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Abstract

Purpose (Poly)phenols are bioactive compounds widely distributed in plant-based foods. Currently, limited data exist on
the intake distribution of (poly)phenols across meals. This study aimed to estimate dietary intakes of all individual (poly)
phenols and total intake per class and subclass by meal event, and to identify their main food sources in the subcohort MAX
from the Diet, Cancer and Health—Next Generations cohort (DCH-NG).

Methods Dietary data were collected using three web-based 24-h dietary recalls over 1 year. In total, 676 participants
completed at least one recall. The dietary data were linked to Phenol-Explorer database using standardized procedures and
an in-house software. We categorized foods/drinks into five options of meal events selected by the participant: 'Breakfast’,
Lunch’, 'Evening', 'Snack’, and 'Drink’.

Results Adjusted total (poly)phenols mean intake by meal was the highest in the drink event (563 mg/day in men and 423 mg/
day in women) and the lowest in the evening event (146 mg/day in men and 137 mg/day in women). The main overall (poly)
phenol class contributor was phenolic acids (55.7-79.0%), except for evening and snack events where it was flavonoids
(45.5-60%). The most consumed (poly)phenol subclasses were hydroxycinnamic acids and proanthocyanidins. Nonalcoholic
beverages (coffee accounted for 66.4%), cocoa products, and cereals were the main food sources of total (poly)phenols.
Conclusion This study provides data on the variability in the intake of classes and subclasses of (poly)phenols and their main
food sources by meal event according to lifestyle data, age, and gender in a Danish population.

Keywords Phenolic compounds - Dietary intake - Food sources - Meals - Denmark

Jytte Halkjer and Cristina Andres-Lacueva authors share senior

authorship.
>4 Raul Zamora-Ros 4 Danish Cancer Society Research Center, Strandboulevarden
rzamora@idibell.cat 49, DK 2100 Copenhagen, Denmark

Department of Biology and Biological Engineering, Division
of Food and Nutrition Science, Chalmers University
of Technology, Gothenburg, Sweden

Biomarkers and Nutrimetabolomics Laboratory, Department
of Nutrition, Food Sciences, and Gastronomy, Food
Innovation Network (XIA), Institute of Nutrition and Food
Safety (INSA), Faculty of Pharmacy and Food Sciences,
University of Barcelona, 08028 Barcelona, Spain

2 CIBER of Frailty and Healthy Aging (CIBERFES), Instituto
de Salud Carlos 111, 28029 Madrid, Spain

Unit of Nutrition and Cancer, Cancer Epidemiology
Research Program, Catalan Institute of Oncology (ICO),
Bellvitge Biomedical Research Institute (IDIBELL),
Gran Via de L’Hospitalet, 199, L’Hospitalet de Llobregat,
08908 Barcelona, Spain

Published online: 22 August 2022 @ Springer


http://orcid.org/0000-0001-8545-9301
http://orcid.org/0000-0002-6236-6804
http://orcid.org/0000-0001-5731-1772
http://orcid.org/0000-0003-4385-2097
http://orcid.org/0000-0002-6399-7608
http://orcid.org/0000-0002-6199-7137
http://orcid.org/0000-0002-8494-4978
http://crossmark.crossref.org/dialog/?doi=10.1007/s00394-022-02977-x&domain=pdf

European Journal of Nutrition

Introduction

(Poly)phenols are natural compounds that can range from
simple molecules to highly polymerized structures with
at least two phenolic groups attached to one or several
benzene-rings [1]. In food, they commonly occur in con-
jugated forms, with one or more sugars linked to hydroxyl
groups [2]. Phenolic compounds are classified based on
their chemical structure into four main classes: flavonoids,
phenolic acids, lignans, and stilbenes [3]. Flavonoids and
phenolic acids are the main contributing classes of (poly)
phenols in human diets. The principal food sources are
fruits, vegetables, whole-grain cereals, cocoa, and bever-
ages such as coffee, tea and wine [4].

(Poly)phenol intake is difficult to estimate accurately in
epidemiologic studies for several reasons. First, the (poly)
phenol content in food and drinks varies according to fac-
tors such as environmental conditions, genetics, food chain
industry stages, among others. Second, databases on (poly)
phenol content in foods have specific methodological limi-
tations, ranging from different analytical methods used for
the analysis of (poly)phenols to differences in classifica-
tion of the phenolic compounds. Moreover, (poly)phenol
databases are typically restricted to a limited number of
available food items, and data on specific (poly)phenols
in particular foods may be lacking [5]. To overcome some
of these limitations and to improve the estimation of the
(poly)phenol intake, there is a need for a unified system
combining databases and published literature as well as
the generation of more original food composition data on
(poly)phenols and the update of the databases [6].

Furthermore, there is no gold standard approach for esti-
mating (poly)phenol intake [5]. There are, however, strat-
egies and procedures for standardizing the calculations of
dietary (poly)phenol intake that take into consideration
recipes, cooking methods, and food processing [7]. The
most common methods for the assessment of usual diet in
epidemiological studies are multiple 24-h dietary recalls
(24-HDR) and food frequency questionnaires (FFQs). Such
methods have been linked to (poly)phenol food composition
databases to allow intake estimations in various populations
worldwide, but particularly in Europe and America [4, §].

The literature shows that sociodemographic and life-
style risk factors such as age group, education, physical
activity, alcohol and tobacco consumption, nutritional
status, and others influence food and (poly)phenol intakes
[9-11]. Irrespective of such confounders, there is growing
evidence from epidemiological studies that (poly)phenol
intake is associated with a reduction in chronic diseases
and all-cause mortality [12].

The study of diets involves individual and collec-
tive eating behavior, associated with culture, education,
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tendencies, food security and globalization [13, 14]. For
example, the implementation of healthy food environment
policies could improve the consumption of (poly)phenol-
rich foods. Moreover, a strong influence of Western diets
and processed foods is commonly observed [15]. Family
food-related dynamics may play an elemental role in die-
tary patterns, feeding behavior, and thereof also in (poly)
phenol intake [16, 17]. Typically a meal event refers to the
occasion or certain time that foods or drinks are consumed
during the day, currently, meal events or menus in (poly)
phenol estimation studies are scarce and their investigation
could be interesting for analyzing [18].

We aimed to estimate the dietary (poly)phenol intake and
the variability there of in a Danish subcohort of the “Diet,
Cancer and Health—Next Generation” (DCH—NG) MAX
study. In addition, we also studied the main food sources
of (poly)phenols and their classes, subclasses and the most
individual (poly)phenols consumed. All estimates were
focused on a meal event perspective.

Methods
Study population

This study was a subsample from the Danish population-
based DCH-NG cohort that was initiated in August 2015
and ended in April 2019. The DCH-NG cohort consists
of 39,554 individuals aged between 18 and 79 who were
biological children (generation 2), their spouses (genera-
tion 2-A) or grandchildren (generation 3) of the participants
(generation 1) from the DCH cohort [19]. The objective of
the establishment of the DCH-NG cohort was to be able to
investigate associations between genes, diet, and lifestyle
across generations. A total of 183,764 persons were invited
to participate in the DCH-NG cohort [19]. This DCH-NG
was a branch of the DCH prospective cohort that has been
characterized previously [20].

A validation subcohort called “MAX” was conducted
with 720 participants enrolled from August 2017 until
January 2019 was used for the present study. To validate a
semi-quantitative food frequency questionnaire and analyze
long-term reproducibility of plasma and urine metabolites,
among other aims, a subsample of the participants from
the DCH-NG cohort was invited to participate in the MAX
study. Thus, the MAX sample is not representative of the
general population because the cohort participants can be
considered a selected population as a previously mentioned
[19]. The data and samples were collected at baseline, 6 and
12 months. Participants completed two main questionnaires
concerning lifestyle and food frequency, 24-HDRs and par-
ticipated in a health examination including collection of
biological samples as well as anthropometric measurements
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and blood pressure measurements. We excluded the partici-
pants who did not have any 24-HDR, 676 individuals were
included in this analysis.

The Diet, Cancer and Health—Next Generations research
project was approved by the Danish Data Protection Agency
((journal number 2013-41-2043/2014-231-0094) and by
the Committee on Health Research Ethics for the Capital
Region of Denmark (journal number H-15001257). All par-
ticipants provided their written informed consent to partici-
pate in the study.

(Poly)phenol dietary intake

Participants in the DCH-NG MAX study filled out two
24-HDR (n=676) at each time point, i.e. at baseline
(n=0648), 6 (n=406) and 12 months (n=382), using a
validated web-based tool myfood24 (www.myfood24.org)
from Leeds University [21], which has been linked primar-
ily with the Danish national food database and now contains
approximately 1600 Danish food items, including a recipe
maker. At each time point, one recall was completed in the
day before and one recall in the day of examination. The
participants reported all food consumed the day before the
examination at the study center in grams by total portion size
(as specified/selected by each participant). To calculate the
(poly)phenol dietary intake, the mean of total (poly)phenols
was used from the recall of the days before the examina-
tion because it was complete and represented a typical day.
Also, the 24-HDR in the day of examination do not resemble
a full day, since participants have been fasting from 1 to
more than 9 h, respectively. Moreover, it was possible to add
dietary supplements, and before finishing the recall a list of
food items often forgotten was shown automatically by the
myfood24 tool. Finally, portion sizes was based on reports
from the Danish Food Institute.

Regarding processed foods, such as industrially or pre-
packaged meals, the (poly)phenol estimation was made
according to the percentages of ingredients in the food
products. The complex food products were calculated as
recipes taking into account the individual ingredients and
their corresponding proportions as estimated from stand-
ardized recipes or data available on the Internet [22], espe-
cially from Danish websites. In complementary, we used
recipes from the FFQ of the DCH cohort [23]. The over-
all procedure to link the reported food items followed the
stepwise protocol reported by Knaze et al. [7]. A specific
protocol was worked out to estimate the dietary intake of
(poly)phenols from DCH-NG MAX dietary recalls using
an “in-house” software developed by the University of
Barcelona, the Bellvitge Biomedical Research Institute
(IDIBELL) and the Centro de Investigation Biomédica en
Red (CIBER) [18]. The first step was to prepare an ingre-
dient list for each food item and highlight those with (poly)

phenol content from the dietary recalls. The second step
was to create the links between 24-HDR and the Phenol-
Explorer database [24]. The third step was to calculate the
total and individual (poly)phenols by food, meal and day.

We categorized foods/drinks into five options of meal
events selected by the participant: 'Breakfast', 'Lunch’,
'Evening', 'Snack’, and 'Drink’. It is important to mention
that the meal events were assigned by each participant
according to their interpretation of the meal events, with-
out a previous definition by the researchers. This could
lead them to assign the same food item to different meal
events, especially for drinks. For example, the breakfast,
lunch, evening and snack events consider a 13.4%, 2.3%,
4.3%, and 10.5% of drinks in the 24HDRs, respectively.
The total (poly)phenol content by meal event was calcu-
lated as the sum of all individual compounds expressed as
they are found in food items (i.e. glycosides, aglycones,
and esters) using the Phenol-Explorer database and in-
house databases. In addition, the total dietary intake of
(poly)phenols was presented by flavonoids (subclasses),
phenolic acids, lignans, stilbenes and other (poly)phenols,
and the most consumed (poly)phenols for each (poly)phe-
nol class and subclass by meal, and their food sources. The
data used in the present study were mainly acquired by
chromatography without previous hydrolysis of the food
extracts. Also, proanthocyanidin (PA) dimer data were
obtained by chromatography without hydrolysis; however,
for PA with a polymerization degree higher than two [PA
trimers, PA 4-6 mers, PA 7-10 mers, and PA polymers
(> 10 mers)], data obtained by normal-phase HPLC were
used.

Data were missing from food items such as grapeseed,
safflower and peanut oil, pumpkin seeds, tea rooibos hibis-
cus, and some alcohol drinks. Some missing values were
replaced from similar foods, for example using botanical
family and plant part. In dishes or recipes that used cooked
oil, we used a standard proportion of oil absorption, i.e. 5%
for stir-fried, 15% for fried, and 25% for deep-fried [25]. The
(poly)phenol content of dehydrated or concentrated foods
was estimated by multiplying the (poly)phenol contents of
“normal” food items by a concentration factor., For example,
the (poly)phenol content of expresso, a type of concentrated
coffee, was calculated by multiplying the content of tradi-
tional filtered coffee by 2.0 [4]. Similarly, the concentration
factors applied were: 3.0 for potato flour from raw potato,
0.5 for cocoa powder of cocoa solids from chocolate prod-
ucts, and 0.2 for jam or marmalade from raw fruit. In cereals
and grains, we converted the weight change factor between
dry and cooked weight, which was 3.8 for brown rice, 2.5 for
pasta, rice and lentils, 2.4 for beans, and 2.1 for chickpeas.
Lastly, we used different sources of traditional conversion
weights for fresh and dried herbs. In the present study, the
use of retention factors was not considered because they do
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not have a relevant impact on the estimated dietary (poly)
phenols [4].

Statistical analysis

All data were calculated with the mean intake (based on
either one, two or three 24-HDRs) of days for total or
meal events by an individual. Dietary (poly)phenol intakes
according to meal events were estimated using general lin-
ear models and presented as adjusted means and standard
errors (s.e.). Differences in (poly)phenol intakes for meals
stratified by time origin, sex, age (18-34, 35-50 and > 50y),
BMI (<25, 25-30 and > 30 kg/mz), smoking status (never,
former, and current smoker), and physical activity (regular
vs no regular exercise) were compared using general linear
models. All these models were adjusted for sex, age (year),
time origin, total energy intake (kcal/day), and BMI (kg/m?)
(as appropriate). P values <0.05 (two-tailed) were consid-
ered significant.

The contribution of each (poly)phenol class and subclass
to the total (poly)phenol intake was calculated as a percent-
age according to the five meal events: breakfast, lunch, even-
ing, snack, and drink. The top 30 most consumed individual
(poly)phenols and their main food sources in total and sex-
specific population were calculated as a means and standard
errors (s.e.) All analyses were conducted using SPSS soft-
ware (IBM SPSS Statistics, version 27.0).

Results

The percentages of total (poly)phenol dietary intakes accord-
ing to meal events are shown in Fig. 1. Among different meal
events, drink events were the highest contributor (30.1%),
while the lowest contributor to total (poly)phenol intake was
evening (13.9%). Mean intakes of unadjusted and adjusted
total (poly)phenols by meal adjusted for sex, age (y), time

Meal Event

22.4%

El Breakfast

Bl Lunch
Em Evening
30.1% Bl Snack
14.7% = Drink
13.9%

18.7%

Fig.1 Percentage of total (poly)phenol mean content from meal
events in all sample (n=676)
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origin, BMI, and total energy intake are shown in Supple-
mentary Table 1 and in Table 1, respectively. For the drink
event, the total (poly)phenol intake was higher in men than
in women, but the opposite was observed for the snack event.
The intake of total (poly)phenols increased with age, espe-
cially at breakfast and with the drink event. The total (poly)
phenol intake at both Iunch and the drink event was higher in
obese subjects. The total (poly)phenol intake at breakfast and
at lunch showed a higher nonsignificant trend at the extremes
of BMI (<25 or>30 kg/m2), compared with individuals
with 25-30 kg/m2. When comparing the intake by smoking
status, the drink event had the highest intake of total (poly)
phenols as observed in current smokers (602 mg/day), fol-
lowed by former smokers (530 mg/day) and never smokers
(432 mg/day). In all meal events, (poly)phenol intake was
higher with higher energy consumption, with the excep-
tion of the drinks event. Alcohol drinkers consumed more
total (poly)phenols than nonconsumers, the contribution of
alcoholic beverages to the overall (poly)phenols intake in
alcohol drinkers was 7.0% (4.8% for wine). No differences
in total (poly)phenol intake were observed in terms of time
origin and physical activity. Moreover, no differences were
observed in total polyphenols and by classes in all partici-
pants according to seasons (Supplementary Table 2).

Phenolic acids were the main contributors to total (poly)
phenols at breakfast, lunch, and drinks events (55.7-79.0%).
In contrast, flavonoids were the main contributors at even-
ing and snack events (45.5-60.0%). Lignans and stilbenes
accounted for < 1.0% of total (poly)phenol intake. Other
(poly)phenols accounted for 4.7% of total (poly)phenols,
with the alkylphenols subclass being especially relevant
(2.9%). However, the other (poly)phenols and alkylphe-
nols were higher at the lunch event with 14.2% and 11.3%,
respectively (Table 2).

With regard to (poly)phenol subclasses, the most impor-
tant contributors to total (poly)phenol intake were hydroxy-
cinnamic acids (60.3%), ranging from 39.2% at the even-
ing event to 77% at the drinks event. Flavanols were the
main contributors in snacks (54.9%) and the second-high-
est contributors in all other meal events, especially in the
form of the proanthocyanidins oligomers and polymers.
They were followed by flavonols (2.0-11.1%), alkylphe-
nols (0.1-11.3%), hydroxybenzoic acids (1.9-2.9%), and
anthocyanins (1.3-3.8%), as well as flavones, flavanones,
and tyrosol, each of which accounted for 0.1-4.4% of meal
events. The rest of the subclasses were less remarkable, each
one contributing less than 1% to total (poly)phenol intake
and meal events. Overall, the drinks event presents a great
difference in subclasses of (poly)phenols such as flavanols,
flavones, hydroxycinnamic acids, and alkylphenols com-
pared to other meal events.

The main food sources of total (poly)phenols are pre-
sented in Fig. 2. Nonalcoholic beverages (764 mg/day),
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Table 2 Percentage contribution of classes and subclasses of total (poly)phenols, and the top three most consumed polyphenols for each poly-
phenol class and subclass by meal in MAX study

Polyphenol classes and sub-
classes

All (%) Breakfast (%) Lunch (%) Evening (%) Snack (%) Drink (%) Top three most consumed indi-

vidual (poly)phenols

Total (poly)phenols

Flavonoids

Anthocyanins

Chalcones
Dihydrochalcones

Dihydroflavonols

Flavanols

Flavan-3-ol monomers

Proanthocyanidins
Theaflavins

Flavanones
Flavones

Flavonols

Isoflavonoids

Phenolic acids

Hydroxybenzoic acids

Hydroxycinnamic acids

Hydroxyphenylacetic acids

Hydroxyphenylpropanoic acids
Stilbenes
Lignans

Other (poly)phenol class

100

1.9

<0.1
0.1

0.2

234

5.6

17.4

0.4

0.7
1.8

35

0.1

62.6

2.2

60.3

<0.1

<0.1

0.1

0.8

4.7

100

244

1.8

0.0
0.2

<0.1

16.4

4.3

11.5

0.6

1.3
2.6

2.0

<0.1

69.7

2.2

67.5

<0.1

0.0

<0.1

1.0

4.8

100

26.7

1.3

<0.1
0.1

<0.1

16.3

2.6

13.6

0.1

0.6
39

4.2

0.3

55.7

2.3

532

0.1

<0.1

<0.1

33

14.2

100

45.5

3.8

<0.1
0.1

0.5

245

2.8

21.6

0.1

0.7
43

0.6

424

2.9

39.2

0.2

<0.1

<0.1

1.4

10.6

100

60.0

1.5

<0.1
0.3

<0.1

54.9

5.6

49.1

0.2

0.3
1.2

1.8

<0.1

375

2.2

352

<0.1

<0.1

<0.1

0.3

2.0

100

19.6

1.7

<0.1
<0.1

0.3

13.8

1.7

53

0.8

0.7
0.2

3.0

<0.1

79.0

1.9

77.0

<0.1

0.0

0.1

<0.1

1.2

5-Caffeoylquinic acid;
4-caffeoylquinic acid;
3-caffeoylquinic acid

Proanthocianidins: polymers (> 10
mers); 04-06 mers; 07—10 mers

Malvidin 3-O-glucoside; cya-
nidin 3-O-glucoside; cyanidin
3-O-rutinoside

Xanthohumol

Phloridzin; phloretin 2'-O-xylosyl-
glucoside; 3-hydroxyphloretin
2'-0O-glucoside

Dihydromyricetin 3-O-rham-
noside; dihydroquercetin
3-O-rhamnoside

Proanthocianidins: polymers (> 10
mers); 04-06 mers; 07-10 mers

(-)-Epicatechin; (-)-epigallocat-
echin 3-O-gallate; (-)-epigal-
locatechin

Proanthocianidins: polymers (> 10
mers); 04-06 mers; 07—10 mers

Theaflavin 3'-O-gallate; theaflavin
3,3'-0O-digallate; theaflavin
Hesperidin; didymin; narirutin
Apigenin 6,8-C-galactoside-C-
arabinoside; apigenin 6,8-C-ara-
binoside-C-glucoside; apigenin
6,8-di-C-glucoside
Quercetin 3-O-rutinoside;
quercetin 3,4'-O-diglucoside;
kaempferol 3-O-glucoside
6"-O-Malonylgenistin; 6"-O-Mal-
onyldaidzin; Genistin
5-Caffeoylquinic acid;
4-caffeoylquinic acid;
3-caffeoylquinic acid
5-0-Galloylquinic acid; gallic
acid; sanguiin H-6
5-Caffeoylquinic acid;
4-caffeoylquinic acid;
3-caffeoylquinic acid
Homovanillic acid; 4-hydroxyphe-
nylacetic acid; methoxypheny-
lacetic acid
Dihydro-p-coumaric acid; dihy-
drocafteic acid
Piceatannol 3-O-glucoside; resver-
atrol 3-O-glucoside; d-viniferin
Secoisolariciresinol; lariciresinol,
pinoresinol
5-Nonadecylresorcinol; 5-henei-
cosylresorcinol; 5-heptadecyl-
resorcinol
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Table 2 (continued)

Polyphenol classes and sub- All (%) Breakfast (%) Lunch (%) Evening (%) Snack (%) Drink (%) Top three most consumed indi-

classes vidual (poly)phenols

Alkylphenols 2.9 35 11.3 43 1.2 0.1 5-Nonadecylresorcinol; 5-henei-
cosylresorcinol; 5-heptadecyl-
resorcinol

Tyrosols 0.8 0.1 1.8 44 0.3 0.2 3,4-DHPEA-EDA; p-HPEA-EDA;
tyrosol

Alkylmethoxyphenols 0.3 0.3 0.3 0.4 0.1 0.3 4-Ethylguaiacol; 4-vinylguaiacol;
4-vinylsyringol

Curcuminoids 0.2 0.4 0.4 0.9 <0.1 0.0 Curcumin; demethoxycurcumin;
bisdemethoxycurcumin

Other (poly)phenol subclass 0.5 0.5 0.4 0.6 0.4 0.6 Pyrogallol; catechol; phlorin

Food sources

Non Alcoholic-Beverages
Cocoa-Products

Cereals

Nuts and Seeds

Fruits

Vegetables
Alcoholic-Beverages
Others

Food Groups
-
fnnpaonmn

r T T T T T T T
0 100 200 300 400 500 600 700 800

Total (poly)phenols mean intake (mg/day)

Fig.2 Total (poly)phenol mean intake from main food groups in
all sample (n=676). The (poly)phenol contribution is expressed as
amount in mg/day

cocoa products (144 mg/day), and cereals (140 mg/day)
were the major dietary sources of total (poly)phenols. Food
sources that have an intermediate contribution were nuts and
seeds, and fruits and vegetables, ranging from 55 mg/day
to 94 mg/day. Alcoholic beverages and other food sources
such as oils and herbs were lower contributors with means of
41 mg/day and 24 mg/day, respectively. Coffee (66.4%) and
tea infusions (14.6%) were the most important nonalcoholic
beverages contributors (Fig. 3).

The mean intake of the top 30 individual (poly)phenols is
shown in Table 3 together with their five main food sources.
The top three most consumed (poly)phenols were three
caffeoylquinic acid subtypes, where the largest food source
was coffee (82.5-99.2%). The 5-caffeoylquinic acid intake in
the total sample was 272 mg/day, with the intake being simi-
lar in women (274 mg/day) and in men (268 mg/day). They
were followed by proanthocyanidin polymers (61 mg/day)
and proanthocyanidin 4-6 oligomers (37 mg/day), while
cocoa products, nuts, and apples were the main food sources.
Ferulic acid (50 mg/day) had a high consumption, particu-
larly coming from cereals, especially rye bread (57.8%). Tea

Nonalcoholic beverages

0.4%
14.6%

Coffee
Fruit & vegetable juices

=

1.3% =
66.2% HE Herb infusions

=

=

Tea infusions

11.6% .
Soy drinks

Fig.3 Total mean percentage distribution of (poly)phenols from non-
alcoholic beverages in all sample (n=676). The (poly)phenol contri-
bution is expressed as amount in mg/day

consumption was the main food source of (—)-epigallocat-
echin 3-O-gallate, (—)-epigallocatechin, (+)-gallocatechin,
and 5-0-galloylquinic acid (>90%). Finally, cereal prod-
ucts like rye bread were an important source of alkylphenols
such as 5-nonadecylresorcinol, 5-heneicosylresorcinol, and
5-heptadecylresorcinol.

Discussion

Dietary intake of total (poly)phenols by meal events, (poly)
phenol classes and subclasses, and individual (poly)phenols
were estimated across the MAX subcohort from Denmark,
using three 24-HDRs over 1 year, the Phenol-Explorer data-
base, and an in-house protocol and software. The main food
sources were also identified and the influence of sociodemo-
graphic and lifestyle factors on (poly)phenol estimation by
meal events was also assessed. In recent years, the USDA
and Phenol-Explorer databases have been commonly used
for estimating individual or total (poly)phenols separately
or in a customized way [12]. Phenol-Explorer allowed us to
include more classes and subclasses of (poly)phenols, and
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Table 3 Mean intakes (mg/day) of top 30 most consumed individual (poly)phenols and their main food sources in MAX study

(Poly)phenol (mg/day)

(Poly)phenol Subclass

All mean (s.e.) Men mean (s.e.) Women mean (s.e.) Top five main food sources

1

10

11
12

13

14
15

16

17

5-Caffeoylquinic acid

4-Caffeoylquinic acid

3-Caffeoylquinic acid

Proanthocyanidin poly-
mers (> 10 mers)

Ferulic acid

Proanthocyanidin 4-6
oligomers

Proanthocyanidin 7-10
oligomers

5-Feruloylquinic acid

4-Feruloylquinic acid

Procyanidin dimer B2

5-0-Galloylquinic acid
3.4-Dicaffeoylquinic acid

Proanthocyanidin trimers

4,5-Dicaffeoylquinic acid
(—)-Epicatechin

3,5-Dicaffeoylquinic acid

(—)-Epigallocatechin
3-0-gallate

Hydroxycinnamic acids

Hydroxycinnamic acids

Hydroxycinnamic acids

Flavanols

Hydroxycinnamic acids

Flavanols

Flavanols

Hydroxycinnamic acids

Hydroxycinnamic acids

Flavanols

Hydroxybenzoic acids
Hydroxycinnamic acids

Flavanols

Hydroxycinnamic acids

Flavanols

Hydroxycinnamic acids

Flavanols

272 (8.2)

181 (6.8)

151 (5.9)

104 (4.0)

69 (1.8)

65 (2.5)

43 (1.6)

40 (1.4)

38 (1.3)

27 (0.8)

27 (1.8)
24 (0.7)

20 (0.7)

19 (0.6)
17 (0.5)

16 (0.5)

15 (1.1)

268 (13.4)

181 (11.3)

152 (9.8)

113 (5.5)

67 (2.8)

70 (3.3)

46 (2.1)

40 (2.3)

37 (2.0)

29 (1.3)

27 (2.7)
24 (1.2)

22 (1.1)

19 (1.0)
18 (0.8)

16 (0.7)

16 (1.8)

274 (10.1)

182 (8.3)

151 (7.2)

96 (5.8)

70 (2.4)

60 (3.7)

40 (2.3)

41(1.7)

39(1.8)

26 (1.1)

26 (2.5)
25 (1.0)

19 (0.9)

19 (0.7)
17 (0.8)

17 (0.6)

15 (1.5)

Coffee (82.5%); potatoes
(5.9%); seeds (3.5%);
apples (1.4%); blueberries
(1.0%)

Coffee (99.2%); tea (0.35%);
tomatoes (0.16%); apples
(0.08%); stone fruits
(0.02%)

Coffee (98.0%); stone fruits
(1.1%); broccoli (0.4%);
tea (0.2%); wine rose
0.1%)

Cocoa products (41.5%);
nuts and pulses (14.6%);
apples (8.8%); wine and
grapes (6.4%); berries
(5.1%)

Rye bread (57.8%); corn and
corn products (8.1); wheat
bread (7.8%); breakfast
cereals (4.2%); pastry
(4.1%)

Cocoa products (46.6%);
apple (12.8%); almond
(5.5%); wine and grapes
(4.7%); beans (3.0%)

Cocoa products (41.8%);
apples (18.0%); almond
(7.0%); wine and grapes
(5.6%); beans (5.2%)

Coffee (99.6%); Root veg-
etables (0.3%); Blueber-
ries (0.05%)

Coffee (99.8%); Root
vegetables (0.15%); Fruits
(0.05%)

Cocoa products (25.7%);
tea (25.3); apples (16.1%);
nuts and seeds (5.7%);
wine (5.5%)

Tea (99.9%); berries (0.1%)

Coffee (95.5%); root vegeta-
bles (4.5%)

Cocoa products (37.4%);
apple (23.0%); nuts and
seeds (7.6%); wine (4.8%);
tea (3.7%)

Coffee (100%)

Cocoa products (30.6%);
Tea (28.7%); apples
(18.4%); wine (9.3%);
fruits (3.5%)

Coftee (90.5%); root vegeta-
bles (9.5%)

Tea (99.4%); herbal tea
(0.4%); avocado (0.1%);
nuts (0.05%)
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Table 3 (continued)

(Poly)phenol (mg/day) (Poly)phenol Subclass

All mean (s.e.) Men mean (s.e.) Women mean (s.e.) Top five main food sources

18  Apigenin 6,8-C-galacto- Flavones

side-C-arabinoside

14 (0.5)

19 3-Feruloylquinic acid Hydroxycinnamic acids 13 (0.5)

20  5-Nonadecylresorcinol Alkylphenols 11 (0.3)
21  (—)-Epigallocatechin Flavanols 11 (0.8)
22 (+)-Catechin Flavanols 11 (0.3)
23 5-Heneicosylresorcinol Alkylphenols 10 (0.2)
24 (+)-Gallocatechin Flavanols 9(0.7)
25 Apigenin 6,8-C-arabino- Flavones 9(0.3)
side-C-glucoside
26  Secoisolariciresinol Lignans 8 (0.3)
27 (—)-Epicatechin 3-O-gal-  Flavanols 8(0.5)

late

28  Trans-Ferulic acid Hydroxycinnamic acids 8 (0.5)

29  Quercetin 3-O-rutinoside  Flavonols 7(0.4)

30 5-Heptadecylresorcinol Alkylphenols 6(0.2)

14 (0.6) 13 (0.7) Wheat bread (75.2%); pastry
(8.8%); pasta and pizza

(7.4%)

Coffee (99.1%); root vegeta-
bles (0.6%); stone fruits
(0.2%)

Rye bread (71.5%); wheat
bread (15.4); breakfast
cereals (5.7%); pastry
(3.4%); pasta & pizza
1.4%)

Tea (97.9); nuts (1.4%);
wine (0.2%); herbal tea
(0.1%)

Cocoa products (26.0%);
wine (25.9%); tea (19.4%);
fruits (12%)

Rye bread (64.8); wheat
bread (10.9%); breakfast
cereals (8.8%); pastry
(5.2%); pasta and pizza
(3.6%)

Tea (99.5%); wine (0.4%)

Wheat bread (72.5%); pastry
(9.7%); pasta and pizza
(7.8%)

Bread with seeds (66%);
bread (23.5%); flaxseeds
(7.6%); nonalcoholic
beverages (0.6%); carrot
0.3%)

Tea (87%); herbal tea
(8.8%); wine (3.7%); fruits
0.3%)

Bread (26.7%); breakfast
cereal (17.2%); pasta,
pizza, and rice (18.2%);
corn chips (14%)

Tea (74.4%); wine (4.9%);
stone fruits (4.9%); aspara-
gus (3.4%)

Bread (90.9%); breakfast
cereal (6.5%); pasta (1.2%)

13 (0.8) 13 (0.6)

11 (0.4) 11 (0.4)

11(1.3) 10 (1.1)

11 (0.4) 10 (0.5)

10 (0.4) 10 (0.3)

9 (1.0
9(0.4)

9 (1.0)
9(0.5)

8(0.5) 9(0.5)

8(0.7) 8(0.6)

8(0.6) 8(0.7)

7(0.7) 6(0.5)

6(0.2) 7(0.2)

express them as they are found in nature, mainly as glyco-
sides and esters [26].

When comparing our total (poly)phenols (1325 mg/day)
with other similar studies using Phenol-Explorer, compa-
rable mean intakes (1193 mg/day) were estimated by six
24-HDRs in the SUVIMAX study [27]. Moreover, the EPIC
study showed 1284 mg/day in the non-Mediterranean region,
which included Denmark, using a single 24-HDR [4]. The
PREDIMED study estimated a lower mean intake of 820 mg/
day, in this case using a FFQ with 137 food items [28] and
a Polish study with an intake of 989 mg/day by a single

24-HDR [29]. The HAPIEE study presented a higher mean
of 1740 mg/day by a FFQ with 148 food items. Moreover,
Latin American studies revealed lower intakes than Euro-
pean countries, thus, median intakes of 377-694 mg/day of
total (poly)phenols were reported in a Brazilian and Mexi-
can study, respectively [9, 30]. However, another Brazilian
study using multiple 24-HDRs estimated a higher median
intake of 1102 mg/day. There are definitely important dif-
ferences between estimations of dietary (poly)phenols that
can be explained by population and regional characteristics,
such as food availability and food consumption culture, and

@ Springer



European Journal of Nutrition

methodological reasons, such as type of dietary question-
naire and the selected food composition database.

To the best of our knowledge, there are no large epide-
miological studies that have estimated dietary (poly)phenol
intake by meal events. In a randomized controlled trial study
in older subjects, combining the Phenol-Explorer and USDA
databases, [18] the control diet group showed a higher pro-
portion of (poly)phenols for lunch and dinner events and a
lower proportion for snacks compared to the (poly)phenol-
rich diet group. These results can be explained by the (poly)
phenol-rich diet used, in which (poly)phenols-rich products
were used, especially in the snack meal event. Nevertheless,
the net estimation on meals is higher in the (poly)phenol-rich
diet. If these findings are compared with our results, the pro-
portion of total (poly)phenol consumed by meal events was
higher at breakfast (293 vs. 173 mg/day), lower at lunch (159
vs. 173 mg/day), and similar at dinner (141 vs. 140 mg/day)
when compared to the (poly)phenol-rich diet. However, it is
important to mention that the meal distribution was different
because they did not have the drink event and some (poly)
phenol-rich products used in the intervention were classi-
fied into the snack meal event [18]. Another recent study
found that lunch is the meal with the highest intake of total
(poly)phenols (mainly from coffee and cocoa products) in
adult women, but this was estimated using Phenol-Explorer
and the Folin—Ciocalteu method [31]. Our results suggest
that the Danish population consumed more (poly)phenol-
rich foods during breakfast, snacks, and drink events than at
both lunch and evening events. Finally, getting information
on meal events has interesting implications because it gives
possibilities to develop strategies for increasing and spread-
ing (poly)phenol intake over the day, which may be prefer-
able to ensure a high and stable concentration throughout
the entire day [32].

Hydroxycinnamic acids are by far the largest contribu-
tors to the total (poly)phenol intake due to the high coffee
consumption (mean intake of 649 mg/day), which explains
the 77.8% of the phenolic acid intake, being slightly higher
than that observed in other studies [33-35]. It is important
to mention that diluted filtered coffee is what is mostly con-
sumed in Denmark, and the type of coffee is very important,
because in some countries coffee is prepared in a concen-
trated form as in espresso, which is two- and fourfold richer
in (poly)phenols than normal filtered coffee and filtered
diluted coffee (American coffee), respectively [9]. Another
popular beverage that largely contributes to total (poly)phe-
nols, and specifically to flavonoids (20.7%) and phenolic
acids (1.5%), is tea. When comparing the consumption of the
same tea (mean intake of 96.1 mg/day) with other countries
from the Mediterranean region (4.6%), in our study it was
higher (7.3%), but it was lower than in Poland (27%) and
the UK (40.8%) where the consumption is greater [33, 35].
The main contributor to hydroxybenzoic acids and a number

@ Springer

of the most consumed individual (poly)phenols was tea, as
found in other studies; however, in the PREDIMED study,
it mainly came from olives and red wine in accordance with
the food preferences in Mediterranean countries [28, 33].
Finally, thearubigins were not included in our analysis due
to limitations presented previously in the EPIC study [36].
Furthermore, (poly)phenol intake data must be carefully
compared because thearubigins could make a substantial
contribution [37].

In the present study, the total (poly)phenol contribution
of proanthocyanidin (17.4%) and flavonol (3.5%) subclasses
from cocoa products, fruits and nuts and seeds is also worth
noting. This is consistent with other studies [33, 38]. In the
case of cocoa products (e.g. chocolate bar, chocolate shake
milks, bonbons), the percentage of cocoa powder is impor-
tant to be quantified because it provides the main/total part
of the (poly)phenols in the whole product. It is important
to bear in mind the existing differences in the (poly)phe-
nol content in cocoa products between databases [39, 40].
The intake of whole grain in Denmark over the last decade
has become very relevant, especially from rye and whole
meal bread [41]. The significant contribution of lignans and
alkylphenols to total (poly)phenols was higher in the pre-
sent study, which focused on breakfast, than in other stud-
ies [33], with 3.3-11.3%, respectively. The contribution in
other countries was mainly from refined wheat flour prod-
ucts and breakfast cereals [9, 27]. However, the phenolic
data from whole-grain foods in Phenol Explorer is partially
incomplete, which may cause an underestimation of their
contribution.

When compared with main food sources in our study,
the French SUVIMAX study estimated a lower mean intake
of 658 mg/day from nonalcoholic beverages (coffee repre-
sented 79% of the total). The differences are largest in the
PREDIMED study in which only 192 mg/day of total (poly)
phenols were provided by nonalcoholic beverages (55% from
coffee). Interestingly, the EPIC study presented a compre-
hensive comparison of prevalence in food consumption
between Mediterranean and non-Mediterranean countries,
highlighting large differences in nonalcoholic beverages
(42.3 vs 62.6%, respectively), especially coffee and tea.
While, Polish studies showed the highest intake of nonal-
coholic beverages with 1150 mg/day (44% from coffee and
27% from tea) and 743.6 mg/day by 24-HDR [29, 35]. One
study compared the mean total dietary (poly)phenol intake
in coffee consumers (984 mg/day) and noncoffee consumers
(456 mg/day) [42]. On the other hand, these studies showed
a lower proportion of (poly)phenols from cocoa products and
cereals but a higher proportion from fruits than in our results
[27, 28, 33]. Certainly, food sources are closely related to
the region and food tradition of the population, as typically
occurs in the Mediterranean diet as well as in other countries
or regions such as the Nordic diet from Scandinavian. For
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instance, in our study, the low amount of (poly)phenols at
lunch and evening compared to snacks can be explained by
the food choices of the MAX participants. (Poly)phenol-
rich foods such as beverages (tea, coffee), fruits, and cocoa
products were typically consumed in snack events, while
vegetables were more consumed during the main meals. The
content of (poly)phenols per portion size is lower in vegeta-
bles compare to fruits, tea, coffee, and cocoa products. The
snack meal could be a good strategy to increase the dietary
(poly)phenol intake [43]. Thus, one should be aware and
consider the impact of dietary (poly)phenol content when
comparing these food sources and their intakes, as well as
the implications for studies and variables or outcomes. The
potential limitations of questionnaires (type, administra-
tion form, design, data collection, etc.) applied by the study
design should also be borne in mind.

In general, several studies have demonstrated that young
people have a significantly lower (poly)phenol consumption
than older people [12, 38, 44]. However, the (poly)phenol
intake tends to increase or decrease in relation to age, and
this can vary by population for many reasons, including
eating habits, lifestyles, and seasons, among other things
[45-47]. Indeed, some populations have demonstrated cer-
tain exceptions by subclasses [33]. Associations between
(poly)phenol intake and lifestyle factors have been exam-
ined in several studies [33, 48]. A recent study showed an
inverse association between flavonoids and mortality in
smokers and consumers of high levels of alcohol, which
should encourage more effort and the use of dietary inter-
ventions with a view to preventing cardiovascular diseases
[11]. Also, current smokers consumed more total (poly)phe-
nols and phenolic acids, as smokers are much more likely
to drink coffee [9], which is consistent with our results.
The effect of (poly)phenol intake on overweight/obesity is
still unclear. The current literature supports an association
between higher flavonoid intake and decreased body weight
[10, 49]. Furthermore, commonly obese individuals follow
high-caloric diets, unhealthy lifestyles and food habits, and
that may alter (poly)phenol bioavailability and compromise
the metabolism pathways more [50]. Finally, future studies
with a prospective design and randomized controlled trials
are needed to confirm these associations and move forward
to the dietary guidelines and specific (poly)phenols recom-
mendations in risk populations.

The present study has two main strengths. The first is
the use of a new online analytical tool for the 24-HDR col-
lection called “myfood24” in a recognized subcohort from
Denmark. The second is the use of the most updated FCDB
and standardized protocol and the in-house software for the
(poly)phenol intake estimation. However, this study has a
few weaknesses related to the well-known limitations of
FCDBs in terms of incomplete data related to foods or (poly)
phenols (analytical method or specific compounds), and

the common measurement error of self-reported 24-HDR.
Another limitation to be aware of is that some registered the
same food item at different meal events. For example, coffee
was mainly assigned to drink events; however, some par-
ticipants classified it to other meal events (e.g. snack). This
is very important to be considered and controlled in future
studies. Finally, it would be optimally had three recalls from
all participants to estimate the most valid mean intake, but
that was only the case for 301 while 196 had two and 7 had
one.

Future studies would consider the meal events and their
dietary composition, food matrix, and processing. It will
help researchers to investigate eating behavior, level of
adherence and the diet bioavailability balance. Consuming
most of the (poly)phenol-rich products between meals and/
or skipping from the main meals could also impact their
bioavailability, for example, the effect of using them as sub-
strates for microbial transformation [32]. Another recom-
mendation is the standardization of (poly)phenol dietary
estimation, the FCDB used and the methods as express the
(poly)phenols (i.e. glycosides vs aglycones) it’s very relevant
for analyses, approaches, and perspectives that will proceed.
Lastly, considering the challenges for inter-individuality and
the potential metabotyping for diet (clusters or scores) [51],
using metabolomics providing biomarkers would seem to
have greater strength moving forward in terms of synergic
analysis with diet questionnaires [52, 53].

In conclusion, this study provides the most detailed
description of total (poly)phenol intake consumed in meal
events in a MAX subcohort from Denmark. The meal events
that provided the biggest contribution of (poly)phenols were
drinks meal events, which occurred extensively during
the day, and also the breakfast meal event. The main food
sources for individual (poly)phenols were nonalcoholic bev-
erages such as coffee and tea, cocoa products such as dark
chocolate, and cereals such as rye products. The individual
(poly)phenols consumed the most were hydroxycinnamic
acids and proanthocyanidins. The alkylphenol consumption
from cereal products is also remarkable. It would be also
relevant to explore this predominance of (poly)phenol sub-
classes and their individual (poly)phenols in greater depth
along with other outcomes such as health conditions. Moreo-
ver, we must consider sociodemographic and lifestyle fac-
tors since they are associated with differences in (poly)phe-
nol intake. This descriptive analysis of total dietary (poly)
phenols in meals provides key evidence that suggests the
need for further investigation with improved approaches in
epidemiological and clinical studies, thereby increasing the
knowledge of the role of (poly)phenols in the prevention of
diseases and in healthy aging.
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