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Abstract: This study examines the correlation of acute and habitual dietary intake of flavan-3-ol
monomers, proanthocyanidins, theaflavins, and their main food sources with the urinary concen-
trations of (+)-catechin and (-)-epicatechin in the European Prospective Investigation into Cancer
and Nutrition study (EPIC). Participants (N = 419, men and women) provided 24-h urine samples
and completed a 24-h dietary recall (24-HDR) on the same day. Acute and habitual dietary data
were collected using a standardized 24-HDR software and a validated dietary questionnaire, respec-
tively. Intake of flavan-3-ols was estimated using the Phenol-Explorer database. Concentrations
of (+)-catechin and (-)-epicatechin in 24-h urine were analyzed using tandem mass spectrometry
after enzymatic deconjugation. Simple and partial Spearman’s correlations showed that urinary
concentrations of (+)-catechin, (-)-epicatechin and their sum were more strongly correlated with
acute than with habitual intake of individual and total monomers (acute rpartial = 0.13–0.54, p < 0.05;
and habitual rpartial = 0.14–0.28, p < 0.01), proanthocyanidins (acute rpartial = 0.24–0.49, p < 0.001; and
habitual rpartial = 0.10–0.15, p < 0.05), theaflavins (acute rpartial = 0.22–0.31, p < 0.001; and habitual
rpartial = 0.20–0.26, p < 0.01), and total flavan-3-ols (acute rpartial = 0.40–0.48, p < 0.001; and habitual
rpartial = 0.23–0.33, p < 0.001). Similarly, urinary concentrations of flavan-3-ols were weakly correlated
with both acute (rpartial = 0.12–0.30, p < 0.05) and habitual intake (rpartial = 0.10–0.27, p < 0.05) of apple
and pear, stone fruits, berries, chocolate and chocolate products, cakes and pastries, tea, herbal tea,
wine, red wine, and beer and cider. Moreover, all comparable correlations were stronger for urinary
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(-)-epicatechin than for (+)-catechin. In conclusion, our data support the use of urinary concentrations
of (+)-catechin and (-)-epicatechin, especially as short-term nutritional biomarkers of dietary catechin,
epicatechin and total flavan-3-ol monomers.

Keywords: urine; catechin; epicatechin; flavan-3-ols; biomarkers; intake; EPIC

1. Introduction

Flavan-3-ols or flavanols are a large and complex flavonoid subclass widely present in
a number of plant-origin foods such as pome fruits (e.g., apples and pears), legumes, cocoa,
tea and wine [1,2]. Flavan-3-ols can be divided into monomers: catechin, epicatechin,
epigallocatechin, gallocatechin, and their gallate derivatives; and their oligomeric and
polymeric forms, also known as proanthocyanidins, of which the degree of polymerization
can range from 2 to 50 units or more [3,4]. Theaflavins and thearubigins are flavanol-
derived compounds formed as result of oxidation and polymerization reactions during
fermentation of the green leaves in black tea production [5]. Bioavailability of flavan-3-ols
depends largely on their degree of polymerization. While monomers are partially absorbed
in the small intestine; oligomers and polymers need to be biotransformed by the colonic
microbiota to low molecular weight metabolites (phenolic acids and lactones) prior to
absorption [6].

Flavan-3-ols are the most consumed flavonoid class by far in Europe and globally,
contributing to >70% of total flavonoids [7]. In European adults, flavan-3-ol intake varies
from 124.8–160.5 mg/day (for Greek women and men) to 376.6–453.6 mg/day (for UK
women and men), flavan-3-ol monomers (18.6–44.9%) and proanthocyanidins (48.8–80.8%)
being the main contributors [2]. Flavan-3-ols have been reported to exhibit antioxidant,
anti-inflammatory, immunomodulatory, antiallergic, and antiviral effects, as well as to
have the capacity to modulate gut microbiome [8]. In addition, epidemiological studies
have suggested that the intake of flavan-3-ols may contribute to the prevention of several
chronic diseases such as diabetes, metabolic syndrome, cardiovascular disease and some
cancer types [9,10].

Current epidemiological data on flavan-3-ol intake mostly rely on self-reported question-
naires, including 24-h dietary recalls (24-HDR), food records, and food frequency question-
naires (FFQ), which estimate flavan-3-ol exposure using food composition databases [1,11].
However, although these instruments can clearly differentiate between extreme intakes;
they do not take into account the variability of food composition, as well as the extensive
metabolism that flavan-3-ols undergo after their intake. In addition, traditional methods
can be hampered by the individual’s misreporting of their consumption [12]. To overcome
such limitations, over the past decades, there has been an increasing interest in the identifi-
cation and quantification of small molecules present in blood and urine reflecting the intake
of specific foods or food components, including polyphenols [13]. Nutritional biomarkers
are essential to accurately estimate the intake of polyphenols and properly investigate
their potential beneficial relationships with health outcomes. However, to date, there is
limited evidence of potential flavan-3-ols intake biomarkers. Thus, in the current study, we
aimed to assess the correlation between acute and habitual dietary intake of flavan-3-ols,
their main food sources and the 24-h urinary concentrations of two flavan-3-ol monomers:
(+)-catechin and (-)-epicatechin. The rationale to include proanthocyanidins and theaflavins
in our study is that both usually concurrent with monomers in some flavanol-rich food
sources such as apples, pears and tea.

2. Materials and Methods
2.1. Study Population

The European Prospective Investigation into Cancer and Nutrition (EPIC) study is
a prospective study, which involves the participation of 23 centers from 10 European
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countries. It includes more than half a million adults of both sexes, mostly recruited from
the general population between 1992 and 2000 [14,15]. The investigation was approved
by the ethical review boards of the International Agency for Research on Cancer (IARC)
and all the local institutions involved. All participants also signed an informed consent
form. In the present study, a convenience subsample of 419 women and men, aged between
34 and 73 years from eight centers, in three countries (France, Italy and Germany) was
included. It should be noted that in France and Naples (Italy) only women were recruited.
All participants completed a single 24-h dietary recall (24-HDR) and provided a 24-h urine
sample on the same day.

2.2. Dietary and Lifestyle Information

Acute dietary intake was assessed by means of a single 24-HDR, applied in a face-
to-face interview using the standardized software EPIC-Soft (renamed as GloboDiet) [16].
Habitual dietary data of the previous year were collected using a quantitative dietary
questionnaire (DQ) specific to each center in France, Germany, and Italy, except in Naples
where a semi-quantitative food frequency questionnaire was applied [14,15]. The DQs
were developed and validated in each center [15]. The average time interval between the
application of the DQ and the 24-HDR interview varied between 1 to 3 years, according
to each country/center [17]. Dietary intakes of three subclasses of flavan-3-ols, including
monomers, proanthocyanidins and theaflavins, were estimated using the Phenol-Explorer
database [11,18]. Total intake of each flavan-3-ol subclass and total intake of flavan-3-ols
were calculated as the sum of the individual compounds belonging to each subclass. Total
daily energy intake was estimated using the EPIC standardized nutrient database [19]. The
acute and habitual intakes of 14 food and food groups (i.e., apple and pear, grape, berries,
banana, chocolate and chocolate products, cakes and pastries, coffee, tea, herbal tea, wine,
red wine, beer and cider) were used to calculate correlations with urinary (+)-catechin and
(-)-epicatechin. The selection of these foods was based on their contribution (≥0.2%) to
the intake of flavan-3-ol monomers in Mediterranean and non-Mediterranean countries
from the EPIC study [2]. Lifestyle information such as smoking status and physical activity
was obtained at the beginning of the study by means of standardized questionnaires [14].
Demographic and anthropometric data were self-reported by study participants during
24-HDR interviews.

2.3. Samples and Analytical Method

Urine samples were collected, stored, and analyzed as previously described [20].
Briefly, urine samples were collected over a 24-h period and stored at −20 ◦C using boric
acid as a preservative. The integrity of the 24-h urine samples was monitored using p-
aminobenzoic acid. Samples with p-aminobenzoic acid recovery <70 and >110% were
excluded from this study. (+)-Catechin and (-)-epicatechin were analyzed in 24-h urine
samples using an ultra-performance liquid chromatography–tandem mass spectrome-
try system (UPLC-MS/MS). An Acquity CSH C18 column (Waters, 2.1 mm × 100 mm,
1.7 µm) maintained at 50 ◦C, was used as UPLC stationary phase, whereas the following
solvents were used as mobile phase: solvent A, 0.1% formic acid in methanol/water 10/90
(v/v/v); solvent B, acetonitrile. Before their analysis, urine samples were treated with
a β-glucuronidase/sulfatase enzyme mixture and extracted twice with ethyl acetate. All
phenolic groups in (+)-catechin and (-)-epicatechin were quantitatively marked using a dif-
ferential isotope-labelling method. The limits of quantification (LOQ) for (+)-catechin and
(-)-epicatechin were 0.04 and 0.10 µM, respectively. Intra-assay and inter-assay coefficient
of variability (CV) were 7.5 and 17.4 for (+)-catechin, and 6.0 and 17.5 for (-)-epicatechin.
Urinary excretion of both (+)-catechin and (-)-epicatechin was expressed as µmol/24 h.
Total urinary flavan-3-ols was calculated as the sum of (+)-catechin and (-)-epicatechin.
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2.4. Statistical Analyses

Urinary concentrations of (+)-catechin and (-)-epicatechin that fell below the LOQ
were established to values corresponding to half of the LOQ. Descriptive statistics, includ-
ing number of non-consumers or number of samples <LOQ, median and 10th and 90th
percentiles were used for both urinary concentrations and dietary intakes of flavan-3-ols.
The Kruskal-Wallis test was used to compare the levels of urinary flavan-3-ols by demo-
graphic and lifestyle characteristics. Spearman’s rank correlations were used to assess
the relationships between urinary flavan-3-ol concentrations and dietary variables (i.e.,
flavan-3-ols and food sources) estimated using the 24-HDR and DQ. Partial Spearman’s
correlations were conducted to assess the correlation between dietary flavan-3-ol intake
and urinary flavan-3-ol levels while adjusting for potential confounders, including BMI,
age at recruitment, sex, center, smoking status (i.e., never, former, current smoker) and
total energy intake (obtained from the 24-HDR or DQ, as appropriate). All analyses were
conducted using SPSS software version 25.0 (IBM Corp. Released 2017. IBM SPSS Statistics
for Windows, Version 25.0. Armonk, NY, USA: IBM Corp.). The statistical significance level
was set to p < 0.05. To illustrate the above mentioned correlations, we used the “ggcorrplot”
r-package within the RStudio software version 1.4.1717.

3. Results
3.1. Urinary Flavanol Concentrations

Median 24-h urinary excretions of (+)-catechin and (-)-epicatechin, and their sum,
according to sociodemographic and lifestyle characteristics are shown in Table 1. Of the
419 participants in the current study, 22 and 18 had urinary concentrations of (+)-catechin
and (-)-epicatechin below the LOQ, respectively. Urinary concentrations of (-)-epicatechin
were higher than (+)-catechin in all centers and in all categories related to sociodemographic
and lifestyle variables. The highest median urinary concentrations for (+)-catechin and (-)-
epicatechin were observed in Heidelberg (Germany): 0.15 and 0.29 µmol/24 h, respectively;
whereas the lowest concentrations were observed in Naples (Italy): 0.06 and 0.17 µmol/24 h,
respectively. Moreover, the highest urinary excretion of total flavan-3-ol was observed in
Paris and Turin (0.45 µmol/24 h), and the lowest in Naples (0.20 µmol/24 h). Excretions
of (+)-catechin, (-)-epicatechin, and their sum were higher in men than in women. There
were no substantial differences in urinary concentrations of (+)-catechin, (-)-epicatechin,
and their sum among categories of age, BMI, smoking status, and total energy intake.

Table 1. Medians, and 10th (P10) and 90th (P90) percentiles of urinary excretion (µmol/24 h) of (+)-catechin, (-)-epicatechin,
and their sum according to sociodemographic and lifestyle characteristics in a subsample (n = 419) of the European
Prospective Investigation into Cancer and Nutrition (EPIC) study.

(+)-Catechin (-)-Epicatechin Sum of (+)-Catechin +
(-)-Epicatechin

Characteristics N a n b Median P10 P90 n b Median P10 P90 Median P10 P90

All 419 22 0.12 0.03 0.39 18 0.23 0.08 0.58 0.34 0.12 0.93
Center

Paris (FRA) 67 2 0.14 0.05 0.41 2 0.28 0.10 0.61 0.45 0.17 0.97
Florence (ITA) 45 3 0.10 0.02 0.26 3 0.18 0.05 0.34 0.25 0.07 0.55
Varese (ITA) 51 2 0.13 0.03 0.31 3 0.21 0.10 0.45 0.33 0.12 0.74
Ragusa (ITA) 17 1 0.08 0.03 0.25 3 0.19 0.08 0.35 0.27 0.05 0.51
Turin (ITA) 42 0 0.15 0.04 0.67 2 0.25 0.10 0.61 0.45 0.17 1.47

Naples (ITA) 20 1 0.06 0.03 0.39 0 0.17 0.06 0.36 0.20 0.09 0.63
Heidelberg (GER) 59 7 0.15 0.04 0.48 1 0.29 0.09 0.87 0.41 0.10 1.18

Potsdam (GER) 118 6 0.10 0.03 0.36 4 0.26 0.10 0.58 0.35 0.15 0.85
Sex
Men 171 10 0.15 0.04 0.42 5 0.27 0.10 0.61 0.40 0.16 1.05

Women 248 12 0.10 0.03 0.38 13 0.21 0.08 0.53 0.32 0.11 0.86
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Table 1. Cont.

(+)-Catechin (-)-Epicatechin Sum of (+)-Catechin +
(-)-Epicatechin

Characteristics N a n b Median P10 P90 n b Median P10 P90 Median P10 P90

Age (y)
<50 135 6 0.10 0.03 0.37 6 0.22 0.08 0.63 0.32 0.12 0.98

50–60 188 8 0.12 0.03 0.42 7 0.23 0.08 0.58 0.36 0.12 0.94
>60 96 8 0.12 0.04 0.42 5 0.23 0.12 0.56 0.35 0.16 0.85

BMI (kg/m2)
<25 201 15 0.12 0.03 0.39 10 0.21 0.08 0.58 0.34 0.10 0.90

25 to <30 160 5 0.12 0.04 0.43 7 0.25 0.09 0.59 0.37 0.15 0.98
≥30 58 2 0.09 0.04 0.33 1 0.23 0.09 0.57 0.32 0.14 0.88

Smoking status c

Never smoked 211 12 0.11 0.03 0.36 9 0.23 0.09 0.61 0.33 0.13 0.95
Former smoker 120 4 0.15 0.03 0.42 5 0.23 0.09 0.53 0.37 0.12 0.89
Current smoker 78 6 0.10 0.03 0.36 3 0.20 0.06 0.51 0.29 0.08 0.80

24-HDR total
energy intake

(kcal/day)
<1750 112 2 0.11 0.03 0.41 4 0.23 0.08 0.53 0.33 0.13 0.92

1750–2375 156 11 0.11 0.03 0.37 10 0.21 0.08 0.57 0.32 0.10 0.88
>2375 151 9 0.13 0.04 0.36 4 0.24 0.10 0.60 0.37 0.15 0.99

a Number of total participants (including consumers and non-consumers) within the corresponding category; b subjects <LOQ. c Data from
ten participants were not available. Abbreviations: 24-HDR, 24-h dietary recall, FRA, France, ITA, Italy, GER, Germany.

3.2. Intake of Flavan-3-ols and Food Sources

Median intake of dietary flavan-3-ols and their main food sources are shown in Table 2.
The acute intake of total flavan-3-ols, and total monomers and proanthocyanidins was
higher than their corresponding habitual intake. Conversely, habitual intakes of eight indi-
vidual flavan-3-ol monomers (i.e., (+)-catechin 3-O-gallate, (+)-catechin 3-O-glucose, (+)-
gallocatechin, (+)-gallocatechin 3-O-gallate, (-)-epicatechin 3-O-gallate, (-)-epigallocatechin,
(-)-epigallocatechin 3-O-gallate, and (-)-epicatechin-(2a-7)(4a-8)-epicatechin 3-O-galactoside),
as well as of individual and total theaflavins were higher than their respective acute intakes.
Intake of (+)-catechin and (-)-epicatechin in the 24-HDR (29.8 and 50.5 mg/day) was higher
than their intake in the DQ (14.0 and 18.1 mg/day). In both 24-HDR and DQ, (-)-epicatechin
compounds were consumed more than (+)-catechin compounds. Regarding food sources
of flavan-3-ols, coffee was the food most consumed in both 24-HDR and DQ, with a median
intake of 175 and 150 g/day, respectively.

Table 2. Medians, and 10th (P10) and 90th (P90) percentiles of dietary intakes of flavan-3-ols, glycosides and aglycones and
their main food sources in the European Prospective Investigation into Cancer and Nutrition (EPIC) study.

Variable Acute Intake
(24-HDR)

Habitual Intake
(DQ)

Flavanols Intake (mg/day) n a Median P10 P90 n a Median P10 P90

Total flavan-3-ols 2 833 81.2 2374 0 317 156 627
Total monomers 2 106 21.0 685 0 54.1 18.6 249

(+)-Catechin 2 29.8 7.03 103 0 14.0 5.59 31.8
(+)-Catechin 3-O-gallate 222 0.00 0.00 41.9 16 0.90 0.00 17.8
(+)-Catechin 3-O-glucose 408 0.00 0.00 0.00 45 0.05 0.01 0.44

(+)-Gallocatechin 85 0.17 0.00 189 0 2.50 0.03 47.2
(+)-Gallocatechin 3-O-gallate 225 0.00 0.00 6.76 7 0.19 0.00 2.82

(-)-Epicatechin 2 50.5 6.07 151 0 18.1 7.61 38.5
(-)-Epicatechin 3-O-gallate 41 3.44 0.00 78.3 0 3.58 0.37 33.0

(-)-Epigallocatechin 63 0.52 0.00 109 0 1.99 0.06 31.4
(-)-Epigallocatechin 3-O-gallate 205 0.06 0.00 93.4 1 2.55 0.01 39.8

(-)-Ec-Ec 276 0.00 0.00 1.61 9 0.09 0.02 0.40
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Table 2. Cont.

Variable Acute Intake
(24-HDR)

Habitual Intake
(DQ)

Flavanols Intake (mg/day) n a Median P10 P90 n a Median P10 P90

Total PA 6 576 46.7 1723 0 216 98.7 427
PA dimers 6 106 9.56 355 0 22.1 9.44 44.8
PA trimers 10 48.5 5.18 171 0 18.2 7.65 36.7

PA tetramers-hexamers 33 127 0.84 382 0 50.3 22.3 101
PA heptamers-decamers 43 90.7 0.00 293 0 35.0 16.4 73.9

PA > decamers 45 176 0.00 624 0 87.1 41.8 168
Total theaflavins 314 0.00 0.00 135 133 8.93 0.50 56.8

Theaflavin 314 0.00 0.00 44.1 133 2.34 0.13 14.9
Theaflavin 3,3′-O-digallate 314 0.00 0.00 30.9 133 2.53 0.14 16.1

Theaflavin 3′-O-gallate 314 0.00 0.00 43.3 133 2.92 0.16 18.6
Theaflavin 3-O-gallate 314 0.00 0.00 16.8 133 1.13 0.06 7.21
Food intake (g/day)

Apple and pear 222 0.00 0.00 374 16 51.8 6.40 182
Grape 402 0.00 0.00 0.00 26 7.14 0.27 27.7

Stone fruits 342 0.00 0.00 126 15 36.8 3.75 117
Berries 381 0.00 0.00 0.00 24 7.14 0.41 28.6
Banana 356 0.00 0.00 94.5 84 7.21 0.00 38.6

Chocolate and chocolate products 313 0.00 0.00 27.0 94 3.28 0.00 20.0
Cakes and pastries 243 0.00 0.00 160 20 30.1 3.29 102

Coffee 53 175 0.00 769 29 150 17.1 600
Tea 310 0.00 0.00 500 133 21.2 0.00 436

Herbal tea 327 0.00 0.00 417 268 0.00 0.00 160
Wine 234 0.00 0.00 375 51 55.3 0.00 357

Red wine 303 0.00 0.00 267 291 0.00 0.00 222
Beer and cider 355 0.00 0.00 324 133 5.52 0.00 283

a Number of non-consumers; abbreviations: 24-HDR, 24-h dietary recall; DQ, dietary questionnaire; Ec-Ec, (-)-epicatechin-(2a-7)(4a-8)-
epicatechin 3-O-galactoside; PA, proanthocyanidins.

3.3. Correlations between Urinary and Dietary Flavan-3-ols

Simple and partial Spearman’s correlations between urinary concentrations of (+)-
catechin, (-)-epicatechin, and their sum, and the acute and habitual intake of all flavan-3-ols
are illustrated in Figure 1. Urinary (+)-catechin and (-)-epicatechin positively correlated
with their acute (r = 0.53–0.54, p < 0.001) and habitual intake (r = 0.25, p < 0.001). Both
acute and habitual intake of individual and total flavan-3-ol monomers (i.e., (+)-catechin
and (-)-epicatechin compounds) correlated with urinary concentrations of (+)-catechin
(r = 0.11–0.40, p < 0.05), (-)-epicatechin (r = 0.14–0.48, p < 0.01), and their sum (r = 0.13–0.48,
p < 0.05). No relation was observed with (+)-catechin-3-O-glucose intake. Acute intake of
total and individual proanthocyanidins correlated with urinary (+)-catechin (r = 0.26–0.38,
p < 0.001), (-)-epicatechin (r = 0.26–0.49, p < 0.001) and their sum (r = 0.30–0.48, p < 0.001).
Habitual intake of proanthocyanidin dimers and trimers mainly correlated with urinary
(-)-epicatechin (r ~0.12, p < 0.05). Both, acute and habitual intake of total and individual
theaflavins correlated with urinary (+)-catechin (r = 0.18–0.21, p < 0.01), (-)-epicatechin
(r = 0.25–0.30, p < 0.001), and their sum (r = 0.24–0.29, p < 0.001).

Results of partial Spearman’s correlations between urinary and dietary flavan-3-
ols were relatively similar to simple correlations (Figure 1). Contrary to simple correla-
tions, partial ones showed that urinary (+)-catechin concentrations, and their sum with
urinary (-)-epicatechin, correlated slightly with the habitual intakes of proanthocyani-
din dimers (rpartial = 0.11, p < 0.05), trimers and tetramers-hexamers (rpartial = 0.11–0.13,
p < 0.05), respectively. Similarly, in partial correlations the sum of urinary (+)-catechin
and (-)-epicatechin was weak but significantly correlated with the habitual intake of total
proanthocyanidins (rpartial = 0.10, p < 0.05).
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3.4. Correlations between Urinary Flavan-3-ols and Food Source Intake

Simple and partial Spearman’s correlations between urinary concentrations of flavan-3-
ols and dietary flavan-3-ol-rich food sources are shown in Figure 2. Urinary concentrations
of (+)-catechin, (-)-epicatechin and their sum correlated with acute and habitual intake of
apple and pear, stone fruits, berries, banana, chocolate and chocolate products, cakes and
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pastries, tea, herbal tea, wine, red wine, and beer and cider. Partial correlations were found
to be higher for acute than for habitual intakes. For acute intakes, the highest correlations
were found between urinary (+)-catechin and the intake of wine (rpartial = 0.35, p < 0.001),
red wine (rpartial = 0.34, p < 0.001), and between urinary (-)-epicatechin and the intake
of tea (rpartial = 0.31, p < 0.001). Similarly, in habitual intakes the highest correlations
were found between urinary (+)-catechin and wine (rpartial = 0.27, p < 0.001), and between
(-)-epicatechin and tea (rpartial = 0.20, p < 0.001).
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All simple and partial Spearman’s correlations, including rho (r) coefficients and
statistical significance between urinary and dietary flavan-3-ols, and flavan-3-ol-rich food
sources, according to their acute and habitual intakes are shown in Table S1.

4. Discussion

In the current study, we assessed the relationships between acute and habitual intake
of flavan-3-ol monomers, proanthocyanidins and theaflavins, as well as of their main
food sources, and 24-h urine concentrations of (+)-catechin and (-)-epicatechin in the
EPIC study. In general, the urinary excretion of (+)-catechin, (-)-epicatechin and their
sum were weakly-to-modestly correlated with total and individual intake of monomers,
proanthocyanidins, and theaflavins, and with total intake of flavan-3-ols. All comparable
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correlations were stronger for acute than for habitual intakes, and also generally higher for
urinary (-)-epicatechin than for urinary (+)-catechin. Notably, the majority of the observed
correlations were similar after controlling for sociodemographic and lifestyle variables in
the partial Spearman’s correlation analysis.

To our knowledge, only a few studies have assessed the use of urinary concentrations
of (+)-catechin and (-)-epicatechin as potential nutritional biomarkers of flavan-3-ols. In our
study, correlations between 24-h urine concentrations and acute intake of (+)-catechin and
(-)-epicatechin were moderate (rpartial = 0.54 and 0.52, respectively). In a literature review of
controlled intervention studies, Pérez-Jiménez, et al., showed a weak correlation between
24-h urine concentrations of (-)-epicatechin and its controlled dietary intake (r = 0.21), while
no correlation data were presented for (+)-catechin [21]. Apart from being different study
designs (i.e., observational vs. intervention), these differences in correlation coefficients
between studies may be partially due to methodological aspects, such as differences in the
methods used to estimate the intake and the urinary content of flavanol compounds, and
the limited number of food or supplement sources used for the estimation of dietary intake.

As expected, concentrations of (+)-catechin, (-)-epicatechin and their sum in urine
correlated with total and individual intake of monomers, ranging from rpartial = 0.40 to
0.49 (p < 0.001) and from rpartial = 0.22 to 0.28 (p < 0.001) for acute and habitual intakes
of total flavan-3-ol monomers, respectively. Interestingly, these coefficients were found
to be very similar to those observed with the acute (rpartial = 0.40–0.48, p < 0.001) and
habitual intake (rpartial = 0.23–0.33, p < 0.001) of total dietary flavan-3-ols. This is because
of a strong correlation between dietary intake of total monomers and total flavan-3-ols
(r = 0.76, p < 0.001) for both acute and habitual intake was observed. In our study, acute
and habitual intake of total flavan-3-ol monomers was lower than total proanthocyanidins,
but higher than total theaflavins. This would mean that the single intake of flavan-3-ol
monomers was not determining in the strength of the correlations observed.

In the current study, we also found weak but significant correlations between urinary
concentrations of (+)-catechin, (-)-epicatechin and their sum, and individual and total
intakes of proanthocyanidins and theaflavins. Specifically, acute intakes of total proan-
thocyanidins (rpartial = 0.32–0.38, p < 0.001), and both acute (rpartial = 0.22–0.30, p < 0.001)
and habitual intake (rpartial = 0.20–0.25, p < 0.01) of theaflavins correlated with the urinary
excretion of (+)-catechin, (-)-epicatechin and their sum. Meanwhile, habitual intake of
total proanthocyanidins only correlated with the sum of (+)-catechin and (-)-epicatechin
(rpartial = 0.22–0.30, p < 0.05). Proanthocyanidins dimers and trimers are poorly absorbed
(5–10% of (-)-epicatechin). They are conjugated by Phase II enzymes, and scarcely depoly-
merized to monomers [22,23]. Indeed, proanthocyanidins (specially >tetramers) all reach
the colon where they are transformed by the intestinal microbiota before absorption as
small phenolic acids [6]. Consequently, proanthocyanidins do not largely contribute to
the concentration of flavan-3-ol monomers in blood and urine. Studies on bioavailabil-
ity of theaflavins are scant. Recently, in an acute intervention study, where participants
ingested 1 g supplement containing 998 µmol of a mixture of theaflavins, the estimated
0–30 h bioavailability of the mixture of theaflavins was insignificant (<0.000001%) [24].
Similar to other flavan-3-ols, a large proportion of theaflavins is metabolized by colonic
microbiota into phenolic acids, phenyl-γ-valerolactones, phenyl-γ-hydroxyvaleric acids,
and their free and conjugated forms [24,25]. To the best of our knowledge, there are no
previous data showing that theaflavins can be depolymerized in the small intestine into
flavan-3-ol monomers.

Altogether, the data from our study show that neither the acute nor habitual intake
of proanthocyanidins and theaflavins contributed notably to the urinary concentrations
of (+)-catechin and (-)-epicatechin. Thus, the presence of both free and conjugated forms
of (+)-catechin and (-)-epicatechin compounds in urine would be more suitable indicators
of the intake of individual and total flavan-3-ol monomers of food sources that contain
flavan-3-ol monomers and proanthocyanidins and/or theaflavins together. Indeed, Ot-
taviani, et al., recently found that the 24 h urinary excretion of three structurally related
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(-)-epicatechin metabolites, namely (-)-epicatechin-3′-glucuronide, (-)-epicatechin-3′-sulfate
and 3′-O-methyl-(-)-epicatechin-5-sulfate, was correlated with the acute dietary intake of
(-)-epicatechin but not with procyanidin B2, thearubigins and theaflavins [26].

A growing number of studies suggest that instead of intact or native flavan-3-ol com-
pounds, some of their derived microbial metabolites named hydroxyphenyl-γ-valerolactones
and hydroxyphenyl-γ-valeric acids could be used as better indicators of individual and total
intake of flavan-3-ols, particularly for monomers and dimers [22,27,28]. The specificity of
5-(3′,4′-dihydroxyphenyl)-γ-valerolactone as a biomarker of dietary flavan-3-ol monomers
and dimers was corroborated in a study where a single oral intake of (-)-epicatechin,
(-)-epicatechin-3-O-gallate and procyanidin B-2 resulted in 24 h urine excretions of both
5-(3′,4′-dihydroxyphenyl)-γ-valerolactone-(3′/4′-sulfate) and 5-(3′,4′-dihydroxyphenyl)-
γ-valerolactone-(3′/4′-O-glucuronide) [27]. However, the consumption of theaflavins,
thearubigins, (-)-epigallocatechin and (-)-epigallocatechin-3-O-gallate, did not result in
the formation of 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone aglycone or Phase II metabo-
lites in urine. These findings were similar to the found made by Hollands, et al., who
reported that the 24 h urinary excretion of total hydroxyphenyl-γ-valerolactones was ten-
fold higher after the chronic intake of a high dose of (-)-epicatechin than after the chronic
intake of procyanidins dimers-decamers [29]. In our study, free and Phase-II-conjugates
of hydroxyphenyl-γ-valerolactones were not determined due to the lack of standard com-
pounds warranted for their acute quantification. We believe that the inclusion of these
microbial metabolites in future studies investigating flavan-3-ol biomarkers would im-
prove the correlations observed here. Consistently with our hypothesis, Ottaviani, et al.,
recently showed that the sum of 24-h urinary excretions of 5-(3′/4′-dihydroxyphenyl)-γ-
valerolactone-3′/4′-sulphate and O–glucuronide metabolites was strongly and consistently
correlated (Spearman’s r = 0.90; Pearson’s r = 0.81) with total intake of flavan-3-ols in an
acute intervention study [27]. Urinary (-)-epicatechin was found more strongly correlated
with intake of total monomers and total flavan-3-ols, as well as with total and individual
intake of proanthocyanidins and theaflavins than urinary (+)-catechin. This finding was
expected for two main reasons: (i) the higher dietary intake (both acute and habitual) of (-)-
epicatechin than (+)-catechin among participants; and (ii) the higher intestinal absorption
of (-)-epicatechin compared with (+)-catechin [6].

Weak but significant correlations were observed between urinary (+)-catechin and (-)-
epicatechin concentrations and the intake of apple and pear, stone fruits, berries, chocolate
and chocolate products, cakes and pastries, tea, herbal tea, wine, red wine, and beer
and cider. These correlations would be consistent with previous studies showing the
presence of (+)-catechin and/or (-)-epicatechin metabolites in human urine and plasma
after the consumption of the mentioned foods. Apple and pear are rich-sources of flavan-3-
ols, particularly proanthocyanidins. Regarding monomers, (-)-epicatechin compounds are
found in higher concentrations than (+)-catechin in both apples and pears [30]. Furthermore,
urinary excretion of (-)-epicatechin metabolites, but not (+)-catechin, has been extensively
reported in controlled dietary intervention studies with apples [31]. Apricot, peach, plum
and nectarine are sources of (+)-catechin and (-)-epicatechin [32,33], but, to our knowledge,
they were not previously correlated with urinary flavanol-3-ol concentrations. Acute intake
of berries was only correlated with urinary (+)-catechin, whereas their habitual intake
correlated with both urinary (+)-catechin and (-)-epicatechin and their sum. Berries are
sources of flavan-3-ol monomers, especially (+)-catechin [34], which would explain the
higher correlations observed between the urinary concentrations with this compound.
Acute and habitual intake of chocolate and chocolate products was weakly correlated with
urinary (-)-epicatechin. (+)-catechin, (-)-catechin and (-)-epicatechin derivatives are by far
the most reported group of metabolites after cocoa intake, followed by hydroxyphenyl-
γ-valerolactones, phenyl-γ-hydroxyvaleric acids and methylxanthines [35]. However,
it was recently found in an intervention study that the appearance of (-)-epicatechin in
plasma was higher than (±)-catechin after cocoa consumption [36], suggesting a lower
bioavailability of catechin enantiomers. Habitual but not acute intake of cakes and pastries
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was weakly but significantly correlated with urinary (-)-epicatechin concentrations. This
finding is not surprising, first because the habitual intake was higher than the acute one; and
second because most bakery products are usually made with flavan-3-ol-rich ingredients,
including cocoa, berries, and fruits [37]. Such as in our study, urinary excretion of (+)-
catechin and (-)-epicatechin metabolites has been largely reported after tea consumption in
controlled intervention trials and correlated with their intake in observational studies [38].
All comparable correlations were higher for urinary (-)-epicatechin than for (+)-catechin,
also suggesting the lower bioavailability of catechin. Furthermore, higher correlations with
acute than habitual intake of tea could be due to urinary biomarkers better reflecting short-
term rather than long-term exposure [39]. Herbal tea comprises a long list of beverages
made from infusion or decoction of stems, leaves and other parts of one or more plants
in hot water. This beverage is rich in phenolic compounds, including flavan-3-ols, which
would make the observed correlations expectable between the (habitual) intake of herbal
tea and urinary concentrations of (-)-epicatechin and its sum with urinary (+)-catechin.
In our study, we found that the acute intakes of both wine and red wine were similarly
correlated with urinary flavan-3-ols. Red wine is consumed more and contains higher
amounts of flavan-3-ol compounds than white and rosé wines [40,41]. The weak but
significant correlation between urinary (+)-catechin and the intake (acute and habitual)
of beer and cider observed in this study is in line with previous studies, showing that
(+)-catechin and (+)-catechin compounds are some of the most abundant polyphenols
found in beer [42] and cider [43].

The strengths of our study include the availability of data on acute and habitual food
intake among a relative high sample size of participants of the EPIC study, also the availabil-
ity of 24-h urine samples, which offers additional advantages for the accurate assessment
of polyphenol metabolites over both spot urine and plasma samples [44]. Another strength
is the high sensitivity of the analytic method used to measure the urinary concentrations
of (+)-catechin and (-)-epicatechin. Our study also presents some limitations. First, our
results could be influenced by random and systematic errors in the food intake assessment;
however, both the DQ and the 24-HDR used were center/country validated [16,45]. Second,
the real estimation of flavan-3-ol intake was likely to be underestimated due to possible
foods with unknown flavan-3-ol data composition, although the Phenol-Explorer database
is one of the most comprehensive databases on flavan-3-ols [46]. Another potential limita-
tion is that our study did not contemplate the inclusion of urinary microbial metabolites
derived from flavan-3-ol intake (e.g., hydroxyphenyl-γ-valerolactones). In future studies
investigating flavan-3-ol biomarkers would be essential to evaluate the use of derived
microbial metabolites, instead of parent or conjugated compounds, especially as nutritional
biomarkers of proanthocyanidins and theaflavins.

5. Conclusions

In conclusion, 24-h urinary excretion of (+)-catechin, (-)-epicatechin, and their sum
was moderately and weakly correlated with the acute and habitual intake of flavan-3-ols,
respectively, particularly with total flavan-3-ol monomers. Therefore, urine (+)-catechin
and (-)-epicatechin and their sum can be considered as moderate biomarkers of acute
intake of flavan-3-ol monomers. Urinary flavan-3-ol concentrations correlated poorly
with proanthocyanidins and theaflavins, making them, therefore, not useful as nutritional
biomarkers for these subgroups of flavan-3-ols. Since proanthocyanidins and theaflavins
are poorly metabolized into monomers, the low correlations between these and urinary
(+)-catechin and (-)-epicatechin are due to the intake of some shared food sources between
all flavan-3-ols, such as tea.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nu13114157/s1, Table S1: simple and partial Spearman’s correlation coefficients between
24-h urinary concentrations of (+)-catechin and (-)-epicatechin and intake (acute and habitual) of
flavan-3-ols, and foods.

https://www.mdpi.com/article/10.3390/nu13114157/s1
https://www.mdpi.com/article/10.3390/nu13114157/s1


Nutrients 2021, 13, 4157 12 of 14

Author Contributions: Conceptualization, E.A.-A. and R.Z.-R.; methodology, D.A. and A.S.; formal
analysis, E.A.-A. and D.C.-S.; investigation, E.A.-A., D.C.-S., and R.Z.-R.; resources, D.A., J.A.R., N.L.,
G.S., V.K., T.J., M.B.S., D.P., G.G., M.S.d.M., R.T., C.S., A.S., and R.Z.-R.; data curation, D.A., R.Z.-R.
and E.A.-A.; writing—original draft preparation, E.A.-A., and D.C.-S.; writing—review and editing,
A.S. and R.Z.-R.; supervision, R.Z.-R.; funding acquisition, R.Z.-R. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the by the Institute of Health Carlos III through the grant
PI18/00191 (co-funded by European Regional Development Fund. ERDF, a way to build Europe), and
from the 553/C/2019 project, funded by La Marató de TV-3. The national EPIC cohorts are supported
by the French National Cancer Institute (L’Institut National du Cancer; INCA Grant No. 2009-139);
Ligue contre le Cancer, Institut Gustave Roussy, Mutuelle Générale de l’Education Nationale, Institut
National de la Santé et de la Recherche Médicale (INSERM) (France); German Cancer Aid; German
Cancer Research Center (DKFZ); German Federal Ministry of Education and Research (Germany);
the Hellenic Health Foundation (Greece); Italian Association for Research on Cancer; Compagnia San
Paolo (Italy). IDIBELL acknowledges support from the Generalitat de Catalunya through the CERCA
Program. E.A.-A. and R.Z.-R. wish to thank the “Sara Borrell” (CD20/00071) and the “Miguel Servet”
(CP CPII20/00009) programs from the Institute of Health Carlos III (co-funded by the European
Social Fund (ESF)—ESF investing in your future).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki. The EPIC study was approved by the ethical review boards of the
International Agency for Research on Cancer (IARC) and all participating centers.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors thank Bertrand Hémon for his valuable help with the EPIC database,
and all the participants from the EPIC study.

Conflicts of Interest: The authors declare no conflict of interest. Disclaimer: Where authors are iden-
tified as personnel of the International Agency for Research on Cancer/World Health Organization,
the authors alone are responsible for the views expressed in this article and they do not necessarily
represent the decisions, policy or views of the International Agency for Research on Cancer/World
Health Organization.

References
1. Vogiatzoglou, A.; Mulligan, A.A.; Luben, R.N.; Lentjes, M.A.H.; Heiss, C.; Kelm, M.; Merx, M.W.; Spencer, J.P.E.; Schroeter, H.;

Kuhnle, G.G.C. Assessment of the dietary intake of total flavan-3-ols, monomeric flavan-3-ols, proanthocyanidins and theaflavins
in the European Union. Br. J. Nutr. 2014, 111, 1463–1473. [CrossRef]

2. Knaze, V.; Zamora-Ros, R.; Luján-Barroso, L.; Romieu, I.; Scalbert, A.; Slimani, N.; Riboli, E.; van Rossum, C.T.M.; Bueno-de-
Mesquita, H.B.; Trichopoulou, A.; et al. Intake estimation of total and individual flavan-3-ols, proanthocyanidins and theaflavins,
their food sources and determinants in the European Prospective Investigation into Cancer and Nutrition (EPIC) study. Br. J.
Nutr. 2012, 108, 1095–1108. [CrossRef] [PubMed]

3. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.E.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics in human health:
Structures, bioavailability, and evidence of protective effects against chronic diseases. Antioxid. Redox Signal. 2013, 18, 1818–1892.
[CrossRef]

4. Márquez Campos, E.; Stehle, P.; Simon, M.-C. Microbial Metabolites of Flavan-3-Ols and Their Biological Activity. Nutrients 2019,
11, 2260. [CrossRef] [PubMed]

5. Koch, W. Theaflavins, Thearubigins, and Theasinensins. In Handbook of Dietary Phytochemicals; Xiao, J., Sarker, S.D., Asakawa, Y.,
Eds.; Springer: Singapore, 2020; pp. 1–29, ISBN 978-981-13-1745-3.

6. Monagas, M.; Urpi-Sarda, M.; Sánchez-Patán, F.; Llorach, R.; Garrido, I.; Gómez-Cordovés, C.; Andres-Lacueva, C.; Bartolomé, B.
Insights into the metabolism and microbial biotransformation of dietary flavan-3-ols and the bioactivity of their metabolites. Food
Funct. 2010, 1, 233–253. [CrossRef]

7. Zhang, L.; Wang, Y.; Li, D.; Ho, C.-T.; Li, J.; Wan, X. The absorption, distribution, metabolism and excretion of procyanidins. Food
Funct. 2016, 7, 1273–1281. [CrossRef]

8. Martín, M.Á.; Ramos, S. Impact of Dietary Flavanols on Microbiota, Immunity and Inflammation in Metabolic Diseases. Nutrients
2021, 13, 850. [CrossRef] [PubMed]

http://doi.org/10.1017/S0007114513003930
http://doi.org/10.1017/S0007114511006386
http://www.ncbi.nlm.nih.gov/pubmed/22186699
http://doi.org/10.1089/ars.2012.4581
http://doi.org/10.3390/nu11102260
http://www.ncbi.nlm.nih.gov/pubmed/31546992
http://doi.org/10.1039/c0fo00132e
http://doi.org/10.1039/C5FO01244A
http://doi.org/10.3390/nu13030850
http://www.ncbi.nlm.nih.gov/pubmed/33807621


Nutrients 2021, 13, 4157 13 of 14

9. Raman, G.; Avendano, E.E.; Chen, S.; Wang, J.; Matson, J.; Gayer, B.; Novotny, J.A.; Cassidy, A. Dietary intakes of flavan-3-ols and
cardiometabolic health: Systematic review and meta-analysis of randomized trials and prospective cohort studies. Am. J. Clin.
Nutr. 2019, 110, 1067–1078. [CrossRef]

10. Lei, L.; Yang, Y.; He, H.; Chen, E.; Du, L.; Dong, J.; Yang, J. Flavan-3-ols consumption and cancer risk: A meta-analysis of
epidemiologic studies. Oncotarget 2016, 7, 73573–73592. [CrossRef]

11. Knaze, V.; Rothwell, J.A.; Zamora-Ros, R.; Moskal, A.; Kyrø, C.; Jakszyn, P.; Skeie, G.; Weiderpass, E.; Santucci de Magistris,
M.; Agnoli, C.; et al. A new food-composition database for 437 polyphenols in 19,899 raw and prepared foods used to estimate
polyphenol intakes in adults from 10 European countries. Am. J. Clin. Nutr. 2018, 108, 517–524. [CrossRef]

12. Naska, A.; Lagiou, A.; Lagiou, P. Dietary assessment methods in epidemiological research: Current state of the art and future
prospects. F1000Research 2017, 6, 926. [CrossRef] [PubMed]

13. Edmands, W.M.; Ferrari, P.; Rothwell, J.A.; Rinaldi, S.; Slimani, N.; Barupal, D.K.; Biessy, C.; Jenab, M.; Clavel-Chapelon, F.;
Fagherazzi, G.; et al. Polyphenol metabolome in human urine and its association with intake of polyphenol-rich foods across
European countries. Am. J. Clin. Nutr. 2015, 102, 905–913. [CrossRef]

14. Riboli, E.; Kaaks, R. The EPIC Project: Rationale and study design. European Prospective Investigation into Cancer and Nutrition.
Int. J. Epidemiol. 1997, 26 (Suppl. 1), S6–S14. [CrossRef]

15. Riboli, E.; Hunt, K.J.; Slimani, N.; Ferrari, P.; Norat, T.; Fahey, M.; Charrondière, U.R.; Hémon, B.; Casagrande, C.; Vignat, J.; et al.
European Prospective Investigation into Cancer and Nutrition (EPIC): Study populations and data collection. Public Health Nutr.
2002, 5, 1113–1124. [CrossRef]

16. Slimani, N.; Ferrari, P.; Ocké, M.; Welch, A.; Boeing, H.; Liere, M.; Pala, V.; Amiano, P.; Lagiou, A.; Mattisson, I.; et al.
Standardization of the 24-hour diet recall calibration method used in the european prospective investigation into cancer and
nutrition (EPIC): General concepts and preliminary results. Eur. J. Clin. Nutr. 2000, 54, 900–917. [CrossRef]

17. Slimani, N.; Kaaks, R.; Ferrari, P.; Casagrande, C.; Clavel-Chapelon, F.; Lotze, G.; Kroke, A.; Trichopoulos, D.; Trichopoulou, A.;
Lauria, C.; et al. European Prospective Investigation into Cancer and Nutrition (EPIC) calibration study: Rationale, design and
population characteristics. Public Health Nutr. 2002, 5, 1125–1145. [CrossRef] [PubMed]

18. Neveu, V.; Perez-Jiménez, J.; Vos, F.; Crespy, V.; du Chaffaut, L.; Mennen, L.; Knox, C.; Eisner, R.; Cruz, J.; Wishart, D.; et al.
Phenol-Explorer: An online comprehensive database on polyphenol contents in foods. Database 2010, 2010, bap024. [CrossRef]

19. Slimani, N.; Deharveng, G.; Unwin, I.; Southgate, D.A.T.; Vignat, J.; Skeie, G.; Salvini, S.; Parpinel, M.; Møller, A.; Ireland, J.; et al.
The EPIC nutrient database project (ENDB): A first attempt to standardize nutrient databases across the 10 European countries
participating in the EPIC study. Eur. J. Clin. Nutr. 2007, 61, 1037–1056. [CrossRef]

20. Achaintre, D.; Buleté, A.; Cren-Olivé, C.; Li, L.; Rinaldi, S.; Scalbert, A. Differential Isotope Labeling of 38 Dietary Polyphenols
and Their Quantification in Urine by Liquid Chromatography Electrospray Ionization Tandem Mass Spectrometry. Anal. Chem.
2016, 88, 2637–2644. [CrossRef] [PubMed]

21. Pérez-Jiménez, J.; Hubert, J.; Hooper, L.; Cassidy, A.; Manach, C.; Williamson, G.; Scalbert, A. Urinary metabolites as biomarkers
of polyphenol intake in humans: A systematic review. Am. J. Clin. Nutr. 2010, 92, 801–809. [CrossRef]

22. Wiese, S.; Esatbeyoglu, T.; Winterhalter, P.; Kruse, H.-P.; Winkler, S.; Bub, A.; Kulling, S.E. Comparative biokinetics and metabolism
of pure monomeric, dimeric, and polymeric flavan-3-ols: A randomized cross-over study in humans. Mol. Nutr. Food Res. 2015,
59, 610–621. [CrossRef] [PubMed]

23. Tsang, C.; Auger, C.; Mullen, W.; Bornet, A.; Rouanet, J.-M.; Crozier, A.; Teissedre, P.-L. The absorption, metabolism and excretion
of flavan-3-ols and procyanidins following the ingestion of a grape seed extract by rats. Br. J. Nutr. 2005, 94, 170–181. [CrossRef]

24. Pereira-Caro, G.; Moreno-Rojas, J.M.; Brindani, N.; Del Rio, D.; Lean, M.E.J.; Hara, Y.; Crozier, A. Bioavailability of Black Tea
Theaflavins: Absorption, Metabolism, and Colonic Catabolism. J. Agric. Food Chem. 2017, 65, 5365–5374. [CrossRef] [PubMed]

25. Liu, Z.; de Bruijn, W.J.C.; Bruins, M.E.; Vincken, J.-P. Microbial Metabolism of Theaflavin-3,3′-digallate and Its Gut Microbiota
Composition Modulatory Effects. J. Agric. Food Chem. 2021, 69, 232–245. [CrossRef]

26. Ottaviani, J.I.; Fong, R.; Kimball, J.; Ensunsa, J.L.; Gray, N.; Vogiatzoglou, A.; Britten, A.; Lucarelli, D.; Luben, R.; Grace, P.B.; et al.
Evaluation of (-)-epicatechin metabolites as recovery biomarker of dietary flavan-3-ol intake. Sci. Rep. 2019, 9, 13108. [CrossRef]
[PubMed]

27. Ottaviani, J.I.; Fong, R.; Kimball, J.; Ensunsa, J.L.; Britten, A.; Lucarelli, D.; Luben, R.; Grace, P.B.; Mawson, D.H.; Tym, A.; et al.
Evaluation at scale of microbiome-derived metabolites as biomarker of flavan-3-ol intake in epidemiological studies. Sci. Rep.
2018, 8, 9859. [CrossRef]

28. Ottaviani, J.I.; Borges, G.; Momma, T.Y.; Spencer, J.P.E.; Keen, C.L.; Crozier, A.; Schroeter, H. The metabolome of [2-(14)C](-)-
epicatechin in humans: Implications for the assessment of efficacy, safety, and mechanisms of action of polyphenolic bioactives.
Sci. Rep. 2016, 6, 29034. [CrossRef] [PubMed]

29. Hollands, W.J.; Philo, M.; Perez-Moral, N.; Needs, P.W.; Savva, G.M.; Kroon, P.A. Monomeric Flavanols Are More Efficient
Substrates for Gut Microbiota Conversion to Hydroxyphenyl-γ-Valerolactone Metabolites Than Oligomeric Procyanidins:
A Randomized, Placebo-Controlled Human Intervention Trial. Mol. Nutr. Food Res. 2020, 64, e1901135. [CrossRef]

30. Commisso, M.; Bianconi, M.; Poletti, S.; Negri, S.; Munari, F.; Ceoldo, S.; Guzzo, F. Metabolomic Profiling and Antioxidant
Activity of Fruits Representing Diverse Apple and Pear Cultivars. Biology 2021, 10, 380. [CrossRef]

http://doi.org/10.1093/ajcn/nqz178
http://doi.org/10.18632/oncotarget.12017
http://doi.org/10.1093/ajcn/nqy098
http://doi.org/10.12688/f1000research.10703.1
http://www.ncbi.nlm.nih.gov/pubmed/28690835
http://doi.org/10.3945/ajcn.114.101881
http://doi.org/10.1093/ije/26.suppl_1.S6
http://doi.org/10.1079/PHN2002394
http://doi.org/10.1038/sj.ejcn.1601107
http://doi.org/10.1079/PHN2002395
http://www.ncbi.nlm.nih.gov/pubmed/12639223
http://doi.org/10.1093/database/bap024
http://doi.org/10.1038/sj.ejcn.1602679
http://doi.org/10.1021/acs.analchem.5b03609
http://www.ncbi.nlm.nih.gov/pubmed/26814424
http://doi.org/10.3945/ajcn.2010.29924
http://doi.org/10.1002/mnfr.201400422
http://www.ncbi.nlm.nih.gov/pubmed/25546356
http://doi.org/10.1079/BJN20051480
http://doi.org/10.1021/acs.jafc.7b01707
http://www.ncbi.nlm.nih.gov/pubmed/28595385
http://doi.org/10.1021/acs.jafc.0c06622
http://doi.org/10.1038/s41598-019-49702-z
http://www.ncbi.nlm.nih.gov/pubmed/31511603
http://doi.org/10.1038/s41598-018-28333-w
http://doi.org/10.1038/srep29034
http://www.ncbi.nlm.nih.gov/pubmed/27363516
http://doi.org/10.1002/mnfr.201901135
http://doi.org/10.3390/biology10050380


Nutrients 2021, 13, 4157 14 of 14

31. Ulaszewska, M.M.; Koutsos, A.; Trošt, K.; Stanstrup, J.; Garcia-Aloy, M.; Scholz, M.; Fava, F.; Natella, F.; Scaccini, C.;
Vrhovsek, U.; et al. Two apples a day modulate human:microbiome co-metabolic processing of polyphenols, tyrosine and
tryptophan. Eur. J. Nutr. 2020, 59, 3691–3714. [CrossRef]

32. Redondo, D.; Arias, E.; Oria, R.; Venturini, M.E. Thinned stone fruits are a source of polyphenols and antioxidant compounds. J.
Sci. Food Agric. 2017, 97, 902–910. [CrossRef]

33. Hong, Y.; Wang, Z.; Barrow, C.J.; Dunshea, F.R.; Suleria, H.A.R. High-Throughput Screening and Characterization of Phenolic
Compounds in Stone Fruits Waste by LC-ESI-QTOF-MS/MS and Their Potential Antioxidant Activities. Antioxidants 2021, 10, 234.
[CrossRef]

34. Liu, J.; Hefni, M.E.; Witthöft, C.M. Characterization of Flavonoid Compounds in Common Swedish Berry Species. Foods 2020,
9, 358. [CrossRef] [PubMed]

35. Michielsen, C.C.J.R.; Almanza-Aguilera, E.; Brouwer-Brolsma, E.M.; Urpi-Sarda, M.; Afman, L.A. Biomarkers of food intake for
cocoa and liquorice (products): A systematic review. Genes Nutr. 2018, 13, 22. [CrossRef]

36. Ellinger, S.; Reusch, A.; Henckes, L.; Ritter, C.; Zimmermann, B.F.; Ellinger, J.; Galensa, R.; Stehle, P.; Helfrich, H.-P. Low
Plasma Appearance of (+)-Catechin and (-)-Catechin Compared with Epicatechin after Consumption of Beverages Prepared from
Nonalkalized or Alkalized Cocoa-A Randomized, Double-Blind Trial. Nutrients 2020, 12, 231. [CrossRef] [PubMed]

37. Stahl, L.; Miller, K.B.; Apgar, J.; Sweigart, D.S.; Stuart, D.A.; McHale, N.; Ou, B.; Kondo, M.; Hurst, W.J. Preservation of cocoa
antioxidant activity, total polyphenols, flavan-3-ols, and procyanidin content in foods prepared with cocoa powder. J. Food Sci.
2009, 74, C456–C461. [CrossRef]

38. Rothwell, J.A.; Madrid-Gambin, F.; Garcia-Aloy, M.; Andres-Lacueva, C.; Logue, C.; Gallagher, A.M.; Mack, C.; Kulling, S.E.; Gao,
Q.; Praticò, G.; et al. Biomarkers of intake for coffee, tea, and sweetened beverages. Genes Nutr. 2018, 13, 15. [CrossRef] [PubMed]

39. Zamora-Ros, R.; Rabassa, M.; Llorach, R.; González, C.A.; Andres-Lacueva, C. Application of Dietary Phenolic Biomarkers in
Epidemiology: Past, Present, and Future. J. Agric. Food Chem. 2012, 60, 6648–6657. [CrossRef]
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