a
specific period with
open-ended questions.

It can capture
infrequently
consumed foods.

but expensive to code.

Diet history questionnaire

Not restricted to a
predefined list of
foods; capture past
long-term intake
exposure.

Standard protocol and
training are needed for
the interview and
coding; prone to
misreporting and

INTRODUCTION

Able to capture
(poly)phenol intake
from less common
food or infrequently
consumed foods.

memory bias.

Weighed food records

Able to capture
(poly)phenol intake
from less common
foods; repeat
measurement will
increase the ability
to captute
infrequently
consumed foods.

High participant burden
(need weighing tools
and instructions);
standard protocol and
training are needed for
coding.

Accurate in portion
size and less
memory bias; not
restricted to a

predefined food list.

Weigh and record the
portion of every food
intake for a consecutive
period of time.

1.24.2.  Analytical method to analyse (poly)phenols in biological samples

Dietary (poly)phenol intake can also be determined by quantifying biomarkers using
analytical approaches, which include individual (poly)phenol and their derivatives
found in human biological samples (68). Due to the lack of general and standard
methods to determine (poly)phenol biomarkers in biological samples, researchers
their own method (68).
chromatography, and mass spectrometry are the approaches widely used to quantify

must develop and validate Spectrophotometry,
(poly)phenols in human samples. In this thesis, analytical methods to identify and

quantify (poly)phenol in urine were used and therefore explained in this section.
1.2.4.2.1. Spectrophotometric method to quantify of total (poly)phenols in nrine

The spectrophotometric Folin-Ciocalteu method adapted to urine is the most rapid
and simple method widely used to estimate total (poly)phenol content, which can be
used as a biomarker of (poly)phenol intake in large epidemiological studies (72).
However, the lack the specificity for individual phenolic compounds is a limitation
of this method (38). The Folin-Ciocalteu method is based on the reduction in
alkaline medium of a mixture of phosphomolybdic and phosphotungstic acid
(Folin-Ciocalteu reagent) by (poly)phenols. In this redox reaction, a series of
tungsten and molybdenum oxides are formed giving a blue color that is
proportional to the concentration of (poly)phenols. The Folin-Ciocalteu reagent
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does not react specifically with (poly)phenols but also with sugars, aromatic amines,
sulfur dioxide, ascorbic acid, organic acids, Fe (II), and other non-phenolic but
oxidizable organic substances. Therefore, previous urine treatment is needed to
remove interference to avoid false readings and thus lead to erroneous results.

1.2.4.2.2. Chromatographic methods to quantify individual (poly)phenol

The development and application of new technologies to determine phenolic
compounds and their metabolites in biological samples are increasing. Thus reverse-
phase liquid chromatography (LC) coupled with mass spectrometry (LC-MS/MS)
with differences in the separation modes have been scarcely applied for the rapid
and accurate targeted identification and quantification of individual (poly)phenols in
urine, blood, and feces (38,45,73). However, some flavonoids like isoflavones are
derivatized to methyl esters and analyzed by gas chromatography (GC), or a normal
phase column is applied for the separation and quantification of procyanidins (38).
Triple Quadrupole (QqQ) or Triple-Quadrupole Ion Trap (QTrap) with reverse
phase chromatography is the most frequently mass spectrometer detectors used in
these targeted analyses, due to their high sensitivity and selectivity (73). Otherwise,
it has been well-shown that high-resolution mass spectrometry (HRMS), like liquid
chromatography coupled with - linear ion trap quadrupole-Orbitrap HRMS (LC-
LTQ-Orbitrap HRMS), is extended used for identification of (poly)phenols in
nutrimetabolomics studies due to provide exact mass information, two-stage mass
analysis (MS/MS), and multi-stage mass analysis (MS"), facilitates the elucidation of
the structures of known and unknown compounds (73-75). In addition to this, with
the information obtained in full-scan mode from HRMS, researchers can identify
interferences coming from the matrix and prevent false results (76). According to
the results of different publications, HRMS is a fully appropriate approach for
quantitative LC-MS analysis due to its versatility, speed of data processing, and
robustness characteristics (77,78). In this thesis, LC-LTQ-Orbitrap-HRMS
approach was used to detect and quantify (poly)phenols in urine, and details of the
chromatographic method will be explained in the Method and result section.

1.3. Dietary (poly)phenols and microbial phenolic metabolites and their implication in
cardiometabolic health

As mentioned before, dietary intervention is an important strategy to improve
cardiometabolic health. In this context, evidence suggests that the consumption of
plant-derived foods, characterized by a high content of bioactive compounds like
(poly)phenols, is associated with the prevention of CVDs in adults (79-81).
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Although (poly)phenol concentration is different in each food, it does not mean
that their activity in the body is proportional once ingested (54,55). (Poly)phenols
have favorable effects in different ways, including the reduction of adiposity and
BP, inhibition of platelet activation, improvement of the lipid profile, and anti-
inflammatory effects (inhibition of cytokines production and reducing of adhesion
molecule expression), all of them contribute to the reduction of CVD risk and
mortality (41,80-85). In a recent meta-analysis based on thirty-nine studies, Micek e7
al. showed that a higher intake of anthocyanins and flavanols was associated with a
lower risk of CVD, and flavonols and flavones were associated with a lower risk of
coronary heart disease (85). Moreover, a panel of experts in (poly)phenols has
developed for the first time a guideline recommendation for dietary flavanols,
highlighting the importance of these phenolic compounds in the prevention of
cardiometabolic diseases (86). Mechanisms of action of dietary (poly)phenol are
related to its capacity to modulate lipid metabolism, stimulating “browning”, which
is the development of beige adipocytes. Moreover, (poly)phenol could inhibit
gluconeogenesis and stimulate the release of insulin by pancreatic -cells. All the
above could explain the link between total dietary (poly)phenol and cardiometabolic
parameters found in the literature (41,85,87,88). Additionally, phenolic compounds
produced by gut microbiota (like wurolithins, enterolignans, phenolic acids
(hydroxycinnamic acids, hydroxybenzoic acids, hydroxy-phenylpropionic acids,
hydroxyphenylacetic acids), and stilbenes (dihydroresveratrol)) have implications on
human health (45,89-95). It is the case of urolithins, molecules closely related to
endothelial function, blood pressure, inflaimmation, insulin resistance, platelet
aggregation, and oxidative stress (92,96—99). Enterolactone, an enterolignan, is
related to low odds of presenting obesity, high C-reactive protein, high triglycerides,
low HDL-c, and MetS (95).

Nevertheless, up to date, only a few studies have explored the relationship between
(poly)phenol intake and cardiometabolic health in adolescents (100,101). Moreover,
there are no studies that explore microbial phenolic metabolites and
cardiometabolic conditions in this target population. Since adolescence is a critical
period for later cardiometabolic complications, and dietary (poly)phenols protect
cardiometabolic and cardiovascular health in adults, studying this relationship in
adolescents is needed to promote early healthy eating behavior interventions.
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Abstract: The role of gut microbiota in human health has been investigated extensively in recent
years. The association of dysbiosis, detrimental changes in the colonic population, with several
health conditions has led to the development of pro-, pre- and symbiotic foods. If not absorbed
in the small intestine or secreted in bile, polyphenols and other food components can reach the
large intestine where they are susceptible to modification by the microbial population, resulting in
molecules with potentially beneficial health effects. This review provides an overview of studies
that have detected and/or quantified microbial phenolic metabolites using high-performance liquid
chromatography as the separation technique, followed by detection through mass spectrometry. Both
in vitro experimental studies and human clinical trials are covered. Although many of the microbial
phenolic metabolites (MPM) reported in in vitro studies were identified in human samples, further
research is needed to associate them with clinical health outcomes.

Keywords: microbiota; health; polyphenols; mass spectrometry; liquid chromatography;
plasma; urine

1. Introduction

The human gut is home to a diverse community of microorganisms, whose involvement in
metabolism, disease, immunity, nutrition and an expanding number of other health-related issues
is becoming increasingly evident. Their important role in the maintenance of the health-disease
equilibrium is supported by studies reporting that germ-free animals are more likely to suffer infections
and unbalanced nutrient uptake, and these animals only regain their health status when colonised by
normal microbiota [1].

Each human has a unique gut microbiota that changes throughout life. The modifications begin
at birth, when the microbiome is affected by the delivery method, and then by whether breast or
formulated milk is given [2]. In subsequent years, the environment, diet and lifestyle all influence the
microbiome [3,4]. Alterations in the microbiota can cause dysbiosis, which has been associated with a
variety of health issues ranging from gastrointestinal diseases [5] to mental health [6] and aging [7,8].
The importance of maintaining a healthy microbiota has led to the development of a whole industry
around pro-, pre- and even symbiotic foods [9,10].

Nutrients 2019, 11, 2725; d0i:10.3390/nu11112725 www.mdpi.com/journal/nutrients
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Itis not only the composition of the gut bacterial community, however, that is responsible for these
changes in health. Food components that pass through the small intestine without absorption reach
the colon, where they can be transformed by the microbiota into more easily absorbed metabolites with
varying benefits [11]. The metabolic capacity of microorganisms in the gut has proven greater than
that of the host [12,13] to the extent that the microbiota has been postulated to function as a separate
organ [14].

Among the molecules that undergo microbial modification in the intestine are polyphenols, plant
secondary metabolites that provide beneficial health effects through their interaction with the human
body [15,16]. The main site of absorption of polyphenols is the small intestine, but when these molecules
bear a glycoside group, they need to be hydrolysed prior to entering circulation [17]. This occurs
through two possible mechanisms: the action of lactase-phlorizin hydrolase (LPH) or the cytosolic
B-glucosidase (CBG). LPH, located at the edge of the enterocyte, deglycosylates the polyphenols,
increasing their lipophilicity and allowing them to enter the enterocyte by passive diffusion. CBG is
found inside the enterocyte and metabolises the more polar glycosides after they have been introduced
through transporters such as sodium-dependent glucose transporter 1 SGLT1 [17].

Some polyphenols can reach the colon intact, or after being secreted in bile after following the
enterohepatic cycle. In the gut, the microbiota can hydrolyse the glycosides and also transform the
aglycones into new molecules [18]. Their transformation into simpler components involves different
reactions, such as ring fission, hydrolysis, demethylation, reduction, decarboxylation, dehydroxylation
and isomerisation [19,20]. There is evidence of bacterial presence in the small intestine; thus, microbial
phenolic metabolites (MPM) could possibly be generated there [21,22]. However, investigations around
microbial modification of food components have been mainly performed in colonic samples. This
might be due to the high invasivity of small intestine sampling, but also because the food chyme spends
less time there than in the large intestine, thus, microbes have less time to act on the polyphenols.

The phenolic compounds and metabolites absorbed in both the small intestine and the colon can
cross the basolateral membrane of the enterocyte, where they can be locally conjugated into phase
II metabolites (where they are transformed into glucuronides, sulphates and other conjugate forms),
enter the bloodstream and reach the liver, where they undergo further conjugation [17,23]. Once
they enter the systemic circulation, polyphenols can be distributed to most tissues, reaching even
breast milk and the brain [24]. Finally, circulating polyphenols and their metabolites derived from
human modification alone or after microbial modification are primarily excreted in urine [25,26]. Those
polyphenols that have not been absorbed or reabsorbed are excreted through the faeces [23]. The
cumulative excretion of MPM in urine provides a more accurate assessment of absorption than plasma
pharmacokinetics. Treated as xenobiotics, MPM are rapidly removed from the bloodstream into the
urine and their presence in the circulatory system is transitory [27].

All these processes are shown in Figure 1.

The analysis of MPM in biological samples is complex due to their structural diversity, their low
and varied concentrations, the limited availability of standards, and the complexity of the biological
matrix [24,28]. Plasma and urine are the most widely used human biological samples, although faeces,
tissues, ileal fluid and breastmilk have also been studied [24].

MPM in plasma and urine samples have generally been studied using mass spectrometry (MS)
methods, with differences in the separation mode [28]. Some studies have used gas chromatography
(GC) or high-performance liquid chromatography (HPLC) and even ultra-high-performance liquid
chromatography (UHPLC). Examples of these separation methods are found throughout this text.
When the target compounds are conjugates, liquid chromatography (LC) is the preferred separation
technique, because their low volatility renders GC unsuitable [28]. Additionally, due to the complexity
of the matrix, some cleaning and extraction are sometimes performed to minimise noise [29].
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Figure 1.  Metabolic pathways of polyphenols produced by the human gut microbiota.
LPH: lactase-phlorizin  hydrolase; CBG:  cytosolic  B-glucosidase; UDP: uridine
5’-diphospho-glucuronosyltransferase; MPM: microbial phenolic metabolites.

The growing interest in microbiota and phenolic compounds has prompted researchers to explore
their possible interactions. Moreover, phenolic compounds can act as prebiotics, modifying the growth
of bacterial colonies, an effect mainly studied in vitro [30]. Conversely, the microbiota is able to modify
phenolic compounds, leading to production of new molecules that can pass through the membrane of
the enterocyte and impact human health [31].

These results could help researchers evaluate exposure to specific foods in clinical and
epidemiological studies. However, because multiple molecules are tested at the same time, it is
not possible to differentiate which metabolite comes from what molecule.

This review aims to summarise the findings of studies of polyphenol gut microbiota interactions
using HPLC-MS to identify and/or quantify metabolites. The results of in vitro and/or in vivo studies
are reported by phenolic group.

2. Human Interventions

2.1. Phenolic Acids

Coffee is one of the most popular beverages worldwide, and several epidemiological studies
have linked its consumption to a decreased risk of type 2 diabetes, some cancers and cardiovascular
disease. These health effects have been partly attributed to a high concentration of chlorogenic acids
(CGAs). The low bioavailability of CGAs means their impact on health relies on metabolism by the gut
microbiota, which has prompted investigations into this process.

Mills et al. [30] found that coffee with the highest levels of CGAs increased the growth of
Bifidobacterium spp. 10 h after exposure. CGAs also increased Clostridium coccoides—Eubacterium,
associated with the prevention of obesity and related diseases [32]. Ludwig et al. [33], after incubating
human faecal samples with espresso coffee, identified and quantified 11 metabolites arising from CGA
degradation by HPLC-MS and GC-MS. Caffeic and ferulic acids were the first to be formed after one
hour of incubation. The major end products after six hours were dihydrocaffeic, dihydroferulic, and
3-(3’-hydroxyphenyl)propionic acids. The rate and extent of the breakdown were influenced by the
faecal microbiota composition of the participants. These results were in accordance with a previous
study, in which caffeic, chlorogenic and caftaric acids were incubated with human faecal microbiota
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and the metabolites identified by HPLC coupled to triple quadrupole MS. All free acids (caffeic, quinic
and tartaric) were mainly metabolised to 3-hydroxyphenylpropionic and to a lesser extent to benzoic
acid [34].

Gomez-Juaristi et al. [35] studied the absorption and metabolism of hydroxycinnamates after
the consumption of 3.5 g of an instant soluble green and roasted coffee blend in 250 mL of hot
water. Dihydrohydroxycinnamoylquinic acids (3-, 4- and 5-dihydrocaffeoylquinic acids, 3-, 4- and
5-dihydroferuloylquinic acids and dihydrocoumaroylquinic acid) were identified in urine for the
first time after green coffee ingestion. Feruloylglycine and isoferuloylglycine were also detected,
as well as phase II derivatives of lactones, namely three sulphated derivatives of caffeoylquinic
lactone; one glucuronidated derivative of feruloylquinic lactone; 11 metabolic derivatives of
hydroxyphenylpropionic, hydroxyphenylacetic, and hydrophenylbenzoic acids; and hydroxyhippuric
acid and phloroglucinol.

The impact of colonic microbiota on the bioavailability of polyphenols from orange juice has
also been studied [36]. After mixing and incubating target polyphenols with human faeces under
anaerobic conditions, the phenolic acid metabolites were analysed by MS. Colonic microbiota had an
impact on the production of hydroxy- and methoxyphenylpropionic acids, which are subsequently
converted into hippuric acid and its hydroxylated counterparts in the liver. The bioactivity of
such colon-derived metabolites is attracting growing interest. In vitro studies have indicated that
protocatechuic, syringic, gallic and vanillic acids may play a protective role against atherosclerosis [37]
and that 3-(3-methoxy-4-hydroxyphenyl)propionic acid has attenuating effects on diabetes [38].

2.2. Stilbenes

Resveratrol, the main stilbene found in grapes and red wine, is known for having anti-inflammatory
effects, and an ability to block human platelet aggregation and promote eicosanoid synthesis [39].
Bode et al. [19] studied trans-resveratrol metabolism by the human gut microbiota in 12 healthy
men. Twenty-four hours after of a single supplement of 0.5 mg trans-resveratrol/kg body weight, the
microbial metabolites: dihydroresveratrol, lunularin and 3,4’-dihydroxy-trans-stilbene were found
in urine.

2.3. Flavanones

The consumption of oranges or orange juice has been inversely correlated with ischemic stroke
and acute coronary events, effects mainly attributed to the flavanone content of the fruit. Pereira-Caro
et al. [26,27] identified 33 MPM in urine after the ingestion of orange juice, mainly cinnamic acids,
phenylhydracrylic acids, phenylpropionic acids, phenylacetic acids, benzoic acids, mandelic acids,
benzenetriols and hippuric acids. Maximum excretion was observed between 5-10 and 10-24 h after
orange juice administration, indicating that all these compounds were derived from colonic microflora
mediated flavanone metabolism. Ordofez et al. [28] obtained similar results in a study where three
healthy participants ingested 500 mL of orange juice, and urine was collected over a 24 h period. A total
of 22 free phenolic acids, one benzenetriol and 35 phase II metabolites were identified and quantified.
The MPM found in the study are listed in Table S1.

2.4. Flavan-3-ols

Recent clinical trials have reported beneficial effects of cocoa polyphenols on cardiovascular
health [40,41]. These include flavon-3-ols, present in significant amounts in cocoa mainly as
monomers and polymers, and epicatechin and procyanidins [42]. However, the biological effects
of flavon-3-ols depend on bioavailability. Epicatechin is easily absorbed in the small intestine and
quickly metabolised, whereas polymeric procyanidins reach the colon, where they are transformed
into hydroxyphenylvalerolactones by the gut microbiota. These metabolites are easily absorbed in the
colonocyte and could have greater biological activity than the parent form [41,43].
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In a feeding study by Martin et al. [44], 10 participants who regularly ate dark chocolate and
10 who rarely did so were given 2 x 25 g of dark chocolate daily and morning spot urine samples
were collected each day. Metabolites of epicatechin (5-(3,4,dihydroxyphenyl)-y-valerolactone,
25-1-(3,4-dihydroxyphenyl)-3-(2,4,6-trihydroxyphenyl)-propan-2-ol ~ and  4-hydroxy-5-(3",4"-
dihydroxyphenyl)-valeric acid)) were identified in both groups, but only participants who
regularly ate chocolate saw an increase of sulphated, glucuronided and methyl-sulphated conjugates
of 5-(3,4-dihydroxyphenyl)-valeric acid (Table S1). These results suggest that gut microbial metabolism
of cocoa phenolics differs according to the history of chocolate ingestion.

Urpi-Sarda et al. [42,45] also evaluated the consumption of cocoa. In this case, 42 healthy
participants consumed 40 g/day of cocoa for four weeks. A total of 19 metabolites were
identified and quantified in 24 h of urine collection, predominantly hydroxyphenylacetic acids and
hydroxybenzoic acids. The principal groups of MPM in plasma were hydroxyphenylvalerolactones,
hydroxyphenylpropionic acids, hydroxycinnamic acids and hydroxybenzoic acid (Table S1).

Wiese et al. [43] described similar outcomes, where 5-(3’,4’-dihydroxyphenyl)-y-valerolactone
was the principal gut metabolite in plasma, and thus, the most relevant gut-mediated metabolite
of procyanidin B1l. The authors also confirmed interesting pathways of polymeric procyanidin
degradation by gut microbiota. They suggested that some MPM arising from procyanidins, namely
5-(3",4"-dihydroxyphenyl)-y-valerolactone and 4-hydroxy-5(3’,4’-dihydroxyphenyl)valeric acid, may
eventually be metabolised into conjugated 5-(3",4"-dihydroxyphenyl)-y-valerolactone and conjugated
phenylvaleric acids (Table S1).

Interestingly, Khymenets et al. [46] identified epicatechin metabolites derived from host
and microbiota in human milk samples of nursing mothers after intake of dark chocolate.
Human milk has a wide range of bioactive compounds interesting for human health [47]. The
principal phase II host metabolites were methyl epicatequin, epicatechin glucuronide and sulphate.
Dihydroxyphenylvalerolactone sulphate was the principal gut-mediated epicatechin metabolite
detected in human milk.

Some studies have focused on flavanols from tea. After the consumption of 500 mL of green tea,
several valerolactones were detected in urine in their conjugated form, linked to glucuronide, sulphate
and methyl groups [25]. Duynhoven et al. [48] performed a study with black tea supplementation,
and identified that host-conjugated metabolites derived from catechins, kaempferol and gallic
acid appeared most rapidly in plasma (before one hour), compared to conjugated MPM such
as valerolactones, valeric acids, phenols and phenolic acids (after two to four hours). However,
due to the rapid appearance of MPM in plasma, the authors suggested that microbial activity
could begin in the ileum and not in the colon. Likewise, while catechin conjugates continued in
circulation for up to six hours, 5-(3’ 4’-dihydroxyphenyl)-y-valerolactone glucuronide and pyrogallol
sulphate circulated at higher concentrations for up to almost 30 h. Schantz et al. [49] found
relevant evidence that metabolism of green tea catechins and gallic acid may take place inside
the ileum, similar to Duynhoven et al. [48]. Using an exvivo ileostomy model, (-)-epicatechin
gallate was rapidly degraded to gallic acid and (—)-epicatechin during the first two hours of
incubation. Gallic acid was further degraded into pyrogallol after 24 h of incubation. Likewise,
5-(3’,4’,5'-trihydroxyphenyl)-y-valerolactone and 5-(3’,4’-dihydroxyphenyl)-y-valerolactone were
identified as metabolites of catechins and (—)-epicatechin, and the only metabolite of epicatechin gallate
was 5-(3’,4’,5-trihydroxyphenyl)-y-valerolactone (Table S1).

Inter-individual variation is another relevant factor to consider when assessing MPM bioavailability,
as it may directly affect the biological response to polyphenol intake. Duynhoven et al. [48] reported
that participants showed more variation in MPM such as valerolactones and valeric acids than in
components directly absorbed in the small intestine such as catechins, after a single dose of black tea.
Moreover, intake of polyphenol-containing foods can affect the gut microbiota profile and numbers,
thereby increasing individual variability in metabolism [50]. Plasma levels of MPM can also be
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affected by long periods of supplementation. Clarke et al. [51] observed an increased concentration of
valerolactones after three months of green tea supplementation.

Regarding the conjugate forms of MPM, it seems that the human metabolism has a stronger
tendency towards sulphatation than glucuronidation. Van Duynhoven et al. [48] reported that
plasma levels of sulphated pyrogallol and 5-(3’,5’-dihydroxyphenyl)-y-valerolactone were higher
than the glucuronide forms. Similarly, Clarke et al. [51] found that the plasma valerolactone sulphate
concentration was higher compared to other conjugated forms after 12 weeks of 450 mg green tea and
25 mg vitamin C supplementation. In contrast, Zhang et al. [24] identified only glucuronide forms of
phenylvalerolactones and phenylcinnamic acids in plasma.

In a study by Zhao et al. [52], a drink supplemented with catechin and epicatechin was inoculated
with gut microbiota from healthy human participants and incubated at 37 °C for 24 h under anaerobic
conditions. After this treatment, all catechin and epicatechin was metabolised and significant production
of gallic, 3,4-dihydroxybenzoic and homovanillic acids was detected. A single bacterial isolate was
also able to convert catechin and epicatechin into several phenolic acid metabolites. This activity could
potentially enhance the bioefficacy of polyphenols that are poorly absorbed in the upper gastrointestinal
tract, generating phenolic metabolites with greater bioavailability and an extended half-life.

2.5. Anthocyanins, Proanthocyanidin and Ellagitannins

Raspberry, strawberry and pomegranate contain a wide variety of polyphenols, including
anthocyanins and the poorly absorbed ellagitannins, which are transformed by the gut microbiota
into urolithins. After consumption of red raspberry purée, three urolithins (urolithin A, urolithin A
glucuronide and urolithin B glucuronide) were identified in urine. Microbial metabolites derived
from anthocyanins and proanthocyanidins (benzoic acids, phenyl acids, phenylcinnamic acids and
phenylvalerolactones) were also detected [24]. An increase in urolithins and the derivative urolithin A
glucuronide was found after the consumption of fresh strawberries or the equivalent dose of strawberry
purée [53]. The urolithins were found in urine for up to 92 h after consumption, indicating long
persistence in the body after only a single dose of an ellagitannin-rich food.

Nunez-Sanchez et al. [54] identified urolithin derivatives in plasma from 33 colorectal cancer
patients after 15 days of 900 mg/day of pomegranate extract consumption. The same authors also
identified 23 metabolites in urine, including ellagic acid, four methyl ellagic acid derivatives, gallic acid,
two isomers of valoneic acid dilactone, gallagic acid dilactone and 15 urolithin derivatives (Table S1).

In their pioneering work in this field, Zhang et al. [24] identified polyphenol microbial metabolites
in human breast milk after chronic consumption of 125 g/day of red raspberry purée. The most relevant
MPM belonged to the group of urolithins (Table S1).

Other investigations with polyphenols have associated anthocyanins [55] and high-flavanol
cocoa [56] with enhanced growth of the beneficial bacteria Lactobacillus and Enterococcus spp. After
entering the colon, anthocyanins are fermented by the intestinal microbiota and the resulting metabolites
(quercetin and phloretin derivatives; caffeoylquinic, caffeic and coumaroylquinic acids; procyanidins
and catechins) may be responsible for the observed health effects in vivo [57].

Ellagitannins and ellagic acid undergo microbial metabolism in the gastrointestinal tract leading
to urolithins [58], which have potential use as intake biomarkers for foods rich in those polyphenols,
such as pomegranates, berries, nuts and oak-aged red wines [59]. Their promising application as
functional foods depends on determination of the bacteria responsible for urolithin production, as well
as elucidating the urolithin production pathways. Garcia-Villalba et al. [60] studied the time course of
urolithin production from ellagic acid by human faecal microbiota from two individuals with different
urinary excretion patterns, excreting either urolithin A or isourolithin A. They found that bacteria
from the Clostridium coccoides group played a crucial role in the production of both urolithins and the
metabolic intermediates were urolithins M-5, M-6, M-7, C and E.

To further investigate the production of urolithins from ellagic acid and ellagitannins, Selma
et al. [58] performed an in vitro study with a newly described species, Gordonibacter urolithinfaciens,
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isolated from the human faeces of a healthy participant. In pure cultures under anaerobic conditions,
these intestinal bacteria sequentially produced urolithins M-5, M-6 and C, whereas urolithins A and B
and isourolithin A were not detected. A more complete understanding of the metabolism of urolithins
A and B and isourolithin A requires more investigation under the physiological conditions found
in vivo.

2.6. Flavonols

Some studies have suggested that the clinical effects of some traditional herbal remedies might
be caused by the metabolites of isorhamnetin glucoside an abundant polyphenol. Du et al. [61]
supplemented a mixture of preculture bacteria and general anaerobic medium broth with isorhamnetin
glucoside, and after 48 h of incubation five metabolites (isorhamnetin, kaempferol, quercetin, kaempferol
glucoside and acetylated isorhamnetin glucoside) were tentatively identified. Kaempferol is widely
reported to possess a range of pharmacological properties including anticancer, cardioprotective,
neuroprotective, antioxidant, anti-inflammatory, antimicrobial and antiallergic activity [62]. The health
benefits of quercetin include protection against several diseases such as osteoporosis, pulmonary
and cardiovascular diseases and cancer [63]; antiproliferative, antiatherosclerotic and neuroprotective
effects are also described [64].

3. Other Food Intervention Studies with Mixed Polyphenols

Grapes and grape-derived products such as wine are rich in phenolic compounds, particularly
flavonoids, anthocyanins, proanthocyanidins, procyanidins, phenolic acids and stilbenes. The various
beneficial health effects associated with their consumption seem due to this wide variety of bioactive
compounds [65].

Boto-Ordonez et al. [20] designed an open, randomised, crossover, controlled intervention trial
where nine healthy men followed three 20-day interventions with dealcoholised red wine, red wine or
gin. The aim was to evaluate the association between changes in the concentration of intestinal bacteria
and urinary microbial phenolic acids. Bifidobacterium was significantly correlated with differences
in 4-hydroxybenzoic, syringic, p-coumaric and homovanillic acids, which are metabolic products of
anthocyanin degradation. Although the correlation was statistically significant, the authors highlight
the difficulty of establishing whether these metabolites are derived only from anthocyanin or also from
other sources. Homovanillic acid, for instance, could also be derived from ferulic acid, p-coumaric acid
from dehydroxylation of caffeic acid, and syringic acid from gallic acid.

Functional beverages based on grape extracts were used to observe modifications in the urinary
metabolome. A study by Khymenets et al. [65,66] involved 31 healthy participants who consumed a
drink containing grape skin extract or a placebo control for 15 days. Urine was collected on the first
day during the first four postprandial hours, and for 24 h on the last day of the intervention. Among 18
metabolites identified after consumption of grape skin extract, 4-hydroxyhippuric acid was excreted in
a high concentration, due to both p-hydroxybenzoic acid glycination and microbial metabolic activities.
Hydroxydimethoxybenzoic acid glucuronide, a conjugate of syringic and dimethylgallic acids, was also
identified. Other metabolites found were syringic acid, 3-methylgallic acid, vanillic acid glucuronide
and vanilloylglycine, which could derive directly from the grape extract or have been produced
by the microbiota from hydroxycinnamates and flavan-3-ols. Dihydrosinapic acid glucuronide was
identified as a metabolite of sinapic acid, the most abundant hydroxycinnamate found in red grapes
and derived products. Finally, the authors found eight metabolites of first-stage flavan-3-ol microbial
metabolism, namely derivatives of hydroxy(dihydroxyphenyl)valeric acid (two glucuronides and
sulphate), dihydroxyphenyl (two glucuronides), hydroxymethoxyphenyl (two glucuronides) and
hydroxyphenylvalerolactones (one glucuronide) [65] (Table S1).

In a study by Sasot et al. [66], a beverage made with grape pomace was administered
to 12 healthy participants, with urine collected before intake and 24 h afterwards. Seventy
phenolic metabolites were identified through LC-ESI-LTQ-Orbitrap-MS analysis (see Table S1).
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Some of these metabolites hydroxybenzoic acids, syringic acid, hydroxyhippuric acid and
hydroxyphenylpropionic acids were also found by Khymenets et al. [65], who also identified two
phenolic compounds derived from intestinal microflora, 4-hydroxy-5-(3,4-dihydroxyphenyl)valeric
acid and 5-(3",4"-dihydroxyphenyl)-y-valerolactone. The former had previously been described as a
gut microbiota-derived metabolite produced after grape intake, while the latter is the most abundant
metabolite of (epi)catechin and procyanidin B degradation and can be metabolised into simple phenolic
acids such as 3-hydroxyphenylpropionic acid, 3-hydroxyhippuric acid and 3-hydroxybenzoic acid.

Most clinical trials in this area have focused on the impact of red wine on gut microbiota,
likely because of available evidence for its preventive effects against chronic diseases [50,67,68]. Red
wine polyphenols may modulate the profile and activity of gut microbiota, increasing the growth
of probiotics bacteria such as Bifidobacterium and decreasing non-beneficial bacteria. This could be
due to the antimicrobial characteristics of red wine, which affect host microbiota interaction [69]. In
line with this, studies have reported changes in the profile of MPM in human faeces after moderate
intake of red wine polyphenols [50,67,68]. In a targeted analysis by liquid chromatography coupled to
mass spectometry (LC-MS), an increase in MPM including 3,5-dihydroxybenzoic acid, 3-methylgallic
acid, p-coumaric acid, phenyl propionic acid, protocatechuic acid, vanillic acid, syringic acid and
4-hydroxy-5-(phenyl)valeric acid was observed after moderate wine intake [50,68] (Table S1). Final
products of MPM may derive from the metabolism of oligomers and polymers of flavan-3-ols and
procyanidins in the colon [68]. Furthermore, a non-targeted analysis after wine intake revealed the
intra and inter-individual variability of faecal polyphenol metabolites [68].

Tomato and tomato-based products are rich in phenolic acids (homovanillic acid hexoside,
5-caffeoylquinic acid, caffeic acid hexoside-I and ferulic acid), flavanones (naringenin) and
flavonols (rutin). In an open, controlled, randomised and crossover feeding trial with 40 healthy
participants, MPM were analysed in urine after consumption of tomato and tomato sauces. A
wide variety of metabolites and their glucuronide and sulphate conjugates were detected, namely
3-(4-hydroxyphenylpropionic) acid, 3-(3-hydroxyphenyl)propionic acid, 4-hydroxyphenylpropionic
acid, 3-phenylpropionic acid, 4-hydroxyhippuric acid, 3,4-dihydroxyphenylacetic acid,
3-hydroxyphenylacetic acid, and phenylacetic acid (see Table S1). Higher concentrations were
obtained for the glucuronide and sulphate metabolites than for their aglycones [70].

After supplying an almond skin extract to 24 healthy participants, Llorach et al. [71]
identified 34 metabolites in urine, classified as conjugates of flavonoids, hydroxyphenylvalerolactone,
4-hydroxy-5-(phenyl)-valeric acid, hydroxyphenylpropionic acid, hydroxyphenylacetic acid and other
phenolic acids.

Table 1 summarises the main families of MPM found in biological fluids. An extended version of
the table is available in the Supplementary Material (Table S1).
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Key messages:

e Adolescence is an important stage characterized by physiological,
behavioral, and emotional changes, all of them implicated in their
cardiometabolic health.

e Obesity is one the most important modifiable factor associated with the
increase of MetS, and the higher prevalence of obesity in adolescents
compromise their cardiometabolic health in adulthood.

e Dietary (poly)phenols improve cardiometabolic health and prevent CVD
risk and mortality in adults, but up to date, scare studies have been
conducted in adolescents.

e The diversity and the complexity of (poly)phenol plant-foods lead to
difficulties in their dietary evaluation. FFQ and total (poly)phenol content in
urine are used to estimate dietary (poly)phenols. Considering that several
factors are implicated in the availability of phenolic compounds, the
quantification of phenolic metabolites is also necessary to evaluate which
specific compounds may have a health effect.

e Microbial phenolic metabolites have an implication for human health, and
some of them could have more biological effects than their phenolic
precursor found in plant foods. However, most of the evidence is based on
adults, but not on young populations like adolescents.

e LEvidence about the cardiometabolic health implication of dietary
(poly)phenols and their metabolites needed to be investigated in adolescents
to promote early healthy eating intervention and establish dietary
recommendations of (poly)phenol intake.
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2. HYPOTHESIS AND OBJECTIVES

2.1. Hypothesis

Dietary (poly)phenols are related to better cardiometabolic health at baseline in
adolescents enrolled from the SI! Program for secondary schools in Spain.

2.2. Objectives
2.2.1.General

To study the relationship between dietary (poly)phenols, using different approaches,
and cardiometabolic health parameters at baseline in adolescents enrolled from the
SII Program for a secondary school in Spain.

2.2.2.8pecific

1. To study the relationship between dietary (poly)phenols, estimated by food
frequency questionnaire, and cardiometabolic health parameters. (Article 2
and 3)

2. To study the relationship between total (poly)phenols excreted in urine, as a
biomarker of (poly)phenol intake, and cardiometabolic health parameters.
(Article 4 and 5)

3. To validate an analytical method to identify and quantify urinary phenolic
metabolites (Article 6)

4. To study the relationship between urinary phenolic metabolites and
cardiometabolic health parameters (Article 7)
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3. METHODOLOGY
3.1. Study design

This thesis has been carried out as a baseline cross-sectional analysis within the SI!
Program for Secondary Schools study, a cluster-randomized controlled intervention
trial (NCT03504059) aiming to evaluate the effect of a short-term (2-year) or a long-
term (4-year) lifestyle educational program on cardiometabolic health in adolescents
aged from 12 to 16 years from 24 secondary public schools in Spain (17 in
Barcelona and 7 in Madrid). Clusters were schools with the following inclusion
criteria: public schools located in Barcelona or Madrid providing education from 1%
through 4" grade of Secondary School, with 3 to 5 classes in 1% grade. The local
government education agencies from both municipalities invited all the eligible
schools to a presentation of the study. The schools that agreed to participate were
randomly allocated 1:1:1 to receive the educational intervention through a short-
term (2-year) or a long-term (4-year) intervention or to receive the standard
curriculum (control). The trial was initiated in 2017 and finalized in 2021. A total of
1326 participants aged between 11 to 14 years old were recruited at baseline
(Figure 8). Details of the study design and data collection have been previously
described by Jiménez-Rodriguez ¢f al. (37). The study protocol was approved by the
Joint Commission on Ethics of the Instituto de Salud Carlos III in Madrid (CEI PI
35_2016), the Fundacié Unié Catalana d'Hospitals (CEI 16/41), and the University
of Barcelona (IRB00003099) and conducted in compliance with the Declaration of
Helsinki. Parents or caregivers provided assent and written informed consent at the
beginning of the study.

3.1. Methods

3.1.1.Evaluation of anthropometric and biochemistry markers

Body weight was measured with an electronic scale (OMRON BF511), and height
with a portable stadiometer (SECA 213), with adolescents wearing light clothes and
without shoes. Body fat percentage was obtained by bioelectric impedance. Waist
circumference (WC) was measured in triplicate using a flexible and non-elastic
Holtain tape (HOLTAIN of 0.lcm precision). From the data of these
anthropometric variables, diverse indexes were calculated and described in the
articles (from 2 to 7) presented in this thesis in the Result section.
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BP was measured with an OMRON Mo6. Two measurements were taken at two- or
three-minutes intervals after the children relaxed and became familiar with the
device. In case there was a difference of more than 10 mmHg in the systolic blood
pressure (SBP) and/or more than 5SmmHg in the diastolic blood pressure (DBP) a
third measurement was taken. BG and lipid profile levels (TG, total cholesterol
(TC), HDL-c, LDI-c) were analyzed using a portable analyzer CardioCheck Plus
device in capillary blood samples, in the morning and fasting.

| Assessed for eligibility/participation (n= 146 schools) |

—)l Refused to participate (n= 122) |

Randomly assigned (n= 24 schools) |

y \
Allocated to short intervention Allocated to control

Allocated to long intervention

Schools (n= 8)
Adolescents consented (n=412)

Schools (n=8)
Adolescents consented (n= 504)

Schools (n= 8)
Adolescents consented (n=441)

9 adolescents lost to baseline
9 withdraw consent
0 unable to schedule or missed

15 adolescents lost to baseline
14 withdraw consent
1 unable to schedule or missed

8 adolescents lost to baseline
8 withdraw consent
0 unable to schedule or missed

N

Assessed at baseline

Schools (n=8)
Adolescents (n= 403)

Assessed at baseline

Schools (n=8)
Adolescents (n=489)

Assessed at baseline

Schools (n= 8)
Adolescents (n=433)

Figure 8. SI! Program for Secondary Schools flow-chart. Jiménez-Rodriguez et

al. (37).
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3.1.2.Evaluation of dietary (poly)phenols

The estimated intake of (poly)phenols and their subclasses (flavonoids, phenolic
acids, lignans, stilbenes, and others) are obtained by a validated FFQ. Data on the
(poly)phenol content in foods are obtained from the Phenol-Explorer 3.6 database
(www.phenol-explorer.eu) (71) following a standardized procedure described by

Tresserra-Rimbau e a/. and Castro-Barquero ez a/. (79,80). Details of the estimation
of dietary (poly)phenols are described in Article 2.

3.1.3. Evaluation of (poly)phenols in urine

3.1.3.1.  Total (poly)phenols by the Folin-Ciocalten method

Spot urine samples were collected in the morning and stored at —80°C until
analyses. For all the urine samples, total (poly)phenols and creatinine were analyzed
as described by Medina-Remén A. et al (72,102). The validated Folin-Ciocalteu (F-
C) spectrophotometric method was applied to determine the content of total
(poly)phenol excretion (TPE), previously a solid phase extraction to avoid
interferences with other plausible component presence in urine was carried out.
TPE was expressed by mg gallic acid equivalent (GAE)/g creatinine (Figure 9).
Articles 4 and 5 described the methodology used.

Total (poly)phenol in urine by Folin-Ciocalteu method

Sample determination Solid phase extraction Reaction and reading
E Condition Loading Wash Elution 15ul (=
Equilibrate  Sample extract ‘

J ‘ E Ae 12uL

b
| |8 i
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reacuve
800 uL | | bl
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‘ o Y e . . \l/ dark
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. L J

g}

uc: —J = - 3
800 20
\{&f';/ uI' H2 . ) A
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(Poly)phenols @  Interferences A B Absorbance reading at 750nm
Figure 9. Method to estimate total (poly)phenols in urine by Folin-Ciocalteu.

3.1.3.2. Urinary phenolic metabolites by I.C-1.TQ-Orbitrap-HRMS

Identification and quantification of phenolic compounds from phenolic
metabolites, especially gut microbiota phenolic metabolites, were performed by
using liquid chromatography coupled to a linear trap quadrupole high resolution
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mass spectrometer (LC-LTQ-Orbitrap-HRMS). This analytical method was
validated, developed, and explained in Articles 6 (74).

.0 > Condition

=] - > Equilibrate f
= > Loading sample ;

i >Wash 4 Jfr d
V ) > Elution y ) _
- Ic ! l i) | &J
= —— 7‘\/
Sample collection Acidification and Solid phase extraction Evaporation, reconstitution,  LC-LTQ-Orbitrap-HRMS
Centrifugation and filtration

™\
r—O—0 O o
Figure 10. Schematic representation of the experimental analysis of urinary
phenolic metabolites by LC-LTQ-Orbitrap-HRMS.

3.1.3.3.  Evaluation of physical activity

Physical activity was estimated by accelerometry (Actigraph wGT3X-BT). Chandler’
cut-off points were applied for the calculation of time spent in different physical
activity intensities (103). Additionally, a validated physical activity questionnaire was
applied and described in the protocol design of the original study (37).

3.1.34.  Evaluation of sociodemographic variables and other covariates

Information about parental education and household income was obtained from a
questionnaire answered by the parents of the participants (37). Educational parents’
educational levels were categorized following the cut-off described by UNESCO
(104). Household incomes were categorized as low, medium, and high based on
salary in Spain (105). Sexual maturation status was determined according to Tanner
& Whitehouse method, using pictograms (100).

3.1.3.5.  Statistical analyses

Data analyses were carried out using Stata statistical software package version 16.0
(StataCorp., College Station, TX, USA) and R software (R Foundation for Statistical
Computing, Vienna, Austria) in most of the articles presented in this thesis. To
estimate (poly)phenol intake, SPSS version 27.0 (Chicago, IL, USA) was applied. A
descriptive analysis of the population is presented as means £ SD and frequency
distribution, for continuous and categorical variables, respectively. Association
between dietary (poly)phenols even urinary (poly)phenols and cardiometabolic
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health parameters in adolescents were evaluated using mixed-effect multiple
regression models. No imputation was applied in case of missing data in some
variables. These statistical analyses have been extensively explained in all the articles

presented in this thesis.

63






Dietary

(poly)phenols

RESULTS






RESULTS

4. RESULTS

This section presents the results obtained during the doctoral thesis. These results
have been classified into four sections, according to the specific objectives
mentioned before, as it is shown:

1. Dietary (poly)phenol intake and cardiometabolic health in adolescents
(Articles 2 and 3)

2. Total urinary (poly)phenols and cardiometabolic health in adolescents
(Articles 4 and 5)

3. Validation of an analytical method to identify and quantified urinary
microbial phenolic metabolites (Article 6)

4. Urinary phenolic metabolites and cardiometabolic health parameters in
adolescents (Article 7)
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4.1. Dietary (poly)phenol intake and cardiometabolic health in adolescents

4.1.1. Article  2: Dietary (poly)phenol intake is associated with some
cardiometabolic health parameters in adolescents.

Emily P. Laveriano-Santos, Sara Castro-Barquero, Camila Arancibia-Riveros,
Anna Tresserra-Rimbau, Ana Maria Ruiz-Ledén, Rosa Casas, Ramén Estruch,
Patricia Bodega, Mercedes de Miguel, Amaya de Cos-Gandoy, Jesus Martinez-
Goémez, Gloria Santos-Beneit, Juan M. Fernandez-Alvira, Rodrigo Fernandez-
Jiménez, and Rosa M. Lamuela-Raventés

Prepared to submission to Food Science and Human Wellness
Impact factor: 8.022

Ranking in Food Science & Technology: 11/143 (Q1)
Ranking in Nutrition & Dietetics: 12/90 (Q1)

Abstract

Introduction

Adolescence is a critical period for later cardiometabolic complications. Several
studies about the protective role of (poly)phenol on metabolic disorders in adults
are reported, but little explored in adolescents.

Obyjective
To explorer associations between intake of (poly)phenol and its subclasses with
cardiometabolic health parameters in adolescents

Methods

A cross-sectional study was conducted on 944 individuals aged 11 to 14 years from
the Si! Program for secondary school trial, with available semi-quantitative food
frequency questionnaires. (Poly)phenol intake was assessed using Phenol-Explorer
database. Cardiometabolic parameters included waist circumference (WC), blood
pressure (BP), blood glucose (BG), triglycerides (T'G), and high-density lipoprotein
cholesterol (HDL-c). Multilevel mixed effect linear regression analysis was used to
assess quintiles of (poly)phenol intake and cardiometabolic parameters.

Results

The mean intake of total (poly)phenol in this population was 683.2 + 379.4 mg/day.
Compared to the lowest quintile, adolescents in the highest quintile of total
(poly)phenol intake had lower WC z-score (3=-0.09, 95%CI= -0.09; -0.08, P-for
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trend=0.002), mean arterial pressure (MAP) z-score (§ =-0.11, 95% CI=-0.14; -0.08,
P-for trend=0.247) and HDL-c (8=-1.44, 95% CI=-2.59; -0.29, P-for trend=0.080),
after multivariable adjustment. WC z- score (8=-0.11, 95%CI= -0.18; -0.04, P-for
trend=0.007), diastolic BP z-score (3=-0.12, 95% CI= -0.22; -0.01, P-for
trend=0.001), and HDL-c (3=-2.11, 95% CI= -3.61; -0.60, P-for trend=0.038) were
lower in the highest quintile of flavonoids intake as compared to lowest quintile.
The highest quintile of phenolic acids intake was associated with lower WC z-score
(3=-0.15, 95% CI= -0.28; -0.01, P-for trend=0.016), BG (=-0.37, 95% CI= -0.73; -
0.01, P-for trend=0.793), TG ($=-9.91, 95% CI= -14.82; -5.00, P-for trend <0.001),
and highest quintile of stilbenes intake had associated with lower BG (8=-1.82, 95%
CI= -3.11; -0.52, P-for trend <0.001), TG (3=-3.55, 95% CI= -6.60: -0.51, P-for
trend=0.108) and higher HDL-c (3=2.33, 95% CI= 1.31; 3.35, P-for trend=0.440)

compared to the lowest quintile.

Conclusion

In summary, a higher intake of (poly)phenol is associated with better
cardiometabolic parameters. Clinical studies are needed to confirm this effect and
establish dietary recommendations.
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ANOVA: Analysis of variance

B: unstandardized coefficient

BG: blood glucose

CI: confidence interval

DBP: diastolic blood pressure

FFQ: food frequency questionnaire

HDL-c: high-density lipoprotein-choleste

MAP: mean arterial pressure

SBP: systolic blood pressure

SD: standard deviation

TG: triglycerides

TPI: total (poly)phenol intake

WC: waist circumference
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ABSTRACT

Background: Adolescence is a critical period for later cardiometabolic complications.
Several studies about the protective role of (poly)phenol on metabolic disorders in adults

have been reported but little explored in adolescents.

Objective: To explore associations between (poly)phenol intake and its subclasses with

cardiometabolic health parameters in adolescents.

Methods: A cross-sectional study was conducted on 944 individuals aged 11 to 14 years
enrolled in the SI' Program for Secondary School trial (NCT03504059,

http://www.clinicaltrials.gov), with available semi-quantitative food frequency

questionnaires. (Poly)phenol intake was assessed using the Phenol-Explorer database.
Cardiometabolic parameters included waist circumference (WC) age-sex z-scores, blood
pressure age-sex z-scores, blood glucose (BG), triglycerides (TG), and high-density
lipoprotein cholesterol (HDL-c). Multilevel mixed effect linear regression analysis was
used to assess the relationship between quintiles of (poly)phenol intake and

cardiometabolic parameters.

Results: The mean intake of total (poly)phenol in this population was 683.2 + 379.4
mg/day. Compared to the lowest quintile, adolescents in the highest quintile of total
(poly)phenol intake had lower WC z-score (p=-0.09, 95%CI= -0.09; -0.08, P-for
trend=0.002), mean arterial pressure (MAP) z-score (p =-0.11, 95% CI=-0.14; -0.08, P-
for trend=0.247) and HDL-c (B=-1.44, 95% CI=-2.59; -0.29, P-for trend=0.086), after
multivariable adjustment. WC z- score (B=-0.11, 95%CI= -0.18; -0.04, P-for
trend=0.007), diastolic BP z-score (f=-0.12, 95% CI= -0.22; -0.01, P-for trend=0.001),
and HDL-c (f=-2.11, 95% CI=-3.61; -0.60, P-for trend=0.038) were lower in the highest
quintile of flavonoids intake as compared to lowest quintile. The highest quintile of
phenolic acids intake was associated with lower WC z-score (p=-0.15, 95% CI=-0.28; -
0.01, P-for trend=0.016), BG (p=-0.37, 95% CI= -0.73; -0.01, P-for trend=0.793), TG
(B=-9.91, 95% CI= -14.82; -5.00, P-for trend <0.001), and highest quintile of stilbenes
intake had associated with lower BG (B=-1.82, 95% Cl=-3.11; -0.52, P-for trend <0.001),
TG (B=-3.55, 95% CI=-6.60: -0.51, P-for trend=0.108) and higher HDL-c ($=2.33, 95%
CI= 1.31; 3.35, P-for trend=0.446) compared to the lowest quintile.
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106  Conclusion: Higher intake of (poly)phenols, especially flavonoids, phenolic acids, and
107  stilbenes is associated with healthier cardiometabolic parameters. Clinical studies are

108  needed to confirm this effect and establish dietary recommendations.

109  Keywords: phytochemical, stilbene, resveratrol, lignan, bioactive compounds,

110 cardiovascular health, teenagers, pediatrics
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Introduction

Adolescence is a critical period of physiological and social changes. The presence of
cardiometabolic risk factors like obesity, higher blood pressure, and alteration in the
metabolism of lipids and glucose during adolescence, increases the risk of
cardiometabolic complications in adulthood [1,2]. Behavioral strategies, based on an
active lifestyle and healthy dietary patterns, are considered the best way to improve

cardiometabolic health [3.,4].

In terms of dietary patterns, a diet based on plant-derived foods, characterized by a high
content of (poly)phenols, has gained importance due to its protective role on
cardiometabolic health parameters [5—7]. The health effect of dietary (poly)phenol is
attributable to anti-inflammatory and prebiotic properties involved in different pathways
which include reduction of adiposity marker, blood pressure (BP), improving lipid
profile, and glucose metabolism [8—11]. (Poly)phenols represent the largest group of
phytochemicals, with more than 8,000 different compounds described, and can be
classified depending on their chemical structure into flavonoids, phenolic acids, stilbenes,
and lignans [11]. The diversity and complexity of phenolic compounds lead to difficulties
in their dietary estimation. The most reliable tools for (poly)phenol intake are 24-h dietary
recall, food diaries, or food frequency questionnaires (FFQ). FFQ is the most popular
dietary assessment tool used to measure food sources of (poly)phenol intake, because of

its ability to measure long-term exposure to dietary factors [12].

To date, there are only very few studies about dietary (poly)phenols and cardiometabolic
health in adolescents, therefore the aim of the present study was to evaluate the cross-
sectional association of (poly)phenol intake with cardiometabolic health parameters in
adolescents enrolled in the SI! (Salud Integral-Comprehensive Health) Program for

Secondary Schools in Spain.
Materials and methods
Design of the study and participants

The present cross-sectional study was conducted within the framework of the baseline
data of the SI! (Salud Integral-Comprehensive Health) Program for Secondary Schools
trial (NCT03504059) collected at participants’ enrollment. A detailed description of the
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original study design, recruitment methods, and data collection processes has been
previously published by Fernandez-Jimenez et al. [13]. The SI! Program trial was
conducted following the ethical guidelines of the Declaration of Helsinki, and the
protocol was approved by institutional ethics committees. Participants were informed
about the methodology of the study, and parents or caregivers provided written informed

consent before joining the study.

A total of 1,326 adolescents from 24 Secondary Schools in Spain were recruited at
baseline of the SI! Program trial. Of the total sample, 382 participants were excluded from
the present analysis (Figure 1): 141 without or incomplete FFQ data at baseline, and 241
participants who under- or over-reported dietary energy intake (less than 803 or above

4,013 Kcal/day for male, and less than 502 or above 3,511 Kcal/day for female) [14,15].
Assessment of cardiometabolic health parameters

Cardiometabolic parameters were considered according to the variables evaluated by the
International Diabetes Federation: waist circumference (WC), BP, blood glucose (BG),

triglycerides (TG), and high-density lipoprotein cholesterol (HDL-c) [16].

All the anthropometric, blood pressure, and biochemistry analyses were performed in the
morning and fasting by trained staff, details of the data collection methodology are
described by Fernandez-Jimenez et al. [13]. Weight and height were measured to the
nearest 0.1 kg scale and 0.1 cm stadiometer, respectively. WC was measured to the
nearest 0.1 cm using a flexible Holtain tape [13]. Body mass index (BMI) was obtained
by dividing weight in kilograms by the square of height in meters. Age-and sex-specific
BMI and WC z-scores were calculated using Centers for Disease Control standard

references [17,18].

Systolic and diastolic blood pressure (SBP and DBP) was measured in a sitting position
using a digital automatic monitor (Omron M6, OMROM Health are Co., Kyoto, Japan)
[13]. In this analysis, the lowest reading of SBP and DBP separately was considered. Age-
and sex-specific SBP and DBP z-scores were calculated according to the High Blood
Pressure Working Group of the National Blood Pressure Education Program for children
and adolescents [19]. Additionally, mean arterial pressure (MAP) was also considered in

the analysis because is a useful indicator of blood pressure, using the following formula:

76



171
172

173
174

175

176
177
178
179
180

181
182
183
184
185
186
187
188
189

190
191
192
193
194
195
196

197

198
199
200

RESULTS

MAP = DBP + 1/3(SBP-DBP) [20,21]. Age-and sex-specific MAP z-scores were

calculated based on our population.

Blood parameters such as BG, TG, and HDL-c concentrations were analyzed using a

portable whole blood analyzer, CardioCheck Plus, in capillary blood samples [13].
Assessment of dietary, socio-demographic, and lifestyle information

Dietary intake was assessed using a semiquantitative FFQ consisting of 151 items [15].
Standard units or portion size was specified for each food item, and participants were
asked about the average frequency of food consumption (daily, weekly, or monthly)
during the previous year. The daily food portion size was converted into grams to estimate

energy and nutrient intake, using values from Spanish food composition tables [22,23].

Information about parental education and household income was evaluated by a self-
reported questionnaire [13]. The parental education level was defined according to the
International Standard Classification of Education into low (no studies, primary or
secondary education), medium (post-secondary non-tertiary education or short-cycle
tertiary education), and high (university education) levels [24]. For the statistical analysis,
parental education was categorized into high and non-high (low and medium). Household
income was categorized into three categories: low (under 29.132 €), medium
(approximately 29.132 €), and high (above 29.132 €), based on the cut-off of the mean
salary in Spain [25].

Physical activity was estimated by accelerometry (Actigraph wGT3X-BT, ActiGraph,
Pensacola, USA) [13], and moderate-to-vigorous physical activity (min/day) was
categorized according to the cut points of Chandler et al. [26]. Physical activity
information was additionally obtained by a self-reported questionnaire, including a list,
frequency, and amount of time of daily physical activities [13,27]. Pubertal status was
determined according to Tanner and Whitehouse’s method, using pictograms based on a
scale [28].

Estimation of dietary (poly)phenol intake

The total (poly)phenol and its subclasses intake were assessed using an online Phenol-
Explorer database (version 3.6) [29], following a standardized procedure previously

described [7,30]. (Poly)phenol content from food items containing more food components
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was estimated by taking into account individual portion ingredients from traditional
Spanish recipes. Food items of the FFQ with traces or no content of (poly)phenols were
excluded, due to lack of contribution to (poly)phenol intake. For the present analysis,
individual (poly)phenol intake was estimated by multiplying its individual phenolic
content in each food by the daily consumption of each food. TPI was calculated as the
sum of individual subclasses of (poly)phenol: flavonoids (sum of anthocyanins,
chalcones, flavanols or flavan-3-ols, flavanones, flavones, flavonols, and isoflavonoids),
phenolic acids, lignans, stilbenes, and other polyphenols (including alkylphenols,
alkylmethoxyphenols, furanocoumarins, hydroxybenzaldehydes, naphtoquinones,
tyrosols, curcuminoids, among others). Individual (poly)phenols were obtained by
chromatography and chromatography after hydrolysis (in the case of lignans and some
hydroxybenzoic and hydroxycinnamic acids). In the case of flavonoids data on
proanthocyanidins was obtained by normal-phase high-performance liquid

chromatography.
Statistical analysis

Data analyses were carried out using Stata statistical software package version 16.0
(StataCorp., College Station, TX, USA), SPSS version 27.0 (Chicago, IL, USA), and R
3.6.3 (R Foundation for Statistical Computing, Vienna, Austria). A descriptive analysis
of the population is presented as means + standard deviation (SD) and frequency
distribution, for continuous and categorical variables, respectively. One-way analysis of
variance (ANOVA) test or chi-squared test was used for comparison of characteristics of
participants among quintiles of energy-adjusted TPI. Additionally, a T-test or ANOVA
was used to compare differences between sociodemographic and lifestyle categorical
variables and TPI and its subclasses (continuous). Bonferroni test was used for the

pairwise multiple comparisons in independent groups.

For the statistical analysis, total and (poly)phenol subclasses were adjusted by energy
intake (kcal/day) using the residual method described by Willet et al. [14] and categorized

into quintiles.

Association between quintiles of energy-adjusted TPI with cardiometabolic health
parameters (WC z-score, DBP z-score, SBP z-score, MAP z-score, HDL-c, TG, BG,

continuous) was performed using multiple multilevel mixed effect linear regression, with
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robust variance. We compared quintiles using as reference the lowest quintile of
(poly)phenol. Results of the regression models were expressed as unstandardized 8
coefficients and their 95% confidence intervals (CI). Fixed effects models were as
follows: (model 1) was adjusted for sex (female/male) and age (continuous); (model 2)
included variables in model 1 plus pubertal status (score I to V), physical activity
(moderate-vigorous physical activity min/day, quintiles), BMI z-score (continuous, this
variable did not consider in the analysis with WC), fasting (yes/no), high parental
educational level (yes/no), and household income (low/medium/high); and (model 3)
included model 2 plus energy intake (kcal/day, continuous), fiber (g/day, continuous),
added sugar (g/day, continuous), and protein (g/day, continuous). SBP, DBP, and MAP
were additionally adjusted by sodium (mg/day, continuous). Municipalities and schools
were considered random effects. Linear regression analyses were also performed to
explore plausible associations between specific quintiles of energy-adjusted (poly)phenol
subclasses and cardiometabolic health parameters, adjusted by the full regression model
mentioned before (model 3). Test for trends across energy-adjusted quintiles of

(poly)phenol and its subclasses intake was calculated by post-estimation contrast test.

Additionally, a multilevel mixed-effect linear regression analysis was conducted to
explore associations between energy-adjusted flavonoid subclasses intake and
cardiometabolic parameters, all of them as continuous variables. To avoid skewed
distribution, flavonoid subclasses data was normalized and scaled in 1-SD. Due to the
cardiometabolic health implications of flavanols or flavan-3-ols [31], a sub-analysis was
conducted to observe the relationship between categories of flavanol intake and
cardiometabolic parameters in our sample. To this, flavonoid intake was categorized
according to the guideline recommendation proposed by Crowe-White K. et al. as
follows: low (<400mg/day), recommended (400-600 mg/day), and high (>600 mg/day)
[31]. In those analyses, fixed effects included variables in model 3 as described earlier

and random effects included municipalities and schools.

The level of significance reported was set at a two-sided test and compared to a

significance level of 5%.
Results

General characteristics
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Table 1 presents the participants’ characteristics. Among the 944 adolescents (female
48%), the mean age was 12.0 + 0.4 years. No significant differences were observed
between physical activity, parental education level, and household income between

quintiles of energy-adjusted TPI.
Dietary characteristics

Regarding dietary (poly)phenol, the mean of energy-adjusted TPI was 683.2 + 379.4
mg/day, and the most consumed classes were flavonoids (530.1 + 331.3 mg/day) and
phenolic acids (97.8 + 64.5 mg/day) which represented 77.6% and 14.3% of TPI,
respectively (Table 2). The main contributor of (poly)phenol subclasses were
proanthocyanidins, followed by hydroxycinnamic acids, and flavanones (Table 2). The
main food sources of (poly)phenols were fruits and their derivatives, such as natural juices
or juice from concentrate; chocolate and chocolate products; vegetal oils, especially extra
virgin olive oil and olives; vegetables, such as spinach, lettuce, cabbage, among others,

and nuts, mainly walnuts.

Dietary energy-adjusted (poly)phenols intake and their subclasses according to
sociodemographic characteristics are presented in Supplementary Table 1. TPI,
flavonoids, and phenolic acids were higher in females than males. Participants with
parents with primary/secondary school education levels had a higher intake of phenolic
acids. Adolescents with a high household income had a low intake of phenolic acids,

lignans, and stilbenes.

Participants in the highest quintile of energy-adjusted TPI had a significantly higher
consumption of fruits, vegetables, whole-grain cereals, and nuts; and lower consumption
of refined cereals, dairy products, meat, and cookies, compared to the lowest quintile.
Additionally, lower intake of proteins, total fat, even saturated and monounsaturated fatty
acids, carbohydrates, and sodium; and higher intake of added sugars and fiber were
observed in the highest quintile of energy-adjusted TPI than in the lowest quintile
(Supplementary Table 2).

Dietary (poly)phenols and cardiometabolic health parameters

Associations between quintiles of energy-adjusted TPI and cardiometabolic health

parameters are described in Table 3. In the full-adjusted model, participants in the highest
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quintile of energy-adjusted TPI had lower values in some cardiometabolic health
parameters as compared to participants in the lowest quintile: WC z-score ($=-0.09, 95%
CI=-0.09; -0.08, P-for trend=0.002), MAP z-score (8 =-0.11, 95% CI=-0.14;-0.08, P-for
trend=0.247), and HDL-c (B=-1.44, 95% CI=-2.59; -0.29, P-for trend=0.086).

Due to the heterogeneity of (poly)phenols, the main groups were studied separately (total
flavonoids, total phenolic acids, lignans, stilbenes, and other (poly)phenols) as shown in
Figures 2, 3, and Supplementary Table 3. Compared to lowest quintile of energy-
adjusted flavonoids intake, lower WC z-score (f=-0.11, 95% CI= -0.18; -0.04, P-for
trend=0.007), DBP z-score (=-0.12, 95% CI= -0.22; -0.01, P-for trend=0.001), and
HDL-c (B=-2.11, 95% CI=-3.61; -0.60, P-for trend=0.038) were found in the participants
in the highest quintile. Details of analyses between subclasses of flavonoids and
cardiometabolic parameters are described in Supplementary Table 4. Briefly, a higher
intake of anthocyanins was associated with lower BG ($=-0.28, 95% CI= -0.49; -0.07, P
=0.009) and TG (p=-2.77, 95% CI= -5.10; -0.45, P =0.019). Flavonols were inversely
associated with WC z-score ($=-0.02, 95% CI=-0.05; -0.002, P =0.032) and BG (=-0.24,
95% CI=-0.30; -0.18, P <0.001). Flavanols were directly associated with BG (f=0.27,
95% CI=0.11; 0.44, P=0.001) and inversely with HDL-c (=0.76, 95% CI=-0.91; -0.61,
P <0.001). However, when flavanol intake was categorized, participants with a flavanol
intake <400mg/day had higher values of WC z-score compared to those with a
recommended intake (400-600 mg/day) (8=0.03, 95% CI=0.01;0.05, P-for trend=0.390).
Additionally, participants with a high flavanol intake (> 600mg/day) had higher values of
BG (=2.31, 95% CI= 1.30;3.33, P-for trend=0.705) and lower HDL-c (B=-1.91, 95%
CI= -1.26;-1.13, P-for trend=0.002) compared to those with a recommended intake
(Supplementary Table 5).

Participants in the highest quintile of energy-adjusted phenolic acids intake showed lower
WC z-score (f=-0.15, 95% CI=-0.28; -0.01, P-for trend=0.016), BG (p=-0.37, 95% CI=
-0.73; -0.01, P-for trend=0.793), TG (B=-9.91, 95% Cl= -14.82; -5.00, P-for trend
<0.001) compared to the lowest quintile. Additionally, the highest quintile of energy-
adjusted stilbenes intake was associated with lower BG (f=-1.82, 95% CI= -3.11; -0.52,
P-for trend <0.001) and TG (B=-3.55, 95% CI= -6.60; -0.51, P-for trend=0.108), and
higher HDL-c (=2.33, 95% CI= 1.31; 3.35, P-for trend=0.446) compared to the lowest
quintile. Finally, regarding other polyphenols, participants in the highest quintile of this
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for trend=0.040) compared to the lowest quintile (Figures 2, 3, and Supplementary

Table 3).
Discussion

The present cross-sectional study shows inverse associations between certain dietary
(poly)phenols, especially flavonoids, phenolic acids, stilbenes, and “other (poly)phenol”
and WC z-score, MAP z-score, DBP z-score, BG, TG, and HDL-c (except for stilbenes,

for which a direct association was observed).
Dietary (poly)phenol intake in adolescents

There are few studies about the estimation of dietary (poly)phenols intake in adolescents.
One of the most important in Europe is the HELENA study, which estimated dietary
(poly)phenol intake using 24-h recall in 2,428 adolescents aged 12.5 to 17.5 years old in
9 European countries. In the HELENA study, a median of (poly)phenol intake of 326
mg/day was reported [32], being considerably lower than the median of 598.6 mg/day
found in our study. In another study, a survey conducted on 2,045 adolescents aged 11 to
18 years old in the UK, the mean intake of total (poly)phenols was 455 + 263.2 mg/day
[33]. The higher values of total (poly)phenols showed in our study compared to the two
cohorts, could be to the difference in flavonoid intake. Flavonoids and phenolic acid were
the main (poly)phenol subclasses in our study, representing 77.6% and 14.3% of TPL
Similar results were found in the HELENA study, where flavonoids and phenolic acid
represented 75-76% and 17-19% respectively [32], and in the UK Cohort, represented
approximately 78% and 22% of total (poly)phenols intake [33]. Flavanols or flavan-3-ols

was the main contributor to total flavonoid intake

Lignans and stilbenes had a lower contribution to TPI, below 0.6%, likewise to a previous
study in European adolescents [32]. These similarities could also be attributable that both
studies used the Phenol-Explorer database. In the case of the contribution of different
food groups to the daily (poly)phenol intake, the values found in this study are similar to
those reported in other studies, where fruits, vegetables, cocoa-based products, and nuts
are one of the main contributors to (poly)phenols intake [32,33]. Regarding “other
(poly)phenols”, in our study, olive oil and olives were the main contributors to tyrosol

intake, as in the HELENA study [32].
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Dietary TPI and cardiometabolic health parameters

Phenolic intake shows a positive influence on cardiovascular health [30]. Estimating
habitual (poly)phenol intake through FFQs or other dictary instruments is important to
understand the protective effect of long-term dietary (poly)phenol exposure on health
[34].

In our study, we found that higher TPI was associated with lower values of WC z-score,
MAP z-score, and HDL-c, but no association with other cardiometabolic health
parameters also evaluated as SBP z-score, DBP z-score, BG, and TG after the adjustment
of anthropometric, lifestyle, sociodemographic and dietary covariates. Wisnuwardani et
al., showed no differences between quartiles of (poly)phenol intake in 657 European
adolescents with cardiometabolic variables (the sub study from HELENA cohort), only
BMI z-score was lower in the group of high (poly)phenol intake after the adjustment for
potential confounders [35]. Although both studies are conducted in adolescents, there are
some differences in polyphenol intake (the median (poly)phenol intake in the HELENA
study was 347.2 mg/day, lower than in our study: 683.2 + 379.4 mg/day), probably by
differences in dietary patterns. In the HELENA study, about 70% of the adolescents were
from non-Mediterranean countries [35]. Other studies conducted in adult populations
with higher metabolic syndrome risk and higher dietary (poly)phenol intake support some
of our findings. In the HAPIEE study, high TPI was inversely associated with WC, SBP,
DBP (only in women), and TG (only in women) in 8,821 adults aged 45-69 years old in
Poland. The TOSCALIT cohort, conducted in 2,573 people with type 2 diabetes in Italy,
showed that a higher intake of TPI was associated with lower values of SBP and TG, and
with higher HDL-c levels. In the PREDIMED-Plus cohort, higher TPI was directly
associated with HLD-c ($=0.37, 95% CI= 0.10; 0.64) in 6,633 adults aged 65.0 + 4.9
years old with Metabolic Syndrome in Spain [7]. By contrast, we found an inverse

association with HDL-c, probably because our sample population is young and healthy.

Mechanisms of action of dietary (poly)phenol are related to its capacity to improve
endothelial function and antioxidant status and modulate adipose tissue by inhibiting
adipocyte differentiation, modulating lipolysis, and activating B-oxidation [36].
Moreover, (poly)phenol could inhibit gluconeogenesis and stimulate the release of insulin
by pancreatic B-cells. It could explain the link between total dietary (poly)phenol and

some cardiometabolic parameters found in our study.
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Dietary (poly)phenol subclasses intake and cardiometabolic health parameters

Due to the heterogeneity in the chemical structure of dietary (poly)phenol subclasses, we
studied by separate: flavonoids, phenolic acids, lignan, stilbene, and others. The intake of
(poly)phenol and subclasses at certain doses might have an impact on cardiometabolic
health, by decreasing body weight, BP, and improving the metabolism of glucose and
lipids [7,30,37-39].

Flavonoids were the most consumed phenolic compounds in our sample population, and
their highest energy-adjusted intake was associated with a lower WC z-score, DBP z-
score, and HDL-c compared to the lowest intake. Similar findings were described in the
TOSCALIT cohort, where adults with type 2 diabetes with high flavonoid intake had lower
levels of TG, SBP, and DBP [40]. In the PREDIMED-Plus cohort, adults with metabolic
syndrome and with high flavonoid intake had low WC [7]. By contrast, in the HELENA
study, higher flavonoid intake was not associated with WC z-score, only with a lower
BMI z-score [35]. Among studies conducted outside Europe, Sohrab et al. showed that
flavonoid intake was inversely associated with SBP and DBP in Iranian adults (n=2,618)
aged 19 to 64 years old [41]. Out of flavonoid subclasses, flavanols or flavan-3-ols are
one of the most important due to their implications in cardiometabolic outcomes,
improving blood pressure, cholesterol levels, and blood sugar [31]. Therefore, an Expert
Panel has recently proposed a guideline recommendation highlighting 400-600 mg/day
of flavanol intake protects cardiometabolic health [31]. Our findings are in agreement
with this guideline recommendation, thus we found that adolescents with a flavanol intake
<400mg/day had 0.03 higher values of WC z-score compared to those with a
recommended intake (400-600 mg/day), and adolescents with a high flavanol intake (>
600mg/day) had 2.31 higher values of BG and 1.91 lower HDL-c compared to those with
a recommended intake. Our results could be explained because flavonoids are implicated
in several molecular pathways related to cardiometabolic health. Flavonoids regulate
nitric oxide (NO) levels in the vascular endothelial cell by increasing the activation of
NO synthase and endothelial NO synthase, thus regulating BP [42]. Additionally, the
well-described antioxidant and anti-inflammatory properties of flavonoids, could explain
their action on mechanisms related to lipid metabolism and weight status like the

inhibition of the differentiation of adipocytes, increase of fatty acid oxidation, decrease
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in the synthesis of fatty acids, increase in thermogenesis and energy expenditure [43].

Flavanoids have also prebiotic properties that may affect microbiota metabolism [44].

Phenolic acids were the second (poly)phenol subclass most widely consumed in our
adolescent population, and we found that the highest quintile of energy-adjusted phenolic
acid intake was associated with lower values of WC z-score, BG, and TG compared to
the lowest quintile. Similar findings were reported in two studies conducted in adults,
where a higher intake of phenolic acids was associated with a better profile of lipid and
glucose metabolism [38,40]. In the HELENA study, ferulic acid, a hydroxycinnamic acid,
was inversely associated with WC in European adolescents [35]. Results from an in vitro
study conducted by Fujimaki et al. concluded that phenolic acids could suppress lipid
accumulation and regulate the mRNA expression of adipogenic transcription factors, both
mechanisms implicated in obesity [45]. Phenolic acid also can regulate metabolic
hormone secretion, including insulin, leptin, adiponectin, and proinflammatory cytokines,

implicated in the metabolism of glucose and lipids [46].

Regarding stilbenes, resveratrol is the most relevant and it is implicated in several
mechanisms related to metabolic health [9]. In our study, although its dietary contribution
was lower (less than 0.05%), higher energy-adjusted stilbenes intake was associated with
lower values of BG and with a better lipid profile (lower TG and higher HDL-c levels).
Higher levels of HDL-c are an indicator of better cardiometabolic health. In our study we
found some contradictions with (poly)phenols subclasses, while higher flavonoid intake
was associated with lower HDL-c levels, stilbenes intake was positively associated with
this lipoprotein, maybe because our sample population is young and healthy, and
associations are not clinical significance. Further longitudinal studies are needed to clarify

the true direction of these associations.

We did not find significant associations between lignans, phytoestrogens usually found
in fiber-rich foods, and any cardiometabolic health parameters, although, in a similar
population, lignans were inversely associated with BMI z-score after the adjustment of
age, sex, European region, and Tanner stage, but not when it was adjusted by dietary

factors [35].

As we observed, not all phenolic compounds have the same association with all

cardiometabolic health parameters evaluated. Therefore, promoting a healthy dietary
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pattern in adolescents [47], based on a higher intake of food-rich polyphenols (like fruits,
vegetables, nuts, cocoa-based products, and virgin olive oil), could be an effective public

health strategy to improve cardiometabolic health in adolescents. Additionally, future
Limitations and strengths

There are some limitations to be considered in the present study. First, is its cross-
sectional design, which precludes causal assumptions about dietary (poly)phenol intake
and differences in cardiometabolic health parameters. Although we have adjusted for
multiple potential confounders in the present analysis, we cannot completely rule out the
residual confounding. Second, data derived from FFQ are prone to bias because
misreporting is common in dietary self-assessments. Adolescents with high values of
BMI tend to report lower energy intake, and this is more likely in adolescents with self-
image dissatisfaction [48]. Therefore, BMI z-score was considered a fixed effect in the
regression analyses. Third, although (poly)phenol intake was estimated through an
updated comprehensive database (Phenol-explorer), information about some foods
widely consumed in Spain or specific areas in Spain is still scarce because they have not
been characterized or are poorly characterized, resulting in large variation in the
estimation of dietary of some phenolic compounds. In addition to this, (poly)phenol
content in specific foods can differ according to growth, harvesting, and processing
conditions [34]. Fourth, as participants did not use accelerometers in water sports or
during sports competitions, the physical activity levels could have been underestimated.
Related to BG measurement, it could be overestimated since 2.3% (n=22) of the

participants were in non-fasting conditions.

Strengths of the present study include the large sample size and the standardization of
measures performed in the SI! Program for Secondary Schools trial. Regarding
(poly)phenol rich-food intake, it could be altered by seasonality, for this reason, the FFQ
used in this study capture seasonal variation data collection during the entire year, thus
reducing bias. Finally, we have used a complete and comprehensive database (Phenol-
Explorer) which includes flavonoid and non-flavonoids subclasses of (poly)phenols from

more than 400 foods [29,49].

Conclusion
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In summary, a higher dietary (poly)phenol intake was associated with better
cardiometabolic health parameters. Clinical studies are needed to confirm the effects of
dietary (poly)phenol intake and its subclasses on cardiometabolic health in this target
population. Additionally, our work helps to collect dietary data supporting the
development of nutritional guidelines including safe doses of (poly)phenol, as well as the

development of educational and health policies targeting the dietary habits of adolescents.
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RESULTS

720  Table 1. Baseline characteristics of the study population according to quintiles of energy-

721  adjusted of TPI (mg/day).

Total o Q Q3 Q4 05 P-for
(438.0- (570.2- (700.0- trend
<438. ECTRE
Characteristics (<438.0) 570.1) 699.9) 875.0) (>8750)
N (total) 944 189 189 189 189 188

Female, n (%) 455 (48) 76 (40) 38 (47) 91 (48) 98 (52) 102 (54) 0.066 0.004

Age (years) 120404 120404 120205 120£04 120404 120404 0620 0543

WC (cm) 71.9+£10.1  720+105 71.8+9.7 729+106 71.1+£95 7174103 0.527 0.546

SBP (mmHg)  1049+10.7 103.7+11.0 1044+10.7 105.5+11 105.7+104 105.1+10.3 0.334 0.086

DBP (mmHg) 618+£86 61685 613+85 629+£87 61687 61.7+88 0392 0.798

MAP (mmHg) 762+83  756+81 757+7.7 77.1+£82 763+8 76.1+£8.1 0433 0.345

BG (mg/dL) 1029119 1025+122 103.7+11.5 103.1+11.4 101.9+129 1033+11.3 0.221 0.908

TG (mg/dL) 779+37.5 748+388 764+351 80.5+388 80.0+368 78.1+38  0.508 0.237

HDL-c (mg/dL) 629+162 653182 63.0+163 616151 621159 628151 0229 0.113

Moderate-to-
vigorous physical

activity

(min/day) 744+£255 754+£236 743+248 73.6+254 765+£284 72.3+£249 0.559 0.495
Parental educational level, # (%) 0.374 0.374
Low and medium 676 (74) 135 (73) 134 (73) 129 (71) 136 (73) 142 (78)

High 240(26)  49(27) 49 (27) 52(29) 50 (27) 40(22)

Household income 0.488 0.153
Low 257(29) 51(29) 44 (25) 51(29) 55 (30) 56 (31)

Medium 267 (30) 45 (26) 61 (35) 50 (29) 51 (28) 60 (34)

High 366 (41) 80 (45) 71 (40) 73 (42) 79 (42) 63 (35)

722 Values are expressed as frequencies and percentages for categorical variables or means +
723 SDs for continuous variables, except for the median (min-max) polyphenol intake. Blood
724 glucose (BG), diastolic blood pressure (DBP), high-density lipoprotein-cholesterol
725  (HDL-c), mean arterial pressure (MAP), systolic blood pressure (SBP), standard
726  deviation (SD), triglycerides (TG), and waist circumference (WC). Analysis of variance
727 one factor (ANOVA) was used for continuous variables and the 2 test for categorical
728  variables. P and P-for trend values <0.05 are considered statistically significant.

729
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RESULTS

The SI! Program for Secondary Schools
trial at baseline
(n=1326 adolescents)

Exclusion criteria

- No dietary intake data (n=117).

- Incomplete records of dietary intake data: more than 50% of food
items missing (n=24).

- Energy intake less than 803 or above 4013 kcal/day in boys (n=108).
- Energy intake less than 502 or above 3511 kcal/day in girls (n=133).

~

v

“ 944 participants were included

Figure 1. Flowchart of participant’ selection
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RESULTS

A
BG, mg/dL Q5vs. Q1 P P for
B (95% CI) Trend
Flavonoids —— 1.61 (-0.14:3.35) 0.071 <0.001
Phenolic acids 0 -0.37 (-0.73:-0.01) 0.047 0.793
Lignans —_—— 0.17 (-2.58;2.92) 0.904 0.968
Stilbenes ——: -1.82 (-3.11:-0.52) 0.006 <0.001
Other (poly)phenols —e— -1.601 (-3.13:-0.08) 0.039 0.040
I T I T 1
-10 -5 0 5 10
B (95% CI)
B
TG, mg/dL. Q5vs. Q1 P P for
B (95% CI) Trend
Flavonoids —e—————— -0.07 (-6.18:6.04) 0.982 0.617
Phenolic acids —_———— -9.91 (-14.82:-5.00) <0.001 <0.001
Lignans —o—-— -2.44 (-5.22;0.34) 0.086 0.166
Stilbenes —— -3.55 (-6.601:-0.51) 0.022 0.108
Other (poly)phenols —_————— -0.94 (-6.38:4.501) 0.735 0.799
r T T T T T
-15 -10 -5 0 5 10
B (95% CI)
C
HDL-¢, mg/dL Q5 vs. Q1 P P for
) B (95% CI) Trend
Flavonoids —— -2.11 (-3.61;-0.60) 0.006 0.038
Phenolic acids ———— 1.55 (-3.12;6.23) 0.515 0.676
Lignans —_————— -0.64 (-4.74;3.45) 0.759 0.166
Stilbenes e o 2.33(1.31;3.35) <0.001 0.446
Other (poly)phenols —0— -0.26 (-1.62:1.10) 0.706 0.799
T T T f T T
-15 -10 -5 0 5 10 15
B (95% CI)

Figure 3. . Energy-adjusted of (poly)phenol intake subclasses by biochemistry parameters

A: BG, B: TG, C: HDL-c. Blood glucose (BG), confidence interval (CI), high-density
lipoprotein cholesterol (HDL-c), triglycerides (TG), unstandardized coefficient (f3).
Multilevel linear mixed-effect model. Fixed variables were sex, age, pubertal status,
physical activity, body mass index z-score, fasting, high parental educational level,

household income, energy, fiber, added sugars, and protein intake. Municipality and
schools were considered random effects. P and P-for Trend across quintiles of

(poly)phenol intake subclasses <0.05 are considered significant.
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Dietary (poly)phenol intake is associated with some cardiometabolic health

parameters in adolescents
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Supplementary Table 5. Cardiometabolic parameters according to flavanol intake
recommendation.

Flavanol intake

Low (<400mg/day) Recommended High (>600mg/day)

Outcome vs. Recommended  (400-600mg/day) vs. Recommended  P-for

n=697 (74%) n=143 (15%) n=104 (11%) Trend

B (95% CI) B (95% CI) B (95% CI)

WC z-score 0.03 (0.01-0.05)* Reference -0.07 (-0.33; 0.18)  0.390
SBP z-score 0.02 (-0.16;0.21) Reference 0.01 (-0.29;0.31) 0.878
DBP z-score 0.05 (-0.04;0.14) Reference -0.03 (-0.34;0.28)  0.473
MAP z-score 0.04 (-0.13;0.20) Reference -0.01 (-0.37;0.34)  0.598
BG, mg/dL 2.00 (-0.61;4.61) Reference 2.31(1.30;3.33)***  0.705
TG, mg/dL -0.87 (-3.75;2.02) Reference -1.37 (-7.58;4.83)  0.764
HDL-c, mg/dL 0.72 (-0.57;2.01) Reference -1.91 (-1.26;-1.13)*** 0.002

Unstandardized coefficient (B), blood glucose (BG), confidence interval (CI), diastolic
blood pressure (DBP), high-density lipoprotein cholesterol (HDL-c), mean arterial
pressure (MAP), systolic blood pressure (SBP), triglycerides (TG), waist circumference
(WC). Multilevel linear mixed-effect model. Fixed variables were sex, age, pubertal
status, physical activity, body mass index z-score (it did not consider as a fixed effect in
the analysis with WC), fasting, high parental educational level, household income,
energy, fiber, added sugars, and protein intake. SBP, DBP, and MAP were additionally
adjusted by sodium intake. Municipality and schools were considered random effects.
*P<0.05 and ***P<0.001. P and P-for Trend across flavanol intake categories <0.05 are
considered significant.
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4.1.2. Article 3: Flavonoid Intake from Cocoa-Based Products and Adiposity
Parameters in Adolescents in Spain.

Emily P. Laveriano-Santos, Camila Arancibia-Riveros, Anna Tresserra-Rimbau,
Sara Castro-Barquero, Ana Maria Ruiz-Le6én, Ramoén Estruch, Rosa Casas,
Patricia ~ Bodega, = Mercedes de  Miguel, Amaya de Cos-Gandoy,
Jesus Martinez-Gomez, Carla Rodriguez, Gloria Santos-Beneit,
Juan M. Fernandez-Alvira, Rodrigo Fernandez-Jiménez, and
Rosa M. Lamuela-Raventds

Frontiers in Nutrition, 2022 Jul 6;9:931171. Doi: 10.3389/fnut.2022.931171
Impact factor (2022): 6.590
Ranking in Nutrition & Dietetics: 19/90 (Q1)

Abstract

Introduction
Cocoa-based products are a good source of flavonoids, which may have beneficial
effects on metabolic health.

Obyjective
To assess the relationship between flavonoids from cocoa-based products and

adiposity parameters in adolescents.

Methods

A cross-sectional study was conducted involving 944 adolescents aged 11-14 years
enrolled in the SI! Program for Secondary Schools trial in Spain with available
baseline data from food frequency questionnaires and anthropometric
measurements [weight, height, waist circumference (WC), and fat mass percentage
(% FM) by bioimpedance analysis]. Fat mass index (FMI) and waist-to-height ratio
(WHtR) were obtained by dividing fat mass by height and WC by height,
respectively. Body mass index (BMI), WC, and FMI for age and gender z-score
were calculated. Overweight/obesity was defined as BMI = 85th percentile and
excess adiposity as %FM or FMI = 75th percentile. WC = 90th percentile and
WHtR with a 0.5 threshold were considered as criteria of abdominal obesity.
Multilevel mixed-effect regressions were used to evaluate the association between
flavonoids from cocoa-based products and adiposity parameters. Municipalities and

schools were considered random effects.

112



RESULTS

Results

Participants with a higher flavonoid intake from cocoa-based products had lower
WC z-score [B = -0.04, 95% CI (-0.07; -0.01), P-for trend = 0.045] and WHtR [B = -
0.01, 95% CI (-0.02; -0.01), P- for trend < 0.001]. They also had lower probability of
having abdominal obesity [OR 0.66, 95% CI (0.52; 0.85), P- for trend = 0.001].
Inverse associations were observed between flavonoids from cocoa powder and
BMI z-score [B = -0.08, 95% CI (-0.12; -0.05), P < 0.001], WC z-score [B = -0.06,
95% CI (-0.11; -0.02), P = 0.003], WHtR [B = -0.01, 95% CI (-0.01; -0.00), P <
0.001], %FM [B = -1.11, 95% CI (-1.48; -0.75), P < 0.001], and FMI z-score [B = -
0.18, 95% CI (-0.20; -0.17), P < 0.001]. Regarding dark chocolate, an inverse
association only with WC z-score [B = -0.06, 95% CI (-0.08; -0.05), P < 0.001] was
found. However, no association was observed between flavonoids from milk
chocolate intake and anthropometric parameters.

Conclusion

In summary, a higher intake of flavonoids from cocoa-based products was
associated with lower adiposity parameters and a lower probability of presenting
abdominal obesity.
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Flavonoid Intake From Cocoa-Based
Products and Adiposity Parameters
in Adolescents in Spain

Emily P. Laveriano-Santos', Camila Arancibia-Riveros', Anna Tresserra-Rimbau "%,
Sara Castro-Barquero?®®, Ana Maria Ruiz-Ledn>*#, Ramon Estruch??, Rosa Casas??,
Patricia Bodega®®, Mercedes de Miguel*¢, Amaya de Cos-Gandoy*®,

Jesus Martinez-Gomez®, Carla Rodriguez®, Gloria Santos-Beneit®’,

Juan M. Fernandez-Alvira®, Rodrigo Fernandez-Jiménez®®° and

Rosa M. Lamuela-Raventoés '

' Department of Nutrition, Food Science and Gastronomy, School of Pharmacy and Food Sciences, XIA, Institute of Nutrition
and Food Safety (INSA-UB), University of Barcelona, Barcelona, Spain, ? Consorcio CIBER, M.P. Fisiopatologia de la
Obesidad y Nutricién (CIBERObn), Instituto de Salud Carlos Il (ISCIll), Madrid, Spain, * Department of Internal Medicine,
Hospital Clinic, Institut d’Investigacions Biomédiques August Pi i Sunyer (IDIBAPS), University of Barcelona, Barcelona,
Spain, * Mediterranean Diet Foundation, Barcelona, Spain, ® Foundation for Science, Health and Education (SHE), Barcelona,
Spain, ® Centro Nacional de Investigaciones Cardiovasculares Carlos Il (F.S.P), Madrid, Spain, ’ The Zena and Michael A.
Wiener Cardiovascular Institute, lcahn School of Medicine at Mount Sinai, New York, NY, United States, ® CIBER de
Enfermedades Cardiovasculares (CIBERCV), Madrid, Spain, ° Department of Cardiology, Hospital Universitario Clinico San
Carlos, Madrid, Spain

Background: Cocoa-based products are a good source of f avonoids, which may have
benef cial effects on metabolic health.

Objective: The aim of this study is to assess the relationship between favonoids from
cocoa-based products and adiposity parameters in adolescents.

Methods: A cross-sectional study was conducted involving 944 adolescents aged
11-14 years enrolled in the SI! Program for Secondary Schools trial in Spain with available
baseline data from food frequency questionnaires and anthropometric measurements
[weight, height, waist circumference (WC), and fat mass percentage (% FM) by
bioimpedance analysis]. Fat mass index (FMI) and waist-to-height ratio (WHtR) were
obtained by dividing fat mass by height and WC by height, respectively. Body mass index
(BMI), WC, and FMI for age and gender z-score were calculated. Overweight/obesity was
defned as BMI = 85th percentile and excess adiposity as %FM or FMI = 75th percentile.
WC = 90th percentile and WHtR with a 0.5 threshold were considered as criteria
of abdominal obesity. Multilevel mixed-effect regressions were used to evaluate the
association between favonoids from cocoa-based products and adiposity parameters.
Municipalities and schools were considered random effects.

Results: Participants with a higher favonoid intake from cocoa-based products had
lower WC z-score [B = —0.04, 95% CI (—0.07; —0.01), P-for trend = 0.045] and WHtR [B
=-0.01,95%Cl(-0.02; —0.01), P- fortrend < 0.001]. They also had lower probability of
having abdominal obesity [OR 0.66, 95% CI (0.52; 0.85), P- for trend = 0.001]. Inverse
associations were observed between favonoids from cocoa powder and BMI z-score
[B = —0.08, 95% CI (-0.12; —0.05), P < 0.001], WC z-score [B = —0.06, 95% Cl
(=0.11; —0.02), P = 0.003], WHtR [B = —0.01, 95% CI (—0.01; —0.00), P < 0.001],
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%FM B = —1.11, 95% ClI (—1.48; —0.75), P < 0.001], and FMI z-score [B = —0.18,
95% Cl (—0.20; —0.17), P < 0.001]. Regarding dark chocolate, an inverse association
only with WC z-score [B = —0.06, 95% CI (-0.08; —0.05), P < 0.001] was found.
However, no association was observed between flavonoids from milk chocolate intake
and anthropometric parameters.

Conclusions: A higher intake of flavonoids from cocoa-based products was associated
with lower adiposity parameters and a lower probability of presenting abdominal obesity.
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INTRODUCTION

Obesity, which is characterized by abnormal or excessive body
fat accumulation, is a serious public health problem worldwide
(1, 2). Excessive adiposity in children and adolescents leads to
metabolic disorders such as vascular dysfunction and subclinical
indicators of atherosclerosis, increasing the risk of cardiovascular
disease and mortality in adulthood (2, 3).

Marked by physiological and emotional changes, adolescence
is a critical period for managing obesity. Behavioral
modifications, particularly fomenting physical activity and
healthy dietary patterns are one of the best strategies used in
primary health care settings to reduce obesity among adolescents
(2, 4). A diet based on polyphenol-rich foods is of interest
because of the antioxidant and anti-inflammatory effect and
their influence on physiological and molecular pathways related
to body weight maintenance (5-8). The positive impact of
cocoa-based products on obesity has been attributed to their
content of flavonoids (a large class of phenolic compounds),
specifically flavanols (catechins and procyanidins) (9, 10).
Systematic reviews and meta-analyses support the beneficial
effect of cocoa flavonoids on cardiovascular risk factors since they
are reported to favorably improve blood pressure, lipid profile,
inflammation, and adiposity parameters (11-13). However, as
most of the research in this field has been performed in adults,
there is a need for studies on adolescents to establish dietary
recommendations for the consumption of cocoa-based products
in this target population, always within the framework of a
healthy lifestyle. Therefore, this study aimed to investigate the
association between flavonoid intake from cocoa-based products
and adiposity parameters in a large sample of adolescents
in Spain.

MATERIALS AND METHODS

Study Population

The SI' (Salud Integral-Comprehensive Health) Program for
Secondary Schools trial (NCT03504059) is a cluster-randomized
controlled intervention trial conducted in adolescents from 24
secondary schools in Spain and conducted from 2017 to 2021.
The main objective of this trial was to evaluate the effectiveness

Abbreviations: BMI, body mass index; FDR, false discovery rate; FM, fat mass;
FMLI, fat mass index; SI, Salud Integral; WC, waist circumference; WHtR, waist-to-
height ratio.
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of an educational intervention to promote cardiovascular health
at schools. A detailed description of the original study design
and recruitment procedures has been previously published (14).
Parents or caregivers provided assent and written informed
consent before entering the study.

The present cross-sectional study derived from the SI!
Program for Secondary Schools trial was carried out using
baseline data (2017) collected from 944 participants with
available information on food consumption frequency, and
whose total energy intake ranged from 803 to 4,013 kcal/day in
boys and 502 to 3,511 kcal/day in girls (15) (Figure 1).

Assessment of Flavonoids From

Cocoa-Based Products

Dietary intake was assessed by a validated semi-quantitative food
frequency questionnaire (15, 16). Cocoa-based product intake
was expressed in grams and included cocoa powder (25% of pure
cocoa), dark (more than 70% pure cocoa), and milk chocolate
(about 30% pure cocoa). Cookies, pastries, and beverages made
of cocoa-based products were not considered due to the lack
of information on their content of flavonoids. Flavonoids from
cocoa-based products were estimated using the Phenol-Explorer
database  (http://www.phenol-explorer.eu), which included
flavanols, such as catechin, epicatechin, cinnamtannins, and
proanthocyanidins (dimers, trimers, 4-6 mers, 7-10 mers,
polymers, and monomers), and flavonol-like quercetin (17, 18).
In brief, flavonoids from cocoa-based products were estimated
(mg/100 g fresh food weight) for each food and then multiplied
by intake of the respective foods (g/day). Total flavonoids from
cocoa-based products were estimated as the sum of intakes of
the individual flavonoids (catechin, epicatechin, cinnamtannins,
proanthocyanidins, and quercetin). Energy-adjusted flavonoid
intake was calculated by the residual method established by
Willet et al. (19).

Assessment of Adiposity Parameters

All participants were evaluated by trained staff, who performed
the anthropometric measurements of weight, height, and waist
circumference (WC) according to standard procedures (14).
Weight was obtained to the nearest 0.1kg using a digital scale
(OMRON BF511) and height to the nearest 0.1 cm with a portable
SECA 213 stadiometer. WC was measured to the nearest 0.1 cm.
To minimize measurement errors, WC was measured three
times and a mean value was calculated. The percentage of fat

July 2022 | Volume 9 | Article 931171
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The SI! Program for Secondary Schools
trial at baseline
(n=1326 adolescents)

-

Exclusion criteria
- No dietary intake data (n=117).
- Incomplete records of dietary intake data: more than 50% of food
items missing (n=24).
- Energy intake less than 803 or above 4013 kcal/day in boys (n=108).
- Energy intake less than 502 or above 3511 kcal/day in girls (n=133).

944 participants were included

-

FIGURE 1 | Study design of the study.

mass (%FM) was estimated by bioelectrical impedance using a
tetrapolar OMRON BF511 and fat mass weight was calculated as
the product of fat percentage and body weight.

Body mass index (BMI) was calculated as body weight in
kilograms divided by height squared in meters (kg/m?). The
fat mass index (FMI) and waist-to-height ratio (WHItR) were
obtained by dividing fat weight (kg) by height squared (m?)
and WC (cm) by height (cm), respectively. Age- and gender-
specific BMI, WC z-scores, and FMI z-scores (standard deviation
score) were calculated according to the Center for Disease
Control growth references and the National Health and Nutrition
Examination Survey data (20-23).

Overweight was defined as BMI at or above the 85th percentile
to less than the 95th percentile, and obesity as equal to or greater
than the BMI 95th percentile (21, 22). Participants with a BMI
percentile equal to or above the 85th percentile were classified
as overweight/obese (21, 22). Abdominal obesity was defined
by WC at or above the 90th percentile and/or WHtR equal
to or above the 0.5 threshold (20, 24, 25). Finally, participants

Flavonoid intake from <_.
cocoa-based products

Body mass
index

Cocoa-based products
intake

Phenol-Explorer

database

l

< Adiposity parameters

Waist
circumference

Fat mass %,
fat mass index

Waist-to-Height
ratio

with a %FM and/or FMI greater than or equal to the age- and
gender-specific 75th percentile were classified as excess adiposity,
according to published reference data for %FM and FMI (23, 26).

Assessment of Covariates

Intake of energy, foods, and nutrients was determined from
the semi-quantitative food frequency questionnaire that was
previously described, with the use of values from Spanish food
composition tables (27, 28).

Information on physical activity was obtained with the use
of accelerometers and a standardized questionnaire. Physical
activity was measured using accelerometers (Actigraph wGT3X-
BT, ActiGraph, Pensacola, USA) worn on the non-dominant
wrist for 7 days, except during water-based activities (14).
Moderate-to-vigorous physical activity was estimated according
to the cut points of Chandler et al. and is presented as the
average minutes of moderate-to-vigorous physical activity per
day (29). In participants with missing accelerometer data (n =
48), the information from the QAPACE survey (Quantification
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TABLE 1 | Characteristics of participants according to quintiles of flavonoid intake from cocoa-based products (mg/day).

Overall (n =944) Q1 (<121) Q2(121-32.0) Q3(32.1-53.2) Q4(53.3-83.8) Q5(>83.8)  P-fortrend
(n=189) (n = 189) (n = 189) (n = 189) (n=188)

Girls, n (%) 455 (48) 76 (40) 101 (63) 89 (47) 90 (48) 99 (53) 0.098
Age, years 12,0 (0.4) 12.0 (0.4) 12.0(0.4) 12.0(0.4) 12.0 (0.4) 12.0 (0.4) 0.740
BMI, kg/m? 20.2(3.7) 202 (3.6) 20.4 (3.9) 20.5(4.1) 20.4 (3.7) 19.7 3.3) 0.286
WC, cm 71.9(10.1) 72.2(10.1) 71.7 (10.1) 72.7 (11.6) 72.5(9.9) 70.5(8.7) 0.232
WHR 0.4 (0.1) 0.5 (0.1) 0.4 (0.1) 0.5(0.1) 05 (0.1) 0.5(0.1) 0.082
%FM 23.3(8.3) 22.7(8.2) 235(8.1) 23.7(9.0) 239(8.2) 22.7 (8.0) 0.980
FMI, kg/m? 5.0(2.7) 49(2.6) 5.1(2.8) 5.2(2.9) 5.1(2.6) 47 (2.4) 0.656
Adiposity parameters, n (%)
BMI > 85th to <95th percentile 172 (18) 39 (21) 33(18) 32(17) 41(22) 27 (14) 0.334
BMI > 95th percentile 89(9) 14(7) 18(10) 24(13) 19(10) 14(7) 0.943
WC > 90th percentile 153 (16) 34(18) 25 (13) 36 (19) 33(17) 25(13) 0.546
WHtR > 0.5 213 (23) 48 (25) 39 (21) 44 (23 50 (26) 32(17) 0.258
%FM > 75th percentile 79(8) 14(7) 14(7) 19(10) 179 15(8) 0.646
FMI > 75th percentile 146 (16) 28(15) 26 (14) 37 (20) 31(16) 24 (13) 0.888
Physical activity, n (%)
>60 min/day MVPA 310(33) 71(38) 64 (34) 57 (30) 61(32) 57 (30) 0.137
Parental education, n (%)
University level 240 (26) 58 (31) 44 (24) 49 (27) 46 (25) 43 (24) 0.165
Municipality, n (%) 0.021
Barcelona 644 (68) 138 (73) 141 (75) 121 (64) 119 (63) 125 (66)
Madrid 300 (32) 51(27) 48 (25) 68 (36) 70 (37) 63 (34)

Data are expressed as mean (SD) or frequency (percentage).

Q, quintiles of flavonoids from cocoa-based products; n, number; SD, standard deviation; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; %FM, body

fat percentage; FMI, fat mass index; MVPA, moderate-to-vigorous physical activity.

Statistical analyses were conducted using one-way ANOVA for continuous variables and the chi-square test for categorical variables. P-for trend were obtained using orthogonal

contrasts test. P < 0.05 are considered statistically significant.
Significant differences are bolded.

de LActivité Physique en Altitude chez les Enfants) was used
to estimate moderate-to-vigorous physical activity according
to the frequency and duration of recreational physical activity
and competitive sports performed inside or outside schools,
on school days, and at weekends (14, 30). A conversion
factor was used to calculate moderate-to-vigorous physical
activity in terms of minutes per day. For the analysis, physical
activity was categorized as below or equal to/above 60 min/day
of moderate-to-vigorous physical activity based on physical
activity recommendations for adolescents by the World Health
Organization (31).

Information about parental education was obtained from
a general questionnaire answered by the parents (14). A
high level of parental education corresponded to university
studies according to the International Standard Classification of
Education (32). Puberty development was categorized according
to the Tanner maturation stages using pictograms (33).

Statistical Analysis

A descriptive analysis of the population was carried out
using mean (SD) and frequency distribution. Participants were
categorized into quintiles of energy-adjusted flavonoids from

cocoa-based products (Ql: <12.1, Q2: 12.1-32.0, Q3: 32.1-
53.2, Q4: 53.3-83.8, and Q5 >83.8 mg/day). One-way analysis
of variance, including Bonferroni post-hoc test, and chi-square
analysis were performed to assess the differences in means
and frequencies across quintiles of flavonoids from cocoa-based
products, respectively.

Multilevel mixed-effects linear regression models with
robust error variance were used to evaluate the association
between quintiles of flavonoids from cocoa-based products
with the anthropometric measurements (BMI z-score, WC
z-score, WHtR, %FM, and FMI z-score) as continuous variables.
Multilevel generalized logistic regression was performed to
study the association between quintiles of flavonoids from
cocoa-based products and adiposity parameters (BMI > 80th to
<95th percentile, BMI > 95th percentile, WC > 90th percentile,
and WHIR > 0.5). The fixed effects were gender (girls/boys),
age (continuous, year), Tanner maturation stage (from I to
V), physical activity (=60 min/<60 min moderate-to-vigorous
physical activity), parental education (university studies/lower
than university studies), intake of energy (continuous, Kcal/day),
sweetened products like breakfast cereals (continuous, g/day),
pastries  (continuous, g/day), sugar-sweetened beverages
(continuous, g/day), meat, and processed meat (continuous,
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TABLE 2 | Dietary food intake of participants according to quintiles of flavonoids from cocoa-based products (mg/day).

Overall (n = 944) Q1 (<12.1) Q2(12.1-32.0) Q3(32.1-53.2) Q4 (53.3-83.9) Q5 (>83.8) P-for trend
(n=189) (n=189) (n =189) (n=189) (n=188)
Fish products, g/day 86.6 (55) 103.3 (67.2) 89.2 (52.6)*° 81.6 (47.0° 76.1 (49.6)° 82.9 (53.1)° <0.001
Meat, g/day 172.6 (90.4) 207.4 (107.98% 161.2 (82.8)° 172.5 (87.5)° 155.8 (75.2)° 166.0 (86.6)° <0.001
Processed meat, g/day 7.0(6.9) 8.7 8.5° 7.1 (7.1)20¢ 6.6 (6.3)°¢ 6.7 (6.30¢ 6.1(5.4)° 0.001
Dairy products, g/day 406.6 (253.9) 448.4 (27587 4049 (254.37°  382.4 (231.57°  357.7 (193.6°  439.9 (293.32 0.269
Refined grains, g/day 113.2 (69.4) 139.8 (85.8)* 115.6 (70.1)° 107.2 (59.1)° 105.7 (62.9)° 97.6 (68.7)° <0.001
Wholegrains, g/day 18.5(32.2) 19.2 (33.6) 18.9 (32.0) 16.1(25.9) 19.7 (34.1) 19.7 (34.8) 0.814
Breakfast cereals, g/day 14.6 (19.7) 17.8 (29.1) 15.3 (18.8)* 13.4 (15.2¢ 14.6 (16,95 121 (1479 0.008
Legumes, g/day 60.6 (44.2) 72.0 (64.7) 59.6 (37.8)20 58.4 (36.2)° 57.2 (37.30° 55.6 (36.4)° 0.001
Vegetables, g/day 205.3 (150.6) 246.4 (199.87  200.9 (137.9)° 194.9 (134.7)° 190.4 (129.7)°  193.5 (133.1)° 0.001
Fruits, g/day 334.7 (250.7) 430.6 (290.0°  338.6(216.2° 310.3 (243.1°  292.4(208.5°  301.1(263.3) <0.001
Nuts, g/day 11.3(14.5) 16.1 (19.7)° 108137 9.4 (10.6 9.7 (11.7P 10.6 (14.1° <0.001
Qlive oil, g/day 16.6 (14.5) 17.6 (13.6) 17.2(17.2) 16.9 (13.6) 15.3 (12.6) 16.1(15.0) 0.141
Cocoa-based products, g/day 7.4(7.6) 2.6 (257 3.9 (357 5.7 4.1P 8.0 (6.3° 16.6 (10.3)° <0.001
Sugar-sweetened beverages, g/day 54.8(95.1) 73.2 (12327 52.4 (96.5)2° 50.6 (94.5)>° 55.3 (81.3)2° 42.3 (69.4)° 0.007
Pastry products, g/day 69.1 (52.5) 74.2 (54.6) 67.2 (53.9) 68.4 (53.5) 66.5 (46.6) 73.0(83.2) 0.561

Data are expressed as mean (SD).

Q, quintiles of flavonoids from cocoa-based products; n, number; SD, standard deviation.

Statistical analyses were conducted using one-way ANOVA for continuous variables and the chi-square test for categorical variables.
abcdData sharing the different letters are statistically different after Bonferroni post-hoc test. P-for trend were obtained using orthogonal contrasts test. P < 0.05 are considered

statistically significant.
Significant differences are bolded.

g/day), and other polyphenol-rich food intakes like fruits
(continuous, g/day), vegetables (continuous, g/day), legumes
(continuous, g/day), nuts (continuous, g/day), and extra olive
oil (continuous, g/day). Municipalities (Barcelona/Madrid) and
schools were included as random effects. Gender interaction
was considered to evaluate potential effect modification in the
association between flavonoids from cocoa-based products and
adiposity parameters. Orthogonal polynomial contrast was used
to determine linear trends.

In addition, a multilevel mixed-effects linear regression
analysis was conducted to explore associations between
flavonoids of each cocoa-based product (cocoa powder, dark
chocolate, and milk chocolate) and adiposity parameters, all
of them as continuous variables. For this analysis, data from
participants who reported daily intake of at least one cocoa-
based product were considered (700 participants reported
cocoa powder intake, 294 reported dark chocolate intake, and
644 reported milk chocolate intake). The model included the
same fixed and random effects variables as described earlier.
Moreover, Pearson correlation coefficients were used to explore
the relationship between individual flavonoids from cocoa-based
products and adiposity parameters. Finally, the false discovery
rate (FDR) by the Benjamini-Hochberg procedure was applied
to adjust p-values for multiple correlations (34). Before these
analyses, values of flavonoids were normalized and scaled in
1-SD with the inverse normal transformation (35).

All statistical analyses were conducted using Stata statistical
software package version 16.0 (StataCorp., College Station, TX,
USA) and R 4.1.1 (R Foundation for Statistical Computing,
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Vienna, Austria). Statistical tests were two-sided and statistical
significance was set as 0.05.

RESULTS

General Characteristics of the Study

Participants

The characteristics of the cohort stratified by quintiles of
flavonoid intake from cocoa-based products are shown in
Table 1. Based on BMI z-score, 18% of adolescents presented
overweight and 9% obesity. Regarding the abdominal obesity
parameters, 16% of participants had a WC greater than the 90th
percentile, and 23% had a high WHIR (>0.5 threshold). Finally,
regarding the excess of adiposity, 8 and 16% of adolescents had
%FM and FMI equal to or greater than the 75th percentile,
respectively. Compared to the lowest quintile, participants in the
highest quintile tended to have slightly lower BMI, WC, and
WC z-score, although the differences were not significant in the
univariate analysis.

The mean cocoa-based product intake was 7.4 (7.6) g/d,
equivalent to one tablespoon of cocoa powder or one square piece
of a chocolate bar. More than 90% of the participants reported
daily intake of at least one cocoa-based product, from them,
75% (N = 700) reported intake of cocoa powder, 31% (N =
294) dark chocolate, and 68% (N = 644) milk chocolate. The
mean flavonoid intake from cocoa-based products was 57.4 (74.5)
mg/day, where 26.6 (35.3) mg/day were from cocoa powder,
24.0 (62.9 mg/day) from dark chocolate, and 6.7 (11.3) mg/day
from milk chocolate (Data not shown). Participants with a
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TABLE 3 | Nutrients and (poly)phenols intake of participants according to quintiles of flavonoids from cocoa-based products (mg/day).

Overall (n = 944) Q1 (<12.1) Q2 (12.1-32.0) Q3(32.1-53.2) Q4 (53.3-83.8) Q5 (>83.8) P-for trend
(n=189) (n =189) (n =189) (n=189) (n =188)

Nutrients intake
Energy, Kcal/day 2539.2(601.8)  3,013.4 (435.98 25109 (490.9F  2,402.6 (562.7)°°  2,307.3 (614.7)°  2,461.3 (622.6)°° <0.001
Carbohydrates, g/day 256.5 (72.2) 303.2 (65.8) 256.8 (65.7)° 240.6 (64.3)° 236.3 (71.3° 246.7 (73.3)° <0.001
Fiber, g/day 29.4 (10.7) 35.5 (1.4 29.1 8.5)° 27.6 (9.9 27.2 (10.3P 27.6 (10.7)° <0.001
Proteins, g/day 120.9 (33.9) 144.2 (30.1 118.9 (27.8° 115.9 (30.8)°¢ 108.3 (30.3)° 117.5 (35.5)° <0.001
SFA, g/day 36.8(11.5) 44.2 (11.39 35.8 (9.5° 34.6 (10.6)°° 32.7(10.8° 36.8 (11.7)° <0.001
MUFA, g/day 485 (16.2) 57.0 (14.2P 481 (15.9)° 46.4 (15.3)° 43.8 (15.8)° 47.2 (16.5)° <0.001
PUFA, g/day 19.7 (6.8) 23.7 (6.47 19.4 (6.7)° 18.7 (6.2)° 18.2 (7.3 18.5 (6.9)° <0.001
Calcium, mg/day 1,0129(391.0)  1,198.1 (403.57  1,001.6(354.7)°°  959.7 (362.2P°  896.9 (321.2)° 1,008.1 (440.3¢° <0.001
Vitamin A, pg/day 1,476.0(1,465.2)  1,849.9(1,719.57 1,542.8 (1,759.52° 1,342.6 (1,107.7)> 1,177.2(754.9)° 1,467.6 (1,637.2* 0.001
Vitamin D, pg/day 5.1(2.6) 6.1 (3.0¢ 5.2 (2.4)° 48 (24P 462.5P 47 (24P <0.001
(Polyp)phenols intake
Flavonoids, mg/day 530.1(331.3) 482.8 (314.0 440.1 (283.9) 460.6 (263.3) 490.4 (241.1° 777.8 (406.1)° <0.001
Phenolic acids, mg/day 97.8 (64.5) 117.2 (70.8 103.5 (74.4)° 89.6 (53.8)° 89.4 (60.4)° 89.3 (56.5)° <0.001
Stilbenes, mg/day 0.2 (0.3 0.2(0.3) 0.2(0.3) 0.2(0.3) 0.2(0.3) 0.2(0.4) 0.677
Lignans, mg/day 3.8(5.1) 5.4 (6.1 32@3.7P 35 (5.3° 376.7P 3.4 @4.0)P 0.002
Other, mg/day 51.3(34.4) 59.5 (44.0P 55.1 (34.7)20 46.5 (29.7)° 48.9 (30.8)° 46.5 (28.6)° <0.001

Data are expressed as mean (SD).

Q, quintiles of flavonoids from cocoa-based products; n, number; SD, standard deviation; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids. Statistical analyses were conducted using one-way ANOVA for continuous variables and the chi-square test for categorical variables.
abeData sharing the different letters are statistically different after Bonferroni post-hoc test. P-for trend were obtained using orthogonal contrasts test. P < 0.05 are considered

statistically significant.
Significant differences are bolded.

TABLE 4 | Association between flavonoid intake from cocoa-based products (mg/day) and anthropometric measurements.

Anthropometric variables Q1 (<12.1) Q2 (12.1-32.0) Q3 (32.1-53.2) Q4 (53.3-83.8) Q5 (>83.8) P-for trend
(B, 95% CI) (B, 95% CI) (B, 95% CI) (B, 95% CI)

BMI z-score Reference 0.25(0.10; 0.40) 0.29(0.17;0.41) 0.06 (-0.04; 0.15) —-0.07 (-0.25; 0.10) <0.001

WC z-score Reference 0.09 (-0.01; 0.19) 0.23 (0.17; 0.29) 0.06 (—0.13; 0.24) -0.04 (-0.07; —0.01) 0.045

WHR Reference —0.00(~0.01;0.01) 0.0 (0.01; 0.01) —0.00 (-0.00; ~0.00)  —0.01 (~0.02; —0.01) <0.001

%FM Reference 0.72(0.51; 0.94) 2.17 (1.95; 2.38) 0.09 (-0.14; 0.32) —1.15 (-3.36; 1.05) 0.160

FMI z-score Reference 0.41(0.18; 0.64) 0.52 (0.39; 0.66) 0.21(0.02; 0.40) 0.02 (-0.53; 0.56) 0.242

Q, quintiles of flavonoids from cocoa-based products (mg/day); B, (beta) regression coefficient; Cl, confidence interval; BMI, body mass index; WC, waist circumference; WHtR, waist-

to-height ratio; %FM, percentage of fat mass; FMI, fat mass index.

Statistical analyses were conducted using multilevel mixed-effect linear regression analysis. The fixed effects were gender, age, Tanner maturation stage, physical activity, parental
education, intake of energy, breakfast cereals, pastries, sugar-sweetened beverages, meat, processed meat, fruits, vegetables, legumes, nuts, and extra olive oil. Municipalities and
schools were included as random effects. P-for trend were obtained using orthogonal contrasts test across quintiles. P < 0.05 are considered statistically significant.

Significant differences are bolded.

higher intake of flavonoids from cocoa-based products tended
to consume lower fish, meat, processed meat, refined grains,
(poly)phenol-rich foods (legumes, vegetables, fruits, and nuts),
and sugar-sweetened beverages (Table 2). In addition, compared
to the lowest quintile, participants in the highest quintile of
flavonoids from cocoa-based products had a lower energy intake
and macro and micronutrients (Table 3), except for vitamin A.
A higher intake of total dietary flavonoids was observed in the
highest quintile, but lower values of phenolic acids, lignans,
and other (poly)phenol intake were observed in the same group
(Table 3).

Association of Dietary Flavonoids From
Cocoa-Based Products With Adiposity

Parameters

The results from the multivariate-adjusted linear regression
analyses showed that a higher intake of flavonoids from cocoa-
based products was associated with lower values of BMI z-score
(P-for trend < 0.001); however, no significant difference was
observed between the highest and lowest quintiles. Moreover,
participants with highest intake of flavonoids from cocoa-based
products had lower values of WC z-score [B = —0.04, 95% CI
(=0.07; —0.01), P-for trend = 0.045] and WHtR [B = —0.01,
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TABLE 5 | Association between flavonoids from cocoa powder, dark chocolate, and milk chocolate (mg/day) and anthropometric measurements.

Anthrop ric Cocoa powder P Dark chocolate P Milk chocolate P
N =700 N =294 N =644
(8, 95% Cl) (8, 95% CI) (8, 95% CI)
BMI z-score -0.08 (-0.12; -0.05) <0.001 -0.11(-0.23;0.12) 0.076 -0.02 (~0.11; 0.06) 0.593
WC z-score -0.06 (-0.11; -0.02) 0.003 —0.06 (~0.08; —0.05) <0.001 -0.01(-0.02; 0.01) 0.403
WHtR —0.01 (-0.01; —0.00) <0.001 -0.003 (~0.01; 0.00) 0.110 -0.001 (~0.00; 0.00) 0.646
%FM —1.11(-1.48; -0.75) <0.001 -0.42 (-1.63; 0.79) 0.494 0.112(-0.49; 0.72) 0.718
FMI z-score -0.18(-0.20; -0.17) <0.001 -0.16 (~0.36; 0.06) 0.147 -0.01(-0.13;0.11) 0.822

N, number of participants who reported cocoa powder, dark chocolate, or milk chocolate intake; B, regression coefficient; Cl, confidence interval; BMI, body mass index; WC, waist
circumference; WHtR, waist-to-height ratio; %FM, body fat percentage; FMI, fat mass index.

Statistical analyses were conducted using multilevel mixed-effect linear regression analysis. The fixed effects were gender, age, Tanner maturation stage, physical activity, parental
education, intake of energy, breakfast cereals, pastries, sugar-sweetened beverages, meat, processed meat, fruits, vegetables, legumes, nuts, and extra olive oil. Municipalities and
schools were included as random effects. Data from flavonoids were normalized with the inverse normal distribution before this analysis. P < 0.05 are statistically significant.
Significant differences are bolded.

TABLE 6 | Association between flavonoids from cocoa-based products (mg/day) and adiposity parameters.

Adiposity parameters Q1 (<12.1) Q2 (12.1-32.0) Q3 (32.1-53.2) Q4 (53.3-83.8) Q5 (>83.8) P-for trend
(OR, 95% Cl) (OR, 95% Cl) (OR, 95% Cl) (OR, 95% ClI)
BMI > 85th to <95th percentile 1 117 (1.11;1.22) 0.94 (0.86; 1.03) 0.93(0.51;1.71) 0.52 (0.20; 1.35) 0.023
BMI > 95th percentile 1 1.11(0.76; 1.61) 2.86 (2.40; 3.41) 1.41(1.22;1.62) 0.96 (0.63; 1.45) 0.908
WC > 90th percentile 1 0.52 (0.34; 0.80) 1.48 (1.16; 1.87) 0.83(0.61; 1.14) 0.79(0.68; 0.93) 0.520
WHtR > 0.5 1 0.97 (0.54; 1.74) 1.14(0.91; 1.42) 0.96 (0.68; 1.36) 0.60 (0.33; 1.09) <0.001
%FM > 85th percentile 1 0.79 (0.69; 0.90) 1.95 (1.45; 2.62) 1.02 (0.53; 1.98) 1.02 (0.53; 1.98) 0.736
FMI > 75th percentile 1 0.75 (0.49; 1.14) 1.59 (1.42;1.77) 0.92 (0.74; 1.16) 0.56 (0.14; 2.22) 0.859

Q, quintiles of flavonoids from cocoa-based proaducts; OR, odds ratio; Cl, confidence interval; BMI, body mass index; WC, waist circumference; WHIR, waist-to-height ratio; %FM, body
fat percentage; FMI, fat mass index.

Statistical analyses were conducted using multilevel mixed-effect logistic regression model. The fixed effects were gender, age, Tanner maturation stage, physical activity, parental
education, intake of energy, breakfast cereals, pastries, sugar-sweetened beverages, meat, processed meat, fruits, vegetables, legumes, nuts, and extra olive oil. Municipalities and

schools were included as random effects. P-for trend were obtained using orthogonal contrasts test. P < 0.05 are considered statistically significant.

Significant differences are bolded.

95% CI (—0.02; —0.01), P-for trend < 0.001] (Table 4). However,
quartiles 2 and 3 had higher values of BMI z-score, %FM, and
FMI z-score compared to quartile 1. No interaction with gender
was found in the regression analysis.

Table 5 shows the association of flavonoids from each
cocoa-based product and anthropometric parameters. Inverse
associations were observed between flavonoids from cocoa
powder and BMI z-score [B = —0.08, 95% CI (—0.12; —0.05),
P < 0.001], WC z-score [B = —0.06, 95% CI [—0.11; —0.02],
P = 0.003], WHtR [B = —0.01, 95% CI (—0.01; —0.00), P <
0.001], %FM [B = —1.11, 95% CI (—1.48; —0.75), P < 0.001],
and FMI z-score [B = —0.18, 95% CI (—0.20; —0.17), P < 0.001].
Regarding dark chocolate, an inverse association only with WC z-
score [B = —0.06, 95% CI (—0.08; —0.05), P < 0.001] was found.
However, no association was observed between flavonoids from
milk chocolate intake and anthropometric parameters.

Multivariate-adjusted logistic regression analyses revealed
a tendency of having less probability of having overweight
(BMI at or above the 85th percentile to less than the 95th
percentile) and high WHIR (>0.5 thresholds) in participants with
higher flavonoid intake from cocoa-based products (Table 6). In
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addition, participants in the highest quintile had less probability
of having abdominal obesity [OR 0.66, 95% CI (0.52; 0.85), P-
for trend = 0.001] compared to the lowest quintile (Figure 2).
However, participants in quintiles 4 and 3 had a higher
probability of obesity (BMI at or above 95th percentile) compared
to quintile 1.

Finally, in the correlation analysis between individual
flavonoids from cocoa-based products and adiposity parameters,
weak inverse correlations between WHtR and catechins (R =
—0.08, FDR value = 0.027), epicatechins (R = —0.09, FDR value
= 0.014), and proanthocyanidins (R = —0.08, FDR value =
0.021) were observed (Data not shown).

DISCUSSION

In the present study, a higher intake of flavonoids
from cocoa-based products was inversely associated
with individual ~adiposity ~parameters and abdominal
obesity in adolescents. To our knowledge, this is one
of the first studies to explore these associations in this
target population.
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FIGURE 2 | Association between the highest and the lowest quintiles of flavonoids from cocoa-based products (mg/day) intake and obesity. Overweight/obesity was
defined by body mass index percentile equal to or above the age- and gender-specific 85th percentile. Abdominal obesity was defined by WC at or above the 90th
percentile and/or WHtR equal to or above the 0.5 threshold. Excess of adiposity was defined by %FM and or FMI greater than or equal to the age- and gender-specific
75th percentile. Q, quintiles of flavonoids from cocoa-based products; OR, odds ratio; Cl, confidence interval. Statistical analyses were conducted using multilevel
mixed-effect logistic regression model. The fixed effects were gender, age, Tanner maturation stage, physical activity, parental education, intake of energy, breakfast
cereals, pastries, sugar-sweetened beverages, meat, processed meat, fruits, vegetables, legumes, nuts, and extra olive oil. Municipalities and schools were included
as random effects. P-values between Q5 vs. Q1 and P- for trend were obtained using orthogonal contrasts test. P < 0.05 are considered statistically significant.

Cocoa Flavonoid Intake in Adolescents
Cocoa-based products are an important dietary source of
flavonoids. In our study, adolescents consumed a mean of 57.4
mg/day of flavonoids from cocoa-based products, representing
11% of the total dietary flavonoid intake (mean 530.1 mg/day).
A lower intake of flavonoids from cocoa-based products was
reported by Bawaked et al. in Spanish children aged 6 to 11 years,
who consumed 10.9 mg/day of flavonoids from cocoa powder
and chocolate, which provided 23.5% of the total flavonoid intake
(mean 70.7 mg/day) (36). In the Healthy Lifestyle in Europe by
Nutrition in Adolescence study, chocolate products were once
the major source of dietary (poly)phenols and flavonoids in
European adolescents (37).

Flavonoids From Cocoa-Based Products

and Adiposity Parameters

The inverse association of flavonoids from cocoa-based products
with adiposity parameters is in accordance with previous studies,
although most of them were conducted in adults. The fact that
the results remained consistent when using different adiposity
parameters (BMI z-score, WC z-score, WHtR, %FM, and FMI z-
score) further strengthens the study findings. In addition, in our
cross-sectional, multivariate-adjusted model, clinical relevance
was observed between extremes of quintiles of flavonoids from
cocoa-based products (Q5 vs. Q1) and less probability of having
abdominal obesity. These results were independent of physical
activity, puberty development, parental education, intake of
energy, sweetened products, meat, and processed meat, as well
as other (poly)phenol-rich foods intake such as fruits, vegetables,
legumes, nuts, and extra olive oil. Fruits and vegetables represent
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the main food source of flavonoids in the diet of adolescents and
their consumption could influence the association of flavonoids
from cocoa-based products with adiposity parameters (36, 38—
40). According to the results of a cross-sectional study of
European adolescents, consumption of energy-dense foods is
associated with a higher probability of obesity (41). In our study,
a tendency to consume less energy-dense and sugary foods was
observed in participants with a higher intake of flavonoids from
cocoa-based products.

In agreement with our findings, Cuenca-Garcia et al. recently
reported that higher chocolate consumption was associated with
lower BMI, body fat, and WC in European adolescents (40).
Similar results were obtained in a large cross-sectional analysis in
non-diabetic US adults, where the BMI and WC of individuals
who reported chocolate intake were lower by 0.92 Kg/m? and
2.07 cm, respectively, compared to the non-reporters, a difference
that could be attributed to the intake of cocoa flavonoids (42).
However, the authors did not define the type of chocolate
being consumed (for example, dark or milk), and its flavonoid
content was not calculated. In our study, inverse associations
between flavonoids from cocoa powder and BMI z-score, WC
z-score, WHtR, %FM, and FMI z-score were observed, but
WC z-score was inversely associated only with dark chocolate.
No association between anthropometric parameters and milk
chocolate was found. These results could be attributed to the
highest concentration of flavonoids in cocoa powder compared
to dark or milk chocolate (17, 18, 43). In addition to this, it could
be also explained by the fact that cocoa powder was consumed by
most participants (75%), with fewer consuming milk (68%) and
dark chocolates (31%).
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Evidence between cocoa flavonoid consumption and adiposity
in adults is conflicting. The results of a meta-analysis based
on randomized clinical trials suggested that the consumption
of at least 30 g/day of cocoa/dark chocolate for 4-8 weeks
decreases BMI in adults (12). Similarly, weight reduction in
overweight/obese adults (BMI > 25 kg/mz) was related to the
consumption of flavanol-containing products such as tea, cocoa,
and apple in a subgroup meta-analysis (13). In contrast, a meta-
analysis of short-term trials did not find significant associations
between flavonoid intake from cocoa-based products and BMI
in adults, although this could have been due to the short-term
nature of the studies (44). Longer-term randomized controlled
clinical trials are needed to examine the magnitude of the effect of
flavonoids from cocoa-based products on adiposity parameters.
Instead, the limitations of BMI as an adiposity indicator
are well-known, because it does not provide information on
adiposity distribution, and therefore additional anthropometric
measurements are required, such as WC, WHtR, %FM, and FMI
(24, 45).

Cocoa-based products also contain other bioactive
compounds like theobromine, a methylxanthine highly
associated with body weight, lipid, and glucose metabolism
(46). In our study, theobromine was not quantified so their
possible association with adiposity parameters has been
not determined.

The effect of cocoa-based product intake on body fat
and obesity could be explained by an associated reduction
in plasma adipokine (leptin and adiponectin) concentrations,
although the mechanisms involved still need to be clarified
(8, 47). Leptin and adiponectin are hormones mainly secreted
by adipose tissue and delivered into the systemic circulation
to modify glucose and lipid metabolism, insulin sensitivity,
and cardiovascular function (48). Leptin promotes fatty acid
oxidation and reduces lipogenesis by regulating peripheral
metabolic pathways in skeletal muscle, adipose tissue, the liver,
and the pancreas (49). Meanwhile, plasma adiponectin improves
insulin sensitivity, activates muscle utilization of glucose, induces
muscle and hepatic fatty acid oxidation, and reduces hepatic
glucose production (48). In the present study, adipokine levels
were not analyzed and their possible relationship with the intake
of flavonoids from cocoa-based products was not determined.

The relationship between the consumption of cocoa-based
products and adiposity parameters has been attributed to
their flavanol (flavan-3-ol) content. Flavanols from cocoa
include mainly monomers and polymers of catechin and
epicatechin (7, 9, 10, 43). In our exploratory analysis, we
observed a negative correlation between catechins, epicatechins,
proanthocyanidins  (polymers of flavanols), and WHtR.
Catechins and epicatechins, both flavanols monomers, are
rapidly absorbed from the upper portion of the small intestine
and could influence metabolic pathways related to body
weight (50, 51). Gutiérrez-Salmean et al. suggested that
epicatechin decreases the expression of proteins associated
with mitochondrial function and increases the expression
of protein-induced thermogenesis (51). Instead, although
proanthocyanidins are the most abundant (poly)phenols in
cocoa-based products, they are poorly absorbed in the small

Cocoa and Adiposity in Adolescents

intestine due to their large number of hydrophilic hydroxyl
groups (9, 50). Most proanthocyanidins reach the colon and are
transformed by the gut microbiota into phenylvalerolactones
and phenolic acids, such as hydroxyphenylpropionic acid,
hydroxyphenylacetic acid, and benzoic acid (43, 50, 52, 53).
These microbial metabolites might be responsible in part for
health beneficial effects of proanthocyanidins and could be
implicated in adipogenesis and lipogenesis mechanisms (6).
Results from a cross-sectional study, based on 2,734 women
twins aged 18-83 years, revealed that women with a higher
dietary intake of proanthocyanidins-rich foods, which included
apples and cocoa drinks, had lower fat mass and central fat
mass, both measured by dual-energy-X-ray-absorptiometry (54).
In another way, according to the results shown by Lee et al.,
5-(3,4"-Dihydroxyphenyl)-y-valerolactone, a microbial flavanols
metabolite, reduces lipid accumulation in 3T3-L1 mature
adipocytes regulating free fatty acids metabolism through the
suppression of the expression of lipogenic proteins (6). However,
evidence for the effect of flavanols from cocoa-based products
and their microbial metabolites on adipogenesis and lipogenesis
metabolic pathways is yet inconclusive and further studies
are needed to better understand the mechanisms of action
implicated in weight maintenance.

Although cocoa-based products are an important source
of flavonoids that might contribute to the improvement of
adiposity parameters, their consumption should be promoted
with caution, considering that most commercial formulations are
high in calories, sugars, and fats (7). Thus, from a public health
perspective, cocoa-based products low in fats and sugars might
be recommended.

Limitations and Strengths

A limitation of the present study is its cross-sectional design,
which precludes causal assumptions about flavonoid intake from
cocoa-based products and differences in adiposity parameters.
In addition, data derived from food frequency questionnaires
are prone to bias because misreporting is common in dietary
self-assessment in adolescents (55). Misreporting in adolescents
is associated with several factors, specifically weight status,
weight loss or weight maintenance, body image dissatisfaction,
and skipping breakfast (56, 57). Adolescents with high values
of BMI tend to report a lower consumption of food rich in
energy, fats, and sugars, like cocoa-based products. Misreporting
may reflect socially desirable answers where adolescents with
self-image dissatisfaction are more likely to under-report the
consumption of high fat/high sugar foods. Another plausible
reason could be that under-eating is the result of a dietary
regimen to lose or maintain weight, so there could be a control
in the intake of cocoa-based products. Instead, adolescents with
normal weight status could real over-eating to reflect higher
intakes due to a growth spurt. Regarding the dietary flavonoids
assessment, although our validated food frequency questionnaire
specifies portion size, measurement error will be present with any
assessment of the flavonoid content of cocoa-based commercial
products because they depend on the manufacturing process
like alkalinization treatment (58). Furthermore, a limitation of
using a food frequency questionnaire is that there is no possible
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way to determine the exact content of flavonoids from specific
cocoa-based products since the percentage of cacao varies for
each commercial product. In addition to this, flavonoid intake
was estimated through a database, which may not reflect the
true concentration of compounds reaching the target organs
after digestion, absorption, and metabolism. Therefore, the
association between flavonoids from cocoa-based products and
adiposity parameters might be distorted by the dietary data
bias, so these results should be interpreted with caution. Further
longitudinal analyses will be necessary to clarify the true direction
of these associations.

Strengths of the present study include the large sample size
(n = 944) of well-characterized participants, the standardization
of measures performed in the SI' Program for Secondary Schools
trial, and the inclusion of a range of anthropometric variables, not
only BMI, to evaluate adiposity.

In conclusion, a higher intake of flavonoids from cocoa-based
products was associated with lower adiposity parameters and
less probability of abdominal obesity. These findings are relevant
for hypothesis generation regarding mechanisms underlying
potential therapeutic effects of cocoa flavonoids against obesity
and should stimulate further prospective studies and clinical
trials to determine the health beneficial effects of cocoa flavonoids
on adolescents.
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4.2. Total urinary (poly)phenols and cardiometabolic health in adolescents
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Abstract

Introduction

Epidemiological studies have shown an inverse association between (poly)phenol
intake and cardiovascular risk factors (CVRFs) in adults, but few have provided
information about adolescents.

Objective
To evaluate the relationship between urinary total (poly)phenol excretion (TPE) and
CVRF's in adolescents.

Methods

A cross-sectional study was performed in 1194 Spanish adolescents from the SI!
(Salud Integral) program. TPE in urine samples was determined by the Folin-
Ciocalteu method, after solid-phase extraction, and categorized into quartiles. The
association between TPE and CVRFs was estimated using mixed-effect linear
regression and a structural equation model (SEM).

Results

Linear regression showed negative associations among the highest quartile of TPE
and body fat percentage (B = -1.75, p-value = <0.001), triglycerides (TG) (B = -
17.68, p-value = <0.001), total cholesterol (TC) (B = -8.60, p-value = 0.002), and
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low-density lipoprotein (ILDL)-cholesterol (LDL-C) (B = -4.09, p-value = 0.008) in
boys, after adjusting for all confounder variables. Negative associations between
TPE quartiles and systolic blood pressure (SBP), diastolic blood pressure (DBP),
and TC were also found in girls. Moreover, a structural equation model revealed
that TPE was directly associated with body composition and blood glucose and
indirectly associated with blood pressure, TG, LDL-C, and high-density lipoprotein-
cholesterol (HDL-C) in boys.

Conclusion

In summary, higher concentrations of TPE were associated with a better profile of
cardiovascular health, especially in boys, while in girls, the association was not as
strong.
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Abstract: (1) Background: Epidemiological studies have shown an inverse association between
polyphenol intake and cardiovascular risk factors (CVRFs) in adults, but few have provided information
about adolescents. The aim of this study was to evaluate the relationship between urinary total
polyphenol excretion (TPE) and CVRFs in adolescents. (2) Methods: A cross-sectional study was
performed in 1194 Spanish adolescents from the SI! (Salud Integral) program. TPE in urine samples
was determined by the Folin—Ciocalteu method, after solid-phase extraction, and categorized into
quartiles. The association between TPE and CVRFs was estimated using mixed-effect linear regression
and a structural equation model (SEM). (3) Results: Linear regression showed negative associations
among the highest quartile of TPE and body fat percentage (B = —1.75, p-value = <0.001), triglycerides
(TG) (B = —17.68, p-value = <0.001), total cholesterol (TC) (B = —8.66, p-value = 0.002), and low-density
lipoprotein (LDL)-cholesterol (LDL-C) (B = —4.09, p-value = 0.008) in boys, after adjusting for all
confounder variables. Negative associations between TPE quartiles and systolic blood pressure (SBP),
diastolic blood pressure (DBP), and TC were also found in girls. Moreover, a structural equation model
revealed that TPE was directly associated with body composition and blood glucose and indirectly
associated with blood pressure, TG, LDL-C, and high-density lipoprotein-cholesterol (HDL-C) in boys.

Antioxidants 2020, 9, 910; doi:10.3390/antiox9100910 www.mdpi.com/journal/antioxidants
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(4) Conclusions: Higher concentrations of TPE were associated with a better profile of cardiovascular
health, especially in boys, while in girls, the association was not as strong.

Keywords: antioxidants; pediatric; body composition; cardiovascular; lipid profile; Folin-Ciocalteu

1. Introduction

Although the clinical burden of cardiovascular disease (CVD) mainly occurs in adulthood,
the process of developing CVD begins early in life and progresses throughout the lifespan. The principal
cardiovascular risk factors (CVRFs) are obesity, diabetes mellitus, and hypertension, which are
normally related to modifiable lifestyle factors, such as an unhealthy diet, physical inactivity, smoking,
and excessive alcohol intake [1]. The high prevalence of obesity in the current adolescent population
is associated with unhealthy habits, such as an inadequate diet and physical inactivity. This is of
particular concern because the excess weight in childhood and adolescence is directly associated with
hypertension, an adverse lipid profile, type II diabetes, and early atherosclerotic lesions, which can
increase the risk of developing CVD during adulthood [2].

According to preliminary studies, the Mediterranean diet plays an important role in the
prevention of CVRFs, such as diabetes, obesity, and hypertension [3-6]. Most evidence for the positive
cardiovascular health effects of the Mediterranean diet indicates that bioactive compounds, including
polyphenols, are, in part, responsible [3]. The intake of polyphenol-rich foods, such as vegetables,
fruits, olive oil, and seeds, has been inversely associated with cardiovascular risk factors in elderly
populations [6,7]. The beneficial health effects of polyphenols depend on intake and bioavailability,
which varies from one molecule to another, and among individuals [8].

Most epidemiological studies have determined polyphenol intake using traditional dietary
assessment tools, such as food frequency questionnaires or 24-h diet recall. A less biased and potentially
more accurate approach is the determination of urinary polyphenols by the Folin—-Ciocalteu assay,
which can serve as a biomarker of total polyphenol intake and fruit and vegetable consumption [9,10].

The relationship of polyphenol biomarkers with CVD or CVRFs has been observed in several
studies, suggesting that it is of great importance to maintain polyphenol biomarkers at high levels [11].
Lower all-cause and CVD mortality risks have been observed at higher total urinary polyphenol levels,
especially enterolignans concentrations (enterolactone). In addition, urine excretion of enterolignans
hasbeen inversely associated with C-reactive protein (CRP) levels and metabolic syndrome components,
such as type 2 diabetes (T2D) and obesity. Metabolites from flavanones (naringenin and hesperetin),
flavonols (quercetin and isorhamnetin), phenolic acids (caffeic acid), and enterolignans (enterolactone)
in spot urine samples have been significantly associated with a lower T2D risk [12]. Moreover, levels of
urinary polyphenol biomarkers (caffeic acid, ferulic acid, 3-hydroxybenzoic acid), and especially gut
microbial metabolites of polyphenols, have been inversely associated with overweight and obesity.
This negative association has been more pronounced in the participants with higher CRP levels,
a marker of chronic inflammation and a predictor of all-cause cardiovascular mortality [13].

The aim of the present study was to determine the association between total polyphenol excretion
(TPE) in urine, as a biomarker of total polyphenol intake, and CVRFs in adolescents from the SI!
(Salud Integral) program.

2. Materials and Methods

2.1. Study Design and Participants

The SI! (Salud Integral) program for secondary schools is a well-established cluster-randomized
controlled intervention trial, registered at ClinicalTrials.gov (NCT03504059), aimed at evaluating the
effectiveness of an educational intervention to promote cardiovascular health in 1326 adolescents
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from 24 secondary public schools in Madrid and Barcelona, Spain. Schools were randomized 1:1:1 to
receive a short-term (2-year) or a long-term (4-year) comprehensive educational program or the usual
curriculum (control). The primary outcome was a change in obesity and other cardiovascular health
parameters. The full details of the design of the SI! Program for Secondary Schools intervention have
been published elsewhere [14].

The study protocol and procedures were approved by the Ethical Committee of the Instituto de
Salud Carlos III in Madrid (CEI PI 35_2016), the Fundacié Unié Catalana d’Hospitals (CEI 16/41), and the
University of Barcelona (IRB00003099). Written informed consent was obtained from the parents or the
legal guardians of all the participants.

The inclusion criteria were availability of spot urine samples, no diagnosis of diabetes or
hypertension, and not having taken any drugs or supplements the day prior to the data collection at
baseline. Based on these criteria, 1194 subjects were included in the analysis (Figure 1).

The SI! Program for secondary schools at baseline
(n=1326)

Exclusion criteria:

- No urine sample (n =13)

» _ Hypertension (n=1)

- Type I diabetes mellitus (7 =5)

- Type II diabetes mellitus (n = 1)

- Drug or supplement intake the day prior to data

collection (n=112)

A 4

1194 participants were included in this cross-sectional study

Figure 1. Flow chart of participant selection.

2.2. Anthropometry and Body Composition

Weight was measured to the nearest 0.1 kg using a digital scale (OMRON BF511, OMRON HEALTHCARE
Co., Muko, Kyoto, Japan), and height to the nearest 0.1 cm with a portable stadiometer (SECA 213 of
0.1 cm precision), with participants wearing light clothes and no shoes. The body mass index (BMI) was
calculated as weight in kilograms divided by square height in meters (kg/m?). The body fat percentage
was estimated by bioelectrical impedance using a tetrapolar OMRON BF511. Waist circumference
(WC) was measured in triplicate to the nearest 0.1 cm using a non-stretchable Holtain tape [14].
The waist-to-height ratio (WtHR) was calculated as WC (cm) divided by height (cm). Measurements
were taken early in the morning after overnight fasting. BMI and WC z-scores were calculated
according to the age- and gender-specific median of the International Obesity Group (IOTF) and the
National Health and Nutrition Examination Survey (NHANES), respectively [15,16].

2.3. Blood Pressure

Blood pressure (BP) was measured in the sitting position using a digital monitor OMRON M6
(OMRON HEALTHCARE Co., Muko, Kyoto, Japan). Duplicate measurements were taken at two-
or three-minute intervals after the participants relaxed. If these differed by more than 10 mmHg for
systolic blood pressure (SBP) and/or more than 5 mmHg for diastolic blood pressure (DBP), a third
measurement was taken. Average values were calculated for the final SBP and DBP [14].
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SBP and DBP z-scores were calculated according to the High Blood Pressure Working Group of
the National Blood Pressure Education Program for children and adolescents [17].

2.4. Blood Analyte Measurements

Glucose and lipid profile (total cholesterol (TC), high-density lipoprotein-cholesterol (HDL-C),
low-density lipoprotein-cholesterol (LDL-C), and triglycerides (TG)) levels were analyzed using
a portable CardioCheck® Plus (PTS Diagnostic, Indianapolis, IN, USA) biochemical analyzer in
finger-prick capillary whole blood samples (approximately 40 uL) taken early in the morning after
overnight fasting. The coefficients of variation (CV) of TC, HDL-C, and glucose were 4.9%, 8.7%,
and 4.0%, respectively [18].

2.5. TPE Determination in Urine

Fasting spot urine samples were collected in the morning and were immediately stored at —80 °C
until analysis [14]. The validated Folin-Ciocalteu (F-C) spectrophotometric method used to determine
TPE concentrations in urine has been previously described by Medina-Remon et al. This method
includes a previous solid-phase extraction using 96-well plate hydrophilic-lipophilic-balanced
cartridges water-wettable and reversed-phase solvent (Oasis® MAX 30 mg, Waters, Milford, MA,
USA) to remove interferences with the F-C reagent (Sigma-Aldrich, St. Louis, MO, USA). Gallic acid
(Sigma-Aldrich, St. Louis, MO, USA) was used for curve calibration. The method has a percent relative
standard deviation (precision) below 7.2% in each concentration from curve calibration. Recovery
values were between 82.5 and 105.7%. The limit of detection (LOD) for gallic acid equivalent (GAE) was
0.07 mg/L [9]. Creatinine in urine samples was measured following the adapted Jaffé alkaline picrate
method for thermo microtiter 96-well plates, according to Medina-Remoén et al. [9]. In epidemiological
studies and in the absence of disease, creatinine concentrations in urine can be used to determine
urinary excretion of compounds in spot urine samples [9,19,20]. We considered values of mg of GAE
and creatinine if the CV between measures were less than 15%. Finally, TPE was expressed as mg
GAE/g creatinine.

2.6. Covariate Assessment

Information about dietary intake was assessed using an updated version of the validated 157-items
semi-quantitative food frequency questionnaire (FFQ) [21]. From standard portions and frequencies of
consumption, all items were calculated and reported in g per day (g/d) using Spanish food composition
tables [22,23]. Dietary intake includes total energy, protein, carbohydrates, fiber, total fat, saturated
fatty acids (SFA), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs).
Food groups intake includes vegetables, fruits, legumes, cereals, dairy products, meat, olive oil, fish,
nut, cookies, pastries, and sweets, chocolate, and soft drinks. Nutrient and food groups’ intake was
adjusted for total energy intake using the residual method [24].

A self-completed questionnaire for parents or legal guardians was used to assess sociodemographic
parameters (place of birth, education level, and house income) [14]. The place of birth was categorized
according to the area in which the participants were born, like Spain, the rest of Europe, Latin America,
Africa, and others. The parental education level was categorized as low (families without studies or
with primary studies), medium (secondary studies and professional training), and high (university
studies), according to the International Standard Classification of Education (ISCED) [25]. As in the
study by Bodega et al. [26], the highest parental education level was considered as a covariate in this
study. House income was categorized into three levels (low, medium, and high) based on the annual
survey of salary for the Spanish population [27].

131



RESULTS

Antioxidants 2020, 9, 910 50f 25

Physical activity was measured with a triaxial Actigraph wGT3X-BT accelerometer (ActiGraph
Corporation, Pensacola, FL, USA) on the non-dominant wrist for 7 consecutive days (except when
bathing or swimming) [14]. The cut-off points of Chandler (2016) were applied to estimate total activity
and minutes spent in moderate-to-vigorous physical activity [28].

Puberty development was assessed using pictograms, according to Tanner maturation stages [29].

2.7. Statistical Analysis

The baseline characteristics of participants were presented as means and standard deviations
(SD) for continuous variables and frequencies and percentages for categorical variables. To assess
the relation between TPE and CVREFs, participants were categorized into quartiles of TPE (mg GAE/g
creatinine): Q1 (<71.8), Q2 (71.9-111.1), Q3 (111.2-161.2), and Q4 (>161.2). Continuous variables were
used to compare the unadjusted sample means across TPE quartiles by one-way analysis of variance
(ANOVA). Chi-square test analysis was used to assess qualitative variables across TPE quartiles.

Mixed-effect linear regression models were considered to evaluate associations between TPE
(continuous and quartiles) and CVRFs (body composition, BP, glucose, TG, TC, HDL-C, and LDL-C),
adjusted for factors previously related to TPE and CVRFs. The first model was unadjusted. In the
second model, TPE was adjusted for gender (only for total participants), age (continuous), fasting (yes/no),
moderate-to-vigorous physical activity (quartiles), Tanner stage (from I to V), a high parental education
level (yes/no), place of birth (Spain, Rest of Europe, Latin America, Africa, others), and household income
(low, medium, and high). The third model was additionally adjusted for energy intake (quartiles),
fiber (quartiles of energy-adjusted intake), total fat (quartiles of energy-adjusted intake), MUFAs (quartiles
of energy-adjusted intake), PUFAs (quartiles of energy-adjusted intake). The BMI and WtHR were also
considered in the third model regression between TPE and blood analytes (glucose, TG, TC, HDL-C,
and LDL-C). Municipalities (Barcelona/Madrid) were included as a random effect. To accommodate the
use of some categorical variables, we estimated parameters using weighted least squares with robust
standard errors. We evaluated potential effect modification in the association between quartiles of TPE
and CVRFs by gender in an interaction analysis using the cross-product term between TPE and gender.
This analysis was also stratified by gender to evaluate potential modification. Linear trends between TPE
and mean of each CVRF were assessed using orthogonal polynomial contrasts.

Based on linear regression models, the data was re-analyzed using structural equation modeling
(SEM) with robust maximum likelihood estimation to examine the relationship between TPE
(continuous) and CVRFs (continuous). Our hypothesized model of study is shown in Figure 2.
The main dependent variables were TG, TC, LDL-C as observed variables; body composition (included
the WC z-score, the BMI z-score, and body fat percentage) and blood pressure (BP) (included the SBP
z-score and the DBP z-score) as latent variables that are not measured directly. TPE was considered
an independent variable. Other variables observed were considered as covariates: age, gender,
physical activity, fasting, Tanner scale, energy intake, fat intake, MUFAs, PUFAs, fiber, high parental
education, place of birth, and household income. The goodness-of-fit index model for SEM included
the standardized root mean square residual (SRMR < 0.08) [30].

All statistical analyses were conducted using the Stata statistical software package version 16.0
(StataCorp, College Station, TX, USA). Statistical tests were two-sided, and p-values below 0.05 were
considered significant.
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Figure 2. Path diagram of the association between TPE and CVRFs using structural equation modeling.
TPE: Total polyphenol excretion in urine. CVRFs: Cardiovascular risk factors. WC: Waist circumference.
BMI: Body mass index. BP: Blood pressure. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. TG:
Triglycerides. TC: Total cholesterol. LDL-C: Low-density lipoprotein-cholesterol. HDL-C: High-density
lipoprotein-cholesterol. MVPA: Moderate-to-vigorous physical activity. MUFAs: Monounsaturated
fatty acids. PUFAs: Polyunsaturated fatty acids. PB: Place of birth. HPE: High parental education.
HI: Household income. e: error. Oval circles indicate a latent variable that is not measured directly.
Age, gender, MVPA, fasting, Tanner scale, energy intake, fat intake, MUFAs, PUFAs, fiber intake, PB,
HPE, and HI were considered as covariates. Significant paths (p < 0.05) are shown as black arrows,
and non-significant paths are shown as grey arrows. Direct associations are presented with wider arrow
widths than the indirect associations. Unstandardized regression coefficients are at the end of each arrow.
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3. Results

3.1. General Characteristics

Table 1 summarizes the baseline gender-stratified characteristics of the 1194 participants (90% of
the cohort) who were included in this cross-sectional study. Nearly half (48%) were girls with a
mean age of 12.0 + 0.5 years. The mean TPE was 125.7 + 76.8 mg GAE/g creatinine, and the median
111.2 mg GAE/g creatinine with a CV of 61%, the minimum value was 5.1 mg GAE/g creatinine and the
maximum 534.3 mg GAE/g creatinine. For the concentration of creatinine, the mean was 1.27 + 0.49 g/L,
with a CV of 39%. No significant differences were found in the TPE, according to gender. Regarding
the CVRFs, significantly higher mean values of the BMI z-score, WC, the WC-z score, WtHR, SBP,
and glucose were observed in boys compared to girls. Boys were also more sedentary, although they
walked more than girls. On the other hand, significantly higher values of body fat percentage, DBP,
the DBP-z score, TG, and TC were reported in girls. We observed gender-related differences in dietary
food intake: boys showed a trend of having higher intakes of energy and less fiber intake.
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Table 1. Baseline characteristics of the study population, according to gender (1 = 1194).

Girls

Boys

Variable Total n=569 @8%) m=625(2%) PV AUe
Age (y), mean (SD) 12.04 (0.46) 11.99 (0.41) 12.08 (0.49) 0.002
Body composition, mean (SD)
BMI (kg/m?) 20.16 (3.78) 20.04 (3.71) 20.26 (3.83) 0.303
BMI z-score 0.65 (1.06) 0.54 (1.03) 0.74 (1.08) <0.001
WC (cm) 71.87 (10.24) 70.47 (8.99) 73.14 (11.19) <0.001
WC z-score 0.39 (0.86) 0.29 (0.71) 0.47 (0.91) <0.001
WtHR 0.46 (0.06) 0.45 (0.06) 0.47 (0.07) <0.001
Body fat (%) 22.93 (8.31) 2445 (7.93) 21.52 (8.41) <0.001
Blood pressure, mean (SD)
SBP (mmHg) 104.59 (10.71) 103.47 (10.19)  105.60 (11.07) <0.001
SBP z-score -0.30 (0.95) —-0.35(0.94) —0.26 (0.96) 0.099
DBP (mmHg) 61.71 (8.74) 62.68 (8.58) 60.83 (8.81) <0.001
DBP z-score -0.12 (0.76) -0.07 (0.78) -0.17 (0.75) 0.019
Blood analytes, mean (SD)
Glucose (mg/dL) 102.89 (11.76) 101.76 (11.70)  103.91 (11.72) 0.002
TG (mg/dL) 76.55 (41.07) 80.11 (37.79) 73.35 (43.59) 0.005
TC (mg/dL) 152.63 (34.46) 154.39 (32.54)  151.05 (36.04) 0.099
LDL-C (mg/dL) 77.96 (25.78) 7841 (24.74) 77 47 (26.86) 0.585
HDL-C (mg/dL) 62.85 (15.89) 62.78 (14.26) 6291 (17.24) 0.891
Physical activity, mean (SD)
Sedentary (min/day) 605.89 (68.52) 596.78 (65.53)  614.51 (70.21) <0.001
MVPA (min/day) 74.61 (23.41) 77.17 (22.89) 72.19 (23.66) <0.001
Sepcowtsperdy pugn gimay iy <00
Tanner scale, mean (SD) 3.16 (0.85) 3.16 (0.84) 3.17 (0.85) 0.745
Dietary intake, mean (SD)
Total energy (kcal/d) 2435.27 (546.59) (25314236721) éi1:384271) <0.001
Protein (g/d) 116.46 (16.65) 115.61 (15.98)  117.22(17.22) 0.158
Carbohydrates (g/d) 243.83 (35.48) 24413 (35.23)  243.55(35.74) 0.812
Fiber (g/d) 27.91(7.01) 28.62 (6.95) 27.27 (7.00) 0.005
Total fat (g/d) 110.31 (14.13) 110.52(13.79)  110.11 (14.45) 0.672
SFAs (g/d) 35.89 (5.67) 35.98 (5.45) 35.80 (5.86) 0.642
MUFAs (g/d) 49.96 (8.98) 49.79 (9.66) 50.11 (8.33) 0.613
PUFAs (g/d) 18.70 (3.99) 18.66 (4.12) 18.74 (3.88) 0.780

134

7 of 25



RESULTS

Antioxidants 2020, 9,910 8 of 25

Table 1. Cont.

Variable Total ne Sc;igﬂ(is%) ne 63;053/(552% ) p-Value
Creatinine (g/L) 1.27 (0.49) 1.35 (0.51) 1.19 (0.45) <0.001
TPE (mg GAE/g creatinine), 1,5 7)o gy 12241 (7459) 12873 (7878)  0.156
mean (SD)
Place of birth, 1 (%) 0.800
Spain 1082 (90.62) 520 (91.39) 562 (89.92)
Rest of Europe 15 (1.26) 7 (1.23) 8(1.28)
Latin America 58 (4.86) 26 (4.57) 32(5.12)
Africa 10 (0.84) 3(0.53) 7 (1.12)
Other 29 (2.43) 13 (2.28) 16 (2.56)
Education of mother, 1 (%) 0.113
Low 282 (26.09) 152 (28.95) 130 (23.38)
Medium 429 (39.69) 201 (38.29) 228 (41.01)
High 370 (34.23) 172 (32.76) 198 (35.61)
Education of father, 1 (%) 0.958
Low 248 (30.35) 115 (29.95) 133 (30.72)
Medium 330 (40.39) 155 (40.36) 175 (40.42)
High 239 (29.25) 114 (29.69) 125 (28.87)
Household income, 1 (%) 0.748
Low 366 (33.09) 181 (34.09) 185 (32.17)
Medium 348 (31.46) 167 (31.45) 181 (31.48)
High 392 (35.44) 183 (34.46) 209 (36.35)
Municipality, 1 (%) 0.351
Barcelona 845 (70.77) 410 (72.06) 435 (69.60)
Madrid 349 (29.23) 159 (27.94) 190 (30.40)

TPE: Total polyphenol excretion in urine. GAE: Gallic acid equivalent. BMI: Body mass index. WC: Waist circumference.
WtHR: Waist-to-height ratio. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. TG: Triglycerides. TC:
Total cholesterol. LDL-C: Low-density lipoprotein-cholesterol. HDL-C: High-density lipoprotein-cholesterol. MVPA:
Moderate-to-vigorous physical activity. SFAs: Saturated fatty acids. MUFAs: Monounsaturated fatty acids. PUFAs:
Polyunsaturated fatty acids. Statistical analyses were undertaken using the t-test for continuous variables and
the chi-square (x2) test for categorical variables. p-values refer to differences between girls and boy values < 0.05;
values shown in bold are statistically significant.

The general characteristics of the participants, according to urinary TPE quartiles, are shown in
Table 2. Significant differences in the mean BMI (p-trend = 0.017), the BMI z-score (p-trend = 0.022),
body fat (p-trend = 0.003), glucose (p-trend = 0.009), TG (p-trend = 0.017), and TC (p-trend = 0.002) were
observed among the quartiles. Differences in TPE stratified by gender are shown in Table Al.
Lower values of body fat (p-trend = 0.039), glucose (p-trend = 0.006), TG (p-trend = 0.011),
TC (p-trend = 0.012), and LDL-C (p-value = 0.045) were observed between quartiles of TPE in adolescent
boys. The results indicated that boys with the highest TPE had a better CVRF profile, but this did not
apply to girls. Other factors with significant differences among quartiles only in boys were the level
of maternal education and place of birth. Significant differences were only found among quartiles
regarding municipality in girls.
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Table 2. Baseline characteristics of the study population, according to TPE quartiles (mg GAE in urine/g creatinine).

TPE (mg GAE in Urine/g Creatinine)
Variable Q2 Q3

n Q1 (<71.8) 191111  (111.2-161.2) Q4 (>161.2) p-Value p-Trend
Number of 1194 299 298 299 298
participants
Gender (Girls), n (%) 569 139 (46.49) 158 (53.02) 141 (47.16) 131 (43.96) 0154 0.300

Age (y), mean (SD) 1194 12.03(045)  12.09(0.50)  12.01(043)  12.02 (0.46) 0123 0341

Body composition,

mean (SD)
BMI (kg/m?) 1193 20.44 (4.02) 20.47 (3.86) 19.85 (3.34) 19.86 (3.85) 0.057 0.017
BMI z-score 1193 0.72 (1.10) 0.72 (1.00) 0.59 (1.00) 0.55 (1.10) 0.115 0.022
WC (cm) 1194 72.49 (10.81) 72.59 (1046)  70.80 (9.30) 71.60 (10.29) 0.110 0.093
WC z-score 1194 0.43 (0.87) 0.44 (0.84) 0.31(0.86) 0.36 (0.87) 0.211 0.140
WtHR 1194 0.47 (0.07) 0.47 (0.07) 0.46 (0.06) 0.46 (0.06) 0.195 0.085
Body fat (%) 1182 23.79 (8.57) 23.57 (8.26) 22.25 (8.09) 22.10 (8.22) 0.019 0.003
Blood pressure,
mean (SD)
SBP (mmHg) 1191 105.35 (10.66) (11004.;;25) (]1%432(;; 104.40 (10.98) 0.559 0.289
SBP z-score 1191 —-0.23 (0.95) -0.34(097) -0.32(0.92) -0.32 (0.96) 0.436 0.274
DBP (mmHg) 1191 62.34(9.19)  60.94(856)  61.22(854)  62.35(8.61) 0.095  0.891
DBP z-score 1191 —0.06 (0.80) -0.20(0.75)  —0.16(0.75) -0.06 (0.75) 0.057 0.821
Blood analytes,
mean (SD)

Glucose (mg/dL) 1155 104.30 (11.84) (110127600) (110234]5(; 101.50 (10.87) 0.033 0.009
TG (mg/dL) 1154 77.90 (45.90)  80.58 (39.16)  77.21(41.93)  70.43 (36.10) 0.023 0.017
TC (mg/dL) 1155 155.10 (33.63) (1315066(; (13'563 7660) 146.20 (32.59) 0.003 0.002

LDL-C (mg/dL) 893 78.57 (25.31) 79.11 (26.92)  79.26 (26.65) 74.60 (23.85) 0.196 0.131

HDL-C (mg/dL) 1153 63.35(16.27)  63.18(15.38)  63.45(16.71)  61.41(15.17) 0.367 0.185

Physical activity,

mean (SD)
Sedentary (min/day) 1121 608.49 (72.49) (660544013 (66();)9]92) 601.94 (68.08) 0.539 0.426

MVPA (min/day) 1121 73.93 (23.88) 74.01 (22.81) 74.15(23.17)  76.32(23.80) 0.565 0.243

Step counts per day 1121 122 42384‘;!? }21%97?3% 221 "190%41?? %22_'@%3]2:; 0.407 0.859

Tanner scale, 1188 3.11 (0.85) 328(084)  3.17(0.83) 3.08 (0.85) 0.003  0.365

mean (SD)
Place of birth, n (%) 0.329 0.475
Spain 1082 268 (89.63) 268(89.93)  275(91.97) 271 (90.94)
Rest of Europe 15 5(1.67) 4(1.34) 1(0.33) 5(1.68)
Latin America 58 18 (6.02) 16 (5.37) 16 (5.35) 8 (2.68)
Africa 10 1(0.33) 4(1.34) 1(0.33) 4(1.34)
Other 29 7 (2.34) 6(2.01) 6(2.01) 10 (3.36)
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Table 2. Cont.

TPE (mg GAE in Urine/g Creatinine)

Variable Q2 Q3

n Q1 (<71.8) (719-111.1)  (111.2-161.2) Q4 (>161.2)  p-Value p-Trend

Educatizn(ozf) mother, 0.052 0.285
Low 282 73 (26.55) 78 (28.78) 77 (28.31) 54 (20.53)
Medium 429 108 (39.27) 95 (35.06) 119 (43.75) 107 (40.68)
High 370 94 (34.18) 98 (36.16) 76 (27.94) 102 (38.78)

Educah:?‘ /oo)f father, 0.490 0345
Low 248 58 (28.57) 65 (31.40) 66 (32.20) 59 (29.21)
Medium 330 91 (44.83) 86 (41.55) 80 (39.02) 73 (36.14)
High 239 54 (26.60) 56 (27.05) 59 (28.78) 70 (34.65)

Househol::l income, 0.450 0.057

1 (%)

Low 366 93 (33.82) 103 (36.52) 89 (32.25) 81(29.67)
Medium 348 91 (33.09) 87 (30.85) 89 (32.25) 81 (29.67)
High 392 91 (33.09) 92 (32.62) 98 (35.51) 111 (40.66)

Municipality, 1 (%) 0.050 0.006
Barcelona 845 226 (75.59) 217 (72.82) 205 (68.56) 197 (66.11)
Madrid 349 73 (24.41) 81 (27.188) 94 (31.44) 101 (33.89)

TPE: Total polyphenol excretion in urine. GAE: Gallic acid equivalent. Q: Quartile of TPE. BMI: Body mass
index (calculated as weight in kilograms divided by height in square meters). WC: Waist circumference.
WtHR: Waist-to-height ratio. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. TG: Triglycerides. TC:
Total cholesterol. LDL: Low-density lipoprotein-cholesterol. HDL: High-density lipoprotein-cholesterol. MVPA:
Moderate-to-vigorous physical activity. SFAs: Saturated fatty acids. MUFAs: Monounsaturated fatty acids.
PUFAs: Polyunsaturated fatty acids. Statistical analyses were undertaken using one-way ANOVA for continuous
variables and the chi-square (x2) test for categorical variables. p-value refers to differences between quartiles of TPE.
p-values < 0.05; values shown in bold are statistically significant.

We summarized dietary nutrients and the main food groups intake, according to quartiles
of TPE, in Table 3. We did not observe significant differences between quartile groups except for
cookies, pastries, sweets, and snacks, the intake of which tended to decrease inversely with quartiles,
and legumes that presented higher values in the first and the third quartile, although no significant
trend was appreciated.
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Table 3. Mean dietary nutrients and food intake, according to TPE quartiles (mg GAE in urine/g creatinine).

TPE (ng GAE in Urine/g Creatinine)

Q1 Q2 Q3 Q4

(<718) (7191111 (1112-161.2) (>1612) FP-Value p-Trend

Dietary intake,

mean (SD)
2423.92 2400.96 2482.93 2435.43
Total energy (Kcal/d) 850 (546.44) (578.92) (531.79) (527.03) 0.471 0.488
. 115.01 11631 11743 117.09
Protein (g/d) 850 (i oo (1815 oy 0455 0150
, 248.07 24218 24348 241.69 .
Carbohydrates (g/d) 850 (34.03) (36.36) (35.43) (35.89) 0.235 0.102
Fiber (g/d) 850 378(;’5‘; 27.06(690) 2838 (7.05) (2776716; 0127 0669
109.10 111.05 11008 11096 -
Total fat (g/d) 850 (13.50) 411y (14.55) (1437) 0.450 0.290
SFAs (g/d) 850 (3559724) 3590 (532)  35.66 (543) (356;)294) 0730 0474
MUFAs (g/d) 850 (590'1191) 4934(894) 5032 (9.15) (5806099) 0691 0738
PUFASs (g/d) 850 (138:; 1898 (4.04)  18.50 (4.20) (lfg‘él) 0501 0.694
Food intake, mean (SD)
248.48 258.17 24157 25444
Vegetables (g/d) 850 (124.88) (123.87) (119.68) (127.15) 0.536 0.973
. 295.26 293.99 299.10 289.67
Fruits (g/d) 80 16215  (171.00) (6752) (15363 0040 0817
Legumes (g/d) 850 (g}:gg) 5370 (2825) 6241 (31.02) (g? :?g) 0.007 0422
123.01 121.05 124.95 117.06
Cereals (g/d) 850 (5437) (55.71) (55.80) (50.62) 0.484 0.403
] 390.33 389.29 378.07 392.64
Dairy (g/d) 850 (189.09) (192.34) (185.58) asre1) 0863 0.941
217.57 215.50 223.94 213.27
Meat (g/d) 850 (31.89) (75.33) (75.99) (7549) 0% 0852
Olive oil (g/d) 850 (113_'?:) 15.86 (12.30)  17.04 (14.14) (11;":2;) 0638 0509
Fish (g/d) 850 (28:?% 79.03 (39.25)  84.97 (45.68) (28122) 0494 0634
Nuts (g/d) 850 (3'33) 9.66(845)  9.67 (8.52) (Zg) 0482 0379
C""‘;f;';ifﬁ‘:i'g%ms' 850 (ZZ%) 83.60 (41.57)  78.58 (39.93) (Z;‘gé) 0.174 0.039
Chocolate (g/d) 850 (g'g) 732(694) 633 (643) (;'gg) 0230 0392
. 140.80 133.78 136.91 13427
Soft drinks (g/d) 850 (12335  (12013) (14204) (12475 0980 0675

TPE: Total polyphenol excretion in urine. GAE: Gallic acid equivalent. Q: Quartile of TPE. SFAs: Saturated fatty
acids. MUFAs: Monounsaturated fatty acids. PUFAs: Polyunsaturated fatty acids. Statistical analyses were
undertaken using one-way ANOVA for continuous variables. p-value refers to differences between quartiles of TPE.
p-values < 0.05; values shown in bold are statistically significant.

3.2. TPE, Body Composition, and BP

The associations among TPE quartiles with body composition and BP are shown in Table 4.
After adjustment for age, gender (only for total participants), physical activity, fasting, Tanner scale,

138



RESULTS

Antioxidants 2020, 9,910 12 of 25

energy intake, fat intake, MUFAs, PUFAs, fiber, high parental education, place of birth, and house
income in the third model, the highest quartile of TPE was negatively associated with body fat
percentage (B= —1.75, p-value < 0.001, 95% confidence interval (CI = -2.16; —1.36)), compared to the
lowest quartile of TPE for boys. On the other hand, in girls, the highest quartile of TPE was negatively
associated with the SBP z-score and the DBP z-score, compared to the lowest quartile of TPE.

3.3. TPE and Blood Analytes

Table 5 shows the relationship between urinary TPE and blood analysis estimated using linear
regression. For all the participants, negative associations were found among the highest quartile
of urinary polyphenols and TG (B= -9.31, p-value < 0.001, 95% Cl= -12.69; -5.15), TC (B = -7.09,
p-value < 0.001, 95% CI = -9.28; —-4.98), and LDL-C (B= -1.98, p-value = 0.006, 95% CI = -4.09;
—0.11), compared to the lowest quartile of TPE, after full adjustment for potential confounders. In the
gender-stratified analysis, a negative association was found only in boys among the highest quartile of
TPE and TG, and TC and LDL-C, compared to the lowest quartile in all regression models, with the
exception of the second model in TG in which no significant result was found. No association was
observed in boys between the highest and lower quartile of TPE and HDL-C in the fully adjusted
model. In the case of the girls, a negative association was found between the highest quartile of TPE
and TC, after adjusting for all confounder variables. Although the association between TPE quartiles
and LDL-C and HDL-C was not significant in girls, an inverse trend was observed in the fully adjusted
regression model.

3.4. TPE and CVRFs

Figure 2 illustrates our hypothesized relationship model between TPE and CVRFs, using SEM in a
total of 566 participants. The model fitindicated a good fit in which the SRMR was 0.076, after adjustment
for age, gender, physical activity, fasting, Tanner scale, energy, total fat, MUFAs, PUFAs, fiber intake,
high parental education, place of birth, and house income. As expected, TPE was directly and negatively
associated with body composition (B = —0.02, p-value = 0.020, 95% CI = -0.03; —0) and TC (B = —0.04,
p-value = 0.008, 95% CI = -0.08; —0.01). Moreover, indirect and negative associations between TPE
and TG (B = -0.02, p-value = 0.020, 95% CI = -0.03; —0) and LDL-C (B = —0.01, p-value = 0.044,
95% CI = -0.01; —0) were found. TPE was also indirectly and positively associated with HDL-C
(B=0.01, p-value = 0.018, 95% CI = 0; 0.01). No association was observed between TPE and BP
(SBP z-score and DBP z-score). In addition, we observed that body composition was positively and
directly associated with BP, blood glucose, and LDL-C and negatively associated with HDL-C.

In the boys model, a direct and negative relationship was observed among TPE with body
composition (B = -0.03, p-value = 0.009, 95% CI = -0.05; —0.01) and blood glucose (B = -0.02,
p-value = 0.022, 95% CI = -0.03; —0) using SEM. Indirect and negative associations were found
among TPE with BP (B = —0.001, p-value = 0.003, 95% CI = -0; -0), TG (B = -0.03, p-value = 0.009,
95% CI = -0.05; —0.01), LDL-C ((B = -0.02, p-value = 0.013, 95% CI = —0.03; —0). TPE and HDL-C
(B =0.01, p-value = 0.008, 95% CI = 0; 0.02) were indirectly and positively associated. Although there
was no association between TPE and CVRFs in girls, direct associations were found between body
composition and TG with BP (Figure A1).
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4. Discussion

To our knowledge, this is the first study to assess the association between total polyphenols in
urine and CVRFs in adolescents. In this baseline cross-sectional study, we observed that a higher
concentration of TPE was associated with a better profile of CVRFs, even though we observed different
results according to gender.

The inverse association observed between TPE and body composition has been shown in a
previous study by our research group in the PREDIMED (Prevencién con Dieta Mediterranea) cohort,
in which higher TPE in urine was associated with lower values of body weight, BMI, WC, and WtHR
in elderly participants at high cardiovascular risk [31]. Although in this study, a direct and negative
association between TPE and variables related to body composition (BMI z-score, WC z-score, and body
fat percentage) was found in total participants using SEM, these results were gender-dependent,
and stratified results showed significant associations only in boys. This result could be partly attributed
to dietary intake. However, in the SEM and regression models, energy intake, fiber, total fat,
MUFAs, and PUFAs intake were considered as covariates for removing the possible effects of the
diet. This finding was consistent with a recent study, which reported that adolescents with a high
total polyphenol intake presented lower BMI z-score values, even though it was based on an FFQ,
in contrast with our work [32].

No relationship between urinary polyphenols and BP was observed in the total participants.
Although, in linear regression models, we observed a negative association between TPE and SBP
z-score and DBP z-score in girls, after SEM analysis, we found that body composition mediated
this relationship. Besides, we observed indirect and a negative association between TPE and BP in
boys after SEM analysis. The present finding was consistent with previous studies. A cross-sectional
study found an inverse association between TPE and BP in subjects at high cardiovascular risk [33].
In the PREDIMED study, a diet rich in polyphenols was found to reduce SBP and DBP in adults with
hypertension, possibly by stimulating the formation of vasoprotective factors, such as nitric oxide in
plasma [6]. However, in a similar trial, Guo et al. only observed this correlation with SBP after five
years of the intervention [34]. The difference between the results could be due to the different health
conditions of the participants: in our case, young individuals were mainly normotensive, as opposed
to a hypertensive elderly population.

A higher TPE in boys was associated with lower TG, TC, and LDL-C values but not HDL-C in the
fully adjusted linear regression model. However, in the SEM analysis, we observed an indirect and
positive association between TPE and HDL, mediated by body composition. In line with these findings,
results from the PREDIMED cohort showed a similar inverse association with TG levels, but not with
TC and LDL-C [34]. Previous studies reporting polyphenol intake in adults using questionnaires found
that TG values improved as the polyphenol intake increased. A study of Polish adults indicated that TG
values were significantly lower among individuals in the highest quartile of polyphenol intake [35,36].
The effects of polyphenols on lipids are not clear due to several factors: the little knowledge of active
metabolites, the inter- and intra-individual variability of the intestinal microflora, and the number of
subjects included in the studies. Nevertheless, possible mechanisms that could explain the favorable
association between polyphenols and the lipid profile have been mentioned, such as a reduction in
lipogenesis; an increase in lipolysis; stimulation of fatty acid (3-oxidation; inhibition of adipocyte
differentiation and growth; inhibition of expression and secretion of pro-inflammatory molecules;
a decrease in oxidative stress, and an increase in antioxidant capacity in adipose tissue [37]. Polyphenols
can decrease lipid digestion and absorption by reducing the activities of digestive enzymes and lipid
emulsification. Green tea catechins, resveratrol, and curcumin have been considered to decrease fat
accumulation in adipocytes by activating adenosine monophosphate-activated protein kinase (AMPK)
and down-regulating the expression of lipogenic genes. These polyphenols have also been seen to
increase lipolysis and stimulate fatty acid 3-oxidation by upregulating hormone-sensitive lipase [38].

In boys, SEM analysis showed a direct and negative association between TPE and blood glucose.
In a previous clinical trial, a high intake of polyphenol-rich foods for 8 weeks reduced glucose
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concentrations in plasma and increased insulin secretion in adults at high cardiovascular risk [39].
Moreover, in the PREDIMED trial, a higher intake of total polyphenols, total flavonoids, stilbenes,
and some flavonoid subclasses was inversely and linearly associated with the incidence of type 2
diabetes [40], and in the PREDIMED-Plus trial, high intakes of some polyphenols were inversely
associated with the prevalence of type 2 diabetes in adults with metabolic syndrome, particularly in
overweight subjects [41].

In this study, we observed gender-related differences between TPE and CVRFs. Although TPE
concentrations are similar in boys and girls, inter-individual variability could be present.
The heterogeneity in the cardiometabolic response to polyphenols may be influenced by gender,
age, health status, and medication, variables that were considered in our regression models [42].
Sex-gender differences could have important implications in the bioavailability, distribution,
metabolism, and excretion of phenolic compounds [43]. Sexual dimorphism in the absorption
of polyphenols has been explained in animal models, where the expression of uridine 5’-diphospho
(UDP)-glucuronosyltransferases (UGTs), the enzyme responsible for the absorption of polyphenols in
the small intestine, was higher in males than females, affecting the glucuronidation of polyphenols [44].
In the human liver, some polyphenols, like caffeic acid, tyrosol, genistein, and daidzein, are metabolized
by cytochrome P450 (CYPs) [45,46]. It is well known that CYP2B6, CYP2A6, and CYP3A activity
is up-regulated by estrogen levels, indicating a higher activity in women than men [45,47].
Finally, gender-difference influences the excretion of polyphenols in the urine. In adults with
hypercholesterolemia, men excreted more concentration of 3,5-diOH-benzoic acid, t-coutaric acid,
naringenin, 4-hydroxybenzoic acid, and 4-hydroxyphenyl acetic acid than women [48]. Similar results
were found in older adults, where men excreted more polyphenols than women [49]. Another important
factor of this variability is the composition of gut microbiota; microbiota participates in the metabolism
of polyphenols that cannot be absorbed in the small intestine. Microbial phenolic compounds might
have a higher impact on human health than their parental polyphenols [50]. Although microbiota
contributes to inter-individual variability, in this study, we did not evaluate microbial compounds.

In addition, there are gender differences in adiposity, metabolism, and predisposition for metabolic
dysfunction that can be partially driven by sex hormones. Some studies have analyzed the effects of
sex hormone levels on plasma lipid levels in children, and differences in HDL-C levels by sex during
puberty have been related to the rise of testosterone levels in boys [51]. In addition, animal models
have demonstrated that sex and sex hormones influence adipose tissue, gene expression profiles,
regulating insulin resistance and lipolysis, as well as inflammatory tone and obesity [52]. Depending
on sex, the level of specific sex hormones can improve or worsen metabolic dysfunction. Estrogen
generally provides a protective effect in females, while adequate androgen levels in males are
important in promoting appropriate adiposity and metabolic status, and an increase of testosterone
decreases abdominal obesity and the metabolic risk profile [52]. Indeed, a study that included healthy
schoolchildren ranging from 12 to 15 years old showed that sex hormone-binding globulin levels were
related to a decrease in HDL-C and apolipoprotein A-I levels during puberty in boys and to a decrease
in TG levels during puberty in both sexes [51]. Nevertheless, more mechanistic studies are needed to
fully understand sex dimorphism.

A strong point of our study is the use of TPE as a biomarker to determine polyphenol intake,
as this is a more reliable and accurate approach than food questionnaires. Moreover, the F-C method
with microplates was used, which is a fast and cheap and reliable method to determine TPE [9].

The principal limitation of this study is the cross-sectional analysis design, and causality
associations between exposure and outcomes cannot be established. Another limitation is that
we did not measure specific phenolic metabolites but only total polyphenol excretion in urine.
Moreover, we cannot rule out the possibility of residual confounding of the associations observed.
In addition, the limited number of publications evaluating the relationship between polyphenols and
cardiovascular health in adolescents did not allow comparison of the results with previous studies in
similar populations.
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5. Conclusions

In summary, the results of this study suggest an association between TPE and better CVRFs,
mainly in male adolescents. However, direct associations between body composition and TG with BP
were also found in females.
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Figure Al. Path diagram of the association between TPE and CVRFs using structural equation modeling
in girls (A) and boys (B). TPE: Total polyphenol excretion in urine. CVRFs: Cardiovascular risk
factors. WC: Waist circumference. BMI: Body mass index. BP: Blood pressure. SBP: Systolic blood
pressure. DBP: Diastolic blood pressure. TG: Triglycerides. TC: Total cholesterol. LDL-C: Low-density
lipoprotein-cholesterol. HDL-C: High-density lipoprotein-cholesterol. MVPA: Moderate-to-vigorous
physical activity. MUFAs: Monounsaturated fatty acids. PUFAs: Polyunsaturated fatty acids. PB: Place of
birth. HPE: High parental education. HI: Household income. ¢: error. Oval circles indicate a latent
variable that is not measured directly. Age, gender, MVPA, fasting, Tanner scale, energy intake, fat intake,
MUFAs, PUFAs, fiber intake, PB, HPE, and HI were considered as covariates. Significant paths (p < 0.05)
are shown as black arrows, and non-significant paths are shown as grey arrows. Direct associations are
presented with wider arrow widths than indirect associations. Unstandardized regression coefficients are
at the end of each arrow.
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Abstract

Introduction

Cardiovascular risk factor during the adolescence increases the risk of develop a
cardiovascular event in adulthood. (Poly)phenols are associated with better
cardiovascular health in adults, but it is still study in adolescents.

Obyjective
To study the relationship between urinary total (poly)phenol excretion (TPE) in
adolescents and ideal cardiovascular (CVH) metrics.

Methods

1151 adolescents aged 12.04 (0.46) years participating in the SI! Program for
Secondary Schools were selected based on the availability of urine samples and
information required to assess CVH metrics. Data on health behaviours (smoking
status, body mass index, physical activity, and healthy diet) and health factors (blood
pressure, total cholesterol, and blood glucose) were used to calculate the CVH
metrics. TPE in urine was analysed by a Folin-Ciocalteu method after solid-phase
extraction. Associations between TPE (categorized into tertiles) and CVH metrics
(total and separate scores) were assessed using multilevel mixed-effect regression
models.

Results
Higher TPE levels were associated with higher (healthier) CVH scores and ideal
smoking status (OR: 1.54, 95% CI:1.10; 1.87, p-value=0.007), physical activity (OR:
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1.12, 95% CI:1.02; 1.23, p-value=0.022) and total cholesterol (OR: 1.78, 95% CI:
1.16; 2.73, p-value=0.009) after multivariate adjustment. An association between
TPE and total CVH scores was observed only in boys. Girls with higher TPE had
higher rates of ideal total cholesterol and blood pressure.

Conclusion
In summary, according to our findings, higher urinary TPE is related to better CVH

scores, with relevant differences in this association by gender.
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To study the relationship between urinary total polyphenol excretion (TPE) in adolescents and

ideal cardiovascular (CVH) metrics. 1151 adolescents aged 12.04 (0.46) years participating in the

SI! Program for Secondary Schools were selected based on the availability of urine samples and
information required to assess CVH metrics. Data on health behaviours (smoking status, body mass
index, physical activity, and healthy diet) and health factors (blood pressure, total cholesterol, and
blood glucose) were used to calculate the CVH metrics. TPE in urine was analysed by a Folin-Ciocalteu
method after solid-phase extraction. Associations between TPE (categorized into tertiles) and CVH
metrics (total and separate scores) were assessed using multilevel mixed-effect regression models.
Higher TPE levels were associated with higher (healthier) CVH scores and ideal smoking status (OR
1.54, 95% C11.10; 1.87, p value =0.007), physical activity (OR 1.12, 95% C1 1.02; 1.23, p value =0.022)
and total cholesterol (OR 1.78, 95% Cl 1.16; 2.73, p value = 0.009) after multivariate adjustment. An
association between TPE and total CVH scores was observed only in boys. Girls with higher TPE had
higher rates of ideal total cholesterol and blood pressure. According to our findings, higher urinary TPE
is related to better CVH scores, with relevant differences in this association by gender.
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DBP Diastolic blood pressure

FFQ Food frequency questionnaire

GA Gallic acid

HDL-C  High-density lipoprotein cholesterol
LDL-C  Low-density lipoprotein cholesterol
MVPA  Moderate-to-vigorous physical activity
OR Odds ratio

SBP Systolic blood pressure

TC Total cholesterol

TG Triglycerides

TPE Total polyphenol excretion

Although the clinical events of cardiovascular disease (CVD) generally occur in adulthood, cardiovascular risk
factors develop in childhood and adolescence due to the accumulation of unhealthy behaviours'. In order to
promote and monitor cardiovascular health (CVH), the American Heart Association defined the concept of
ideal CVH based on seven metrics (smoking status, body mass index, physical activity, diet, blood pressure,
total cholesterol, and blood glucose).

Following a Mediterranean diet is known to help prevent CVD, partly because it includes polyphenol-rich
foods™*. Cardiovascular protection of polyphenols could be due to their anti-inflammatory and antioxidant
properties, having an effect on endothelial function, oxidative stress, and the metabolism of glucose and lipids"’.
Besides, food frequency questionnaires, dietary history interviews, or 24-h diet recalls are the most common
dietary assessment tools to estimate dietary polyphenol intake®. However, in recent years the measurement of
urinary total polyphenols (TPE) has been considered a reliable biomarker of total polyphenol intake”. In a recent
study on Spanish adolescents from the SI! Program, we found that higher polyphenol excretion in urine was
associated with lower values of body fat percentage, triglycerides (TG), total cholesterol, and low-density lipopro-
tein cholesterol (LDL-c) in boys, and lower blood pressure in girls"’, all of which are well-known cardiovascular
risk factors. Additionally, previous studies have reported a correlation between CVH metrics in adolescence
with subclinical markers of CVD in adulthood'""?. Therefore, to shed light on the effect of polyphenol intake on
CVH at an early stage of life, the present study investigated the relationship between urinary polyphenol levels
and CVH metrics in adolescents.

Methods

Study design and participants. This is a sub-study carried out based on data from the SI! (Salud Integral-
Comprehensive Health) Program for Secondary Schools is a cluster-randomized controlled intervention trial
(NCT03504059) aiming to evaluate the effectiveness of an educational program to improve CVH in adolescents.
It was conducted from 2017 to 2021 in 1326 participants from 24 Spanish secondary public schools. A detailed
description of the study design and recruitment procedures is available elsewhere'®. The study protocol was
approved by the Joint Commission on Ethics of the Instituto de Salud Carlos I1I in Madrid (CEI PI 35_2016), the
Fundacié Uni6 Catalana d’Hospitals (CEI 16/41), and the University of Barcelona (IRB00003099) and carried
out in accordance with the Helsinki Declaration. Parents or caregivers provided assent and written informed
consent at the beginning of the study.

For this cross-sectional study, baseline data of 1151 adolescents (47% girls) enrolled in the SI! Program were
used. Participants with unavailable urine samples (n=13), diagnosed with diabetes (n=6) or hypertension (n=1),
that had taken any drugs or supplements (n=116) the day prior to the data collection, and with missing data for
any of the CVH metrics (n=39) were excluded.

Quantification of total polyphenol excretion (TPE) in urine samples. A validated Folin-Ciocalteu
spectrophotometric method described by Medina-Remon et al. was used to determine TPE levels in spot urine
samples®. A prior solid phase extraction was carried out using OASIS 30 mg MAX 96 well plates (Waters, Mil-
ford, MA) to remove potential interferences with the Folin-Ciocalteu reagent’. Gallic acid (GA) (Sigma-Aldrich,
St. Louis, MO, USA) was used as a reference for TPE quantification, and its calibration curve ranged from 0.7 to
16 mg/L. Creatinine was measured using the Jaffé alkaline picrate method adapted for thermo microtiter 96-well
plates by Medina-Remon et al.” A calibration curve for creatinine was prepared with a standard (Fluka, St. Louis,
MO, USA) at values from 0.5 to 1 mg/L. The coefficient of variation between measures of GA and creatinine
was less than 15%. Finally, TPE was normalized by creatinine, expressed as mg GA equivalent/g creatinine and
categorized into tertiles.

Cardiovascular health assessment. Seven CVH metrics were calculated in the adolescents using the
cut-off values stipulated by the American Health Association, as summarized in Table 1, comprising four health
behaviours and three health factors’.

Health Behaviours. Smoking status was evaluated by a confidential self-reported questionnaire'* and was
considered ideal when the participant had never smoked a whole cigarette.

Weight was measured using an electronic scale (OMRON BF511, OMRON HEALTHCARE Co., Muko,
Kyoto, Japan) and height by a portable stadiometer (SECA 213, Hamburg, Germany) while participants wore
light clothing and no shoes. Both measurements were conducted by a trained staff'’. The body mass index (BMI)
was calculated as weight in kilograms divided by height in meters squared (kg/m?). BMI z-scores and percentiles
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Health behaviours

Smoking status Never smoked a whole cigarette ~ All other individuals

Body mass index <85th percentile 285th percentile

Physical activity 260 min/day MVPA every day <60 min/day MVPA or no physical activity every day
Healthy diet score 4 components 0-3 components*

Health factors

Total cholesterol <170 mg/dL 2170 mg/dL

Blood glucose <100 mg/dL 2100 mg/dL

Blood pressure <90th percentile 290th percentile

Table 1. Cardiovascular health metrics as defined by the American Health Association. CVH, cardiovascular
health; MVPA, moderate-to-vigorous physical activity. *Diet score is based on the following dietary
recommendations: fruits and vegetables > 4.5 servings/day, fish > two 3.5-0z servings/week, fibre-rich whole
grains > 3 servings/day, and sugar-sweetened beverages <450 kcal (36 oz)/week, all scaled to a diet of 2000 kcal/
day.

were calculated based on the median values in adolescents by age and gender according to the Center for Disease
Control (CDC)'. BMI was considered ideal when values were under the 85th percentile.

Moderate-to-vigorous physical activity (MVPA) was measured with an accelerometer (ACTIGRAPH
WGT3X-BT, ActiGraph, Pensacola, USA) worn on the non-dominant wrist for seven consecutive days and
applying the cut-points of Chandler et al.””. In participants with missing accelerometer data, we used informa-
tion reported from a validated questionnaire'*'’, estimating the MVPA according to the frequency and duration
of recreational physical activity and competitive sports done inside or outside schools, on schooldays and at
weekends. A conversion factor was used to calculate MVPA in terms of minutes per day according to the ques-
tionnaire. Participants with =60 min/day of MVPA were considered to have an ideal level of physical activity.

Regarding diet, information about the intake of fruits, vegetables, fish, fibre-rich whole grains, and sugar-
sweetened beverages was obtained using a validated 157-item semi-quantitative food frequency questionnaire
(FFQ) filled out by the families'”'*. A healthy diet score was based on fruits and vegetables>4.5 servings/
day, fish =2 servings/week, fibre-rich whole grains > 3 servings/day, and sugar-sweetened beverages <36 oz or
1065 mL/ week based on 2000 kcal of total daily energy intake. The validated non-quantitative self-reported
Children’s Eating Habits Questionnaire (CEHQ), was filled out by adolescents through the face-to-face inter-
view method conducted by trained staff'®. It was used to evaluate dietary intake in cases without available FFQ
data. In the CEHQ, the frequency of food consumption was assessed as times per month, week, or day, and
categorized in eight responses: 1 = never or less than once per month, 2 = once or twice per week, 3 = four or six
times per week, 4= once per day, 5=two or three times per day, 6 =four or six times per day, 7= more than six
times per day, 8=unknown. A conversion factor was used to transform questionnaire answers into weekly or
daily consumption frequencies. Finally, subjects who had an ideal intake of all four diet components achieved
an ideal healthy diet score.

Health factors. Total cholesterol (TC) and blood glucose (BG) levels were measured by trained staff and
determined using a portable biochemical analyser (CardioChek Plus, Polymer Technology System Inc., Indian-
apolis, USA) in finger-prick capillary samples of whole blood (approximately 40 uL) taken early in the morning
after overnight fasting. In adolescents, ideal levels of TC have been defined as< 170 mg/dL and BG, < 100 mg/
dL.

Blood pressure (BP) was measured when participants were in a sitting position using a digital monitor
OMRON M6 (OMRON HEALTHCARE Co., Muko, Kyoto, Japan). Duplicate measurements were taken at two-
or three-minute intervals after the participants relaxed'’. Lowest BP values were used to calculate BP centiles
according to gender-specific and age-specific z-scores from the High Blood Pressure Working Group of the
National Blood Pressure Education Program for children and adolescents®. Systolic BP (SBP) and diastolic BP
(DBP) were considered ideal when under the 90th percentile.

Cardiovascular health score. The overall CVH score was calculated by assigning one point for each ideal
metric (health behaviour or factor), and zero points for each non-ideal metric, being categorized as poor (0-3
points), intermediate (4-5 points), and ideal (6-7 points), as previously described”’.

Sociodemographic characteristics.  Parental education and household income were assessed based on a
self-completed questionnaire for parents or legal guardians'. The highest parental education level corresponded
to university studies according to the International Standard Classification of Education*. Household income
was categorized as low, medium, or high, based on the reference salary for the Spanish population®. Puberty
development was assessed according to Tanner maturation stages based on self-reports by the participants using
pictograms?’,
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Statistical analysis. Descriptive characteristics of participants were reported for the total population and
by gender, using mean and standard deviations for continuous variables due to approximate normal distribution,
and frequencies with percentages for categorical variables. T-test was carried out to analyze differences between
gender. Participants were classified into tertiles of TPE (T1 < 85.8 mg GAE/g creatinine, T2 85.8-140.5 mg GAE/g
creatinine, and T3> 140.5 mg GAE/g creatinine). Pearson chi-square test (X?) and one-way analysis of variance
were used to assess the unadjusted difference in frequencies and mean across tertiles of TPE, respectively.

Multilevel mixed-effect linear regression models, with robust error variance, were used to evaluate the associa-
tion between tertiles of TPE with the CVH score (continuous). The results of the regression models are expressed
as unstandardized B coefficients and their 95% confidence interval (CI). In model 1, the fixed effect was gender
(girls/boys); in model 2 were added age (continuous), fasting (yes/no), Tanner maturation stages (from I to V),
and TG; finally, model 3 was additionally adjusted by highest parental education (yes/no), and household income
(low, medium, and high). Akaike information criteria was applied to indicate the better regression model. To
study the association between tertiles of TPE and each ideal CVH metric, multilevel mixed-effect logistic regres-
sion was performed using robust error variance, expressed as odds ratio (OR) and 95% CI and adjusted by the
same variables considered in regression model 3. The associations of TPE with each CVH metric were analysed
by comparing the highest with the lowest tertile of TPE. Municipalities (Barcelona/Madrid) and schools were
included as a random effect. We evaluated the potential modifying effect of gender on the association between
tertiles of TPE and CVH in an interaction analysis using cross-product terms between TPE and gender in the
analysis. This analysis was also stratified by gender to evaluate potential modification. Linear trends were assessed
using orthogonal polynomial contrasts. All statistical analyses were carried out using STATA statistical software
package version 16.0 (StataCorp, College Station, TX, USA), and R 4.1.1 (R Foundation for Statistical Computing,
Vienna, Austria). Statistical tests were two-sided, and p values under 0.05 were considered significant.

Results

Characteristics of the study population. The characteristics of the study participants are summarized
in Table 2. Over half of the adolescents were boys (53%), and the mean age was 12.04 (0.46) years. Boys had
higher SBP and BG levels, whereas girls had higher DBP and triglyceride levels. A higher intake of fruits and
vegetables, as well as a higher percentage of lower MVPA (<60 min/day), was observed in girls. No significant
differences in sociodemographic variables were observed by gender (Table 2).

Regarding the median overall CVH scores, 31% (n =353) of participants had poor CVH, 64% (n=735) inter-
mediate, and 5% ideal (n=63). Among the health behaviours, ideal smoking status was reported by more than
90% of boys and girls. No participant had an ideal healthy diet score. The BMI of approximately two-thirds of
boys and three-quarters of girls was ideal. Only 23% of girls achieved ideal levels of physical activity compared
with 43% of boys. Concerning the CVH factors, ideal TC and BP were reported in more than 60% and 90% of
boys and girls, respectively. Less than 40% of all participants had ideal BG (Figure S1).

The mean urinary TPE of the participants was 125.29 (77.17) mg GAE/g creatinine. Overall, the adolescents
in the highest tertile (T3) of TPE had lower values of body weight, BMI, BG, TC, LDL-C, and TG (Table S1).
Boys and girls in T3 had lower values of TC, whereas only boys had lower values of BG (Table S2) (Table S3). All
participants and girls had a higher daily intake of fruit and vegetables in the lowest tertile (T1) of TPE.

TPE and overall CVH score.  Results for the association between CVH score and TPE are presented in
Table 3. In all regression models, higher levels of TPE were positively associated with higher CVH scores in all
participants, and significant gender interaction was found. The gender-stratified analysis showed that only in
boys were TPE tertiles directly associated with CVH scores in all the regression models.

TPE and each CVH metric.  The distribution of CVH score and individual CVH metrics according to ter-
tiles of TPE is shown in Figure S2 and Table $4, respectively. Lower TPE levels were more frequent in adolescents
with poor CVH (Figure S2). Regarding ideal CVH metrics, a major difference between tertiles of TPE was only
found for TC (p value=0.003, Table S4).

The results of logistic regressions between TPE and individual CVH metrics are shown in Table 4. A total of
1050 participants were included in the analysis after the adjustment of covariates. The adjusted analysis revealed
that the highest TPE tertile was associated with increased odds of ideal smoking status, ideal physical activity, and
ideal TC, whereas it was less associated with ideal BMI compared to the lowest tertile of TPE. All participants
followed a non-ideal healthy diet and logistic regression analysis could not be applied.

Gender-specific analysis revealed that in boys, T3 was less associated with an ideal BMI compared to T1
and directly associated with TC, whereas in girls, the odds of having ideal TC (OR:1.22, 95% CI:1.22; 1.23, p
value <0.001) and ideal BP (OR:1.27, 95% CI:1.05; 1.55, p value=0.016) were higher in T3 compared to T1
(Fig. 1). As all participants followed a non-ideal healthy diet, logistic regression analysis could not be applied.

Discussion

In this cross-sectional study, the relationship between urinary TPE and CVH was investigated in 1151 adoles-
cents aged 11 to 14 years. The findings indicate that higher TPE in urine is positively associated with a higher
(healthier) CVH score, mainly due to specific CVH metrics, namely ideal smoking status, physical activity and
total cholesterol, with some gender differences observed.

Prevalence of ideal overall CVH and individual metrics. CVH metrics in adolescence have been
associated with subclinical CVD in adulthood, indicating the importance of maintaining an ideal CVH from an
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Age (years) 1151 12.08 (0.50) 11.99 (0.42) 0.002
Anthropometric measurements )

Weight (kg) 1151 | 49.21(11.90) 48.66 (10.27) 0.403
Height (cm) 1151 | 155.13 (7.86) 155.41 (6.74) 0514
BMI (kg/m*) 1151 20.28 (3.84) 20.06 (3.64) 0318
Blood pressure

SBP (mmHg) 1151 | 105.67 (11.09) 103.50 (10.24) 0.001
DBP (mmHg) 1151 | 60.81(8.85) 62.63 (8.54) <0.001
Biochemical analytes

BG (mg/dl) 1151 | 10393 (11.75) 101.82(11.71) 0.002
TC (mg/dL) 1151 | 151.59 (35.69) 154.59 (32.19) 0.133
HDL-¢ (mg /dL) 1149 | 62.92(17.12) 62.85(14.28) 0.934
LDL-c (mg/dL) 1083 | 75.80(26.36) 77.43 (24.77) 0.296
TG (mg/dL) 1150 | 75.01 (42.48) 81.06 (36.88) 0.010
Smoking status, n (%) 0.014
Never smoked 1057 516 (90) 511(94)

Physical activity, n (%)

260 min/day MVPA 387 263 (57) 124(23) <0.001
<60 min/day MVPA 764 344(43) 420(77)

Dietary intake

Fruit and vegetables (servings /day) (1149 3.31(1.96) 3.64(227) 0.010
Whole grains (servings/day) 1149 0.31(0.57) 0.33(0.62) 0.604
Fish (servings/week) 1150 444 (4.63) 4.19(2.82) 0.258
Sweet beverages (mL/week) 1150 | 694.77 (1844.77) | 533.78 (1453.81) 0.099
Sociodemographicfactors »

Parental education, n (%)

Low/medium 217 110(19) 107 (20) 0.573
Medium 445 228(40) 217 (42)

High 431 234(41) 197 (38)

Household income, n (%)

Low 353 181(32) 172(34) 0.734
Medium 333 172(31) 161 (32)

High 380 205 (37) 175 (34)

Municipality, n (%)

Barcelona 813 429 (69) 391(72) 0.206
Madrid 338 188 (31) 150 (28)

Table 2. Baseline characteristics of the SI! Program cohort at baseline by gender. Data are expressed as mean
(SD) or frequency (percentage). N, number; SD, standard deviation; BMI, body mass index; SBP, systolic
blood pressure; DBP, diastolic blood pressure; BG, blood glucose; TC, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; MVPA, moderate-to-
vigorous physical activity. Statistical analyses were carried out using the t-test for continuous variables and
the chi-square test for categorical variables. p value s refer to differences between gender and are considered
statistically significant when <0.05.

carly stage in life to prevent future ill health''2, A low prevalence of ideal CVH (5%) was observed in the adoles-
cent participants, due above all to low levels of physical activity and healthy diet, results similar to those reported
by Fernandez-Jimenez et al. in a previous study of the same cohort, as well as in other studies in adolescents??.

Polyphenols and ideal cardiovascular health. ‘The mean urinary TPE of 125.3 (77.2) mg GAE/g creati-
nine was higher to the results of Hussein et al., who reported an average TPE of 89.5 (8.4) mg GAE/g creatinine
in 49 Egyptian children aged 7-14 years, using the same Folin-Ciocalteu method”’. Concerning the association
between urinary TPE and the overall CVH score, the highest tertile of TPE was correlated with a higher CVH
score in all regression models.

Behaviours such as smoking, insufficient physical activity, and an unhealthy diet during adolescence are
reported to increase the risk of subsequently developing CVD"!*. Although health behaviours are independently
related to increased cardiovascular risk factors, clustering analysis of multiple lifestyle factors reveals a syner-
getic effect. Santaliestra-Pasias et al. suggested that the joint influence of low fruit and vegetable intake, a highly
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Model 1 | 1151 021(-002,043) 0070  025(0.12;038) | <0001 |333626  0.031
All participants Model2 1144 | Reference | 0.17 (-0.06;0.40) | 0.140 0.19 (0.14;0.25) <0.001 |3230.34 0.028
Model 3 | 1050 011(-0.12;034) 0329  013(010,015) | <0001 |295336  0.003
Model 1 | 607 0.15(-003;,032) | 0095  020(012;029) | <0001 | 181387 <0.001
Boys Model2 | 604 | Reference | 0.13(-0.08;034) 0232 | 018(017019) | <0001 |176586 <0.001
Model 3 | 551 008(-0.14,031) | 0452 013(0.120.14) | <0001 | 160082  <0.001
Model I | 544 009(-0.17;035) | 0506  0.12(-008;032) | 0235 | 152374 0235
Girls Model2 | 540 | Reference | 0.14(-0.07:035) | 0182  0.2(-007:030) | 0210 | 146121 0210
Model 3 | 499 0.12(-004:027) | 0134 009(-007:025) | 0261 | 135907 0261

Table 3. Association between CVH score and tertiles of TPE. Multilevel mixed-effect linear regression models
were used to evaluate the relationship between tertiles of TPE and overall CVH score (continuous). Model

1: adjusted by gender (also interaction). Model 2: adjusted as in model 1 plus age, Tanner stage, fasting, and
triglycerides. Model 3: adjusted as in model 2 plus parental education and household income. Municipalities
and schools were included as a random effect. p value T3 vs. T1 of TPE, and p-trend of tertiles of TPE <0.05
are statistically significant. AIC, Akaike information criteria; B, non-standardized coefficient; CI, confidence
interval; CVH, cardiovascular health; TPE, total polyphenol excretion expressed as mg gallic acid equivalent
(GAE)/g creatinine; T1, first tertile of TPE (<85.8 mg GAE/g creatinine); T2, second tertile of TPE (85.8-
140.5 mg GAE/g creatinine); T3, third tertile of TPE (> 140.5 mg GAE/g creatinine).

Health behaviours

Ideal SS Reference | 116 (0.99; 1.35) | 0.070 1.44 (1.10; 1.87) 0.007 |0.231
Ideal BMI percentile | Reference | 1.01(0.92;1.10) |0.872 0.87(0.80;0.93) | <0.001 |0.696
Ideal PA level Reference | 1.19(0.57;2.51) | 0.642 1.12(1.02; 1.23) 0.022 | 0.9%9
Health factors

Ideal TC Reference | 1.21(0.75;1.94) |0.433 1.78 (1.16; 2.73) 0.009 | 0.009
Ideal BG | Reference | 1.22(0.82;1.81) |0.321 1.10 (0.84, 1.46) 0.486 | 0.850
Ideal BP Reference | 1.25(0.69;2.27) | 0.467 1.09 (0.68; 1.76) 0709 | 0419

Table 4. Association between CVH metrics and tertiles of TPE. Multilevel mixed-effect logistic regression was
used to evaluate the relationship between tertiles of TPE and overall CVH metrics, adjusted by gender (also
interaction), age, Tanner stage, fasting, triglycerides, parent education, and household income. OR, odds ratio;
CI, confidence interval; CVH, cardiovascular health; TPE, total polyphenol excretion expressed as mg gallic
acid equivalent (GAE)/g creatinine; T1, first tertile of TPE (<85.8 mg GAE/g creatinine); T2, second tertile of
TPE (85.8-140.5 mg GAE/g creatinine); T3, third tertile of TPE (> 140.5 mg GAE/g creatinine); SS, smoking
status; BMI, body mass index; PA, physical activity; TC, total cholesterol; BP, blood pressure; BG, blood
glucose.

sedentary lifestyle, and low physical activity levels are related to excess body fat in European children aged 2-9
years™. The Mediterranean diet, characterized by the daily consumption of polyphenol-rich foods, is directly
associated with higher TPE’, but in addition, adherence to the Mediterranean diet is linked with cultural behav-
iours that facilitate a healthy lifestyle”. In the present study, higher TPE was correlated with a greater likelihood
of ideal smoking status and physical activity. Olmedo-Requena et al. reported that lower adherence to the MD
was positively related with smoking habits and a sedentary lifestyle in young Spanish women™.

Higher urinary TPE was associated with lower odds of having an ideal BMI, in contrast with a previous study
with the same cohort, where higher TPE was related to a lower BMI z-score (continuous) in boys'". In the present
study, the ideal BMI was analysed as a dichotomic variable, above or equal to the 85th percentile and under the
85th percentile, the latter therefore including participants below the 5th percentile of BMI (underweight, n=31).
However, when the analysis was carried out with and without this underweight group, the results were similar.
Also, linear regression between the BMI z-score (continuous) and tertiles of TPE was analysed, and a negative
association was found between the highest tertile and the BMI z-score (B=-0.17, p value <0.001). Wisnuwardani
et al. showed that a higher intake of polyphenols, mainly flavonoids, was related with a lower BMI z-score in
European adolescents aged 12.5 to 17.5 years™'.
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Subgroup and OR (95% Cl)
CVH components T3vs.T1  P-value  P-trend

Ss
Boys —— (1.43;0.97-2.11)  0.071 0.071
Girls ——p— (0.85; 0.49-1.48) 0.567 0.567

BMI percentile
Boys -~ (0.90; 0.82-1.00)  0.042 0.043
Girls + (1.81;0.37-8.77)  0.460 0.460

PA level
Boys —— (1.15;0.99-1.33)  0.070 0.070
Girls (0.86;0.21-3.60)  0.838 0.838

TC
Boys —_— (1.82;1.23-2.70)  0.003 0.003
Girls . (1.22; 1.22-1.23)  <0.001 <0.001

BG
Boys —— (1.08;0.84-1.39)  0.536 0.536
Girls — (0.88;0.52-1.49)  0.644 0.644

BP
fr— (0.98;0.61-1.58)  0.946 0.946
Girls —— (1.27;1.05-1.55)  0.016 0.016

| | | LI |
1 1 10

Lower odds of ideal CVH metric in T3 (vs. T1) Higher odds of ideal CVH metric in T3 (vs. T1)

Figure 1. Association between ideal CVH metrics and tertiles of TPE by gender. OR, odds ratio; CI, confidence
interval; CVH, cardiovascular health; TPE, total polyphenol excretion expressed as mg gallic acid equivalent
(GAE)/g creatinine; T1, first tertile of TPE (< 85.8 mg GAE/g creatinine); T2, second tertile of TPE (85.8—

140.5 mg GAE/g creatinine); T3, third tertile of TPE (> 140.5 mg GAE/g creatinine); SS, smoking status; BMI,
body mass index; PA, physical activity; TC, total cholesterol; BP, blood pressure; BG, blood glucose. Multilevel
mixed-effect logistic regression was used to evaluate the relationship between tertiles of TPE and each ideal
CVH metric. All the analysis was adjusted by age, Tanner stage, fasting, TG, parent education, and household
income. Municipalities and schools were included as a random effect. p value T3 vs. T1 of TPE, p-trend of
tertiles of TPE, and p-interaction < 0.05 are statistically significant. All participants presented a non-ideal healthy
diet and logistic regression analysis could not be applied.

Regarding health factors, higher TPE was associated with a greater probability of having ideal TC in both
genders, and ideal BP in girls. In a meta-analysis of five prospective cohort studies, Godos et al. reported that
a higher intake of anthocyanins was associated with a reduced hypertension risk™. A reduction of TC in over-
weight/obese subjects due to the intake of products rich in ellagitannins and anthocyanins has been observed
in several clinical trials™.

Gender differences in the relation of polyphenols with cardiovascular health. In this study gen-
der differences were observed in the associations between TPE levels and overall CVH and individual metrics.
The stimulatory effect of polyphenols on the growth of beneficial microbiota and inhibition of pathogenic strains
can vary according to gender and BMI. Studies suggest that women harbour a higher portion of Firmicutes/
Bacteroidetes, whereas men with a lower BMI have a lower Firmicutes/Bacteroidetes ratio and therefore less risk
of dysbiosis*’. Additionally, women have been observed to have a higher number of lactobacilli, which could also
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generate gender-differential effects on BP*". The influence of polyphenols on the microbiota was not analysed
here.

‘The changes in metabolic health status induced by increased sexual hormone secretion after puberty onset,
including fat mass distribution, and levels of TC, leptin, and adiponectin, also differ between boys and girls“‘”.
Moreover, the secretion of androgens and oestrogens can be affected by phenolic phytoestrogens™. Accordingly,
the Tanner stage was included as an adjustment variable in our study.

Gender differences have also been described in fatty acid metabolism, with women being more sensitive to
the antilipolytic effects of insulin than men, resulting in a greater release of free fatty acids that contribute to
the production of TG and TC¥, This could explain the higher triglyceride levels found in girls, although TC
levels did not differ from those of boys. Other gender-specific mechanisms related to CVH and TPE need to be
identified in further research.

Possible mechanisms for the effect of polyphenols on cardiovascular health. Polyphenols are
associated with a protective effect against CVD*. Clinical trials have demonstrated that these plant secondary
metabolites have a therapeutic role in vascular disorders, inflammation processes, glucose metabolism, dys-
lipidemia, hypertension, and oxidative stress® 7. The mechanisms underlying their biological effects involve the
initiation of cell signalling responses and their interaction with both extracellular and intracellular receptors®.

By altering lipid metabolism and inhibiting the oxidation of LDL-C, polyphenols can reduce atherosclerotic
lesions and platelet aggregation, as well as ameliorate endothelial function, resulting in lower BP*%. Catechins
are reported to activate nitric oxide synthase, thus modulating flow-mediated dilation and the vasodilation of
endothelial cells, which reduces BP”**. Flavonoids from tea, cocoa, and apples have been associated with lower
levels of TC, LDL-C, and an increase in HDL-C®. The effects of polyphenols on metabolic pathways related to
TC and BP, both CVH risk factors, could explain the results obtained in this study, in which polyphenol intake,
measured by polyphenol excretion in urine, was seen to have a positive impact on CVH metrics. A higher con-
sumption of polyphenol-rich foods was also associated with other aspects of a healthy lifestyle, as participants
with higher TPE were more likely to have an ideal smoking status and physical activity level. Inter-individual
variability, such as gender, also played a role.

Strengths and limitations. The main strength of this study is the large sample size (n=1151), and the use
of standardized procedures. Moreover, the stratified analysis according to boys and girls increases the generality
of the results. To the best of our knowledge, no studies about the association between polyphenol intake and
ideal CVH in adolescents have been published to date.

This study has limitations that should be considered when interpreting the results. The cross-sectional design
does not allow the identification of causal relationships between exposure and outcomes. The use of self-reported
questionnaires risks biased reporting of diets, physical activity, and smoking status. As participants did not use
accelerometers in water sports or during sports championships, the physical activity levels could have been
underestimated. Given that fasting can alter BG concentrations, it was included as an adjustment variable in the
analysis, even though 3% (n = 29) of the participants were not fasting. Another limitation is the issue of residual
confounding due to the use of categorical variables.

Conclusion

The results of the present study suggest that higher concentrations of polyphenols excreted in urine are associated
with a more favourable CVH score in adolescents, mainly explained by the metrics of smoking status, physical
activity, and TC. Gender differences were observed in the results; in boys, a higher TPE was associated with a
better overall CVH score and ideal TC, and in girls with higher odds of having ideal TC and BP. The important
finding of this study indicates the need to conduct similar studies in other European countries and worldwide.
Additionally, longitudinal studies and randomized trials are needed to confirm the relationship of polyphenols
with CVH and evaluate their effectiveness in preventing CVD.

Data availability

The datasets generated during and/or analysed during the current study are not publicly available due to there
are restrictions on the availability of the data for the SI! Program study. Requestor wishing to access the database
used in this study can make a request to the Steering Committee (SC) chair: gsantos@fundacionshe.org, rodrigo.
fernandez@cnic.es, juanmiguel.femandez@cnic.es, RESTRUCH@Cclinic.cat, 1 la@ub.edu, bib nic.es,
viuster@cnic.es. For the present study, the database was requested from the SC on 4th June 2021.
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RESULTS

Supplementary tables
Table S1. Bascline characteristics of the SI! Program cohort at baseline by tertiles of TPE.

N Missing T1 T2 T3 P-
N (%) (n=384) (n=384) (n=383) value
Girls 544 187 (49) 187 (49) 170 (44) 0.386
Age (y) 1151 0(0) 12.03 (0.48)  12.05 (0.45) 12.02 (0.47) 0.638
Anthropometric measurements
Weight (kg) 1151 0(0) 49.95(12.00) 48.98 (10.27) 47.92(11.07) 0.043
Height (cm) 1151 0(0) 155.17(7.34) 15547 (7.12) 155.14(7.61) 0.794
BMI (kg/m?) 1151 0(0) 20.61 (4.11)  20.15(3.46) 19.78 (3.61) 0.008
Blood pressure
SBP (mmHg) 1151 0(0) 105.34 103.89 104.69 0.173
(10.66) (10.86) (10.70)
DBP (mmHg) 1151 0(0) 61.89 (9.12)  60.92 (8.64) 62.20 (8.46) 0.108
Biochemical analyses
BG (mg/dL) 1151 0(0) 103.99 103.16 101.64 0.020
(11.93) (12.19) (11.09)
TC (mg/dL) 1151 0(0) 155.69 156.61 146.70 <0.001
(32.33) (37.05) (31.87)
HDL-C (mg /dL) 1149 2(0) 63.39(15.71) 63.95(17.04) 61.31(14.56) 0.052
LDL-C (mg/dL) 1083 68 (6) 77.63(24.52) 78.55(27.79) 73.52(24.18) 0.020
TG (mg/dL) 1150 1(0) 79.91 (44.80) 80.00 (38.06) 73.68 (36.48) 0.043
Smoking status, n(%) 0.866
Never smoked 1057 94 (8) 352 (92) 351 (91) 354 (92)
Physical activity, n(%) 1151 0(0) 0.683
>60 min/day MVPA 387 122 (32) 131 (34) 134 (35)
<60 min/day MVPA 764 262 (68) 253 (66) 249 (65)
Diectary intake
Fruit and  vegetables 1149 2 (0) 3.69 (2.37) 3.33 (2.06) 3.38 (1.87) 0.033
(servings /day)
Whole grains (servings 1149 2 (0) 0.34 (0.69) 0.30 (0.53) 0.32 (0.54) 0.641
/day)
Fish (servings /weck) 1150 1 (0) 4.48 (4.07) 4.32 (3.69) 4.15 (3.87) 0.499
Sweet beverages 1150 1 (0) 680.48 552.45 653.17 0.376
(mL/week) (1765.85) (1483.01) (1752.67)
Sociodemographic factors 58 (5)
1093
Parental education, n(%) 0.866
Low 217 77 (21) 75 (21) 65 (18)
Medium 445 147 (40) 148 (41) 150 (41)
High 431 142 (39) 142 (38) 147 (41)
Houschold income, n(%) 85(7) 0.444
1066
Low 353 124 (35) 125 (34) 104 (30)
Medium 333 113 (32) 112 (31) 108 (31)
High 380 116 (33) 128 (35) 136 (39)
Municipality, n(%) 0(0)
1151
Barcelona 813 283 (74) 284 (74) 246 (64) 0.003
Madrid 338 101 (26) 100 (26) 137 (36)

Data are expressed as the mean (SD) or as percentage. Abbreviations: N number; SD standard
deviation, TPE total polyphenol excretion expressed as mg gallic acid equivalent (GAE)/g
creatinine, T1 first tertile of TPE (< 85.8mg GAE/g creatinine), T2 second tertile of TPE (85.8-
140.5 mg GAEFE/g creatinine), T3 third tertile of TPE (= 140.5 mg GAE/g creatinine), BMI body
mass index, SBP systolic blood pressure, DBP diastolic blood pressure, BG blood glucose, TC
total cholesterol, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein
cholesterol, TG triglycerides, MVPA moderate-to-vigorous physical activity. Statistical analyses
were undertaken using one-way ANOVA for continuous variables and the chi-square test for
categorical variables. P-values refer to differences between tertiles of TPE and arc considered
statistically significant when < 0.05.
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Table S2. Baseline characteristics of the SI! Program cohort at baseline by tertiles of TPE in boys

N T1 T2 T3 P-value

(n=197) (n=197) (n=213)

Age (y) 607 12.09 (0.54) 12.09(0.44) 12.05(0.52) 0.647

Anthropometric measurements

Weight (kg) 607 50.27 48.86 48.55 0.301
(12.49) (11.05) (12.10)

Height (kg) 607 155.19 155.34 154.89 0.842
(7.81) (7.52) (8.25)

BMI (kg/m?) 607 20.72 (4.13) 20.10(3.57) 20.06(3.80) 0.160

Blood pressure

SBP (mmHg) 607 106.61 105.13 105.29 0.342
(11.07) (11.22) (11.00)

DBP (mmHg) 607 61.29 (9.08) 59.81(8.81) 61.28(8.64) 0.159

Biochemical analytes

BG (mg/dL) 607 105.76 103.63 102.51 0.018
(11.85) (12.36) (10.90)

TC (mg/dL) 607 154.08 155.86 145.33 0.006
(33.43) (41.11) (31.37)

HDL-C (mg /dL) 605 62.42 65.28 61.22 0.050
(16.61) (18.83) (15.71)

LDL-C (mg/dL) 563 78.26 76.68 72.70 0.104
(25.32) (30.18) (23.13)

TG (mg/dL) 606 79.71 75.76 69.93 0.064
(53.56) (39.13) (32.24)

Smoking status, n(%)

Never smoked 546 175 (89) 176 (89) 195 (92) 0.620

Physical activity, n(%) 0.426

>60 min/day MVPA 263 78 (40) 90 (46) 95 (45)

<60 min/day MVPA 344 119 (60) 107 (54) 118 (55)

Dietary intake

Fruit and vegctables (servings 607 3.38(1.97) 3.15(1.96) 3.40(1.93) 0372

/day)

Whole grains (servings /day) 605 0.31 (0.55) 0.31(0.54) 0.31(0.61) 0985

Fish (servings /week) 606 4.60 (5.05) 4.50(4.01) 4.24@4.76) 0.718

Sweet beverages (ml /week) 606 808.80 532.53 739.88 0.302
(1963.97) (1536.93) (1986.25)

Sociodemographic factors

Parental education, n(%)

Low 110 45 (24) 3821 27 (13) 0.040

Medium 228 62 (33) 74 (40) 92 (46)

High 234 79 (43) 73 (39) 82 (41)

Household income, n(%)

Low 181 63 (35) 63 (34) 55 (28) 0.287

Medium 172 59 (33) 56 (31) 57 (29)

High 205 58 (32) 64 (35) 83 (43)

Municipality, n(%6)

Barcelona 419 138 (70) 142 (72) 139 (65) 0.306

Madrid 188 59 (30) 55 (28) 74 (35)

Data are expressed as the mean (SD) or as percentage. Abbreviations: N number, SD standard
deviation, TPE total polyphcnol excretion expressed as mg gallic acid cquivalent (GAE)/g

creatinine, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure,
BG blood glucose, TC total cholesterol, HDL-C high-density lipoprotein cholesterol, LDL-C
low-density lipoprotein cholesterol, TG triglycerides, MVPA moderate-to-vigorous physical

activity. Statistical analyses were carried out using one-way ANOVA for continuous variables

and the chi-square test for categorical variables.

TPE and are considered statistically significant when < 0.05.
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Table S3. Baseline characteristics of the SI! Program cohort at baseline by tertiles of TPE in girls

N T1 T2 T3 P-value

(n=187) (n=187) (n=170)

Age (y) 544 11.97 (0.41) 12.02 (0.45) 11.99 (0.39) 0.602

Anthropometric measurements

Weight (kg) 544 49.60 49.10 (9.41) 47.15(9.64) 0.060
(11.49)

Height (kg) 544 155.16 155.61(6.69) 155.46(6.73) 0.806
(6.84)

BMI (kg/m?) 607 20.50 (4.09) 20.20(3.35) 19.42(3.33) 0.015

Blood pressure

SBP (mmHg) 544 104.01 102.59 103.95 0.326
(10.07) (10.34) (10.30)

DBP (mmHg) 544 62.51(9.14) 62.09 (8.31) 63.35(8.10) 0.366

Biochemical analytes

BG (mg/dL) 544 102.13 102.66 100.56 0.218
(11.76) (12.02) (11.26)

TC (mg/dL) 544 157.40 157.40 148.42 0.010
(31.13) (32.32) (32.51)

HDL-C (mg /dL) 544 64.41 62.57(14.86) 61.44(13.04) 0.138
(14.69)

LDL-C (mg/dL) 520 77.00 80.50(24.99) 74.53(25.46) 0.084
(23.75)

TG (mg/dL) 544 80.11 84.47(36.47) 78.35(40.78) 0.267
(33.33)

Smoking status, n(%)

Never smoked 511 177 (95) 175 (94) 159 (94) 0.879

Physical activity, n(%)

>60 min/day MVPA 124 44 (26) 41 (22) 39 (23) 0.932

<60 min/day MVPA 420 143 (74) 146 (78) 131 (77)

Dietary intake

Fruit and vegetables (servings 542 4.02 (2.69) 3.51 (2.15) 3.36 (1.80) 0.014

/day)

Whole grains (servings /day) 544 0.37 (0.81) 0.29 (0.52) 0.33 (0.44) 0.467

Fish (servings /week) 544 4.36 (2.68) 4.14 (3.33) 4.05 (2.32) 0.548

Sweet beverages (mL /week) 544 545.97(1526 511.83 544.53 0.968
.07) (1428.06) (1404.67)

Sociodemographic factors

Parental education, n(%)

Low 107 32 (18) 37 (21) 38 (24) 0.325

Medium 217 85 (47) 74 (41) 58 (36)

High 197 63 (35) 69 (38) 65 (40)

Household income, n(%)

Low 172 61 (35) 62 (34) 49 (32) 0.972

Medium 161 54 (31) 56 (31) 51(@33)

High 175 58 (33) 64 (35) 53 (35)

Municipality, n(%)

Barcelona 394 145 (78) 142 (76) 107 (63) 0.004

Madrid 150 42 (22) 45 (24) 63 (37)

Data are expressed as the mean (SD) or as percentage. Abbreviations: N number; SD standard
deviation, TPE total polyphenol excretion expressed as mg gallic acid equivalent (GAE)/g
creatinine, BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, BG
blood glucose, TC total cholesterol, HDL-C high-density lipoprotein cholesterol, LDL-C low-
density lipoprotein cholesterol, TG triglycerides, MVPA moderate-to-vigorous physical activity.
Statistical analyses were carried out using one-way ANOV A for continuous variables and the chi-
square test for categorical variables. P-values refer to differences between tertiles of TPE and are
considered statistically significant when < 0.05.
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Table S4. CVH metrics by tertiles of TPE

Total Tl T2 T3 P-
(n=1151) (n=384)) (n=384) (n=383) value
Overall CVH, n (%)
Ideal 63 (5) 21 (6) 15 (4) 27 (7) <0.001
Intermediate 735 (64) 216 (56) 262 (68) 257 (67)
Poor 353 (31) 147 (38) 107 (28) 99 (26)
SS, n (%)
Ideal 1057 (92) 352 (92) 351 (91) 354 (92) 0.866
Non-ideal 94 (8) 32 (8) 3309) 29 (8)
BMI percentile, n (%)
Ideal 841 (73) 267 (70) 289 (75) 285 (74) 0.155
Non-ideal 310 (27) 117 (30) 95 (23) 98 (26)
PA level, n (%)
Ideal 387 (34) 122 (32) 131 (34) 134 (35) 0.622
Non-ideal 764 (66) 262 (68) 253 (66) 249 (65)
HDS, n (%)
Non-ideal 1151 384 (100) 384 (100) 383 (100)
(100)
TC, n (%)
Ideal 809 (70) 253 (66) 263 (68) 293 (76) 0.004
Non-ideal 342 (30) 131 (34) 121 (32) 90 (24)
BG, n (%)
Ideal 429 (37) 133 (3%5) 146 (38) 150 (39) 0.402
Non-ideal 722 (63) 251 (65) 238 (62) 233 (61)
BP, n (%)
Ideal 1044 (91) 342 (89) 351 (91) 351 (92) 0.396
Non-ideal 107 (9) 42 (11) 33(9) 32(8)

Data are expressed as percentages. Abbreviations: N number; CVH cardiovascular health, TPE
total polyphenol excretion expressed as mg gallic acid equivalent (GAE)/g creatinine, T1 first
tertile of TPE (< 85.8mg GAE/g creatinine), T2 second tertile of TPE (85.8-140.5 mg GAE/g
creatinine), T3 third tertile of TPE (> 140.5 mg GAE/g creatinine), SS smoking status, BMI body
mass index, PA physical activity, HDS healthy diet score, TC total cholesterol, BP blood pressure,
BG blood glucose. Statistical analyses were undertaken using the chi-square test. P-values refer
to differences between tertiles of TPE and are considered statistically significant when < 0.05.
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Figure S1. Prevalence of Cardiovascular Health (CVH) score, CVH behaviors and factors.
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A: Ideal CVH score in all participants. B: Ideal CVH score by gender. C: Ideal CVH behaviors
and factors. SS smoking status, BMI body mass index, PA physical activity, HDS healthy diet
score, TC total cholesterol, BP blood pressure, BG blood glucose.
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Figure S2. Cardiovascular Health (CVH) categories by tertiles of TPE.

TPE total polyphenol excretion expressed as mg gallic acid equivalent (GAE)/g creatinine, T1
first tertile of TPE (< 85.8mg GAE/g creatinine), T2 second tertile of TPE (85.8-140.5 mg
GAE/g creatinine), T3: third tertile of TPE (> 140.5 mg GAE/g creatinine).
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4.3. Validation of an analytical method to identify and quantify urinary phenolic metabolites

4.3.1. Article 6: Identification and quantification of wurinary microbial phenolic
metabolites by HPL.C-ESI-LTQ-Orbitrap-HRMS' and their relationship with
dietary (poly)phenols in adolescents

Emily P Laveriano-Santos, Marfa Marhuenda-Mufioz, Anna Vallverdd-Queralt,
Miriam Martinez-Huélamo, Anna Tresserra-Rimbau, Elefterios Miliarakis, Camila
Arancibia-Riveros, Olga Jauregui, Ana Marfa Ruiz-Leén, Sara Castro-Baquero,
Ramoén Estruch, Patricia Bodega, Mercedes de Miguel, Amaya de Cos-Gandoy,
Jesus Martinez-Goémez, Gloria Santos-Beneit, Juan M Fernandez-Alvira, Rodrigo
Fernandez-Jiménez, Rosa M Lamuela-Raventos.

Antioxidants (Basel). 2022 Jun 14;11(6):1167. doi: 10.3390/antiox11061167
Impact factor (2022): 7.675

Ranking in Biochemistry & Molecular biology: 50/296 (Q1)

Ranking in Chemistry, Medicinal: 4/63 (Q1)

Ranking in Food Science & Technology: 12/146 (Q1)

Abstract

Introduction

High resolution mass spectrometry using an Orbitrap mass analyzer has been used
to identification of phenolic metabolites, however, there are scare studies that used
this approach to quantified microbial phenolic metabolites in urine in a large cohort
in young population.

Obyjective

To develop and validate a liquid chromatography/electrospray ionization-linear ion
trap quadrupole-Orbitrap-high-resolution mass spectrometry (HPLC/ESI-LTQ-
Orbitrap-HRMS) method to identify and quantify urinary microbial phenolic
metabolites (MPM), as well as to explore the relationship between MPM and dietary
(poly)phenols in Spanish adolescents.

Methods

A total of 601 spot urine samples of adolescents aged 12.02 * 0.41 years were
analyzed. The quantitative method was validated for linearity, limit of detection,
limit of quantification, recovery, intra- and inter-day accuracy and precision, as well
as postpreparative stability according to the criteria established by the Association
of Official Agricultural Chemists International.
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Results

A total of 17 aglycones and 37 phase II MPM were identified and quantified in 601
spot urine samples. Phenolic acids were the most abundant urinary MPM, whereas
stilbenes, hydroxytyrosol, and enterodiol were the least abundant. Urinary
hydroxycoumarin acids (urolithins) were positively correlated with flavonoid and
total (poly)phenol intake.

Conclusion

In summary, an HPLC-ESI-LTQ-Orbitrap-HRMS method was developed and fully
validated to quantify MPM. The new method was performed accurately and is
suitable for MPM quantification in large epidemiological studies. Urinary lignans
and urolithins are proposed as potential biomarkers of grain and nut intake in an
adolescent population.
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Abstract: This study aimed to develop and validate a liquid chromatography/electrospray ionization-
linear ion trap quadrupole-Orbitrap-high-resolution mass spectrometry (HPLC/ESI-LTQ-Orbitrap-
HRMS) method to identify and quantify urinary microbial phenolic metabolites (MPM), as well as to
explore the relationship between MPM and dietary (poly)phenols in Spanish adolescents. A total
of 601 spot urine samples of adolescents aged 12.02 - 0.41 years were analyzed. The quantitative
method was validated for linearity, limit of detection, limit of quantification, recovery, intra- and inter-
day accuracy and precision, as well as postpreparative stability according to the criteria established
by the Association of Official Agricultural Chemists International. A total of 17 aglycones and
37 phase I MPM were identified and quantified in 601 spot urine samples. Phenolic acids were
the most abundant urinary MPM, whereas stilbenes, hydroxytyrosol, and enterodiol were the least
abundant. Urinary hydroxycoumarin acids (urolithins) were positively correlated with flavonoid
and total (poly)phenol intake. An HPLC-ESI-LTQ-Orbitrap-HRMS method was developed and
fully validated to quantify MPM. The new method was performed accurately and is suitable for
MPM quantification in large epidemiological studies. Urinary lignans and urolithins are proposed as
potential biomarkers of grain and nut intake in an adolescent population.

Keywords: polyphenol; phytochemical; biomarker; microbiota; dietary antioxidants
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1. Introduction

The beneficial health effects of dietary (poly)phenols have been reported in several
epidemiological and clinical trials [1-3], although their biological activities are not all
attributed to their native form. After ingestion, modification by phase I and II metabolic
enzymes reduces the concentrations of native (poly)phenols in the systemic circulation [4,5].
More than 80% of dietary (poly)phenols are not absorbed in the small intestine and reach
the colon, where they undergo conjugation and are metabolized by gut microbiota through
a range of enzymatic reactions (deglycosylation, dehydroxylation, demethylation, deconju-
gation, epimerization, ring fission, hydrolysis, and chain-shortening) [5-7]. The microbial
phenolic metabolites (MPM) may be more bioactive than the parental (poly)phenol when
they reach the target cells or tissues [8-11]. Fewer studies have reported MPM in young
populations, such as adolescents.

High-resolution mass spectrometry (HRMS) using an Orbitrap mass analyzer is a
well-established method for rapid targeted and untargeted identification of (poly)phenols
in nutrimetabolomics studies [12]. This equipment provides exact mass information, two-
stage mass analysis (MS/MS), and multi-stage mass analysis (MS"), which facilitates the
structural elucidation of known and unknown compounds [12-15]. Therefore, HRMS
constitutes a versatile and robust system for quantitative analysis [16-19]. However, to
date, few methods are available to quantify MPM in human biological samples using high
performance liquid chromatography (HPLC)/Orbitrap-HRMS.

The aim of this study was to develop and validate a high-performance liquid chro-
matography/electrospray ionization-linear ion trap quadrupole-Orbitrap-high-resolution
mass spectrometry (HPLC/ESI-LTQ-Orbitrap-HRMS) method to identify and quantify uri-
nary MPM in adolescents, and to explore the relationship of MPM with dietary (poly)phenols.

2. Materials and Methods
2.1. Study Design and Sample Selection

This work was carried out as a cross-sectional analysis within the SI! (Salud Integral)
Program for Secondary Schools trial in Spain, a cluster-randomized controlled intervention
trial (NCT03504059) aiming to evaluate the impact of a lifestyle educational program on
cardiometabolic health in adolescents. A total 1326 participants were recruited in the
baseline of the trial. Details of the study design, recruitment procedures, and Commission
on Ethics are available elsewhere [20]. Informed consent was obtained for all the parents
or caregivers.

For the current study, baseline data of 601 randomly chosen participants (53% girls) with
available baseline urine samples were included, equivalent to 45% of the original cohort.

2.2. Chemicals and Urine Samples

The provenance of chemicals and standards is listed in the Supplemental data. Urine
samples were collected in 2017 and stored at —80 °C until analysis.

2.3. Sample Preparation and Extraction of (Poly)Phenols

All the spot urine samples were analyzed in a room with filtered light and kept on
ice to avoid phenolic oxidation, following the procedure proposed by Martinez-Huelamo
et. al., with some modifications [21]. Firstly, 1 mL of urine was acidified with 2 uL of
formic acid and centrifuged at 15,000 g at 4 °C for 4 min. After centrifugation, the urine
underwent a solid-phase extraction (SPE) and clean-up procedure using Waters Oasis HLB
96-well plates 30 um (30 mg) (Waters Oasis, Milford, MA, USA). Plates were activated by
consecutively adding 1 mL of methanol (MeOH) and 1 mL of 1.5 M formic acid. After
loading 1 mL of sample, clean-up was performed with 0.5 mL of 1.5 M formic acid and
0.5% MeOH, and the elution with 1 mL MeOH acidified with 0.1% of formic acid.
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The eluted fraction was evaporated to dryness under a stream of nitrogen gas in a
sample concentrator (Techne, Duxford, Cambridge, UK) at room temperature, and reconsti-
tuted with 100 uL of 0.05% formic acid in water. The 96-well plate was then vortexed for
20 min and filtered through 0.22 um polytetrafluoroethylene 96-well plate filters (Millipore,
Burlington, MA, USA). To prepare calibration curves, synthetic urine was spiked with
increasing concentrations of a mixture of 18 phenolic standards (3-hydroxybenzoic acid, 3-
hydroxytyrosol, 3'-hydroxytyrosol-3'-glucuronide, protocatechuic acid, 4-hydroxybenzoic
acid, vanillic acid, syringic acid, enterodiol, enterolactone, urolithin-B, gallic acid, dihy-
droresveratrol, urolithin-A, 3,4-dihydroxyphenylpropionic acid, 3'-hydroxyphenylacetic
acid, o-coumaric acid, m-coumaric acid, and p-coumaric acid) before being processed and
subjected to the same extraction procedure exactly as the samples. Abscisic acid d6 was
used as an internal standard.

Synthetic urine was used as a blank, composed of calcium chloride (0.65 g/L), magne-
sium chloride (0.65 g/L), sodium chloride (4.6 g/L), sodium sulfate (2.3 g/L), sodium citrate
(0.65 g/L), dihydrogen phosphate (2.8 g/L), potassium chloride (1.6 g/L), ammonium
chloride (1.0 g/L), urea (25 g/L), and creatinine (1.1 g/L) [22].

2.4. HPLC/ESI-LTQ-Orbitrap-HRMS Instrumentation
2.4.1. Chromatographic Conditions

Analysis was performed using an Accela chromatograph (Thermo Scientific, Hemel
Hempstead, UK) equipped with a quaternary pump and a thermostated autosampler set
at 4 °C, all operated by Chromeleon Xpress software. Chromatographic separation was
accomplished with a reverse phase chromatographic column Kinetex F5 (50 x 4.6 mm i.d.,
2.6 um) (Phenomenex, Torrance, CA, USA) kept at 40 °C. Gradient elution was carried out
with (A) water (0.05% formic acid) and (B) acetonitrile (0.05% formic acid) at a constant flow
rate of 0.5 mL/min. The injection volume was 5 pL. A non-linear gradient was applied:
0 min, 2% B; 1 min, 2% B; 2.5 min, 8% B; 7 min, 20% B; 9 min, 30% B; 11 min, 50% B; 12 min,
70% B, 15 min, 100% B; 16 min, 100% B; 16.5 min, 2% B; 21.5 min, 2% B. The total run time
was 21.5 min.

2.4.2. Mass Spectrometry Parameters

Accurate mass measurements were performed on an LTQ Orbitrap Velos mass spec-
trometer (Thermo Scientific, Hemel Hempstead, UK) equipped with an ESI source work-
ing in negative mode. Mass spectra were acquired in profile mode with a setting of
30,000 resolution at m/z 400, and the mass range was from m/z 100 to 2000. Operation pa-
rameters were as follows: source voltage, 5 kV; sheath gas, 50 units; auxiliary gas, 20 units;
sweep gas, 2 units, and capillary temperature, 375 °C.

2.5. Validation of the HPLC/ESI-LTQ-Orbitrap-HRMS Method

The method was validated following the criteria of the Association of Official Agri-
cultural Chemists (AOAC) International in terms of linearity, limit of detection (LOD),
limit of quantification (LOQ), recovery, intra- and inter-day accuracy and precision, and
postpreparative stability [23]. All parameters were examined based on three concentrations
(low, medium, and high) of each phenolic compound standard, as shown in Table 1.

Table 1. Concentration levels of each phenolic standards for HPLC/ESI-LTQ-Orbitrap-HRMS method
validation.

Concentration Level (ug/L)
Phenolic Standards
Low Medium High
Enterodiol 5 200 766
3'-Hydroxytyrosol-3'-glucuronide 5 200 766
3-Hydroxybenzoic acid 5 200 766
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Table 1. Cont.

Concentration Level (ug/L)

Phenolic Standard

Low Medium High
3-Hydroxytyrosol 5 200 766
4-Hydroxybenzoic acid 5 200 766
Enterolactone 5 200 766
m-coumaric acid 5 200 766
p-coumaric acid 5 200 766
Protocatechuic acid 5 200 766
o-coumaric acid 5 200 766
Syringic acid 5 200 766
Urolithin-B 5 200 766
Vanillic acid 5 200 766
Dihydroresveratrol 125 500 1915
Gallic acid 125 500 1915
Urolithin-A 125 500 1915
3,4-Dihydroxyphenylpropionic acid 25 100 3830
3'-Hydroxyphenylacetic acid 50 2000 7660
HPLC high performance liquid chromatography, ESI electrospray ionization, LTQ linear ion trap quadrupol,
Orbitrap-HRMS.

2.5.1. Linearity and Sensitivity

Calibration curves were prepared by spiking synthetic urine in triplicate using nine differ-
ent concentrations of standard mixtures ranging from 1 to 1000 pg/L for 3-hydroxybenzoic acid,
3-hydroxytyrosol, 3"-hydroxytyrosol-3'-glucuronide, protocatechuic acid, 4-hydroxybenzoic
acid, vanillic acid, syringic acid, m-coumaric acid, p-coumaric acid, o-coumaric acid, entero-
diol, enterolactone, and urolithin-B; 2.5 to 2500 ug/L for gallic acid, dihydroresveratrol, and
urolithin-A; 5 to 5000 pg/L for 3,4-dihydroxyphenylpropionic acid; and 10 to 10,000 pg/L
for 3"-hydroxyphenylacetic acid, with the internal standard (IS) (+)cis, trans-abscisic acid d6
(500 pg/L). Calibration curves were created by quadratic regression analysis with residual
plots lower than 15%. The adequacy of the model and linearity were assessed by coefficient of
determination (R?).

LOD and LOQ were estimated for a signal-to-noise (S/N) ratio of 3 and 10, respectively.

2.5.2. Accuracy and Precision

Accuracy was determined by analyzing five replicates of spiked synthetic urine with
three known concentrations (Table 1) to evaluate the closeness of agreement between the
calculated amount and the nominal amount of analyte. The results were expressed as
the percentage of the ratio of the mean concentration observed and the known spiked
concentration in the biological matrices. Precision was calculated using relative standard
deviation (RSD) between the five spiked urine samples at three different levels on three
different days. Intra- and inter-day precision was assessed using five determinations
per three concentration levels (Table 1) in a single analytical run or on three different
days, respectively.

2.5.3. Recovery and Matrix Effect

Recovery and matrix effects (ME) were evaluated following the procedure described
by Matuszewski et al., and Pereira-Caro et al. [19,24], analyzing three synthetic urines
spiked at the three standard concentration levels (Table 1). Recoveries were calculated
as the ratio between the area responses of standard concentration levels dissolved in pre-
extracted samples and the analyte area responses of post-extracted urine spiked at the same
concentrations. The results were expressed as recovery rate.

MEs were determined with the same concentration levels by comparing area responses
of the spiked pre-extracted samples with the analyte area responses with neat standards
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dissolved in the mobile phase. The results were expressed as percentages. ME values above
100% are considered to indicate ion enhancement, and below 100% ion suppression.

25.4. Stability

Postpreparative stability and freeze and thaw stability were assessed in this method.
Postpreparative stability of the sample extraction process and during the time inside
the autosampler at 4 °C were evaluated by injecting the post-extracted synthetic urine
spiked with two standard concentrations (low and high) (Table 1) into the HPLC-ESI-
LTQ-Orbitrap-HRMS system at 0 and 24 h. Freeze and thaw stability were assessed by
injecting the post-extracted synthetic urine spiked at the same concentration levels into
the HPLC-ESI-LTQ-Orbitrap-HRMS system after three freeze (—80 °C) and thaw (room
temperature) cycles.

2.5.5. Selectivity

The selectivity of the method was assessed by comparing chromatograms of blank
human urine from three individuals and urine spiked with analytes at a known low
concentration to discriminate between analytes and other endogenous components in urine.

2.6. Analysis of Urinary MPM by HPLC/ESI-LTQ-Orbitrap-HRMS in Adolescent Samples
2.6.1. Targeted Identification of MPM

MPM were identified by comparing retention times with those of available stan-
dards. A semi-targeted screening method was established to identify phase II metabolites
(glucuronides and sulfates) when reference standards were not available. The molecular
formula of each compound was generated with an accurate mass and error of 5 ppm using
the Xcalibur software v2.0.7 (Thermo Fisher Scientific, San Jose, CA, USA). Data acquisition
techniques, including Fourier transform mass spectrometry (FTMS) mode (scan range
from m/z 100-1000) in combination with product ion scan experiments (MS2) (Orbitrap
resolution from 15,000 to 30,000 FWHM), were performed to obtain information about the
m/z of precursor and fragment ions, retention time, and isotope pattern. Finally, analytes
were confirmed by comparing MS/MS spectra with fragments found in the literature and
The Human Metabolome Database 4.0 [25].

2.6.2. Quantification of MPM

Calibration curves were constructed with available standards in synthetic urine and
subjected to the same procedure as described above. To quantify phase I metabolites
(glucuronides and sulfates), calibration curves of the aglycon form were used. Samples
with concentrations that exceeded the highest point of the calibration curve were diluted
and reinjected into the HPLC-FTMS system. Quantitative data processing was performed
using Trace Finder software (LC version 4.1, Thermo Fisher Scientific, San Jose, CA, USA).

MPM concentration was normalized by urinary creatinine concentrations, which were
determined using the Jaffé alkaline picrate method adapted to microtiter 96-well plates [26]
and expressed as ug MPM/g creatinine.

2.7. Dietary (Poly)Phenols

Dietary intake was estimated using a semiquantitative food frequency question-
naire [27]. Dietary (poly)phenol intake was assessed by matching data from the Phenol-
Explorer database v.3.6. [28]. Flavonoids, phenolic acids, stilbenes, lignans, phenolic acids,
tyrosols, and other minor (poly)phenols, such as alkylphenols and alkylmethoxyphenols,
were included in this analysis. Total (poly)phenol intake was estimated as the sum of indi-
vidual (poly)phenol intakes and categorized into tertiles. Energy-adjusted (poly)phenol
intake was calculated by the residual method established by Willet et al. [29].
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2.8. Data Analysis

General characteristics of the studied population are presented as means (standard
deviation (SD)) or median (interquartile range (IQR)) for quantitative variables and per-
centages (number) for categorical variables. MPM concentrations are presented as the
mean, standard error of the mean (SEM). Student’s t-test was used to compare mean
values of general characteristics between girls and boys, but also to compare MPM and
postpreparative stability.

For the statistical analysis, MPM levels below the LOQ were set to values correspond-
ing to half the LOQ. Pearson correlation was used to assess the relationship between
urinary MPM and dietary (poly)phenols, as well as polyphenol-rich food sources. The false
discovery rate (FDR) method was applied to adjust p-values for multiple correlations [30].
Data were normalized with the inverse normal distribution before the analysis.

The overall urinary MPM pattern and tertiles of total phenolic intake were assessed
using principal component analysis (PCA) and presented as biplots in which eigenvectors
were plotted as lines and the scores of individual samples as points. Beforehand, MPM
data were standardized to unit variance.

Statistical analyses were conducted using the Stata statistical software package ver-
sion 16.0 (StataCorp, College Station, TX, USA) and R v.4.1.1 (https:/ /www.r-project.org,
accessed on 1 April 2022). Statistical tests were two-sided, and p-values below 0.05 were
considered significant.

3. Results and Discussion
3.1. Optimization of the HPLC/ESI-LTQ-Orbitrap-HRMS Method

Several SPEs solutions, as well as two SPE cartridges (Table S1 and Figure S1), were
tested in order to obtain optimum recoveries. Two reverse-phase chromatographic columns
were tested: Kinetex F5 (50 x 4.6 mm i.d., 2.6 um) (Phenomenex, Torrance, CA, USA)
and Atlantis T3 C18 (100 x 2.1 mm i.d., 3 um) (Waters, Milford, MA, USA), obtaining
better recoveries with Kinetex F5 and SPE 2 procedure (Figure S1). Different percentages
of formic acid (from 0.05% to 0.1%) in mobile phases were tested to achieve desirable
peak shapes and compound separation. The best results were obtained with 0.05% formic
acid (data not shown). Two injection volumes (5 and 10 uL) were also tested to ensure
optimum separation and detection of the analytes, and 5 uL sample injection gave the best
results (data not shown). Details of the analytical conditions tested are available in the
Supplemental Data.

3.2. Method Validation
3.2.1. Linearity, LOD, and LOQ

The HPLC/ESI-LTQ-Orbitrap-HRMS method provided quadratic responses with
coefficients of determination (R?) above 0.995 for all standards (Table S2). Weighted factors
(1/x statistical weight) were used to obtain the most reliable calibration curves.

The sensitivity of the method was evaluated by determining the LOD and LOQ of a
synthetic urine sample spiked with standards. The LOD ranged from 0.02 to 3.29 ug/L,
and LOQ from 0.06 to 10.96 ug/L.

3.2.2. Precision and Accuracy

Intra- and inter-day precision varied in the ranges of 0—15% and 1—16%, respectively,
in accordance with the values proposed by the AOAC (RDS < 15%) [23]. However, inter-
day precision values for the lowest concentration of gallic acid, 3-hydroxytyrosol, and
3,4-dihydroxyphenylpropionic acid were 58, 31, and 26%, respectively (Table S3), possibly
due to early elution, which leads to a lower resolution peak when the concentration is low.
Pereira et al. reported an intra-day precision of less than 15% (0% to 10%) for flavan-3-ols
and their metabolites in a study using ultra high-performance liquid chromatography
(UHPLC)-HRMS [19].
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The accuracy was within the accepted limits of the AOAC guidelines [23] at all tested
concentration levels for 89% of the metabolites analyzed, ranging from 80 to 120%. However, at
the lowest concentrations the inter-day accuracy of gallic acid, 3,4-dihydroxyphenylpropionic
acid, m-coumaric acid, and urolithin-A fell outside this range (Table S3).

3.2.3. Matrix Effect and Recovery

The average ME was 83%, with ranges from 53% to 126%, except those of urolithins-A
and -B, which were below 35%. Minor ion suppression was also reported by Ordofiez et al.
and Pereira-Caro et al. [18,19]. lon enhancement was observed for 4-hydroxybenzoic acid
and 3-hydroxyphenyacetic acid (Table S3).

The average recovery of the three concentration levels was 89%, ranging between 70%
and 99%. The lowest recovery was for gallic acid and 3-hydroxytyrosol, which was 70% at
the lowest concentration (Table S3). Similarly, Ordofiez et al. reported a mean recovery of
73% of urinary (poly)phenols extracted by an HLB cartridge and using an HPLC-HRMS
method, obtaining a good recovery rate of 79% to 104% for free phenolic and glucuronide
derivatives [18]. Better recoveries were reported by Pereira-Caro et al., with values ranging
from 95% to 102% for 34 flavan-3-ol and its metabolites in rat urine samples analyzed by
UHPLC-HRMS [19].

3.2.4. Stability

The postpreparative stability assay showed no significant variation of analyte concen-
tration in the urine matrix 24 h post-extraction at both low and high concentrations, except
for 3-hydroxyphenylacetic acid, which was the analyte with the highest reduction (13%)
(Figure S2). The freeze and thaw stability assay showed a signal decline of 14% for most
analytes after the third freeze-thaw cycle. Likewise, Martinez-Huélamo et al., described a
12.9% reduction in signal for 3-hydroxyphenylacetic acid [21].

3.2.5. Selectivity

Selectivity was confirmed by the absence of endogenous peaks in chromatograms
at the same retention time as the analytes in three human urine samples. The method
was, therefore, found to be selective for analytes at low concentrations and was able to
discriminate between analytes and other components in urine.

3.3. Microbial Phenolic Metabolites Measured in Urine Samples
3.3.1. General Characteristics of the Study Population

Out of the 601 randomized participants selected in this cross-sectional analysis,
546 had available information of food intake. The general characteristics of participants
are presented in Table 2. The average age and body mass index (BMI) were 12.0 (0.4) years
and 20.9 (4.2) kg/m?, respectively. The mean energy-adjusted (poly)phenol intake was
683.5 (335.3) mg/day. No differences were observed between boys and girls in terms of BMI
and total (poly)phenol intake (Figure S3). Higher mean intakes of energy (p-value = 0.002),
carbohydrates (p-value = 0.001), total fat (p-value = 0.010), and proteins (p-value < 0.001)
were observed in boys (Figure S3).

Table 2. General characteristics of the participants.

N Mean (SD)  Median (IQR)
Age, years 601 12.0 (0.4) 12.0 (0.0)
Body mass, kg 601 50.8 (12.2) 48.5 (14.8)
Height, cm 601 155.2 (6.9) 155.2(9.2)
BMI, kg/m? 601 209 (4.2) 20.1 (5.0)
BMI z-score 601 0.6 (1.0) 0.6 (1.4)
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Table 2. Cont.
N Mean (SD) ~ Median (IQR)
Energy and nutrients intake
Energy, kcal/day 546 2498.8 (579.6) 24749 (828.6)
Carbohydrates, g/day 546 132.1 (47.3) 124.3 (63.0)
Fiber, g/day 546 29.6(10.6) 28.1(13.5)
Fat, g/da 546 112.0 (32.8) 109.4 (41.6)
Protein, g/day 546 119.5 (32.3) 117.8 (42.1)
Energy-adjusted (poly)phenol intake
Total (poly)phenol intake, mg/day 546 683.5(335.3)  639.8(354.9)
Flavonoids, mg/day 546 533.9(310.3)  480.8(298.8)
Stilbenes, mg/day 546 0.2(0.3) 0.1(0.2)
Tyrosols, mg/day 546 21.3(13.7) 17.8 (12.6)
Lignans, mg/day 546 3.7 (4.1) 25(25)
Phenolic acids, mg/day 546 94.9 (50.4) 89.2(51.7)

BMI: body mass index, IQR: interquartile range, SD standard deviation Values are given as means (SD) and
medians (IQR).

3.3.2. Identification and Quantification of Urinary MPM

Identification of MPM according to classes of (poly)phenols (lignans, hydroxybenzoic
acids, hydroxycinnamic acids, hydroxyphenylacetic acids, hydroxyphenylpropanoic acids,
stilbenes, hydroxycoumarins, and tyrosols) are presented in Table S4. A total of 54 MPM
were identified in urine. Enterolactone and urolithin diglucuronides were determined only
in one sample.

Concentrations of MPM are summarized in Table 3. Excretion of urinary MPM var-
ied highly between participants, and the majority of MPM were detected in the form of
glucuronides and sulfates. Consistent with our results, Ordonez et al. reported that an
HPLC-HRMS method was suitable for the analysis of phase II metabolites [18]. The
most abundant MPM in the urine of all participants were phenolic acids, namely 3-
hydroxyphenylacetic acid, hydroxyphenylacetic sulfate and glucuronide, protocatechuic
acid sulfate-, 3,4-dihydroxyphenylpropionic acid sulfate, hydroxybenzoic acid sulfate,
and vanillic acid sulfate. These results are in agreement with Zamora-Ros et al., who
detected phenolic acids as the most abundant urinary MPM in adult participants in the
European Prospective Investigation into Cancer and Nutrition (EPIC) study [31]. Similarly,
Hurtado-Barroso et al. found phenylacetic acids to be among the most abundant urinary
MPM in young adults [32].

Table 3. Quantification of urinary MPM by HPLC-ESI-LTQ-Orbitrap-HRMS.

Urinary MPM, pg/g Creatinine <LOQ (n) Mean * SEM * cv*
Lignans
Enterodiol ® 136 45 09 1.0
Enterodiol glucuronide I (ED) 4 740.7 151.1 48
Enterodiol glucuronide IT (ED) 3 209.2 67.8 5.1
Enterodiol sulfate (ED) 18 158.0 341 49
Enterolactone 179 30.6 32 17
Enterolactone glucuronide (EL) 3 6984.5 419.2 15
Enterolactone sulfate (EL) 19 639.3 168.8 6.3
Phenolic acids—Hydroxybenzoic acids
Gallic acid 223 9.1 1.1 14
Gallic acid glucuronide (GA) 80 4.6 12 14
Gallic acid sulfate (GA) 87 228 15 13
3-Hydroxybenzoic acid * 206 113.4 41.1 5.6
4—Hgfdmxybenzoic acid ? 1 824.5 157.8 4.6
Hydroxybenzoic acid glucuronide I (HBA) 229 334 42 13
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Table 3. Cont.

Urinary MPM, ug/g Creatinine <LOQ () Mean * SEM * cv*
Hydroxybenzoic acid glucuronide IT (HBA) 13 69.5 6.0 1.8
Hydroxybenzoic acid sulfate (HBA) 0 25,034.4 1607.6 1.6
Protocatechuic acid # 1 173.8 31.7 42
Protocatechuic acid glucuronide (PCA) 57 30.2 21 1.5
Protocatechuic acid sulfate I (PCA) 3 33,703.3 5368.2 38
Protocatechuic acid sulfate I (PCA) 0 228.0 418 3.6
Syringic acid * 4 99.6 6.7 13
Syringic acid glucuronide I (SA) 0 297.6 26.8 20
Syringic acid glucuronide II (SA) 2 181.0 53.5 34
Syringic ac1d sulfate (SA) 32 2499 269 1.8
anillic acid 0 1027.5 198.9 3.5
Vanillic acid glucuronide 1(VA) 16 6847.5 857.4 2.5
Vanillic acid glucuronide II (VA) 2 3795.8 1038.3 47
Vanillic acid sulfate (VA) 1 17,227.2 1610.6 22
Phenolic acids—Hydroxycinnamic acids
m-Coumaric acid * 38 69.9 11.8 28
0-Coumaric acid * 42 15.8 24 1.6
p-Coumaric acid * 16 234 23 1.6
Coumaric acid glucuronide I 18 365 2.8 1.6
Coumaric acid glucuronide II 162 204 1.7 12
Coumaric acid glucuronide I1I 11 724 88 27
Coumaric acid sulfate I 39 46.8 9.2 26
Coumaric acid sulfate IT 13 2404 75.8 6.1
Coumaric acid sulfate I1I 5 788.7 208.6 53
Phenohc acids—Hydroxyphen lacehc acids
demxyphenylacetlc aci 13 40,797.6 32484 18
roxyphenylacetic acid glucuronide (3-HPAA) 122 13,860.5 4363.6 53
Hydroxyphe lacetic acid sulfate (3-HPAA) 2 45.815.5 6160.0 24
Phenolic acids—] Kdroxyphenylpropanonc acids
3 4-dihydroxyphenylpropionic acid * 25 132.8 17.1 20
5 1[l:éhydroxypheny]proplomc: acid sulfate (3,4-DHPPA) 1 30,9427 2700.1 2.0
ti
Dihydroresveratrol * 78 3.3 0.5 0.5
Dihydroresveratrol sulfate I (DHR) 4 753.5 57.8 18
Dihydroresveratrol sulfate I (DHR) 47 991.6 379.0 5.2
Other olypheno]s—Hydmxycoumanns
rolithin A ® 57 1338.1 270.3 24
Urollthm A glucuronide (Uro A) 41 3030.2 482.1 2.7
Urolithin A sulfate (Uro A) 26 801.0 399.9 35
Urolithin B ® 86 13344 1067.1 44
Urolithin B glucuronide (Uro B) 63 3062.8 1565.1 6.1
Other olyphenols-Tyrosols
3-Hydroxytyrosol * 143 9.1 0.9 0.6
3'hydroxytyrosol-3'-glucuronide * 71 62.4 289 7.5
Hydroxytyrosol sulfate (3-HT) 5 398.0 88.8 5.0

3,4-DHPPA 3,4-dihydroxyphenylpropionic acid, 3-HPAA 3-hydroxyphenylacetic acid, 3-HBA 3-hydroxybenzoic
acid, 3-HT 3-hydroxytyrosol, 3-HT-G 3-hydroxytyrosol glucuronide, 4-HBA 4-hydroxybenzoic acid, DHRSV
dihydroresveratrol, ED enterodiol, EL enterolactone, GA gallic acid, PCA protocatechuic acid, SA syringic acid,
Uro A urolithin A, Uro B urilithin B, VA vanillic acid, LOQ limit of quantification, SEM mean standard error, CV
coefficient of variance. When standards were not available, aglycone was used for quantification. The molecule
used for the quantification is shown in brackets. * Commercial standards. * Data obtained from samples with
microbial phenolic metabolites quantified by HPLC-ESI-LTQ-Orbitrap-HRMS. This table does not include data
below the LOQ or non-detected compounds.

Urinary concentrations of stilbenes (dihydroresveratrol), tyrosols (3-hydroxytyrosol),
and lignans (enterodiol) were low, with mean values below 10 ug/g of creatinine. Those
reported by Zamora-Ros et al. in adults from the EPIC study were also low, being less
than 5 ug/24 h [31]. These levels could be explained by a low dietary intake of stilbenes,
tyrosols, and lignans, as reported in the food frequency questionnaire.

A high percentage of participants had a urinary MPM concentration below the LOQ
for hydroxybenzoic acid glucuronide-T (38%), gallic acid (37%), 3-hydroxybenzoic acid
(34%), enterolactone (30%), coumaric acid glucuronide-IT (27%), 3-hydroxytyrosol (24%),
and enterodiol (23%).

Interindividual variations in MPM could be explained by the gut microbiota profile,
which is affected by age, gender, hormonal status, dietary habits, and other lifestyle
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variables [33]. In this study, the gut microbiota profile was not analyzed and thus the
influence of the microbial family on MPM production was not determined.

Differences in urinary MPM between boys and girls are shown in Figure 1. Boys had
higher values of 3,4-dihydroxyphenylpropionic, dihydroxyphenylpropionic sulfate, gallic
acid, gallic acid sulfate, p-coumaric acid, vanillic acid glucuronide and sulfate, hydroxyben-
zoic acid glucuronide-I and sulfate-I, protocatechuic acid sulfate, 3-hydroxyphenylacetic
acid and hydroxyphenylacetic acid glucuronide and sulfate than girls. Our findings are
in line with those of Zamora et al., who observed that the median urinary concentrations
of tyrosol, vanillic acid, and 4-hydroxyphenylacetic acid were at least 1.4-fold higher in
men than women [31]. Similarly, Mumford et al., found higher values of enterodiol and
enterolactone in females than males [34]. As sex hormones may be responsible for these
differences [8,35], a limitation of the current study is that the follicular phase of the men-
strual cycle was not considered during the urine collection to minimize bias related to the
hormonal status of the participants.
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Figure 1. Urinary MPM of adolescents by gender. 3,4-DHPPA 3,4-dihydroxyphenylpropionic acid,
3-HPAA 3-hydroxyphenylacetic acid, 3-HBA 3-hydroxybenzoic acid, 3-HT 3-hydroxytyrosol, 3-HT-G
3-hydroxytyrosol glucuronide, 4-HBA 4-hydroxybenzoic acid, DHRSV dihydroresveratrol, ED en-
terodiol, EL enterolactone, GA gallic acid, PCA protocatechuic acid, SA syringic acid, Uro-A urolithin
A, uro-B urilithin B, VA vanillic acid. Bar graphs are plotted as the mean (SEM). * p-values < 0.05
from t-test analysis.

3.3.3. Urinary MPM and Dietary (Poly)Phenols

No differences were found between classes of urinary MPM and tertiles of total
phenolic intake in the PCA (Figure $4). However, positive correlations were observed
between urinary hydroxycoumarins (urolithins) and flavonoid intake and TPI (Figure 2).
Additionally, positive correlations were observed between urinary lignans and intake of
whole grains (R = 0.13, FDR-adjusted p = 0.007) and green-leaf vegetables (R = 0.13, FDR-
adjusted p = 0.008). Urinary hydroxycinnamic acids also correlated with whole grains
(R=0.11, FDR-adjusted p = 0.015), green-leaf vegetables (R = 0.15, FDR-adjusted p = 0.002),
and tomato or tomato-based products (R = 0.12, FDR-adjusted p = 0.011) (Figure S5).
Urolithins are produced by gut microbiota through the metabolism of ellagitannins [11,36],
whose main food sources are red fruits, nuts, and seeds [36], but in our study, urolithins
were only positively correlated with nuts and seeds (R = 0.13, FDR-adjusted p = 0.014).
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Figure 2. Heatmap of the Pearson correlation between subclasses of urinary MPM and energy-
adjusted (poly)phenol intake in adolescents.

4, Conclusions

In conclusion, an HPLC-ESI-LTQ-Orbitrap-HRMS method was developed and fully
validated to quantify urinary MPM in terms of linearity, sensitivity, recovery, accuracy, and
precision. To our knowledge, this is the first time that several MPM have been identified
and quantified in urine samples of an adolescent population using an HPLC-ESI-LTQ-
Orbitrap-HRMS method on a large scale. Variations in MPM were observed between
participants, which were associated with variability in dietary (poly)phenol intake and sex.
Finally, some MPM were found to be potential dietary biomarkers of specific food groups,
namely lignans for whole grains and urolithins for nuts. Further investigations are needed
to explore the relationship between MPM and dietary sources of (poly)phenols.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11061167/s1. Standards and chemicals. Analytical condition
testing before validation HPLC/ESI-LTQ-Orbitrap-HRMS method. Figure S1: Recovery obtained
according to different solid phase extraction and reverse-phase chromatographic columns (Kinetex F5
(50 x 4.6 mmi.d., 2.6 um) and Atlantis T3 C18 (100 x 2.1 mmi.d., 3 um). Figure S2: Postpreparative
stability. Mean concentrations (ug/L) of phenolic compounds recovered at the start (t = 0) and at
24 h with two standard concentrations prepared in synthetic urine. Figure S3: General characteristics
of participants according to gender. Figure S4: Principal component (PC) biplot of subclass of
microbial phenolic metabolites (MPM) according to tertiles of total polyphenol intake (1 = 546).
Figure S5: Heatmap of the Pearson correlation between subclass of microbial phenolic metabolites
and polyphenol-rich food intake in adolescents. Table S1: Recovery obtained in Oasis HLB and
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PRiMe HLB. Table S2: Validation data: Linearity ranges, coefficient of determination, and low
limits of detection and quantification of microbial phenolic metabolite. Table S3: Intra- and inter-
day precision and accuracy, matrix effect and recovery results for three concentration levels (high,
medium, and low); RSD (%) was calculated for the recovery values for three replicates. Table S4:
Identification of microbial phenolic metabolites in urine by HPLC/ESI-LTQ-Orbitrap-HRMS. Table S5:
Pearson correlation coefficients between microbial phenolic metabolites and dietary polyphenols in
adolescents. References [37,38] are cited in the Supplementary Materials.
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Abbreviations

AOAC  Association of Official Agricultural Chemists
BMI body mass index

ESI electrospray ionization

FDR false discovery rate

FTMS Fourier transform mass spectrometry
HPLC  high performance liquid chromatography
HRMS  high-resolution mass spectrometry

IQR interquartile range

LOD limit of detection

LOQ limit of quantification

LTQ linear ion trap quadrupole

MeOH  methanol

ME matrix effect

MPM microbial phenolic metabolites

MS/MS  two-stage mass analysis

Ms? multi-stage mass analysis
PCA principal component analysis
R? coefficient of determination
RSD relative standard deviation
SD standard deviation

SEM standard error of mean

S/N signal-to-noise

SPE solid-phase extraction

TPI total (poly)phenol intake
UHPLC  ultra-high performance liquid chromatography
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Identification and quantification of urinary microbial phenolic metabolites by
HPLC-ESI-LTQ-Orbitrap-HRMS and their relationship with dietary polyphenols
in adolescents.
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Standards and chemicals

Gallic acid, 3-hydroxytyrosol, protocatechuic acid, 4-hydroxybenzoic acid, 3,4-dihydroxyphenylpropionic
acid, 3-hydroxyphenylacetic acid, o-coumaric acid, m-coumaric acid, p-coumaric acid, enterodiol, urolithin-A, and
urolithin-B were purchased from Sigma-Aldrich (St. Louis, MO, USA). 3"-hydroxytyrosol-3'-glucuronide, dihydro-
resveratrol, and (+)cis, trans-abscisic acid Ds were obtained from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz,
CA). 3-hydroxybenzoic acid, vanillic acid, syringic acid, enterolactone, and creatinine were purchased from Fluka
(St. Louis, MO, USA). Standards were stored in powder form and protected from light. Methanol (MeOH) of LC-
MS and acetonitrile (MeCN) of HPLC grade were obtained from Sigma-Aldrich (St. Louis, MO, USA), formic acid
(2 98 %) from Panreac Quimica S.A. (Barcelona, Spain), and ultrapure water (Milli-Q) from a Millipore system
(Bedford, USA).
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RESULTS

Analytical condition testing before validation HPLC/ESI-LTQ-Orbitrap-HRMS method

Solid phase extraction (SPE) cartridge selection

Two different chemical cartridges, Waters Oasis HBL (hydrophilic-lipophilic-balance cartridge) 96-well plates
30 pum (30 mg) and Oasis PRIME HLB 96-well plates 3 mg, for the extraction of 3-hydroxybenzoic acid, 3-
hydroxytyrosol, 3-hydroxytyrosol-3'-glucuronide, protocatechuic acid, 4-hydroxybenzoic acid, vanillic acid,
syringic acid, enterodiol, enterolactone, urolithin-B, gallic acid, dihydroresveratrol, urolithin-A, 3,4-di-
hydroxyphenylpropionic acid, 3-hydroxyphenylacetic acid, o-coumaricacid, m-coumaric acid, and p-cou-
maric acid. Synthetic urine was spiked with 1000 ug/L of phenolic standards, and 500 pg/L of internal stand-
ard. Oasis HLB procedure was performed using the method previously describe by Martinez-Huélamo et al.
for the analysis of polyphenols and their metabolites in urine samples, with some modifications [1]. Briefly,
cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 0.1% formic acid. After loading 1 mL
of acidified sample, clean-up was performed with 1 mL of 0.1% formic acid and 0.5% MeOH, and the elution
with T mL MeOH acidified with 0.1% of formic acid. The eluted fraction was evaporated to dryness under a
stream of nitrogen and reconstituted with 100 uL of 0.1% formic acid in water. To assess extraction recovery,
blank synthetic urine extract spiked after SPE were also prepared at the same concentration (Table 51).

Optimization of SPE using different solutions

After the selection of Waters Oasis HLB 96-well plates 30 um (30 mg) as cartridge for the SPE, four different
SPE procedures were tested to obtain higher extraction of 3-hydroxybenzoic acid, 3-hydroxytyrosol, 3"-hy-
droxytyrosol-3"-glucuronide, protocatechuic acid, 4-hydroxybenzoic acid, vanillic acid, ~syringic acid, enter-
odiol, enterolactone, urolithin-B, gallic acid, dihydroresveratrol, urolithin-A, 3 4-dihydroxy-
phenylpropionic acid, 3-hydroxyphenylacetic acid, o-coumaric acid, m-coumaric acid, and p-coumaric
acid.

Synthetic urine was spiked with 400 ug/L of phenolic standards and internal standard. These procedures were
performed using the methods previously described by Martinez-Huélamo et al. and Quifer-Rada [1-3], with
some modifications, following the next extractions:

o SPE I: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 0.1% formic acid. After
loading 1 mL of acidified sample, clean-up was performed with 1 mL of 0.1% formic acid and 0.5%
MeOH, and the elution with 1 mL MeOH acidified with 0.1% of formic acid. The eluted fraction was
evaporated to dryness under a stream of nitrogen and reconstituted with 100 uL of 0.05% formic acid
in water.

o SPE2: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1.5 M formic acid. After
loading 1 mL of sample, clean-up was performed with 0.5 mL of 1.5 M formic acid and 0.5% MeOH,
and the elution with T mL. MeOH acidified with 0.1% of formic acid. The eluted fraction was evapo-
rated to dryness under a stream of nitrogen and reconstituted with 100 uL of 0.05% formic acid in
water.

o SPE 3: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1.5 M formic acid. After
loading 1 mL of sample, clean-up was performed with 0.5 mL of 1.5 M formic acid and 0.5 mL of 5%
MeQOH, and the elution with 1 mL MeOH acidified with 0.1% of formic acid. The eluted fraction was
evaporated to dryness under a stream of nitrogen and reconstituted with 100 pL of 0.05% formic acid
in water,

o SPE 4: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1% formic acid. After
loading 1 mL of acidified sample, clean-up was performed with 1 mL of 1% formic acid and 2%
MeOH, and the elution with 1 mL MeOH acidified with 0.1% of formic acid. The eluted fraction was
evaporated to dryness under a stream of nitrogen and reconstituted with 100 uL of 0.05% formic acid
in water.

Chromatographic column selection
Two different reverse-phase chromatographic columns were tested: Kinetex F5 (50 x 4.6 mm i.d., 2.6 um)

(Phenomenex, Torrance, CA, USA) and Atlantis T3 C18 (100 x 2.1 mm i.d., 3 pm) (Waters, Milford, MA, USA)
(Figure S1).
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Figure S1. Recovery obtained according to different solid phase extraction and reverse-
phase chromatographic columns (Kinetex F5 (50 x 4.6 mm i.d., 2.6 um) and Atlantis T3 C18 (100 x
2.1 mm id., 3 pm).

SPE-1: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 0.1%
formic acid. After loading 1 mL of acidified sample, clean-up was performed with 1 mL
of 0.1% formic acid and 0.5% MeOH, and the elution with 1 mL MeOH acidified with 0.1%
of formic acid. The eluted fraction was evaporated to dryness under a stream of nitrogen
and reconstituted with 100 pL of 0.05% formic acid in water.

SPE-2: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1.5 M
formic acid. After loading 1 mL of sample, clean-up was performed with 0.5 mL of 1.5 M
formic acid and 0.5% MeOH, and the elution with 1 mL MeOH acidified with 0.1% of
formic acid. The eluted fraction was evaporated to dryness under a stream of nitrogen
and reconstituted with 100 pL of 0.05% formic acid in water.

SPE-3: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1.5 M
formic acid. After loading 1 mL of sample, clean-up was performed with 0.5 mL of 1.5 M
formic acid and 0.5 mL of 5% MeOH, and the elution with 1 mL MeOH acidified with
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0.1% of formic acid. The eluted fraction was evaporated to dryness under a stream of ni-
trogen and reconstituted with 100 pL of 0.05% formic acid in water.

SPE-4: cartridges were activated with 1 mL of methanol (MeOH) and 1 mL of 1%
formic acid. After loading 1 mL of acidified sample, clean-up was performed with 1 mL
of 1% formic acid and 2% MeOH, and the elution with 1 mL MeOH acidified with 0.1% of
formic acid. The eluted fraction was evaporated to dryness under a stream of nitrogen
and reconstituted with 100 pL of 0.05% formic acid in water.
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Figure S2. Postpreparative stability. Mean concentrations (ug/L) and SEM of phenolic compounds
recovered at 0 h (t=0) and at 24 h with two standard concentrations prepared in synthetic urine. A:
stability of the low concentration (5 ug L-for 3-HBA, 3-HT, 3-HT-G, PCA, 4-HBA, VA, SA, p,m,0-cou-
maric acids, ED, EL, Uro B; 12.5ug L' for GA, DHRSV, and Uro A; 25 ug L= for 3,4-DHPPA, 50 ug
L for 3-HPAA). B: stability of the high concentration (766 ug L-for 3-HBA, 3-HT, 3-HT-G, PCA, 4-
HBA, VA, SA, p,m,o0-coumaric acids, ED, EL, Uro B; 1915ug L™ for GA, DHRSV, and Uro A; 3830 ug
L1 for 34-DHPPA, 7660 ug L for 3-HPAA). 3,4-DHPPA 3 4-dihydroxyphenylpropionic
acid, 3-HPAA 3-hydroxyphenylacetic acid, 3-HBA 3-hydroxybenzoic acid, 3-HT 3-hy-
droxytyrosol, 3-HT-G 3-hydroxytyrosol glucuronide, 4-HBA 4-hydroxybenzoic acid,
DHRSV dihydroresveratrol, ED enterodiol, EL enterolactone, GA gallic acid, PCA proto-
catechuic acid, SA syringic acid, Uro A urolithin A, Uro B urilithin B, VA vanillic acid.
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Figure S3. Boxplot of general characteristics of participants according to gender.

BMI body mass index.A: BMI (kg/m?), B: Total Energy Intake (kcal/day), C: Macronutrients (g/day), D: Total pol-
yphenol intake (mg/day).* p-values < 0.05 from T-test analysis.
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Figure S4. Principal Component (PC) biplot of subclass of microbial phenolic metabolites (MPM)
according to tertiles of total polyphenol intake (1=546).

PC1, accounting for 21.33% of the total variance, included lignans; and PC2, account-
ing for 14.40%, included hydroxycoumarin acids, hydroxybenzoic acids, tyrosols, and stil-
benes.
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Cocoa-based products
Oliveoil 0.1
Potatoes 0 0.1
Nuts 0.1 0.1 0

Other vegetables 0.2 0.1 0.2 0

Tomato and tomato-based products 01 0 01 0

Green leaf vegetables 01 0 02 0
Yellow vegetables 0 01 0

Total vegetables 02 0.1 02 0
Citrus fruits A 0.1 0 0 0
Red fruits

Total fruits

Legumes 0.2 0.1 0.2 0 R
Whole grain cereals 0.1 0.2.0.1 02 0.2 0.1 0 0.8
Urinarystilbenes 0 0 0.1 0 0.1 0.1 0.1 0.1 0 0 0 ()01 0.1 0.1 0.6
Urinary hydroxyphenylpropionics 0.1 0 (%1 0 0 0 0 0 0.1 0 0.1 01 0 0 0 0.4
Urinary hydroxyphenylacetics 0.1 01 (01 0 0 0 0 0 01 0 0 01 0 0 0 0.2
Urinary hydroxycinnamics mo,l 0 0. 0 0.1 0. 0.1 0.1 0. 0.1 0.1 0 0.1 (01 0.0

Urinary hydroxybenzoics 0 ()0 0 (01 0 (1 (P11 0 0 (1 0 0 0 0 0 0.1

Urinary tyrosols 0.2 0.1 0.1 0 0 (01 0 0 (01 0 0 0 0 (01 0 0 01 04

Urinary hydroxycoumarins 0.1 (01 0.1 0.1 (01 ©0 01 0 0.1 0 ©0 0.2 0.2 0.1 02 0.1 01 0 0 0

Utinary lignans  (01° 0 (0.1 [D%al 0.1/ 0.1 .0,1 0 0 0 0 01 0 0.4 0 01 0 (1 0 (Jo1

Figure S5. Heatmap of Pearson correlation between subclass of microbial phenolic metabolites and
polyphenol-rich food group intake in adolescents.
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RESULTS

Table S1. Recovery obtained in Oasis HLB and PRiME HLB.

Recovery (%) Recovery (%)

Phenolic standard HLB PRiME HLB
Dihydroresveratrol 75% 71%
3,4-Dihydroxyphenylpropionic acid 62% 55%
Enterodiol 69% 76%
Enterolactone 69% 81%
Gallic acid 94% 84%
3-Hydroxybenzoic acid 89% 85%
4-Hydroxybenzoic acid 83% 75%
3'-Hydroxyphenylacetic acid 79% 77%
3-Hydroxytyrosol 86% 78%
3'-Hydroxytyrosol-3"-glucuronide 83% 75%
m-coumaric acid 85% 73%
o-coumaric acid 106% 101%
p-coumaric acid 89% 88%
Protocatechuic acid 98% 88%
Syringic acid 105% 87%
Urolithin-A 96% 58%
Urolithin-B 68% 40%
Vanillic acid 82% 68%

HBL (hydrophilic-lipophilic-balance cartridge). After the selection of Waters Oasis HLB 96-well
plates 30 um (30 mg) as cartridge for the SPE due its higher recovery, four different SPE procedures
were tested to obtain higher extraction of phenolic standards. More details are available in “Analyt-
ical condition testing before validation HPLC/ESI-LTQ-Orbitrap-HRMS method” from this supple-
mentary data.,
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Table S2. Characteristics of the validation of the HPLC/ESI-LTQ-Orbitrap-HRMS method: Linearity
ranges, coefficient of determination, and low limits of detection and quantification of microbial phe-
nolic metabolites.

Linearity
Compounds R,t Range Calibration Curve Equation R? Lob - 10Q
(min) (ug/L)  (ug/L)
(ng/L)

Gallic acid 169 252500 Y=1875.73x-0381799x>+144995 09988 035 116
3-Hydroxytyrosol 211 1-1000 Y =158299x-0.627282x:43434.06 09984 013 043
5 'Hydro");zy:i";col'g B0 11000 Y-2B40-107371x385089 09982 009 0.64
Protocatechuic acid 225 11000 Y=2456.96x-116492:45769.12 09979  0.04 0.3
4-Hydroxybenzoic acid 315 1-1000  Y=1603.96x-0.383033x45829.04 09992 006  0.20
3'4‘d’hyd“’X?Zih:"y'p“’p“’mc 384 55000 Y =158435x-0.185698x24261325 09975 033 111
3-Hydroxybenzoic acid 402 141000 Y=139037x-0.660198x24937.023 09972 021 071
3-Hydroxyphenylaceticacid 409 10-100000 Y = 126.989x-0.00834377x>-169.942 0.9979 329 1096
Vanillic acid 474 141000 Y =453431x-0.023629x4304.713 09977 018 0.6
Syringic acid 563 1-1000 Y =1000.29x-0.180888x:-981.368 09984 016 053
p-Coumaric acid 596 141000 Y=314849x-146337x2+1029.2 09989 011 036
m-Coumaric acid 654 11000 Y=2498.93x-100467x+10900.8 09990 010  0.32
o-Coumaric acid 720 141000 Y=234075x-103397x>-432812 09988 023 077
Dihydroresveratrol 8.73 2.50-2500 Y =678.148x-0.0970142x>-1417.62 09992 056  1.85
Enterodiol 917 141000 Y=39314x-175738x4538413 09979 005 0.8
Urolithin A 956  250-2500 Y=484123x-0.0277372-359379 09994 061 203
Enterolactone 1080 1-1000 Y =422975x-181222x+16770 09956 002 006
Urolithin B 1112 1-1000 Y =166147x-0424359x-317634 09990 018 058

Rt retention time, R? coefficient of determination, LOD limit of detection, LOQ limit of quantifica-
tion.
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Table S4. Identification of microbial phenolic metabolites in urine by HPLC/ESI-LTQ-Orbitrap-

HRMS.
Compound iecl:l?rlll*‘\:?- t Ton mass [M-H- mDa MS? fragment ions
P (min) Theoretical Experimental error [M-HJ-
mula
Lignans - Lignans
Enterodiol » C18H2204 9.17 301.1434 301.1434 0.00 271.1334
165 .
Enterodiol glucuronide I (ED) ~ C24H30010 7.48 4771755 4771751 040 9 ]6;52 ’0?;21 1442,
. . . 459.1644, 348.1826,
Enterodiol glucuronide Il (ED) ~ C24H30010  7.61 4771755 4771748 0.70 3011436, 175.0242
Enterodiol sulfate (ED) C18H2007S  7.50 381.0996 381.1005  -0.90 382.1031,301.1442
Enterolactone @ C18H1804 10.80 297.1121 297.1114 0.70 253.12275, 217.0500,
107.0499
. 455.1339, 343.0944,
Enterolactone glucuronide (EL)  C24H26010 877 473.1442 473.1434  0.80 297,128, 175.0243
Enterolactone diglucuronide (EL) C30H34016  7.24 649.1763 649.1783  -2.00 473.1469, 297.1135
Enterolactone sulfate (EL) C18H1807S 857 377.0683 377.0690  -0.70 297.1131
Phenolic acids-Hydroxybenzoic acids
Gallic acid # C7H605 1.69 169.0131 169.0141  -1.00 125.0243
Gallic acid glucuronide (GA) CI13H14011 1.85 345.0452 345.0447 050  169.0141, 125.0242
Gallic acid sulfate (GA) C7H608S  1.72 248.9693 2489700  -0.70 230'016:91 'gf:i%lo'
3- hydroxybenzoic acid C7H603 4.02 137.0233 137.0244  -1.10 93.0342
4-hydroxybenzoic acid * C7H603 3.15 137.0233 137.0247  -140 93.0342
Hydroxybenzoic acid glucuronide I 175.0244, 137.0241,
13H14 2. 13.0554 13.054 .
(HBA) C13H1409 50 313.055 313.0548  0.60 93,0342
Hydroxybenzoic acid glucuronide II 295.0821,175.0245,
(HBA) CI3H1409  2.00 313.0554 313.0551 0.30 137.0242, 93.0136
Hydroxybenzoic acid sulfate (HBA) C7H606S  1.89 216.9795 2169809  -1.40 137'02§16;Zf'9908'
Protocatechuic acid @ C7H604 225 153.0182 153.0197  -1.50 109.029
Protocatechuic acid glucuronide 153.0189, 175.0189,
(PCA) C13H14010 1.67 329.0503 329.0498 0.50 134.0469
L 153.0191, 188.9856,
Protocatechuic acid sulfate I (PCA) C7H607S  1.75 232.9744 232.9753 0.90 1090290, 96.959
233.9755, 214. ,
Protocatechuic acid sulfate IT (PCA) C7H607S  1.94 2329744 2329754  -1.00 339 1 g; 003 49653
Syringic acid » C9HI1005  5.63 197.0444 197.0459  -1.50 130557, 121.0295
o . - - _ . 355.1039, 329.1321,
Syringic acid glucuronide I (SA) ~ C15HI18011 4.68 373.0765 373.0760 0.50 197.0456, 175.0249
N . - - 354.0912, 329.1267,
Syringic acid glucuronide IT (SA) ~ C15H18011 4.88 373.0765 373.0755 1.00 197.0817, 175.0246
Syringic acid sulfate (SA) CY9H1008S  4.24 277.0006 277.0008  -0.20 197'0;1:;'017?25'0219'
Vanillic acid @ C8H804 474 167.0339 167.0354  -1.50 123.0450
Vanillic acid glucuronide I (VA) ~ C14H16010  2.76 343.0660 343.0651  0.90 175'012:; '022’0347'
Vanillic acid glucuronide I (VA) ~ C14H16010  2.31 343.0660 343.0650 1.00 175'012??15'9}16976'034&
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RESULTS

Vanillic acid sulfate (VA) C8H8O7S  2.03 246.9910 246.9910  0.00 2030017, 167.0344,
123.0450
Phenolic acids - Hydroxycinnamic acids
m-coumaric acid C9H803  6.54 163.0390 163.0405  -1.50 119.0500
o-coumaric acid ? C9H8O3  7.20 163.0390 163.0403  -1.30 119.0500
p-coumaric acid C9H8O3  5.96 163.0390 163.0405  -1.30 119.0500
Coumaric acid glucuronide I CI5H1609 477 339.0711 339.0710  0.10 321'0162;'0;7620245'
- . 295.0391, 175.0247,
Coumaric acid glucuronide II C15H1609  5.09 339.0711 339.0707  0.40 163.0400, 119.0500
321.0612, 295.1294,
Coumaric acid glucuronide I~ C15H1609  5.82 339.0711 339.0709 020  175.0250, 163.0403,
119.0502
o 199.0068, 163.0403,
Coumaric acid sulfate I C9HB8O6S 353 2429952 242.9953 0.10 119.0501, 96.9599
Coumaric acid sulfate II C9HBO6S 427 2429952 2429962 -1.00 199'0(1)?;' 01 :93?;0398'
Coumaric acid sulfate III C9HBO6S  4.74 242.9952 2429965  -1.30 199'0101692'0169:;0399'

Phenolic acids - Hydroxyphenylacetic acids
3-hydroxyphenylacetic acid C8H803 4.09 151.0390 151.0401  -1.10 107.0208

Hydroxyphenylacetic acid glucu- 309.0609, 175.0243,
ronide (3-HPAA) C14H1609 48 327.0711 327.0709 020 151.0397

Hyd“’xyphe”yﬂl;c:x acidsulfate 3+ 01006 224 2309952 2309963  -110 1510399, 108.0208
Phenolic acids - Hydroxyphenylpropanoic acids
3,4-dihydroxyphenylpropionic acid

a

C9H1004  3.84 181.0495 181.0508  -1.30 137.0603

Dihydroxyphenylpropionic acid sul- _ 217.0160, 181.0504,
fate (3,4-DHPPA) CY9H1007S  2.52 261.0057 261.0066 0.90 137.0603
Stilbenes
Dihydroresveratrol @ C14H1403 8.73 229.0865 229.0874  -0.90 185.0819
. . 245.0817, 229.0871,
Dihydroresveratrol sulfate I (DHR) C14H1406S 7.07 309.0427 309.0430 0.30 193.0504, 123.0449
Dihydroresveratrol sulfate 11 245.0810,
(DHR) C14H1406S  7.40 309.0427 309.0430 0.30 229.0861,175.0235
Other polyphenols - Hydroxycoumarins
Urolithin A CI3H804  9.56 227.0339 227.0353  -1.40 183.0047
Urolithin A glucuronide (Uro A)  C19H16010  6.98 403.0659 403.0666  -0.70 385'015;;'022%'0344'
Urolithin A diglucuronide (Uro A) C25H24016 6.88 579.0981 579.0988  -0.70  403.0688, 227.0352
Urolithin A sulfate (Uro A) CI3H8075  7.49 306.9901 3069906  -0.50 227.0347
Urolithin B » CI3H803 11.12 211.0390 211.0404  -1.40 167.0499
Urolithin B glucuronide (UroB) ~ C19H1609 851 387.0711 387.0713  -0.20 369'115;58'022212'0393'

Other polyphenols -Tyrosols
3-Hydroxytyrosol » C8H1003 211 153.0546 153.0561  -1.50 123.0452
3'hydroxytyrosol-3’-glucuronide = C14H1809  2.11 329.0873 329.0878  -0.50  153.056, 123.0452
Hydroxytyrosol sulfate (3-HT) C8H10065  1.82 233.0108 233.0113  -0.50 153.059?2615[? 9862,

scommercial standards, Rt retention time, mDa millidalton of error between the mass found and the
accurate mass of each (poly)phenol (absolute value). 3,4-DHPPA 3,4-dihydroxyphenylpropionic
acid, 3-HPAA 3-hydroxyphenylacetic acid, 3-HBA 3-hydroxybenzoic acid, 3-HT 3-hydroxytyrosol,
3-HT-G 3-Hydroxytyrosol glucuronide, 4-HBA 4-hydroxybenzoic acid, DHRSV Dihydroresvera-
trol, ED enterodiol, EL enterolactone, GA gallic acid, PCA protocatechuic acid, SA syringic acid, Uro 10
A urolithin A, Uro B urilithin B, VA vanillic acid. When standards were not available, the aglycone
was used for quantification (shown in brackets).
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RESULTS

Table S5. Pearson correlation coefficients between microbial phenolic metabolites and dietary pol-
yphenols in adolescents.

Parameterl Parameter2 R 95% CI . P-value
Low High

Urinary lignans Urinary hydroxycoumarins acids 0.09 0.01 0.17 0.058
Urinary lignans Urinary tyrosols 0.03 -0.05 0.11 0.654
Urinary lignans Urinary hydroxybenzoic acids -012  -0.20 -0.04 0.011
Urinary lignans Urinary hydroxycinnamic acids 0.25 0.18 0.33 <0.001
Urinary lignans Urinary hydroxyphenylacetic acids 0.11 0.03 0.19 0.021
Urinary lignans Urinary hydroxyphenylpropionicacids 005  -0.03 0.13 0.389
Urinary lignans Urinary stilbenes 0.34 0.27 041 <0.001
Urinary lignans Flavonoid intake 0.02 -0.06 0.11 0.712
Urinary lignans Phenolic acid intake 005  -0.04 0.13 0.468
Urinary lignans Stilbene intake 0.02  -0.07 0.10 0.797
Urinary lignans Lignan intake 0.09 0.01 0.18 0.073
Urinary lignans Tyrosol intake 0.06  -0.02 0.15 0.278
Urinary lignans Total polyphenol intake 004  -0.05 0.12 0.560
Urinary hydroxycoumarin acids Urinary tyrosols 0.06  -0.02 0.14 0.286
Urinary hydroxycoumarin acids Urinary hydroxybenzoic acids -0.04  -012 0.04 0.468
Urinary hydroxycoumarin acids Urinary hydroxycinnamic acids 0.11 0.03 0.19 0.021
Urinary hydroxycoumarin acids ~ Urinary hydroxyphenylacetic acids 0.08 0.00 0.16 0.123
Urinary hydroxycoumarin acids ~ Urinary hydroxyphenylpropionic acids ~ -0.04 ~ -0.12 0.04 0.515
Urinary hydroxycoumarin acids Urinary stilbenes 0.04  -0.04 0.12 0.515
Urinary hydroxycoumarin acids Flavonoid intake 0.13 0.05 021 0.008
Urinary hydroxycoumarin acids Phenolic acids intake 0.08 0.00 0.17 0.123
Urinary hydroxycoumarin acids Stilbens intake 0.08  -0.01 0.16 0.156
Urinary hydroxycoumarin acids Lignan intake 0.04  -0.04 0.13 0.497
Urinary hydroxycoumarin acids Tyrosol intake 0.03  -0.05 0.11 0.608
Urinary hydroxycoumarin acids Total polyphenol intake 0.13 0.05 0.21 0.008
Urinary tyrosols Urinary hydroxybenzoic acids 0.26 0.19 0.34 <0.001
Urinary tyrosols Urinary hydroxycinnamic acids 0.17 0.09 0.25 <0.001
Urinary tyrosols Urinary hydroxyphenylacetic acids 0.12 0.04 0.19 0.015
Urinary tyrosols Urinary hydroxyphenylpropionic acids ~ 0.13 0.05 0.20 0.008
Urinary tyrosols Urinary stilbenes 0.00  -0.08 0.08 0.952
Urinary tyrosols Flavonoid intake 003  -0.11 0.06 0.654
Urinary tyrosols Phenolic acids intake -0.05  -0.14 0.03 0.389
Urinary tyrosols Stilbene intake -005  -0.14 0.03 0.389
Urinary tyrosols Lignan intake -001  -0.09 0.07 0.857
Urinary tyrosols Tyrosol intake 0.08  -0.01 0.16 0.153
Urinary tyrosols Total polyphenol intake -002  -011 0.06 0.675
Urinary hydroxybenzoic acids Urinary hydroxycinnamic acids -0.03  -0.11 0.05 0.585
Urinary hydroxybenzoic acids Urinary hydroxyphenylacetic acids -011  -0.19 -0.03 0.016
Urinary hydroxybenzoic acids ~ Urinary hydroxyphenylpropionic acids ~ 0.23 0.15 0.30 <0.001
Urinary hydroxybenzoic acids Urinary stilbenes -003  -0.11 0.05 0.585
Urinary hydroxybenzoic acids Flavonoid intake -001  -0.10 0.07 0.847
Urinary hydroxybenzoic acids Phenolic acid intake -0.02  -0.11 0.06 0.712
Urinary hydroxybenzoic acids Stilbene intake -005 -013 0.04 0.468
Urinary hydroxybenzoic acids Lignans intake 0.02  -0.06 0.10 0.722
Urinary hydroxybenzoic acids Tyrosol intake 0.05  -0.03 0.14 0.389
Urinary hydroxybenzoic acids Total polyphenol intake -001  -0.09 0.08 0.927
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Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxycinnamic acids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylacetic ac-
ids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary hydroxyphenylpropi-
onic acids
Urinary stilbenes
Urinary stilbenes
Urinary stilbenes
Urinary stilbenes
Urinary stilbenes
Urinary stilbenes
Flavonoid intake
Flavonoid intake
Flavonoid intake
Flavonoid intake
Flavonoid intake
Phenolic acid intake
Phenolic acid intake

Urinary hydroxyphenylacetic acids

Urinary hydroxyphenylpropionic acids

Urinary stilbenes
Flavonoid intake
Phenolic acid intake
Stilbene intake
Lignan intake
Tyrosol intake
Total polyphenol intake

Urinary hydroxyphenylpropionic acids

Urinary stilbenes
Flavonoid intake
Phenolic acids intake
Stilbene intake
Lignan intake
Tyrosol intake
Total polyphenol intake
Urinary stilbenes
Flavonoid intake
Phenolic acid intake
Stilbene intake
Lignan intake
Tyrosol intake

Total polyphenol intake

Flavonoid intake
Phenolic acid intake
Stilbene intake
Lignan intake
Tyrosol intake
Total polyphenol intake
Phenolic acid intake
Stilbene intake
Lignan intake
Tyrosol intake
Total polyphenol intake
Stilbene intake
Lignan intake
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0.29
0.33
0.30
-0.04
0.05
0.01
0.09
0.09
-0.02

0.27

0.13

0.03

0.04

-0.01

0.04

0.00

0.03

-0.05

-0.03

-0.03

0.04

0.02

-0.05

0.09
0.00
0.03
-0.07
0.01
0.09
0.51
0.60
0.23
0.05
0.98
0.60
0.49

0.21
0.25
022
-0.12
-0.03
-0.07
0.00
0.01
-0.11

0.19

0.05

-0.05

-0.04

-0.09

-0.04

-0.08

-0.05

0.04

-0.13

-0.11

-0.12

-0.04

-0.07

-0.13

0.01
-0.08
-0.05
-0.15
-0.08

0.01

0.45

0.54

0.15
-0.04

0.98

0.54

0.42

0.36
0.40
0.37
0.05
0.13
0.10
0.17
0.18
0.06

0.34

0.21

0.11

0.12

0.08

0.12

0.09

0.12

0.20

0.04

0.06

0.05

0.13

0.10

0.04

0.17
0.08
0.11
0.02
0.09
0.18
0.57
0.65
031
0.13
0.98
0.65
0.55

<0.001
<0.001
<0.001
0.560
0.441

0.843
0.092
0.077
0.684

<0.001

0.005

0.608

0.515

0.928

0.505

0.946

0.585

0.011

0.441

0.663

0.585

0.505

0.788

0.441

0.081
0.991
0.608
0.234
0.927
0.074
<0.001
<0.001
<0.001
0.468
<0.001
<0.001
<0.001



RESULTS

Phenolic acid intake Tyrosol intake 0.16 0.08 0.24 0.001
Phenolic acid intake Total polyphenol intake 0.62 0.56 0.67 <0.001
Stilbene intake Lignan intake 0.28 0.20 0.36 <0.001
Stilbene intake Tyrosol intake 0.07 -0.01 0.15 0.219
Stilbene intake Total polyphenol intake 0.63 0.57 0.67 <0.001
Lignan intake Tyrosol intake 0.13 0.04 0.21 0.011
Lignan intake Total polyphenol intake 0.29 0.21 0.37 <0.001
Tyrosol intake Total polyphenol intake 0.09 0.01 0.17 0.081
CI confidence interval, R correlation coefficient. False discovery rate method (Benjamini &
Hochberg, 1995) was used to adjust p-values. p-values < (.5 are in bold.
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4.4. Urinary phenolic metabolites and cardiometabolic bealth parameters in adolescents

4.4.1. Article 7: Microbial Phenolic Metabolites in Urine Are Inversely Linked to
Certain Features of Metabolic Syndrome in Spanish Adolescents

Emily P. Laveriano-Santos, Paola Quifer-Rada, Marfa Marhuenda-Mufioz, Camila
Arancibia-Riveros, Anna Vallverdu-Queralt, Anna Tresserra-Rimbau, Ana Maria
Ruiz-Leoén, Rosa Casas, Ramoén Estruch, Patricia Bodega, Mercedes de Miguel,
Amaya de Cos-Gandoy, Jests Martinez-Goémez, Gloria Santos-Beneit, Juan M.
Fernandez-Alvira, Rodrigo Fernandez-Jiménez, and Rosa M. Lamuela-Raventos.
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Abstract

Introduction

Several studies have documented the effect of phenolic metabolites on cardiometabolic
outcomes, especially those derived from gut microbiota. However, scare evidence is
available in young population such as adolescents.

Obyjective
To explore the relationship between urinary phenolics and metabolic syndrome (MetS) and
its components in adolescents.

Methods

A cross-sectional study was conducted on 560 adolescents aged 12.02 £ 0.41 years, enrolled
at baseline in the SI! Program for Secondary Schools trial. The following MPM,
hydroxycinnamic acids (m-, ¢-, p- coumatic acids), dihydroxy-phenylpropionic acid,
dihydroresveratrol, enterolignans, gallic acid, hydroxybenzoic acids, hydroxyphenylacetic
acids, hydroxytyrosol, protocatechuic acid, syringic acid, urolithins (A, B), and vanillic acid,
were analyzed by HPLC-LTQ-Orbitrap-HRMS. MetS and its clinical features were defined

in accordance with the International Diabetes Federation.

Results
Out of all MPM, urolithin A was inversely associated with the diastolic blood pressure z-
score. Urolithin B was inversely associated with the MetS score and waist circumference z-

score. Additionally, higher levels of gallic acid were associated with lower odds of
presenting MetS (OR=0.85, 95% CI: 0.77; 0.93) and abdominal obesity (OR=0.93, 95% CI:
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(0.89; 0.98). Higher urolithin B levels were inversely associated with abdominal obesity
(OR=0.94, 95% CI: 0.89; 0.98) and high blood glucose (OR= 0.92, 95% CI.:0.88; 0.96)

Conclusion

Gallic acid, urolithins A and B were associated with lower odds of developing MetS and/or
some of its clinical features. These findings are relevant to formulating new hypotheses and
elucidating the effect of these compounds on metabolic syndrome in adolescents.

205



RESULTS

antioxidants

gy

Article

Microbial Phenolic Metabolites in Urine Are Inversely
Linked to Certain Features of Metabolic Syndrome in
Spanish Adolescents

Emily P. Laveriano-Santos

1,2

, Paola Quifer-Rada 3, Maria Marhuenda-Muiioz '-2, Camila Arancibia-Riveros ',

Anna Vallverdi-Queralt 202, Anna Tresserra-Rimbau -2+, Ana Maria Ruiz-Leén 259, Rosa Casas 250,

Ramon Estruch >°0, Patricia Bodega
, Gloria Santos-Benei

Jestis Martinez-Gémez 8

and Rosa M. Lamuela-Raventos

check for
updates

Citation: Laveriano-Santos, E.P.;
Quifer-Rada, P; Marhuenda-Mufioz,
M.; Arancibia-Riveros, C.;
Vallverdu-Queralt, A.;
Tresserra-Rimbau, A.; Ruiz-T.edn,
AM; Casas, R.; Fstruch, R.; Bodega,
P; et al. Microbial Phenolic
Metabolites in Urine Are Inversely
Linked to Certain Features of
Metabolic Syndrome in Spanish
Adolescents. Antioxidants 2022, 11,
2191. https:/ /doi.org/10.3390/
antiox11112191

Academic Editor: Stefania T Angelo

Received: 11 October 2022
Accepted: 4 November 2022
Published: 5 November 2022

Publisher’s Note: MDDl stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

(oMo

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org /licenses /by /
4.0/).

7,80, Mercedes de Miguel '3, Amaya de Cos-Gandoy 78

t 7.9, Juan M. Fernandez-Alvira ®, Rodrigo Fernandez-Jiménez 51011
1,2,%

Department of Nutrition, Food Science and Gastronomy, X1A, Faculty of Pharmacy and Food Sciences,
Institute of Nutrition and Food Safety (INSA-UB), University of Barcelona, 08028 Barcelona, Spain

2 Consorcio CIBER, M.P. Fisiopatologia de la Obesidad y Nutricién (CIBERObn),

Instituto de Salud Carlos TIT (ISCIIT), 28029 Madrid, Spain

LactApp Women Health, 08011 Barcelona, Spain

Department of Endocrinology & Nutrition, CIBER of Diabetes and Associated Metabolic Diseases,
Biomedical Research Institute Sant Pau, Hospital de la Santa Creu i Sant Pau, 08041 Barcelona, Spain
Department of Internal Medicine, Hospital Clinic, Institut d’Investigacions Biomeédiques August Pi T
Sunyecr (IDIBAPS), University of Barcelona, 08036 Barcelona, Spain

Mediterranean Diet Foundation, 08021 Barcelona, Spain

Foundation for Science, Health and Education (SHE), 08008 Barcelona, Spain

Centro Nacional de Investigaciones Cardiovasculares, 28029 Madrid, Spain

The Zena and Michael A. Wiener Cardiovascular Institute, Icahn School of Medicine at Mount Sinai,
New York, NY 10029, USA

10" CIBER de Enfermedades Cardiovasculares (CTBERCV), 28029 Madrid, Spain

Hospital Universitario Clinico San Carlos, 28040 Madrid, Spain

*  Correspondence: annatresserra@ub.edu (A.T.-R.); lamuela@ub.edu (R.M.L.-R.)

Abstract: (1) Background: To explore the association between microbial phenolic metabolites (MPM)
and metabolic syndrome (MetS) and its clinical features in adolescents aged 12.02 + 0.41 years.
(2) Methods: a cross-sectional study was conducted in 560 participants at baseline in the SI! Program
for Secondary Schools trial. The following MPM, coumaric acids (i#-, 0-, p-coumaric acids), dihy-
droxyphenylpropionic acid, dihydroresveratrol, enterolignans, gallic acid, hydroxybenzoic acids,
hydroxyphenylacetic acid, hydroxytyrosol, protocatechuic acid, syringic acid, urolithins (A, B), and
vanillic acid, were analyzed by HPLC-LTQ-Orbitrap-HRMS. MetS and its clinical features were
defined in accordance with the International Diabetes Federation. (3) Results: Out of all MPM,
urolithin A was inversely associated with the diastolic blood pressure z-score. Urolithin B was
inversely associated with the MetS score and waist circumference z-score. Additionally, higher levels
of gallic acid were associated with lower odds of presenting MetS (OR = 0.85, 95% CI: 0.77; 0.93) and
abdominal obesity (OR = 0.93, 95% CI: 0.89; 0.98). Higher urolithin B levels were inversely associated
with abdominal obesity (OR = 0.94, 95% CI: 0.89; 0.98) and high blood glucose (OR = 0.92, 95% CIL0.88;
0.96); (4) Conclusions: gallic acid, urolithin A and B were associated with lower odds of presenting
MetS or some of its clinical features in adolescents. This is the first study that evaluates several MPM
with MetS in adolescents, highlighting the importance of MPM on cardiometabolic health at early
life stages.

Keywords: microbiota; phytochemical; antioxidant compound; cardiovascular
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1. Introduction

Metabolic syndrome (MetS) refers to a cluster of physiological, clinical features, bio-
chemical, and metabolic conditions, including abdominal obesity, elevated blood pressure,
dyslipidemia, and hyperglycemia, which are cardiovascular risk factors and are associ-
ated with insulin resistance [1,2]. MetS in childhood and adolescence is strongly associ-
ated with a high risk of maintaining MetS in adulthood and developing atherosclerosis
and type 2 diabetes mellitus later in life [3]. In 2020, it was estimated that about 5% of
adolescents worldwide had MetS; its prevalence was found to be unrelated to the wealth
of individual countries [4] but linked to an increase in the rate of obesity stemming from
an unhealthy diet and sedentary lifestyle [5]. Moreover, exposition to endocrine-disrupt-
ing chemicals, such as bisphenol A, parabens, and phthalates at early life stages contrib-
utes to obesity and other MetS features in adolescents [6,7].

As mentioned, diet is one of the modifiable factors strongly associated with obesity
and MetS. The Mediterranean diet, characterized by foods rich in phenolic compounds, is
known to reduce cardiometabolic risk factors [8-10]. The impact of dietary (poly)phenols
on cardiometabolic health can be partly explained by their potential antioxidant action in
preventing reactive oxygen species (ROS) production and cellular oxidative stress. The
particular chemical structure of (poly)phenols makes them good electron or hydrogen
atom donors, neutralizing ROS [11]. Prebiotic properties and the ability to modulate gut
microbiota activity also have been attributable to phenolic compounds [12]. After inges-
tion, 85-90% of dietary (poly)phenols reach the large intestine, where they are metabo-
lized by the gut microbiota into new compounds (metabolites) with potentially beneficial
health effects [13,14]. The health effects of dietary (poly)phenols depend on the quantity
consumed and their absorption, distribution, metabolism, and elimination in biological
fluids [13]. The rate and extent of their absorption depend on the phenolic structure;
whereas aglycones and some glycosides can be absorbed in the small intestine, esters and
polymers are partly metabolized by gut microbiota and transformed into lower-molecu-
lar-weight compounds. These can be absorbed in the large intestine and reach the liver,
where they may undergo further phase 1T metabolism. Once in the systematic circulation,
phenolic metabolites are distributed to different target tissues and excreted through bi-
ological fluids, including urine, and can be identified through metabolomic approaches
[13,15,16]. As dietary (poly)phenols undergo extensive modification, the forms that ap-
pear in human urine (mainly glucuronides and sulfates) are usually different from the
parent compounds ingested in foods [13,14]. Several studies have documented the effect
of phenolic metabolites on cardiometabolic outcomes, especially those derived from gut
microbiota such as urolithins, phenolic acids (hydroxycinnamic acids, hydroxybenzoic ac-
ids, hydroxyphenylpropionic acids, hydroxyphenylacetic acids), enterolignans, and stil-
benes (dihydroresveratrol) [13,17,18]. However, most of them have performed in adult
populations.

Despite the plausible role of microbial phenolic metabolites (MPM) in cardiometa-
bolic health and MetS [17,18] and the importance of investigating their role in young pop-
ulation, the aim of the present study was to evaluate the association between MPM and
MetS and their clinical features in young adolescents in Spain using a targeted metabo-
lomic approach.

2. Materials and Methods
2.1. Study Population

This is a sub-study nested within the SI! (Salud Integral-Comprehensive Health) Pro-
gram for Secondary Schools trial (NCT03504059), a cluster-randomized controlled inter-
vention trial that evaluated the effectiveness of different educational intervention strate-
gies on cardiovascular health parameters in 1326 adolescents from 24 public Secondary
Schools in Spain. A detailed description of the original study design and recruitment pro-
cedures has been published by Fernandez-Jiménez et al. [19].
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The 601 subjects initially included in the present cross-sectional study had available
baseline data on MPM and were selected by simple random sampling [20].

2.2. Assessment of Cardiometabolic Parameters

Waist circumference (WC) was measured using non-elastic tape; to minimize errors,
the measurement was repeated three times, and the results were averaged [19]. Age- and
sex-specific WC z-scores were calculated according to the National Health and Nutrition
Examination III Survey data [21].

Systolic and diastolic blood pressure (SBP, DBP) (mm Hg) readings were taken with
the subject in a sitting position using a digital device (Omron M6, OMROM Healthcare
Co., Kyoto, Japan) according to standardized procedures [19]. Two readings were taken
atintervals of 3-5 min, and if they differed by at least 5 mm Hg for DBP and/or 10 mm Hg
for SBP, a third reading was taken. For this analysis, the lowest SBP and DBP values were
considered. The mean arterial pressure (MAP) was obtained using the lowest values of
SBP and DBP and calculated using the following formula: by the [(SBP - DPB)/3] + DBP.
DBP and SBP z-scores were estimated following the cut-offs specified by the High Blood
Pressure Working Group of the National Blood Pressure Education Program for children
and adolescents [22].

The levels of blood glucose (BG), triglycerides (TG), and high-density lipoprotein
cholesterol (HDL-c) were determined using a portable whole-blood analyzer in capillary
blood samples collected early in the morning and fasting [19]. All of the measurements
were performed by trained staff under standardized conditions.

Adolescents (aged 10 to <16 years) were considered to have MetS if they had ab-
dominal obesity (WC > 90th percentile) and at least two other clinical features, as defined
by the International Diabetes Foundation [1]: (1) SBP = 130 mm Hg or DBP > 85 mm Hg,
(2) TG 2150 mg/dL, (3) HDL-c < 40 mg/dL, or (4) BG 2 110 mg/dL. Additionally, a contin-
uous MetS score was calculated following the methodology of Shafiee et al. [23] as the
sum of standardized residuals for WC, MAP, HDL-c, TG, and BG, regressed for age and
sex [23]. The HDL-c was multiplied by -1 because a low value of this parameter is an
unfavorable factor of cardiometabolic risk. Thus, lower continuous MetS scores indicate a
better cardiometabolic profile [23].

2.3. Determination of Urinary Phenolic Metabolites
2.3.1. Reagents and Standards

Gallic acid (3,4,5-trihydroxybenzoic acid), 3-hydroxytyrosol (4-(2-hydroxyethyl)ben-
zene-1,2-diol), protocatechuic acid (3,4-dihydroxybenzoic acid), 4-hydroxybenzoic acid,
34-dihydroxyphenylpropionic acid, ~3'-hydroxyphenylacetic acid (2-(3-hydroxy-
phenyl)acetic acid), o-coumaric acid ((E)-2-(3-hydroxyphenyl)acetic acid), m-coumaric
acid ((E)-3-(3-hydroxyphenyl)prop-2-enoic acid), p-coumaric acid ((E)-3-(4-hydroxy-
phenyl)prop-2-enoic acid), enterodiol ((2R,3R)-2,3-bis[(3-hydroxyphenyl)methyl[butane-
1,4-diol), urolithin-A (3,8-dihydroxybenzo[c]chromen-6-one), and urolithin-B (3-hy-
droxybenzo[c]chromen-6-one) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). 3"-hydroxytyrosol-3'-glucuronide ((25,35,45,5R,65)-3,4,5-trihydroxy-6-
[2-hydroxy-5-(2-hydroxyethyl)phenoxy]oxane-2-carboxylic acid), dihydroresveratrol (5-
[2-(4-hydroxyphenyl)ethyl]benzene-1,3-diol), and (+)-cis,trans-abscisic acid D6 ((2Z,4E)-
3-methyl-5-[(15)-3,5,5-trideuterio-1-hydroxy-6,6-dimethyl-4-oxo-2-(trideuteriomethyl)cy-
clohex-2-en-1-yl]penta-2,4-dienoic acid) were obtained from Santa Cruz (Santa Cruz Bio-
technology, Santa Cruz, CA, USA). 3-hydroxybenzoic acid, vanillic acid (4-hydroxy-3-
methoxybenzoic acid), syringic acid (4-hydroxy-3,5-dimethoxybenzoic acid), enterolac-
tone ((3R4R)-3,4-bis[(3-hydroxyphenyl)methyl]oxolan-2-one), and creatinine were ob-
tained from Fluka (St. Louis, MO, USA). The standards were stored, protected from light,
and in powder form. Methanol and acetonitrile grade were obtained from Sigma-Aldrich
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Chemical Co. (St. Louis, MO, USA), formic acid (298%) from Panreac Quimica S.A. (Bar-
celona, Spain), and ultrapure water (Milli-Q) from a Milli-Q system (Bedford, MA, USA).

2.3.2. Urine Sample Collection and Treatment for MPM Analysis

Baseline spot urine samples were collected in the morning and fasting in 1 mL poly-
ethylene containers and stored at -80 °C prior to analysis. The extraction of phenolic com-
pounds was carried out using a method developed by our research group [20]. For the
sample preparation, urine (1 mL) was acidified with 2 pL of formic acid and centrifuged
(4 min, 15,000x g, 4°C) one time. The supernatant was then loaded onto Waters Oasis 96-
well reversed-phase phase extraction plates (30 um) (MA, USA) prior to plate activation
with 1 mL of methanol and 1 mL of 1.5 M formic acid. Sample clean-up was performed
with 500 L of 1.5 M formic acid and 0.5% methanol, and elution was achieved using 1
mL of methanol (acidified with 0.1% formic acid). Then, the eluted fraction was evapo-
rated to dryness under a nitrogen stream at room temperature and reconstituted with
Milli-Q water (0.05% formic acid) up to 100 pL. The extract was filtered with a 0.22 um
polytetrafluoroethylene 96-well plate filter from Millipore (Burlington, MA, USA). (+)-
cis,trans-abscisic acid d6 (500 ug/L) was used as the internal standard.

The calibration curves were prepared following the same procedure by spiking syn-
thetic urine at nine different concentrations of standard mixtures according to our previ-
ous method [20].

2.3.3. Chromatographic Conditions

MPM were identified and quantified by reverse-phase high-performance liquid chro-
matography coupled to linear trap quadrupole Orbitrap high-resolution mass spectrom-
etry (HPLC -LTQ-Orbitrap-HRMS), as previously described [20]. The liquid chromatog-
raphy system was an Accela chromatograph (Thermo Scientific, Hemel Hempstead, UK)
equipped with a quaternary pump and a thermostated autosampler set at 4 °C. The HPLC
column employed was a Kinetex F5 100 A (50 x 4.6 mm id., 2.6 um particle size from
Phenomenex (Torrance, CA, USA) at 40 °C. The mobile phases consisted of water/0.05%
formic acid (A) and acetonitrile/0.05% formic acid (B), with a flow rate of 0.5 mL min.
The non-linear gradient program started with 2% of solvent B, reaching 8% solvent B at
2.5 min, 20% solvent B at 7 min, 30% solvent B at 9 min, 50% solvent B at 11 min, 70%
solvent B at 12 min, and 100% of solvent B at 15 min. The initial conditions were re-estab-
lished at 16.5 min and maintained up to 21.5 min.

For accurate mass measurements, the HPLC system was coupled with an LTQ-Or-
bitrap-HRMS (Thermo Scientific, Hemel Hempstead, UK) equipped with an electrospray
ionization (ESI) source on the negative mode, with the following parameters: source volt-
age, 5 kV; sheath gas, 50 units; auxiliary gas, 20 units; sweep gas, 2 units; and capillary
temperature, 375 °C. Mass spectra (MS) were acquired in profile mode with a setting of
30,000 resolution at m/z 400. The mass range in Fourier transform mass spectrometry
mode was from m/z 100 to 2000, in combination with product ion scan experiments (res-
olution range 15,000-30,000 full-width at half maximum) [20].

MPM identification, described in detail by Laveriano-Santos et al., was based on their
accurate mass measurements with an error of 5 ppm and isotopic patterns, as well as the
existing literature [20]. Xcalibur 3.0 and Trace Finder version 4.1 (Thermo Fisher Scientific,
San Jose, CA, USA) were applied for the instrument control and chromatographic data
analysis.

In this study, 54 MPM were identified and quantified (aglycones and phase Il metab-
olites in glucuronide and sulfate form) (Table S1). MPM values below the limit of quanti-
tation (LOQ) were replaced by the mean LOQ/2.
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2.3.4. Creatinine Analysis

Urinary creatinine was measured using a Jaffé alkaline picrate method adapted for
microtiter 96-well plates described by Medina-Remon et al. [24]. Briefly, 3 uL of a spot
urine sample was mixed with 60 uL of aqueous picric acid solution (1%) and 5 uL of so-
dium hydroxide (10%) and maintained in darkness for 15 min. After adding 232 uL of
Milli-Q water, the absorbance was measured at 500 nm by a UV-vis spectrophotometer;
all of the experiments were performed in triplicate. The calibration curve was prepared
with a creatinine standard to quantify the creatinine concentrations in the spot urine sam-
ples. MPM concentrations were normalized by creatinine and expressed as pug MPM/g
creatinine.

2.4. Assessment of Covariates

The energy intake (kcal/day) was estimated from a semi-quantitative food frequency
questionnaire [25] using Spanish food composition tables [26,27].

Physical activity was measured by accelerometry (Actigraph wGT3X-BT, ActiGraph,
Pensacola, FL, USA). The participants wore accelerometers on the non-dominant wrist for
7 consecutive days [19]. Moderate-to-vigorous physical activity (min/day) was estimated
according to Chandler et al. (2016) [28]. Physical activity self-reported information ob-
tained by questionnaires was used if accelerometer data were missing (1 = 13; 2%) [19,29].
Finally, for this study, physical activity was categorized based on the recommendation of
the World Health Organization as (1) below or (2) at least 60 min/day of moderate-to-
vigorous physical activity [30]. Sexual maturity status was established using pictograms
according to the Tanner & Whitehouse method [31].

Information about household income was obtained from a validated questionnaire
answered by the parents [19]. Household incomes were categorized as low, medium, or
high based on salaries in Spain [32].

2.5. Statistical Analysis

Stata software version 16.0 (StataCorp., College Station, TX, USA) and R 4.2.1 (R Stu-
dio, 250 Northern Ave, Boston, MA,, USA) were used to perform the data analyses. The
data are expressed as mean + SD and frequency (percentage).

MPM outlier values were identified using a robust mean absolute deviation method
(MAD) [33], and 41 participants (7% of the selected sample) with MPM values of more
than 3MAD were excluded from the analysis, leaving a total of 560 participants (Figure
S1). The MPM were divided into 14 groups according to their chemical structure, and each
group included all the aglycone, glucuronide, and sulfate forms. Thus, statistical analysis
was carried out with the following MPM groups: coumaric acids (including p-, 0-, and m-
coumaric acid), dihydroxyphenylacetic acid, dihydroresveratrol, enterodiol, enterolac-
tone, gallic acid, hydroxybenzoic acids (including 3- and 4-hydroxybenzoic acids), hy-
droxyphenylacetic acid, hydroxytyrosol, protocatechuic acid, syringic acid, urolithin A,
urolithin B, and vanillic acid. As the MPM levels had a skewed distribution, the analysis
was carried out with their natural log-transformed concentrations.

Association between the log-transformed MPM (continuous) and cardiometabolic
health parameters (WC, DBP, SBP, BG, TG, HDL-c, and MetS scores, all continuous) was
determined using mixed-effects linear regression analyses. The fixed effect included two
different models: model 1 was adjusted for sex (females/males) and age (continuous,
years), whereas model 2 was model 1 plus Tanner maturation stage (from I to V), physical
activity (260 min/<60 min moderate-to-vigorous physical activity), household income
(low/medium/high), and energy intake (continuous, kcal/day). Mixed-effects logistic re-
gression was used to assess the associations between the log-transformed MPM (continu-
ous) and MetS presence (yes/no), as well as its clinical features, ((1) WC > 90th percentile,
(2) SBP > 130 mm Hg or DBP > 85 mm Hg, (3) TG > 150 mg/dL, (4) HDL-c < 40 mg/dL, (5)
BG 2110 mg/dL), adjusting for the same covariates as mentioned above. Municipality and
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schools were considered as random effects in all adjusted models. The results are ex-
pressed as unstandardized f coefficients or odds ratios (OR) and their 95% confidence
intervals (CI). To compensate for multiple testing, the Benjamin-Hochberg procedure was
applied, considering a false discovery rate (FDR) < 0.05 as significant [34], although all p
values below 0.05 are provided. To summarize the regression analyses, Forest plots were
applied using the “forester” package for R software. An analysis flowchart was designed
to visualize all the statistical analyses (Figure S2).

3. Results
3.1. Participant Characteristics

Out of a total sample of 601 adolescents, 560 (54% female) aged 12.0 + 0.4 years were
included in the study (Figure S1). The following mean measurements were obtained for
this sub-study: WC 73.6 cm, SBP 105.2 mm Hg, DBP 62.5 mm Hg, BG 102.9 mg/dL, TG
87.9 mg/dL, and HDL-c 62.4 mg/dL. Overall, 72% of the participants reported at least 60
min/day of moderate-to-vigorous physical activity. Regarding sociodemographic factors,
more than a third reported a high household income (Table 1).

Table 1. General characteristics of the participants (1 = 560).

Characteristics Total
Female, n (%) 304 (54)
Age, years 120+04
WC, em 73.6+114
SBP, mm Hg 1053 +£11.2
DBP, mm Hg 62.5+£9.3
BG, mg/dL 1029 £14.2
TG, mg/dL 87.9+472
HDL-c, mg/dL 624+16.5
MetS score 0.01 £3.04
MetS, (%) 16 (3)
Clinical features
Abdominal obesity, 1 (%) 122 (22)
High blood pressure, 1 (%) 2(0.4)
Low HDL-c, 1 (%) 32(6)
High TG, n (%) 43 (8)
High BG, n (%) 159 (28)
Total energy intake, kcal/day 2492.1 +586.4
Moderate-to-vigorous physical activity, 1 (%)
<60 min/day 156 (28)
260 min/day 404 (72)
Household income, 1 (%)
Low 173 (32)
Medium 144 (27)
High 216 (41)

Values are expressed as mean + SD for continuous variables or as a frequency (percentage) for cat-
egorical variables. BG blood glucose, DBP diastolic blood pressure, HDL-c high-density lipoprotein-
cholesterol, SBP systolic blood pressure, MetS metabolic syndrome, TG triglycerides, WC waist cir-
cumference.

Sixteen participants were diagnosed with MetS, and the overall crude prevalence of
MetS was 3%. 240 (43%) participants had one or two components of MetS, while 304 (54%)
had none. The mean MetS score was 0.01 + 3.04. Regarding MetS clinical features, 122 (22%)
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participants presented abdominal obesity (WC > 90th), 2 (less than 1%) had high blood
pressure (>130 mm Hg SBP or >85 mm Hg DBP), 43 (8%) had high TG (2150 mg/dL), 32
(6%) had low HDL-c (<40 mg/dL), and 159 (28%) had high BG (2110 mg/dL) (Table 1).

3.2. Association between MPM and Cardiometabolic Health Parameters

Mixed-effects linear regression models were generated to evaluate the association
between the log-transformed groups of MPM and the cardiometabolic health parameters.
In the fully adjusted multivariable model, adjusted for sex, age, Tanner maturation stage,
physical activity, household income, and energy intake, after multitesting adjustment for
FDR, the results showed that higher urolithin B levels (aglycone, glucuronide, and sulfate
forms) were associated with lower MetS score (= -0.08, 95% CI: -0.12; -0.04) (Figure 1
and Table S2), but also with lower WC z-scores (= -0.03, 95% CI: -0.04; -0.01) (Figure 2
and Table S2). Higher concentrations of urolithin A (aglycone, glucuronide, and sulfate
forms) were associated with lower DBP z-scores (= -0.02, 95% CI: -0.03; -0.01) (Figure 2

and Table S2).

Compound ) B (95% CI)

Coumaric acids —r—i 0.04 (-0.08 to 0.15)
Dihydroxyphenylpropionic acid *0:-4 -0.02 (-0.06 to 0.04)
Dihydroresveratrol o4 -0.03 (-0.09 to 0.03)
Enterodiol . -0.01 (-0.09 10 0.08)
Enterolactone '—0—%-' -0.12 (-0.28 t0 0.04)
Gallic acid 8-, -0.07 (-0.13 t0 -0.02)
Hydroxybenzoic acid '—E—O—' 0.10 (-0.08 to 0.27)
Hydroxyphenylacetic acid - 0.01 (-0.05 to 0.06)
Hydroxytyrosol o 0.01 (-0.05 to 0.07)
Protocatechuic acid I—Q—i—o -0.08 (-0.19 to 0.04)
Syringic acid o 0.04 (-0.03 to 0.10)
Urolithin A . -0.02 (0.05 10 0.02)
Urolithin B o+ ! -0.08 (-0.12 to -0.04)
Vanillic acid ———i 2002 (-0.17 t0 0.14)

I T i T 1
0.5 0.2 0.0 0.2 0.5

Lower MetS score Higher MetS score

Figure 1. Association between log-transformed groups of MPM and MetS score in adolescents. 3
coefficient, CI confidence interval, MetS metabolic syndrome, MPM microbial phenolic metabolites.
Mixed-effects linear regression between log-transformed MPM and MetS score. Fixed effect: sex (fe-
male/male), age (continuous, years), Tanner maturation stage (score from I to V), physical activity
(260 min/<60 min moderate-to-vigorous physical activity), household income (low/medium/high),
and energy intake (continuous, kcal/day). Municipality and schools were considered as random ef-
fects). * p-adjusted for multiple-testing using the Benjamin-Hochberg procedure considering a false
discovery rate < 0.05 as significant.
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Figure 2. Association between log-transformed groups of MPM and cardiometabolic health param-
eters in adolescents. (A): WC z-score, (B): SBP- z-score, (C): DBP z-score, (D): TG, mg/dL, (E): HDL-
¢, mg/dL, (F): BG, mg/dL. {3 coefficient, BG blood glucose, CI confidence interval, DBP diastolic
blood pressure, HDL-c high-density lipoprotein-cholesterol, MPM microbial phenolic metabolites,
SBP systolic blood pressure, TG triglycerides, WC waist circumference. Mixed-effects linear regres-
sion between log-transformed MPM and cardiometabolic health parameters. Fixed effect: sex (fe-
male/male), age (continuous, year), Tanner maturation stage (score from I to V), physical activity
(260 min/<60 min moderate-to-vigorous physical activity), household income (low/medium/high),
and energy intake (continuous, kcal/day). Municipality and schools were considered random effects.
* p-adjusted for multiple-testing using the Benjamin-Hochberg procedure, considering a false dis-
covery rate <0.05 as significant.
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3.3. Association between MPM and MetS and Its Clinical Features

The association between MPM and MetS and its clinical components was assessed
through mixed-effects logistic regression analyses (Figures 3 and 4 and Table S3). After
adjustment for an FDR, higher gallic acid levels (aglycone, glucuronide, and sulfate forms)
were associated with lower odds of presenting MetS (OR = 0.85, 95% CI: 0.77; 0.93) and
abdominal obesity (OR = 0.93, 95% CI: 0.89; 0.98) defined as WC 2 90th. Similarly, partici-
pants with higher urolithin B levels (aglycone, glucuronide, and sulfate forms) had lower
odds of having abdominal obesity (OR = 0.94, 95% CI: 0.89; 0.98) and high BG (OR =0.92,
95% CL:0.88; 0.96). High blood pressure was not considered in the statistical analysis as
only 2 participants (less than 1%) presented this condition (SBP > 130 mm Hg or SBP > 85
mm Hg), and therefore the analysis did not converge.

Compound OR (95% CI)

Coumaric acids —e— 0.93 (0.74 to 1.18)
Dihydroxyphenylpropionic acid '-:0-‘ 1.01 (0.90 to 1.13)
Dihydroresveratrol —— 1.09 (0.90 to 1.32)
Enterodiol —— 1.02 (0.85 to 1.23)
Enterolactone —e— 0.80 (0.59 to 1.09)
Gallic acid o i 0.85 (0.7 t0 0.93)
Hydroxybenzoic acid e G 1.06 (0.69 to 1.64)
Hydroxyphenylacetic acid - 0.97 (0.89 to 1.06)
Hydroxytyrosol o4 0.91 (0.83 t0 0.99)
Protocatechuic acid »—0—%—4 0.90 (0.73to 1.11)
Syringic acid ———i 1.13 (0.83 to 1.52)
Urolithin A o 0.95 (0.88 to 1.03)
Urolithin B —e— 0.85(0.73 10 0.99)
Vanillic acid »—E—Q—« 1.30 (0.87 to 1.94)

05 10 s 20 30
Lower odds Higher odds

Figure 3. Log-transformed groups of MPM with MetS in adolescents. CI confidence interval, MetS
metabolic syndrome; MPM microbial phenolic metabolites, OR odds ratio. Mixed effect logistic re-
gression between groups of MPM (log-transformed, continuous) and MetS (dichotomous). Fixed
effect: sex (female/male), age (continuous, years), Tanner maturation stage (score from I'to V), phys-
ical activity (260 min/<60 min moderate-to-vigorous physical activity), household income (low/me-
dium/high), and energy intake (continuous, kcal/day). Municipality and schools were considered as
random effects. * p-adjusted for multiple-testing using the Benjamin-Hochberg procedure, consid-
ering a false discovery rate < 0.05 as significant.

214



RESULTS

Antioxidants 2022, 11, 2191 10 of 18
A C
WC >90th HDL-c < 40 mg/dL

Compound OR (95% CI) Compound OR (95% C1)
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Figure 4. Log-transformed groups of MPM with MetS clinical features in adolescents. (A): WC >
90th, (B): TG = 150 mg/dL, (C): HDL-c < 40 mg/dL, (D): BG = 110 mg/dL. BG blood glucose, CI
confidence interval, HDL-c high-density lipoprotein-cholesterol, MPM microbial phenolic metabo-
lites, TG triglycerides, WC waist circumference. Mixed-effects logistic regression between groups of
MPM (log-transformed, continuous) and MetS clinical features (dichotomous). Fixed effect: sex (fe-
male/male), age (continuous, years), Tanner maturation stage (score from I to V), physical activity
(260 min/<60 min moderate-to-vigorous physical activity), household income (low/medium/high),
and energy intake (continuous, kcal/day). Municipality and schools were considered random effects.
High blood pressure was not considered in the statistical analysis as only 2 participants had this
condition (systolic blood pressure > 130 mm Hg or diastolic blood pressure =85 mm Hg), and there-
fore analysis did not converge. * p-adjusted for multiple-testing using the Benjamin-Hochberg pro-
cedure, considering a false discovery rate < 0.05 as significant.

4. Discussion

The results of the present cross-sectional study of 560 adolescents show that higher
urinary excretion of phenolic metabolites (gallic acid, and urolithin A and B) was associ-
ated with a lower WC z-score, DBP z-score, and MetS score and reduced odds of present-
ing MetS or some of its clinical features (abdominal obesity and high BG), after adjustment
for sex, age, Tanner maturation stage, physical activity, household income, and energy
intake.

The potential role of MPM on MetS and its clinical features have been documented
in several studies; however, most of them have been conducted in adult, in vitro, or animal
models.
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We observed that higher levels of urinary gallic acid (aglycone, glucuronide, and sul-
fate forms) were associated with lower odds of having MetS and abdominal obesity. Gallic
acid is a small phenolic acid, widespread in fruits and vegetables as a free molecule in
aglycone or esterified form [14,35]. Moreover, gallic acid is one of the main microbial me-
tabolites arising from hydrolysable tannins (gallotannins), anthocyanins, and galloylated
catechin (epigallocatechin gallate and epicatechin gallate) [14]. According to Esteban-
Torres et al., gut microbiota phyla such as Firmicutes, Proteobacteria, and Actinobacteria con-
tain gallate decarboxylase and/or tannase enzymes responsible for the degradation of di-
etary gallates and tannins, transforming into simpler compounds, such as gallic acid and
pyrogallol [36]. The therapeutic properties of gallic acid related to its strong antioxidant
activities have been demonstrated in several studies [35], but its effects have been scarcely
studied in adolescents. Gallic acid promotes mitochondrial biogenesis, a vital process for
maintaining cellular homeostasis in terms of energy production and heat generation,
which are closely associated with obesity, diabetes, and other metabolic disorders [35]. In
animal models, gallic acid and epicatechin gallate induce thermogenesis and mitochon-
drial biogenesis in brown adipocytes [37]. Gallic acid and its ester derivatives improve the
function of several mitochondrial enzymes involved in cellular energy homeostasis regu-
lating body weight and lipid and glucose metabolism [35,38]. The thermogenic effect of
galloylated catechins, especially epigallocatechin gallate, on weight loss has been studied
in human adults. The results from a meta-analysis based on five randomized, double-
blind, placebo-controlled clinical trials involving 112 participants showed that a moderate
daily intake of epigallocatechin gallate (300-600 mg dose) for a period of 2 days to 12
weeks increases energy expenditure in 158 kJ/day or 38 kcal/day compared to placebo [39].
In the same study, epigallocatechin gallate supplementation reduced WC and body fat
mass but not body mass index [39]. Another clinical trial showed that daily supplementa-
tion of green tea extract capsules, with a high concentration of galloylated catechins (ap-
proximately 1000 mg) for twelve weeks, reduced body weight and increased energy ex-
penditure and fat oxidation in sixty subjects aged 40-60 years and with overweight [40].

Concerning glucose metabolism, which is closely linked to MetS, gallic acid can re-
duce BG levels by suppressing glucose absorption in the intestinal cell via the inhibition
of sodium-dependent transporters [41]. Additionally, gallic acid stimulates glucose trans-
porter 4 translocation and increases glucose uptake activity in adipocytes, thus demon-
strating its antihyperglycemic properties [13,42-44]. A study of streptozotocin-induced
diabetic rats reported that supplementation of 10 and 20 mg/kg body weight of gallic acid
for 21 days decreased body weight, glycosylated hemoglobin, glucose-6-phosphatase ac-
tivity, pancreatic lipid peroxidation, and pancreatic damage [45]. In a randomized clinical
trial conducted in thirty-seven individuals aged 16-65 years with MetS, the daily con-
sumption of a beverage (650 mL) with high gallic acid content for twelve weeks did not
show changes in BG in the placebo and intervention group [46]. However, a significant
decrease in inflammatory biomarkers (interleukin 6 and 8-isoprostane), closely associated
with MetS, was observed in the intervention group [46]. These finding showed in the lit-
erature agree with our results and provide strong support for the possible effect of gallic
acid on MetS and obesity.

In the present study, higher levels of urinary urolithin A and B (aglycone, glucu-
ronide, and sulfate forms) were associated with better cardiometabolic health parameters
(lower MetS score, WC z-score, and DBP z-score) and reduced odds of presenting ab-
dominal obesity and high BG (the latter only with urolithin B). Urolithins are the final
metabolites of ellagitannins, the main group of hydrolysable tannins [13,14,47], which are
found in nuts and red fruits, including grapes, pomegranates, and some berries. Ellagitan-
nins are broken down into ellagic acids, which are transformed into urolithins by the ac-
tion of the gut microbiota [14,47,48]. Urolithins are metabolized in enterocytes and hepato-
cytes into glucuronide, sulfate, and methylated phase II metabolites and are excreted in
breast milk and urine [13,49]. Several studies in vitro and in animal models and some
human clinical trials have revealed a protective effect of urolithins (ellagitannin
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metabolites) against obesity, type 2 diabetes mellitus, cardiovascular diseases, and some
cancers [17,18,47]. Regarding blood pressure, we found that a higher excretion of urolithin
A was related to a lower DBP score, in agreement with Istas G. et al., who reported a
beneficial effect of plasma urolithins on endothelial function in healthy individuals aged
18-35 years after the consumption of 200 and 400 g of raspberries. Additionally, a reduc-
tion in blood pressure (central and peripheral) was observed after raspberry intake [50].
The results from a meta-analysis conducted in thirty randomized clinical trials showed
that pomegranate and nut (sources of ellagitannins) supplementation did not have a sig-
nificant reduction in SBP and DBP levels in adults. However, in a separate analysis, dif-
ferences in the regulation of blood pressure were observed; meanwhile, pomegranate in-
take significantly reduced DBP levels, and nut intake increased DBP [51]. The association
between urolithin A and blood pressure found in our study could be explained by the
antioxidant and anti-inflammatory properties of Urolithin A by decreasing inflammation
markers (prostaglandins E2, cyclo-oxigenase-2, and microsomal prostaglandins E syn-
thase-1) and inhibiting the activation of mitogen-activated protein kinase and nuclear fac-
tor kappa B [52]. Moreover, urolithin A mediates vascular function by inhibiting the ad-
hesion of monocytes and endothelial cell migration, as well as activating endothelial nitric
oxide synthase and releasing nitric oxide [53,54]. We also observed that higher urinary
levels of urolithin B were associated with lower odds of presenting abdominal obesity,
which could be attributed to its enhancing effects on thermogenesis, lipolysis, fatty oxida-
tion, and inhibition of lipogenesis and adipogenesis [47]. Significant interindividual vari-
ation has been observed in urolithin production and excretion, with an effect on cardi-
ometabolic health [14,17,18,48]. Based on urinary excretion, three urolithin metabotypes
(UMs) have been identified: UM-A individuals produce only urolithin A, those with UM-
B produce urolithin B and isourolithin A, and those with UM-0 are nonproducers
[14,17,18]. UMs could be used as biomarkers of gut microbiota [55]. In a Spanish cohort of
415 children and adolescents aged 5-17 years, who consumed 25 g of walnuts (peeled raw)
or 250 mL of pomegranate juice daily for three days, UM-B was associated with higher
odds of overweight-obesity defined by body mass index cut-offs compared to UM-A. In
this study, urolithin B was not evaluated separately; therefore, our results cannot be com-
parable. In our study, we did not evaluate urolithin metabotypes, and therefore their pos-
sible associations with cardiometabolic parameters cannot be determined [55]. Addition-
ally, we found that urolithin B was associated with lower odds of presenting high BG. By
contrast, Selma et al. did not find a relationship between urolithin B + isourolithin A in
urine and BG in fifty MetS subjects aged 42-61 years [17]. Our findings could be explained
by the protective effect of urolithins on the exocrine pancreas through the inhibition of
inflammatory signaling pathways, autophagy activation, and maintenance of mitochon-
drial function in pancreatic cells [48]. Hyperglycemia plays a pivotal role in the pathogen-
esis of cardiometabolic diseases through the stimulation of cellular oxidative stress, mito-
chondrial dysfunction, and inflammation [56]. According to the results from an in vitro
study, 1 uM urolithin B and B-glucuronide prevents inflammatory responses in rat cardiac
myocytes exposed to high glucose concentrations. Thus, the authors highlighted the im-
portance of a regular intake of ellagitannin-rich foods in the modulation of pro-inflamma-
tory mediators in hyperglycemic conditions [11,57]

In our cross-sectional study, coumaric acids (including p-, 0-, and m- coumaric acid),
dihydroxyphenylacetic acid, dihydroresveratrol, enterodiol, enterolactone, hydroxyben-
zoic acids (including 3- and 4-hydroxybenzoic acids), hydroxyphenylacetic acid, hydrox-
ytyrosol, protocatechuic acid, syringic acid, and vanillic acid; were not associated with
MetS and its clinical features in adolescents after the full-adjustment for confounder vari-
ables, in contrast with the literature reported in studies conducted in human adults, in
vitro, and in animal models [13,43,58,59].

To our knowledge, this is the first observational study to investigate the associations
of several MPM with cardiometabolic parameters and MetS and its clinical components
in young adolescents. Another strong point of the study is the precise extraction of
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phenolic metabolites from urine samples and the use of a novel targeted metabolomic
approach for their highly accurate identification and quantification. However, several lim-
itations also need to be acknowledged. First, as this is a cross-sectional study, causal asso-
ciations cannot be assumed, and the possibility of reverse causation cannot be excluded.
Second, the scope of the study did not include the elucidation of molecular mechanisms
underlying these associations. Third, inter-individual variation could affect the bicavail-
ability of MPM such as food matrix and processing, gut microbiota profile, genetic poly-
morphisms, enzymatic capacity (especially phase II enzymes) of the host [42,60], biologi-
cal rhythms [61], and environmental exposure (e.g., phthalates and phenols as endocrine
disruptors related to obesity indicators) [6,7], all of them were not determined in our study.
Fourth, as the participants did not use accelerometers in water sports or during competi-
tions, the physical activity levels may have been underestimated. Finally, as some partic-
ipants were probably evaluated in non-fasting conditions, the BG might be overestimated:
only 1/560 participants reported non-fasting, but BG levels seem too high for a healthy
adolescent population.

5. Conclusions

In summary, a higher concentration of MPM (gallic acid and urolithin A and B) was
associated with better cardiometabolic health (lower MetS scores) in a sub-sample of ad-
olescents enrolled at baseline in the SI! Program for Secondary Schools trial. Additionally,
MPM were associated with lower odds of presenting MetS or some of its clinical features,
such as abdominal obesity and high BG. These findings highlight the importance of
(poly)phenols from gut microbiota metabolism on cardiometabolic health at early life
stages. Further prospective analysis and clinical trials are strongly warranted to investi-
gate the effect of MPM on cardiometabolic health in this young population.
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Supplementary data

Microbial Phenolic Metabolites in Urine are Inversely Linked to
Certain Features of Metabolic Syndrome in Spanish Adolescents

Content:
Figure S1. Flow-chart of study participants

Figure S2. Analysis flow-chart

Table S1. Phenolic metabolites identified and quantified in urine by HPLC-LTQ-Orbitrap-HRMS
Table S2. Log-transformed group of MPM and cardiometabolic health parameters

Table S3. Log-transformed group of MPM and MetS and its components

Cohort: 1326 at baseline in the SI!
Program for secondary school trial

13 participants without urine
Random 46% cohort .
> samples

Participants with urinary phenolic
N=601 participants metabolites measured by HPLC-LTQ-
Orbitrap-HRMS

v

41 participants with very high
MPM excretion were
identified as outliers (median
+ 3MAD) and removed

A 4

N= 560 participants

Figure S1. Flow-chart of study participants.
HPLC-LTQ-Orbitrap-HRMS High-performance liquid chromatography coupled to linear trap

quadrupole Orbitrap high-resolution mass spectrometer, MAD median absolute deviation, MPM
microbial phenolic metabolites.
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RESULTS

Association between urinary MPM and cardiometabolic
parameters based on baseline data of
SI! Program for a secondary school trial:

v

54 urinary MPM detected by HPLC-LTQ-Orbitrap-HRMS
(Table S1)

A 4

14 groups of MPM (aglycones + phase 11 metabolism)
(Table S1)

/\

Multiple linear regression analysis
between groups of MPM (continuous)
and cardiometabolic health parameters

(continuous)
(Table S2, Figure 1, and Figure 2)

Figure S2. Analysis flow-chart.

Multiple logistic regression analysis
between groups of MPM (continuous)
and MetS and its components
(dichotomous)

(Table S3, Figure 3, and Figure 4)

HPLC-LTQ-Orbitrap-HRMS High-performance liquid chromatography coupled to linear trap
quadrupole Orbitrap high-resolution mass spectrometer, MetS metabolic syndrome, MPM

microbial phenolic metabolites.
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RESULTS

Table S1. Phenolic metabolites identified and quantified in urine by HPLC-LTQ-Orbitrap-HRMS.

Neutral Molecular

Compound Formula Rt (min)
Coumaric acids
m-coumaric acid @ CoHsOs 6.54
o-coumaric acid @ CoHsOs 7.20
p-coumaric acid @ CoHsOs 5.96
Coumaric acid glucuronide I (CA) CisH1600 4.77
Coumaric acid glucuronide II (CA) CisHi1s09 5.09
Coumaric acid glucuronide III (CA) CisHi609 5.82
Coumaric acid sulfate I (CA) CoHsO6S 3.53
Coumaric acid sulfate 11 (CA) CoHsO6S 4.27
Coumaric acid sulfate III (CA) CoHsO6S 4.74
Dihydroxyphenylpropionic acid
3,4-dihydroxyphenylpropionic acid @ CoH1004 3.84
Dihydroxyphenygvggli)oAr;ic acid sulfate (3,4- CoH1OS 250
Dihydroresveratrol
Dihydroresveratrol = Ci1aHu1Os 8.73
Dihydroresveratrol sulfate I (DHRSV) C1sH14O6S 7.07
Dihydroresveratrol sulfate II (DHRSV) C1aH1406S 7.40
Enterodiol
Enterodiol @ CisH2204 9.17
Enterodiol glucuronide I (ED) C24H30010 7.48
Enterodiol glucuronide II (ED) C24H30010 7.61
Enterodiol sulfate (ED) CisH20075 7.50
Enterolactone
Enterolactone @ C1sH1304 10.80
Enterolactone glucuronide (EL) C24H26010 8.77
Enterolactone diglucuronide (EL) Ca0H340n6 7.24
Enterolactone sulfate (EL) Ci1sH1s07S 8.57
Gallic acid
Gallic acid @ C7HeOs 1.69
Gallic acid glucuronide (GA) Ci13H140On1 1.85
Gallic acid sulfate (GA) C7HeOsS 1.72
Hydroxybenzoic acid
3- hydroxybenzoic acid 2 C7HeOs 4.02
4-hydroxybenzoic acid 2 C7HeOs 3.15
Hydroxybenzoic acid glucuronide I (HBA) CisH14O9 2.00
Hydroxybenzoic acid glucuronide II (HBA) CisH14Oo 2.50
Hydroxybenzoic acid sulfate (HBA) C7HeO6S 1.89
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Hydroxyphenylacetic acid

RESULTS

3-hydroxyphenylacetic acid @ CsHsOs 4.09

Hydroxyphenylacetic acid glucuronide (3-HPAA) C1aHi609 4.8

Hydroxyphenylacetic acid sulfate (3-HPAA) CsHsO6S 2.24

Hydroxytyrosol

3-hydroxytyrosol CsH100s 2.11

3’hydroxytyrosol-3’-glucuronide @ CiaHis0Op 2.11

Hydroxytyrosol sulfate (3-HT) CsH1006S 1.82

Protocatechuic acid

Protocatechuic acid = C7HeOs 2.25

Protocatechuic acid glucuronide (PCA) CisH14Ono 1.67

Protocatechuic acid sulfate I (PCA) C7HeO7S 1.75

Protocatechuic acid sulfate IT (PCA) C7HesO7S 1.94
Syringic acid

Syringic acid @ CoH100s 5.63

Syringic acid glucuronide I (SA) CisH1s0n1 4.68

Syringic acid glucuronide II (SA) CisHisOn 4.88

Syringic acid sulfate (SA) CoHi100sS 4.24
Urolithin A

Urolithin A 2 CisHsOxs 9.56

Urolithin A glucuronide (Uro A) Ci1sH16010 6.98

Urolithin A diglucuronide (Uro A) C25H24016 6.88

Urolithin A sulfate (Uro A) CisHsO7S 7.49

Urolithin B

Urolithin B @ Ci3HsOs 11.12

Urolithin B glucuronide (Uro B) C19H1600 8.51
Vanillic acid

Vanillic acid @ CsHsOs 474

Vanillic acid glucuronide I (VA) C1sHi16010 2.31

Vanillic acid glucuronide II (VA) CiaHi60n0 2.76

Vanillic acid sulfate (VA) CsHsO75 2.03
a  Commercial standards, Rt retention time, CA coumaric acid, 3,4-DHPPA 3,4-

dihydroxyphenylpropionic acid, 3-HPAA 3-hydroxyphenylacetic acid, 3-HBA 3-hydroxybenzoic
acid, 3-HT 3-hydroxytyrosol, 3-HT-G 3-Hydroxytyrosol glucuronide, 4-HBA 4-hydroxybenzoic acid,
DHRSV Dihydroresveratrol, ED enterodiol, EL enterolactone, GA gallic acid, PCA protocatechuic
acid, SA syringic acid, Uro A urolithin A, Uro B urolithin B, VA vanillic acid. When standards were
not available, the aglycone was used for quantification (shown in brackets).
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GLOBAL DISCUSSION

5. GLOBAL DISCUSSION

The prevalence of obesity and metabolic syndrome in adolescents is increasing the
risk of a wide range of metabolic disorders like CDVs and T2DM in adulthood, and
all-cause mortality (4,7,14-16). The high number of adolescents living with MetS
highlights the need for multisectoral interventions to decrease the global burden of
MetS and its components, including obesity. Therefore, strategies based on healthy
dietary habits and active lifestyles are needed to enhance cardiometabolic health in
adolescents, for instance by creating health programs especially designed for them.

Obesity, the main contributor to cardiometabolic complications, is an energy
imbalance between calories consumed and calories expended. According to this
definition, we could imagine that the main dietetic intervention is based on energy
restriction, and of course, the control of food portion size at mealtime. However,
more strategies are necessary to avoid obesity (107). Dietary diversity including
different plant-based food groups is a great dietary option, like the Mediterranean
diet, because of its high content of fiber, vitamins, minerals, and phytochemicals
(108,109). In the world of phytochemicals, (poly)phenols are one of the most
important because they are widely distributed in most plant foods. Several
observational studies and clinical trials conducted in adults have shown the role of
(poly)phenols on cardiometabolic health parameters, even with the low risk of
CVDs mortality (79,81-84). Nevertheless, the lack of evidence in adolescents
generates the question whether (poly)phenols could have an implication on
cardiometabolic health in this target population.

Additionally, the diversity and the complexity of (poly)phenols lead to difficulties in
their dietary estimation in epidemiological studies. Therefore, diverse approaches
have been developed to estimate dietary (poly)phenols, using dietary tools like
FFQs, or more recently, identifying biomarkers using analytical methods
(45,68,70,72-74,102,110).

This thesis aimed to study the role of dietary (poly)phenol, estimated by different
approaches, on cardiometabolic health parameters in a cohort of adolescents aged
11 to 14 years old enrolled in the SI! Program for secondary schools in Spain.
Overall, our findings suggested that among adolescents: 1) dietary (poly)phenols
estimated by FFQ)s are related to some cardiometabolic and adiposity parameters, ii)
Total (poly)phenol in urine as a biomarker of (poly)phenol intake is related to a
better cardiovascular profile, iii) LC-LTQ-Orbitrap-HRMS is an accurate analytical
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method to evaluate phenolic metabolites in urine samples, iv) some phenolic
metabolites are related with better cardiometabolic health.

5.1. Dietary (poly)phenols estimated by FFQs are related to some cardiometabolic and

adiposity parameters

Dietary (poly)phenol intake and their main food sources were estimated in 944
adolescents, using Phenol-Explorer database and baseline FFQ, using a
standardized method previously described by Tresserra-Rimbau ¢f a/. and Castro-
Barquero e al. (79,80). The mean intake of total (poly)phenol intake was 683.2 *
379.4 mg/day and the median of 598.6 mg/day. This value differed from the
median of 326 mg/day reported in a cohort of 2428 European adolescents aged
12.5 to 17.5 years old in 9 European countries within the HELENA study (111). In
another study, the mean intake of total (poly)phenols was 455 * 263.2 mg/day in a
cohort of 2045 adolescents aged 11 to 18 years old in the UK (112). The higher
values of total (poly)phenols showed in our study compared to the two cohorts,
could be due to the difference in flavonoid intake: approx. 206 mg/day in the
HELENA cohort, 355.4 £ 230.9 mg/day in the UK cohort, and in our study 530.1
+ 331.3 mg/day. Flavonoids and phenolic acid were the main (poly)phenol
subclasses intake in our study, representing 77.6% and 14.3% of total (poly)phenol
intake, with similar results found in the two cohorts previously mentioned. Lignans
and stilbenes had a lower contribution to total (poly)phenol intake, below 0.6%,
likewise to a previous study in a European adolescents’ cohort (111). The main food
sources of (poly)phenols were fruits or fruit juices, vegetables, cocoa-based
products, and nuts. Similar results were shown in the HELENA and UK studies.

The intake of total (poly)phenol flavonoids and phenolic acids was higher in gitls.
Similar results from HELENA study, girls had more (poly)phenol and flavonoid
intake than boys, and no significant differences between sex were found in the
other subclasses of (poly)phenols (111). Participants with parents with
primary/secondary school education levels had a higher intake of phenolic acids.
Contrarily, in the HELENA cohort, higher (poly)phenol intake and flavonoids were
reported in adolescents with parents with higher education, but no association was
found with phenolic acid intake (111).

One of the important points of estimating habitual (poly)phenol intake through
FFQs is to understand the protective effect of long-term dietary (poly)phenol
exposure on health (68,70). In article 2, higher total (poly)phenol intake and some
subclasses of (poly)phenols, especially flavonoids, phenolic acids, stilbenes, and
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“other (poly)phenols” were associated with lower values of WC z-score, MAP z-
score, DBP z-score, BG, TG, and HDL-c (except for stilbenes, which a direct
association was observed), after the adjustment of anthropometric, lifestyle,
sociodemographic and dietary covariates. Some of these findings agree or are
contradictory with other observational studies. In the HELENA study, no
association was observed between quartiles of total energy-adjusted (poly)phenol
intake with WC z-score, SBP z-score, DBP z-score, BG, and TG in 657 European
adolescents (100). Although both studies are conducted in adolescents, there are
some differences in polyphenol intake (the median (poly)phenol intake in the
HELENA study was 347.2 mg/day, lower than in our study: 683.2 + 379.4
mg/day), probably by differences in dietary patterns. In the HELENA study, about
70% of the adolescents were from non-Mediterranean countries (100). Other
studies conducted in adult populations with higher MetS risk and higher dietary
(poly)phenol intake support some of our findings. In a cohort of Poland and Italian
adults, higher total (poly)phenol intake was associated with lower values of WC, BP,
and better lipid profile (lower TG and higher HDL), although some results varied
according to sex (113,114). In the PREDIMED-Plus cohort, higher total
(poly)phenol intake (mean of 846 + 318 mg/day) was related to higher values of
HLD-c in 6,633 adults aged 65.0 * 4.9 years old with MetS in Spain (79). By
contrast, we found an inverse association with HDL-c, probably because our
sample population is young and mostly healthy while the PREDIMED-plus
population has MetS.

Flavonoid, phenolic acid, lignan, stilbene, and “others (poly)phenol” intake; were
analyzed separately due to the heterogeneity in their chemical structures and their
different bioavailability. We found that a higher intake of flavonoids was associated
with a lower WC z-score, DBP z-score, and HDL-c compared to the lowest intake.
Similar findings were shown in adults with metabolic complications within the
TOSCA.IT and PREDIMED-Plus cohort (79,114). By contrast, in the HELENA
study, higher flavonoid intake was only associated with BMI z-score. Although in
our study, BMI z-score was considered as a covariate in all cardiometabolic health
parameters evaluated, except in WC, in a separate analysis, we showed that the high
flavonoid intake was associated with a lower BMI z-score (3=-0.09, P= <0.001),
likely to HELENA study (100). One plausible mechanism to explain the
relationship between dietary (poly)phenols and BP is that flavonoids regulate NO
levels by increasing the activation of NO synthase and endothelial NO synthase,
influencing BP (115). Regarding obesity, flavonoids could inhibit the differentiation
of adipocytes, promote fatty acid oxidation, increase thermogenesis and energy
expenditure, and decrease the synthesis of fatty acids, all of them implicated in

239



GLOBAL DISCUSSION

weight maintenance and lipid profile (116). Prebiotic properties of flavonoids also
might affect microbiota metabolism. We found that high phenolic acid intake was
associated with lower values of WC z-score, BG, and TG. These results agree with
observational studies conducted on adults (114,117). In the HELENA study, two
phenolic acids (ferulic acid and hydroxycinnamic acid) were inversely associated
with WC (100). Phenolic acids are implicated in several pathways related to obesity,
lipid, and glucose metabolism. They suppress lipid accumulation in 3T3-L1
adipocytes and regulate insulin, leptin, adiponectin, and proinflammatory cytokines
(118,119). Higher stilbene intake was associated with a better lipid profile (lower
TG and higher HDL-c levels). In contrast, in HELENA study, no association was
found between stilbenes and cardiometabolic health parameters in European
adolescents (111). We also found some contradictions with flavonoid intake because
its consumption was inversely associated with HDL-c levels, maybe because our
sample population is young and healthy. Further longitudinal studies are needed to
clarify the true direction of these associations. Contrary to other studies in adults,
we did not find significant associations between lignans and cardiometabolic health
parameters.

In article 3 we analyzed the relationship between flavonoids from cocoa-based
products and adiposity parameters in adolescents. The rationale of this paper was
the large set of evidence about cocoa and obesity in adults shown in several
systematic reviews, but the lack of studies conducted in adolescents (120-124). As
mentioned, cocoa-based products are one of the main contributors to dietary
(poly)phenol and flavonoid intake in adolescents. The main findings showed that
participants with a higher intake of flavonoids from cocoa-based products had
lower values of BMI z-score, and WHtR, and a lower probability of abdominal
obesity. In the case of flavonoids from cocoa powder, an inverse association was
found with BMI z-score, WC z-score, WHtR, fat mass percentage (%FM), and fat
mass index (FMI) z-score. Concerning dark chocolate, an inverse association was
observed only with WC z-score. Additionally, no association was found between
flavonoids from milk chocolate intake and any adiposity parameters, probably
because of its very low flavonoid content.

As observed, not all phenolic compounds have the same associations with all
cardiometabolic health parameters evaluated. Therefore, promoting a healthy and
diverse dietary pattern in adolescents based on a higher intake of (poly)phenol-rich
foods (fruits, vegetables, nuts, cocoa-based products, etc.), could be the way to
improve cardiometabolic health in this population.
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5.2. Total (poly)phenol in urine as a biomarker of (poly)phenol intake is related to a

better cardiovascular profile

In article 4, we showed that the highest excretion of TPE, measured by Folin-
Ciocalteu spectrophotometric method, was associated with lower body fat
percentage, TG, TC, and LDL-c cholesterol in boys, after adjusting for all
confounder variables. In gitls, higher TPE was associated with less values of SBP
and SBP, and TC. The present finding is consistent with a previous study conducted
by our research group in adults with high CVDs risk, where TPE was inversely
associated with BP, possibly by stimulating the formation of vasoprotective factors
such as NO in plasma (125). Due to the previous association observed between
TPE and individual cardiometabolic health parameters, in article 5, we described
the association between TPE and cardiovascular health (CVH) score for the first
time. In this study, the CVH score was calculated using the cut-offs established by
the American Heart Association based on health behaviours (smoking status, BMI,
physical activity, and healthy diet) and health factors (BP, total cholesterol, and
blood glucose) data. Our main findings were that higher TPE was associated with
higher (healthier) CVH scores, ideal TC, but also with other aspects of a healthy
lifestyle, such as ideal smoking status and physical activity. The association between
TPE and CVH score was observed only in boys, after a separate analysis by sex.
The beneficial role of dietary (poly)phenols, measured by TPE, on cardiovascular
health has been described in several observational and clinical trials and reported
throughout this discussion section (55,79,81,82,88,100,114,117,125-129).

5.3. LC-LTQ-Orbitrap-HRMS is an accurate analytical method to evaluate phenolic

metabolites in urine samples

The development and application of new technologies to determine phenolic
compounds and their metabolites in biological samples is increasing. We developed
an analytical method to identify and quantify 54 urinary phenolic metabolic (mainly
microbial phenolic metabolites) even aglycones and phase II metabolites by LC-
LTQ-Otbitrap HRMS in a large epidemiological study (601 urine samples from
adolescents at baseline of the SI! Program for secondary school) (Article 6).

As mentioned, LC-LTQ-Orbitrap HRMS 1is extensively used for accurate
identification of (poly)phenols in nutrimetabolomic studies. According to the results
of different publications, HRMS is a fully-appropriate approach for quantitative L.C-
MS analysis due to its versatility and robustness characteristics (74—77). Kaufmann
et al. reported similar performance in terms of sensitivity, selectivity, linearity,
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accuracy, and precision, between HRMS and MS/MS methods in the analysis of
240 pesticide residues in different matrices (78). Grund et al., compared HRMS and
QqQ systems for the determination of protease inhibitors, tyrosine kinase
inhibitors, metanephrines, and steroids (compounds routinely measured in hospital
laboratories), reporting similar values with both techniques in terms of limit of
detection (LOD), precision, accuracy, and curve calibration (77). Bruce ez al.
compared the LC-HRMS and LC-MS/MS systems for the quantification of vitamin
D metabolites in human serum, obtaining excellent correlations between both
methods (130). Herrero ez al. also compared the capabilities of HRMS with an
Orbitrap analyzer with respect to the MS/MS with QqQ analyzer to quantify
organic contaminants in sewage, obtaining for both methods similar limit of
quantification (LOQ), LOD, linear range, and repeatability for glucocorticoids, and
better LOD and LOQ for polyether ionophores with the HRMS method (131).

Although several publications have evaluated the comparison between HRMS and
MS/MS quantitative methods, most of them ate related to drugs, hormones, or
contaminants. There are few studies that evaluated this comparison in
(poly)phenols. Cavaliere ef al. reported the comparison between HRMS and QqQ
systems in the quantification of (poly)phenols in wine, showing better performance
of HRMS approach in terms of sensitivity, linearity range, matrix effect, and
precision (132). Vallverdda-Queralt e a/. also reported that a linear ion trap Orbitrap
mass spectrometer (LC-LTQ-Orbitrap-HRMS) was the technique that presented
more sensitivity and better resolution of mass spectra compared to QqQ (LC-
MS/MS) to identify phenolic compounds in tomato samples (76). In addition to
this, LC/HRMS has been extensively applied to the quantification of phenolic
compounds in leafy vegetables, foods, and beverages (76,132—1306), but fewer in
biological samples.

Apart from our study (article 6), only two studies validated a quantitative method
using HRMS in biological samples, and our study is the only method applied in
large human samples. Ordonez e al validated an HPLC-HRMS method to
determine microbiota-derived phenolic acids and aromatic compounds in urine,
reporting that HPLC-HRMS was suitable for the analysis of phase II metabolites,
providing complete information on MPM-mediated by degradation of orange juice
(poly)phenols (137). Pereira-Caro e al. also developed a method UHPLC-HRMS to
identify and quantify flavanol metabolites and microbial-derived catabolites in urine,
plasma, and feces samples of rats (138).
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We also investigated the correlation between microbial phenolic metabolites and
dietary (poly)phenols, finding that whole grain intake was correlated with lignans
(enterodiol, enterolactone, and their derivatives), and nut intake with urolithins (A
and B and their derivatives), in agreement with previous studies (139,140). Thus,
suggesting these microbial phenolic metabolites are candidate biomarkers for intake
of these food groups in adolescents.

5.4. Some urinary phenolic metabolites are related to better cardiometabolic health

In article 7, we explained the cross-sectional results of a sub-study conducted in
560 adolescents within the SI! Program cohort and we observed that higher urinary
phenolic metabolites (UPM), namely gallic acid, urolithin A and B and their
derivatives, were associated with lower values of WC z-score, DBP z-score, MetS
score, and lower probability of having MetS, as well as some of its clinical
components (abdominal obesity and high BG), after adjustment for sex, age,
Tanner maturation stage, physical activity, household income, and energy intake.

We found that higher gallic acid (aglycone, glucuronide, and sulfate form) was
associated with lower odds of having MetS and abdominal obesity. Gallic acid in its
aglycone form, is easily absorbed in the stomach and small intestine. This phenolic
compound is widely distributed in fruits and vegetables as aglycone or esterified, but
it is also a final UPM derived from the metabolism of flavonoids, the most
abundant class of (poly)phenol, as tannins (141,142), likely by the action of gut
microbiota. Plausible mechanisms explain the action of gallic acid on
cardiometabolic disorders, especially with body weight maintenance, lipid, and
glucose metabolism (142,143). Gallic acid is one of the final products of gut
microbiota metabolism of galloylated catechins (epigallocatechin gallate, epicatechin
gallate, and epicatechin) (141), which modulate gut dysbiosis influencing obesity
(144). In animal models, gallic acid and epicatechin gallate induce thermogenesis
and browning in adipocytes (145), through the activation of enzymes involved in
energy homeostasis (142,143). In the Caco2-cell line, gallic acid inhibits glucose
absorption through the inhibition of sodium-dependent SGLT1 transporters (1406).

Additionally, higher levels of urinary urolithin A and B (aglycone plus glucuronide
and sulfate form) were associated with lower MetS score, WC z-score, and/or DBP
z -score, and with lower probability of having abdominal obesity and high BG (only
for wrolithin B). Urolithins are the final product of ellagitannins metabolism
(45,141,147). Ellagitannins are widely distributed in nuts and red fruits.
Ellagitannins are broken down into ellagic acids, which are further metabolized into
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urolithins by gut microbiota action (98,141,147). In vitro, animal, and some human
clinical studies have shown the protective effect of urolithins on cardiometabolic
diseases, even obesity (147-149). Istas G. e al. suggested the beneficial effect of
plasma urolithins on vascular function in healthy individuals, after the consumption
of raspberries (150). The inverse association between urolithin B and abdominal
obesity found in our study could be explained because urolithins enhance
thermogenesis, lipolysis, and fatty oxidation (147). We observed an inverse
association between urolithin B and the probability of having high BG. In contrast
with this, Selma e 2/ showed that only urinary urolithin A was inversely correlated
with fasting glucose in MetS patients (149). Likely, because urolithins could act by
inhibiting inflammatory signaling pathways, activating autophagy, and maintaining
mitochondrial function in pancreatic cells (98).

In our cross-sectional study, hydroxycinnamic acids (p-, 0-, and 7-coumaric acids),
dihydroxyphenylacetic  acid, dihydroresveratrol, enterodiol, enterolactone,
hydroxybenzoic acids (3- and 4-hydroxybenzoic acids), hydroxyphenylacetic acid,
hydroxytyrosol, protocatechuic acid, syringic acid, and vanillic acid; were not
associated with MetS and its clinical features in adolescents after the full-adjustment
for confounder variables. These results are in contrast with the literature reported in
previous studies (45,89,95,151,152).

5.5. Limitations and strengths

There are some limitations to be considered in the present thesis. One of them is its
cross-sectional design, which precludes causal assumptions about dietary
(poly)phenol and differences in cardiometabolic health parameters.

Regarding (poly)phenol intake measurement by FFQs, some biases are prone
because misreporting is common in dietary self-assessment in adolescents.
Although we exclude FFQ with extremely low and high energy intake (less than 803
or above 4013 kcal/day for boys, and less than 502 or above 3511 kcal/day for
girls) (153,154), adolescents with high values of BMI tend to report lower energy
intake, and this is more likely in adolescents with self-image dissatisfaction (155).
Additionally, although (poly)phenol intake was estimated using a comprehensive
database (Phenol-explorer) and a standardized technique, information about some
foods widely consumed in Spain or specific areas in Spain is still scared because they
have not been characterized or are poorly characterized in the Phenol-Explorer
database, and in consequence, there is some variation in the estimation of phenolic
content. In addition to this, environmental and food processing conditions can alter
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the (poly)phenol content in a way that we cannot estimate (68). Finally, as we
pointed out in the introduction section, the bioavailability of dietary (poly)phenol is
influenced by several biological factors which included interaction with food matrix,
nutrients, gut microbiota, genetics (polymorphisms), plasma proteins, age, sex, etc.
Although age and sex, and some foods and or nutrients have been considered in
our regression models as covariates, the interindividual variation associated with all
these relevant factors cannot be estimated. Therefore, the association between
dietary (poly)phenol intake and cardiometabolic health parameters might be
distorted by dietary data bias.

Regarding urinary (poly)phenols, although Folin-Ciocalteu is a rapid and easy
method to estimate total (poly)phenols content in urine and in consequence total
dietary (poly)phenol intake; it is not possible to calculate the weight of individual
phenolic compounds in the relationship with cardiometabolic parameters.
Therefore, the metabolomic technique used in this thesis is relevant to find these
individual associations. However, some limitations are needed to be acknowledged
in this topic. Our study did not aim to elucidate the underlying molecular
mechanisms to understand these associations. Additionally, several factors affect the
direct bioavailability of phenolic metabolites, being one of them the gut microbiota
profile, which was not contemplated in our study.

Strengths of the present study include the large sample size and the standardization
of measures performed in the SI! Program for Secondary Schools trial to reduce
bias. Up to this date, this is one of the few studies about dietary (poly)phenol intake
and cardiometabolic health parameters in adolescents, and this is the first study
evaluating the several phenolic metabolites associated with cardiometabolic
parameters in this target population, highlighting the importance to generate more
evidence. Another strength is the precise identification and quantification of urinary
phenolic metabolites through a validated analytical method. Finally, all the analyses
were conducted in the same cohort, therefore, we could generate a global

conclusion about this Spanish study.
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6. CONCLUSION

According to the stated objectives and the results described in the articles presented
in this thesis, the main conclusions were as follow:

General conclusion:

Higher dietary (poly)phenol intake and its metabolites were associated with better
cardiometabolic health and its parameters like body weight/composition, blood
pressure, fasting glucose, and lipid profile; in adolescents aged 11 to 14 years old
from a Spanish cohort.

Specifics conclusions:

- Higher total (poly)phenol intake and some subclasses of (poly)phenols,
especially flavonoids, phenolic acids, stilbenes, and “other (poly)phenols”
were associated with lower values of WC, BP, BG, TG, and HDL-c (except
for stilbenes, which directly association was observed).

- Higher flavonoids from cocoa-based products, especially cocoa powder and
dark chocolate, were associated with adiposity parameters and with lower
probability of having abdominal obesity. However, these associations were
not observed in case of flavonoids from milk chocolate.

- Total (poly)phenols in wurine analyzed by the Folin-Ciocalteu
spectrophotometric method and used as a marker of (poly)phenol intake,
was inversely associated with BP, TC, and with better or healthier
cardiovascular health.

- We developed an analytical method to identify and quantify 54 urinary
phenolic metabolites (mainly microbial phenolic metabolites) including
aglycones and phase II metabolites through LC-LTQ-Orbitrap-HRMS
approach in a large epidemiological study. We identified lignans (enterodiol,
enterolactone) and urolithins (A and B) as candidate marker of whole grains
and nuts intake, respectively.

- Higher urinary excretion of phenolic metabolites (gallic acid, urolithin A and
B) was associated with lower values of WC, DBP, MetS score, and lower
probability of having MetS, abdominal obesity and high BG.

249



CONCLUSION

Future perspectives

This thesis helps to collect dietary data which supports the development of
nutritional guidelines including safe doses of (poly)phenol, and the development of
educational and health policies targeting dietary habits based on a high intake of
(poly)phenol-rich food groups to protect cardiometabolic health in adolescents.

In a future perspective, further studies (longitudinal and clinical trials) are needed to
expand knowledge on dietary (poly)phenol intake and its metabolites with
cardiometabolic health in adolescents. In particular:

- Longitudinal studies are needed to observe the direction of the relationship
between dietary (poly)phenols and cardiometabolic health continuing over
time, having a relevant clinical change in the same cohort.

- Clinical trials for a long time and at a large scale are needed to elucidate the
effect on cardiometabolic parameters of safe dose-response of a dietary
(poly)phenol intervention during adolescence and its consequence in
adulthood.

- Interindividual variation studies considering gut microbiota profile and
polymorphisms evaluated in adolescents are needed to understand if this
variable affects the relationship between dietary (poly)phenols and
cardiometabolic health parameters.
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adolescents enrolled in the SI! Program: a cross-sectional study.

Emily P. Laveriano-Santos, Camila Arancibia-Riveros, Anna Tresserra-Rimbau,
Ana Marfa Ruiz-Leén, Sara Castro-Barquero, Ramoén Estruch, Patricia Bodega,
Mercedes de Miguel, Amaya de Cos-Gandoy, Vanesa Carral, Gloria Santos-Beneit,
Juan M. Fernandez-Alvira, Rodrigo Fernandez-Jiménez, Valentin Fuster, and Rosa

M. Lamuela-Raventos
VI Workshop Anual del INSA-UB, 2021
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Poster 2. Relationship between cacao flavonoids, adiposity indicators, and
blood pressure in Spanish adolescents.

Emily P. Laveriano-Santos, Camila-Arancibia, Sonia L. Ramirez-Garza, Anna
Tresserra-Rimbau, Sara Castro-Barquero, Ana Ruiz, Ramén Estruch, Patricia
Bodega, Mercedes de Miguel, Amaya de Cos-Gandoy, Xavier Orrit, Gloria Santos-
Beneit, Juan Miguel Fernandez-Alvira, Rodrigo Fernandez-Jiménez, Valentin
Fuster, Rosa M. Lamuela-Raventos.

XII Symposium Ciber Fisiopatologia de la Obesidad y Nutricion. October 26- 28,
2021.

Poster 3. Polifenoles en orina y su relacion con factores de riesgo
cardiovascular en adolescentes espafoles del Programa Si! en Educacion
Secundaria.

Emily P. Laveriano-Santos, Isabella Parilli-Moser, Sonia L. Ramirez-Garza, Anna

Tresserra-Rimbau, Ramén Estruch, Gloria Santos-Beneit, Juan Miguel Fernandez-
Alvira, Rodrigo Fernandez-Jiménez, Valentin Fuster, Rosa M. Lamuela-Raventos.

IV Virtual Congress FESNAD. November 03-06, 2020

Poster 4. Relationship between (poly)phenols and body weight in
adolescents, pilot study.

Laveriano-Santos EP, Treserra-Rimbau A, Domenech M, Estruch R , Santos-
Beneit G, Fernandez-Alvira JM, Fuster V, Lamuela-Raventés RM.

XVII Congtreso de la Sociedad Espanola de Nutriciéon. Barcelona, June 27-29, 2018.
ANNALS OF NUTRITION AND METABOLISM 73, 34-35

Poster 5. Relationship between (poly)phenols and cardiovascular risk factors
in adolescents, pilot study.

Emily P. Laveriano-Santos, Sonia Ramirez-Garza, Carolina Storniolo, Anna

Treserra-Rimbau, Monica Domenech, Ramon Estruch, Ana Ruiz, Patricia Bodega,
Mercedes de Miguel, Gloria Santos-Beneit, Juan Miguel Fernandez-Alvira, Rodrigo
Fernandez-Jiménez, Valentin Fuster, Rosa M. Lamuela-Raventos.

XII International Conference Mediterranean Diet. Barcelona, April 18-19, 2018.
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Poster 6. Nutritional status and total urinary (poly)phenols in adolescents:
picture from a pilot study.

Emily P. Laveriano-Santos, Sonia L.. Ramirez-Garza, Carolina E. Storniolo, Anna

Tresserra-Rimbau, Monica Domenech, Ramon Estruch, Patricia Bodega, Mercedes
de Miguel, Gloria Santos-Beneit, Juan Miguel Fernandez-Alvira, Rodrigo
Fernandez-Jiménez, Valentin Fuster.

IV Workshop INSA-UB. Barcelona, November 15, 2018.

Oral communication

Communication 1. Microbial phenolic metabolites and their relationship
with (poly)phenol-rich foods in Spanish adolescents enrolled in the SI!
Program for secondary schools: a cross-sectional study.

Emily P. Laveriano-Santos, Maria Marhuenda-Mufioz, Anna Vallverdu-Queralt,
Anna Tresserra-Rimbau, Camila Arancibia-Riveros, Ana Marfa Ruiz-Lebén, Ramén
Estruch, Patricia Bodega, Mercedes de Miguel, Amaya de Cos-Gandoy, Vanessa
Carral, Gloria Santos-Beneit, Juan M. Fernandez-Alvira, Rodrigo Fernandez-
Jiménez, Valentin Fuster, and Rosa M. Lamuela-Raventés

The 3rd International Conference on Food Bioactives and Health. June 21-24,
2022, Parma, Italy.

Communication 2. Microbial phenolic metabolites and metabolic syndrome
score in adolescents: preliminary results
Emily P. Laveriano-Santos, Paola Quifer-Rada, Maria Marhuenda-Mufioz, Camila

Arancibia-Riveros, Anna Vallverdu-Queralt, Anna Tresserra-Rimbau, Ana Maria
Ruiz-Leoén, Rosa Casas, Ramoén Estruch, Patricia Bodega, Mercedes de Miguel,
Amaya de Cos-Gandoy, Jests Martinez-Goémez, Gloria Santos-Beneit, Juan M.
Fernandez-Alvira, Rodrigo Fernandez-Jiménez, and Rosa M. Lamuela-Raventos.

The “Scientific Antipasti before FBHC”, Satellite meeting at the 3™ International
Conference on Food Bioactives & Health. June 20, Parma — Italy

Other communication activities

Invited Speaker- Short conference: “Polifenoles del cacao y obesidad en
adolescentes espafioles”

Emily Laveriano-Santos

22 Congreso-Foro AdENyD, 09-10 june 2022, Vitoria-Gasteiz, Spain.
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Awards

Best poster. XII International Congress of Mediterranean Diet. Barcelona, April
18-19, 2018. “Relationship between (poly)phenols and cardiovascular risk factors in
adolescents, pilot study”.

Best poster. IV Workshop INSA-UB. Barcelona, November 15, 2018. Nutritional
status and total urinary (poly)phenols in adolescents: picture from a pilot study

Project Participation

2017-2021 School-based Behavioral Intervention to Face Obesity and
Promote Cardiovascular Health Among Spanish Adolescents.

Principal investigators: Valentin Fuster, Ramon Estruch, Rosa M. Lamuela, Gloria
Santos, Juan Fernandez, Rodrigo Jiménez.

Fundacio la Marat6 de TV3 (Barcelona, Barcelona)
https:/ /www.clinicaltrials.gcov/ct2/show/NCT03504059

2020-2022 FoodPhyt Project: Food phytochemicals matter for
cardiometabolic health.

Principal investigator: Dr. Manach Claudine INRAE- NutriVasc Research Group-
France).

https:/ /wwwo.inrae.fr/foodphyt/

Pre-doctoral stay

National Research Institute for Agriculture, Food and the Environment
(INRAE) — Nutrition Unit NutriVasc Research Group- France). January —
April 2022. Supervisor: Dr. Manach Claudine

Untargeted metabolomic analysis to identify urinary biomarkers of cocoa intake
using high-resolution mass spectrometry, management of plant-food phytochemical
online-database (PhytoHub), and systematic-review methodology to conduct a
study about raw and processed tomato with cardiometabolic health parameters
based on human clinical trials.

275



	EPLS_COVER
	Tesis2_RLR opt

