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Improving the estimation of flavonoid intake for study of

health outcomes

Julia J. Peterson, Johanna T. Dwyer, Paul F. Jacques, and Marjorie L. McCullough

Imprecision in estimating intakes of non-nutrient bioactive compounds such as fla-
vonoids is a challenge in epidemiologic studies of health outcomes. The sources of
this imprecision, using flavonoids as an example, include the variability of bioactive
compounds in foods due to differences in growing conditions and processing, the
challenges in laboratory quantification of flavonoids in foods, the incompleteness
of flavonoid food composition tables, and the lack of adequate dietary assessment
instruments. Steps to improve databases of bioactive compounds and to increase
the accuracy and precision of the estimation of bioactive compound intakes in
studies of health benefits and outcomes are suggested.

INTRODUCTION

Flavonoids are bioactive, polyphenolic, non-nutrients
in plants"” that are ubiquitous in diets.’” Figure 1
shows the major classes of flavonoids commonly found
in plant foods. Table 1 lists some common food sources
of the various flavonoid classes and references figures il-
lustrating some of these (Figure 2 and Figures S1-S3,
which are available in the Supporting Information for
this article online).®”'" Although there are thousands of
flavonoids found in nature, only several dozen are
common in foods. Emerging science from some obser-
vational and metabolic studies suggests that flavonoid-
rich diets may lower the risk of some diet-related
chronic degenerative diseases, such as cardiovascular
disease, type 2 diabetes, and certain cancers,' 2! but a
few clinical and laboratory reports indicate that very
high doses of certain flavonoids may have adverse ef-
fects, such as interference with common medications
and, for some green tea extracts, liver toxicity.'’ **
Therefore, it is important to accurately assess flavonoid

intakes from the perspectives of both disease prevention
and safety.”” >’ Adverse effects and safety issues, how-
ever, are beyond the scope of this article.

This article summarizes flavonoid intakes from re-
cent observational epidemiologic studies in Europe and
the United States. It explores some possible sources of
flavonoid intake misestimation in these studies, includ-
ing the variability of flavonoids in foods due to differ-
ences in growing conditions and processing, the
challenges in laboratory quantification of flavonoids in
foods, the incompleteness of flavonoid food composi-
tion tables, and the lack of adequate dietary assessment
tools. It concludes with steps scientists can take to im-
prove databases, reduce methodological misestimations,
and increase the accuracy and precision of studies as-
sessing the associations between flavonoids and health
outcomes. This article does not address reporting re-
quirements for studies of bioactive compounds such as
flavonoids or the many pitfalls that must be avoided in
experimental and clinical studies. These issues are cov-
ered in a recent article® documenting reporting
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Figure 1 Flavonoid classes commonly found in plant foods, with representative examples of each. Except for flavan-3-ols and proan-
thocyanidins, most compounds in the other classes have sugars attached (flavonoid glycosides). Here, they are all presented as aglycones

(without sugars).

requirements by the International Life Sciences
Institute Bioactive Committee®’ using the CONSORT
framework developed® > and endorsed by leading re-
searchers here and abroad.

FLAVONOID INTAKES IN EUROPEAN AND US COHORTS

Table 2>***® reports flavonoid intakes based on
means and medians from recent US, European, and
Australian cohort and population-based studies of
adults. Only studies that measured intakes of proantho-
cyanidins®*® (condensed tannins, Figure 2) and at least
4 monomeric flavonoid classes were included (indicat-
ing that more complete flavonoid data were used). As
seen in Table 2, intake estimates varied greatly across
cohorts by country. Since flavonoid intake distributions
are usually skewed to the right, mean intakes tended to
be higher than median intakes. When proanthocyani-
dins, particularly the thearubigins®® (derived tannins;
see Figure S3 in the Supporting Information for this
article available online), were not measured, total flavo-
noid intakes were usually lower by at least a third. Note
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that, in Table 2, values in boldface indicate thearubigins
were included; in the remaining studies, these com-
pounds were excluded.

Thus, intakes may not be directly comparable be-
cause the studies used various flavonoid databases and
dietary assessment tools (food frequency questionnaires
of varying length, histories, recalls, and records).
Despite these variable approaches to measuring diet
and assessing flavonoid intakes, some generalizations
are possible. First, the range of mean total flavonoid in-
takes between and within these Australian, European,
and US adult populations was wide, from 209 to
1017 mg/d (mean 435mg/d). The highest mean intake
(1017 mg/d) was reported in studies by Knaze et al.”
and Zamora-Ros et al.**™*’ for a British cohort, and the
lowest mean intake (209 mg/d) reported was for the
National Findiet cohort.*’ Both of these studies used a
single 24-hour recall, which may be too short in dura-
tion to reflect usual diets and may have captured unrep-
resentative (outlier) days that do not reflect usual
diets.”" Four studies®****** provided means and me-
dians for many of the flavonoid classes, and 3 of these
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Table 1 Flavonoid classes, common compounds, and their plant sources

Flavonoid class (compounds)

Common plant sources (botanical families)

Anthocyanidins (cyanidin, delphinidin, malvidin,
pelargonidin, peonidin, petunidin)

Flavonols (isorhamnetin, kaempferol, myricetin,
quercetin)

Flavones (apigenin, luteolin)

Isoflavones (daidzein, genistein, glycitein, biochanin A,
coumestrol,® formononetin)

Flavanones (eriodictyol, hesperetin, naringenin)

Flavan-3-ols (epicatechin, epicatechin 3-gallate,
epigallocatechin, epigallocatechin gallate, catechin,
gallocatechin)

Proanthocyanidins (monomers, dimers, trimers, 4-6
mers, 7-10 mers, polymers)

Theaflavins and thearubigins. Theaflavins are flavan-3-ol
dimers, and thearubigins are flavan-3-ol polymers.
Both are derived tannins®

Blueberries (Ericaceae), red wine (Vitaceae), strawberries (Rosaceae).
Usually present in any pink to purple fruit or vegetable®

Blueberries (Ericaceae), garlic and onions (Amaryllidaceae), kale and
broccoli (Brassicaceae), spinach (Chenopodiaceae), red wine
(Vitaceae), tea (Theaceae), tomatoes (Solanaceae). Ubiquitous in
plant families

Celery (Apiaceae), garlic (Amaryllidaceae), green peppers (Solanaceae),
peppermint (Lamiaceae). Common in any leafy plant, particularly the
parsley family (Apiaceae)

Soy products, peanuts, beans (Fabaceae). Present in members of the
legume family (Fabaceae), especially the genus Glycine (soy), but
also in small amounts in other plants’~"'

Citrus fruits and juices (Rutaceae), peppermint (Lamiaceae)

Apples, apricots, peaches, pears, strawberries (Rosaceae), black and
green tea (Theaceae), blueberries and cranberries (Ericaceae),
chocolate (Malvaceae), grapes and red wine (Vitaceae)

Apples, apricots, peaches, pears, strawberries (Rosaceae), blueberries
and cranberries (Ericaceae), chocolate (Malvaceae), grapes and red
wine (Vitaceae), peanuts (Fabaceae), pecans and walnuts
(Juglandaceae)

Formed during the processing of tea (Theaceae). Theaflavins (Figure 2)
are red, and thearubigins (Figure S3) are reddish brown

Other pink to red to violet pigments are lycopene (a tetraterpene or carotenoid) in tomatoes and red peppers (Solanaceae, potato
family, where eggplant has anthocyanins), watermelon (Cucurbitaceae, squash family), and grapefruit (Rutaceae, citrus family, where
blood oranges have anthocyanins), and the betalains (indole alkaloids) in the Chenopodiaceae family (beets, quinoa, spinach, Swiss

hard, etc.) (Figure S1 in the Supporting Information online)

cCoumestrol is a coumestan; coumestans are structurally similar to isoflavones (Figure S2 in the Supporting Information online).
Monomers are flavan-3-ols that are free flavan-3-ols or cleaved from oligomers and polymers during analysis (extraction and/or

isolation)

provided mean and median total flavonoid intakes. The
median total intakes in these 3 studies were 44 mg/d,
57 mg/d, and 66 mg/d, lower than the means reported,
illustrating that estimates tend to be skewed to the right
(Table S1).

Second, the flavonoids consumed in the greatest
amounts in these studies were the polymeric proantho-
cyanidins (ranging from 48 to 706 mg/d, with a mean of
242 mg/d). Proanthocyanidins were rarely included in
studies before 2004,°> when a provisional database on
the proanthocyanidin content of foods first became
available.”®*%%7%% In these recent studies, the mean to-
tal intake of the monomeric flavonoid classes was
193 mg/d (range, 83-560 mg/d). Intakes of the mono-
meric flavonoids in these studies were as follows: fla-
van-3-ols, 102mg/d (range, 12-431 mg/d); flavanones,
34 mg/d (range, 13-53 mg/d); anthocyanidins, 27 mg/d
(range, 3-59 mg/d); flavonols, 27 mg/d (range, 5-52 mg/
d); flavones, 5mg/d (range, 0.2-34 mg/d); and isofla-
vones 1 mg/day (range, 0.1-5mg/d) (Table SI).

Third, it should be noted that mean isoflavone in-
takes of individuals in these European and US cohorts
(<2mg/d) differed strikingly from intakes reported in
studies of Asian populations (26 mg/d).°®"*® Mean
intakes of other classes of flavonoids appear to be
more similar among European,3‘:”36’38’39’41’42’44’46"49

US,3’4’34’4O’43 and possibly Asian populations.m_m
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However, very few Asian studies’®7* have measured
intakes of the other flavonoid classes, and none appear
to have included proanthocyanidins. It is not known
whether intakes from other classes of flavonoids differ
between Asian and Western populations.'>”>

Fourth, even the highest flavonoid intake levels
for individual compounds or classes in these cohorts
were typically lower than those in intervention studies
that have achieved clinical effects.”® For example the
dose used in most intervention studies exceeded
the usual intakes from diets by ~3- to 15-fold.””"®’
In the recent FLAVURS intervention study, doses
ranging from 20 to 70 mg flavonoids over baseline fla-
vonoid intake levels (that were stated to be low but not
reported) showed some effects on microvascular
reactivity.*

POSSIBLE REASONS FOR ACROSS-STUDY VARIATIONS
IN ESTIMATED FLAVONOID INTAKE

Flavonoid intakes vary greatly within and between pop-
ulations, owing not only to real differences in intakes®
but also to other causes of variability. These variations
may lead to inconsistent associations with health out-
comes.'>% Sources of variability include the variabil-
ity of plants themselves, the methods of processing
plant foods for consumption, the chemical analyses
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Figure 2 Tannins: condensed (proanthocyanidins), derived (theaflavin), and hydrolyzable (tannic acid). Until or unless databases that
include the condensed, derived, and hydrolyzable tannins are developed,® it is probably wise to include theaflavins with proanthocyanidin di-
mers and thearubigins with proanthocyanidin polymers. There are a few flavone dimers, particularly in medicinal plants, as well as a few fla-

van-3-ol-anthocyanin and proanthocyanidin—anthocyanin pairs in wine.

used to measure the flavonoids present, and the com-
pleteness of flavonoid databases. In addition, inade-
quate dietary assessment tools can cause variability
between studies. Each source of misestimation is dis-
cussed in greater detail below.

Inherent variability of flavonoid content in plants

A plant’s capacity to produce flavonoids varies intrinsi-
cally by its genus, species, family, and even within sub-
species and cultivars or varieties.”*”'®" Most plants
contain more than one class of flavonoids. Table 3
shows some particularly rich sources (e.g., total flavo-
noids >50 mg/serving) common in US diets,'*? includ-
ing apples, blueberries, dark chocolate, grapefruit juice,
grapes, oranges, pears, red wine, strawberries, and tea
(black, black decaffeinated, and green). Variability in
flavonoid content, even within the same family, genus,
and species, occurs because flavonoids are secondary
metabolites produced in varying amounts in response
to stressors such as invading microorganisms, insects,
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plant diseases, season, climate, geography, or other en-
vironmental influences.'®*~''°

Animals do not synthesize flavonoids. The few fla-
vonoids present in animal foods are usually due to the
animal’s diet (e.g., isoflavones in milk due to alfalfa, clo-
ver, other Fabaceae plants, and soy meal eaten by
cows)''! or to processing."'

Flavonoids in foods are often conjugated with gal-
lates, glycosides, or methoxy groups (Figures S4-S6
available in the Supporting Information online), which
may affect bioavailability."'>''® Although plant genera
and species differ in the specific aglycones, sugars, and
the amount of compounds that are present (which are
affected in turn by the degree of ripeness and other en-
vironmental factors),”''”"'** each genus and species is
fairly consistent in the type and amount of one or more
“signature” flavonoid classes it contains. For example,
blueberries'”" are rich in anthocyanins and proantho-
cyanidins, dark chocolate'**'** is rich in flavan-3-ols
and proanthocyanidins, and citrus'*>'*® is rich in flava-
nones. This considerable variability in food flavonoid

Nutrition Reviews® Vol. 73(8):553-576
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content, even within specific species and varieties, can-
not be entirely eliminated. For example, in the US
Department of Agriculture (USDA) databases, the
mean (weighted by number of data points), number of
data points, standard error of the mean, minimum
value from data points, maximum value from data
points, and confidence estimate for the quality of the
data, along with sources of data, are all provided for
each item and compound. As databases grow to include
more and better flavonoid analyses, the variability of es-
timated values should decrease, improving precision in
measuring intakes.

Processing of foods

Flavonoid content is also affected by food processing.
Ignoring processing losses leads to overestimates of
food flavonoid content. Processing losses depend on the
individual flavonoid and its chemical properties, the
food and its matrix, and the processing method
used."””""** Milling (particularly for grains) often re-
moves flavonoids."**'*” Boiling may leach flavonoids
into water that is discarded, decreasing the flavonoid
content."””"*® Microwaving, freezing, and frying appear
to have less effect on flavonoid content,'?”!?114771%2
Juicing may increase the citrus flavonoid content, if
the processing techniques that are used extract flavo-
noids from the peel and deposit them into the
juice.l44,153,154

Databases sometimes provide data only on the raw
food item because that is what was analyzed. Now, the
USDA’s Nutrient Data Laboratory and the Food
Composition and Methods Development Laboratory”>’
and scientists compiling Phenol-Explorer'*® are provid-
ing flavonoid “retention factors” that account for com-
mon processing techniques for foods and flavonoids so
that food tables in the future will contain improved
food flavonoid composition estimates for both raw and
cooked items by type of cooking method.

Although a detailed discussion of the influence of
food preparation and processing methods on flavonoid
values is outside the scope of this article, it is important
to mention that the lack of quantitative data on non-
nutrient bioactive compounds such as flavonoids in
processed foods potentially lessens the ability to detect
associations between flavonoid intakes and health out-
comes.® Dekker and Verkirk'”” investigated the data on
bioactive glucosinolates from the broccoli family
(Brassicaceae). With the data and computer modeling,
they estimated that, if information about home prepara-
tion of foods was quantified, the statistical power of a
study could at least be doubled."” If all variation of the
food production chain could be accounted for, a study’s
statistical power could be increased by a factor of 5.

Nutrition Reviews® Vol. 73(8):553-576

For the flavonoids, values are needed for processed
foods such as cereals, breads, and crackers. This might
improve the estimated relative risks observed in studies
of flavonoids and health.

Varying precision of chemical analyses used to
determine flavonoid content

Until recently, the gaps that existed in food composition
data were major impediments to accurate estimation of
flavonoid intake. Today, better chemical analytic meth-
ods are available and databases are more complete, with
duplicate analyses of more compounds and a wider va-
riety of foods, including cooked and processed items.

The laboratory methods used to determine flavo-
noid content affect the precision and accuracy of the
values in and the quality of databases.'”® The analytical
methods for measuring flavonoids involve extraction,
separation, characterization (i.e., detection and identifi-
cation), and quantification. Newer extraction methods
reduce the amount of solvent used as well as flavonoid
losses due to degradation. Although solvent extraction
systems are effective, no single extraction or separation
system is suitable for all the flavonoid compounds in
any one class or group of classes because of differences
in polarity among individual compounds."'**'*

Acid hydrolysis is used for reliable identification of
aglycones because mass spectroscopy fragmentation
may not identify some similar flavonoids. It also sepa-
rates the O-glycosides (Figure S5 in the Supporting
Information online), which are easily hydrolyzed from
C-glycosides (Figure S6 in the Supporting Information
online), which are not hydrolyzed.161 Alkaline (basic)
hydrolysis is used to determine where an acyl group
(acetyl, malonyl, p-coumaryl, etc.) is attached to a sugar
(Figure S6 in the Supporting Information on-
line)."'°%16271%¢ High-performance liquid chromatogra-
phy is the most robust method for separation and
quantification, and better separation is now available
using ultra high-performance liquid chromatography.
Ultraviolet detection, fluorimetry (for flavonoids with
natural fluorescence), and mass spectroscopy are used
for characterization and quantification.

Mass spectroscopy can determine the following: 1)
molecular mass (and, if high-resolution mass spectros-
copy is used,'®* even more accurate identification of a
compound’s molecular formula and structure is possi-
ble); 2) structure of the aglycone (pattern of hydroxyl-
ation, attachment of ring B to ring C [see Figure 1]); 3)
information about acylation of sugar hydroxyl groups
and possible methylation or sulfation of aglycone hy-
droxyl(s); and 4) the number and the configuration of
sugars and, sometimes, the glycosidic bond positions.
However, mass spectroscopy does not provide
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information about the stereochemistry of the glycosidic
linkage or distinguish between diastereomeric sugar
units, even though such characteristics may be impor-
tant for biological activity.'®” Mass spectroscopy can be
used to quantify monomeric flavonoids in foods but not
polymeric proanthocyanidins because the number and
similarity of all their isomers, both structurally and in
mass spectroscopy fragmentation, is so grea‘t.160’168"171

Table 4"12>146:1397162165-220 qummarizes some of
the preferred analytical methods used today. Particular
analytical challenges remain for each flavonoid
class,”'*!72217223 including the lack of standards for
many individual flavonoid compounds in foods and the
cost of developing and using standards. The quantifica-
tion difficulties involving flavonoids are being resolved
with the use of one standard for several similar com-
pounds,'”>*'”*' mass spectroscopy extractable chro-
matogram methods,”'® and ultraviolet molar relative
response factors.'”'® When evaluating the chemical
data on foods and plants in the literature for inclusion
in databases, database developers must determine if the
analytical methods used were appropriate.

Completeness of flavonoid databases

The primary, or core, flavonoid databases provide
extensive and precise data on the compounds in many
foods, with a great deal of detail on variability, prepara-
tion, and processing. Table 5 compares the three primary
flavonoid databases currently available: the USDA data-
bases?®??*22 for flavonoids,” isoflavones,”* and proan-
thocyanidins®® and the Phenol-Explorer”®!'*!1°6226-228
and EuroFIR-eBASIS****** databases. The values in
these USDA and European databases are generally simi-
lar because they are based largely on a common group of
analytical data for food flavonoids in the literature. The
most recently updated databases contain the greatest
number of foods and the greatest amount of flavonoid
analytical data points for each food.

For example, the first USDA release in 2003 had
225 food items, the release in 2007, 385 food items, and
the release in 2011, 500 food items for 26 predominant
flavonoids. The 2013 update includes 506 foods. Using
blueberries as an example, in 2003 the USDA release
had 2 items, in 2007 it had 4 items, in 2011 it had 5
items, and in 2013 it had 5 items but more data points.
As a result, the total anthocyanidin value of raw blue-
berries (USDA National Nutrient Database for
Standard Reference #09050) has varied: 113 mg/100 g in
2003, 164 mg/100g in 2007, 131 mg/100 g in 2011, and
163 mg/100g in 2013. Table 3 shows some common
foods, which vary both in their flavonoid content and
in the frequency with which they are consumed.
Flavonoid intake estimates using updated databases
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tend to be higher than older estimates. Omissions of
certain foods very rich in flavonoids, such as tea, cocoa,
and berries, and also foods that are lower in flavonoid
content but are eaten frequently in large amounts, such
as tomatoes and potatoes, may lead to underestimates
of flavonoid intakes.”*”**®

Flavonoid-rich dietary supplements are often not
included in dietary assessment instruments or, if they
are included, only a generic question on supplement
use is asked (e.g., use of vitamin-mineral or botanical
supplements). Detailed information on form and dose
is needed when individuals report the use of flavonoid-
containing dietary supplements. '’

Flavonoid-rich supplements include black cohosh,
blueberry extracts, chaste tree, citrus extracts, dong
quai, evening primrose, Gingko biloba, green tea ex-
tracts, kava, lemon balm, licorice root, red clover, St.
John’s wort, saw palmetto, soy, and valerian. Although
single-ingredient flavonoid products (such as chrysin,
daidzein, diosmin, genistein, hesperidin, quercetin, and
rutin) are sold over the counter, most supplements, in-
cluding soy, green tea, citrus, or bioflavonoids, are
blends, extracts, or mixtures containing several flavo-
noids (often in more than one class). Regulations do
not require the precise composition of blends to be vali-
dated by chemical analysis and stated on labels.
Supplement products are reformulated often, making it
difficult to know what is actually present. A dietary sup-
plement label database that provides information on la-
beled ingredients for many products sold in the United
States is now available.”>> At present, survey data are in-
sufficient to estimate the prevalence of the use of flavo-
noid-rich dietary supplements, but if it is high in
certain  groups®®*””  such as  postmenopausal
women,”>*** %" this would be an incentive to include
specific questions in surveys of such groups.

Inadequacy of dietary assessment tools

Dietary assessment of flavonoid intakes is unique be-
cause there are so many flavonoids in foods and the
food composition tables upon which assessment de-
pends are still quite incomplete, particularly for flavones
and proanthocyanidins. Inadequate dietary assessment
tools also contribute to misestimation in exposure
assessment,®"9>241 724

In most epidemiologic studies, very large numbers
of participants (often tens of thousands) report their
usual diets using semiquantitative food frequency ques-
tionnaires that maximize information while reducing
both participant burden and the costs of coding and
analysis. Even so, food frequency questionnaires are
particularly challenging for the assessment of flavonoid
intakes. Most food lists for food frequency

Nutrition Reviews® Vol. 73(8):553-576



(panunuod)

buissadoud ‘uonipuod buimoib ‘uosess

‘uoib6a. ‘u1bLIo Jo A13unod ‘Ayunjew ‘Jeaind/sapadsgng
pa1si| 10u S| punodwod ‘d|qejieAeun

2.e elep J1 ‘019z anJy e SI | ‘papinoid S| anjeA 013z J

pals]| syjunowre asel |

yb1am ysaiy 1o Kip by/bw

YN ‘Adodsordads paiesyul-1eau ‘SN-I7
)1dH ‘Aydesbolewo.yd 1akej-uiyy sduewiopsd-ybiy
‘SIW-DD 9D ‘Anawion)y ‘“A3awio]od ‘Aydeibolewoly)

sjeunof pamainai-saad
ul ydseasal Arewid wouy paldexa elep uonisodwo)

SOM ‘P3INGNd ‘esequi 4spulids SyD
S199yspealds [90x3 ul pauodxa suodas ‘uondudsgns Ag

9doin3 ul pawnsuod Ajuowwod syualpalbul
juswsa|ddns pooy jueid pue syued g€ sapnpul aseqeleq

0102
Ul paMels yyg|Tiue|dd ‘5007 Ut PaLels S|Syga Yi4oang

355D O€ Ul spunodwiod punsIp
005< pue ‘syueid oz Bulanod suiod eyep 000 S7<

sjouaydAjod Jayio pue
‘510491503Ayd ‘sa1ejeX0 ‘sapueyrdesobhi|o ‘salejouisodn|b
‘s9pIs0dA|b dlusboueAd ‘spiouslosed ‘saujwe djuabolq
‘suipiuefdoyjueold ‘spiouoae)y :buipnpoul ‘sassep Qg
syuawsa|ddns
pue syue|d pooj ul spunodwod aA1deoIq Jofew ||y

buryood pue
‘abe103s pooy ‘buissad0id pooy ‘sad13deld |einy
-In>ube ‘s1013e) [RIUSWIUOIIAUD ‘sanalieA Jueld Ag

pa123]3s 41 d|qe|IieAR S0IIZ 3N ]

'sbujuoseas pue ‘sadnes ‘sobesanaq 1oy jw oo L/dw
pue ‘sjlo pue spooy pl|os 10} WbBrem ysaiy b oo L/bw

(s1shjoapAy

13ye) sauodK|be se 1o (sisK|oipAY Inoyum)

19153 pue sapisodA|b se Aj9yeledas payiod

-9J 9Je S3N[eA JUdU0d ‘spoylaw diydeibolew

-0J> 104 'sulueAd0yjue 1o} POYIRW [euIRYIP
Hd ‘Aesse uijo4 ‘sisaioydoiydad Aejjided ‘0 “)7dH

sjeuinof pamainal-1aad ul sapIe 9g9<

abpa|mouy| Jo I ‘Y154 ‘SUoneId apIuy
S199yspealds [95x3 ul payodxa suodai
‘aseqelep 920y SN 10 TOSAIN Ul 19uIRiu| Aq ‘9914

Spooy GG <

600¢

splouoAe}j 104 syutod elep /€ 07<
‘syuiod eyep [eulblio 9¢9 £ < ‘sasseppqns | ¢
pue sassep 9 ul (spiouoAeyy z8z) sjousydAjod gL g
("219 “5]0504A)
‘sulewinodouelny ‘spiouiwnind) sjouaydAjod
J13Y30 ‘sauaqns ‘sueubi| ‘spioe dijouayd ‘spiou
-OAR|JOSI ‘S|OUOAR|} :SOUOAR]J SSUOURAR|J 'S|O-€
-ueAe|} ‘SU0d[eYD0IPAYIP ‘suod|eyd ‘suiueddoyiuy

sjouayd ||y

$$911S |EIUSWIUOIIAUD
‘spoyisw uopiesedald ‘suoiipuod abesoys pue

Buissado.d ‘sadideid [einyndiibe ‘uoriedo) ‘eanind Ag
paisi| Jou S| punodwod ‘3|qejieAeun

dJe e1ep JI ‘019z dnJ} e SI )1 ‘papinoad si anjea 019z Jj
seetL0

Aq paijdiynw si ‘sjgejieae yi ‘uonedyiuenb jo ywi
600L/bw se sabesanaq

‘pooy jo uorod 3|qIpa Jo ybiam ysauy 6 oo L/bw

siaw} 0} A|uo )1dH-dy
‘s13wob1|0 [ 104 ITdH-dN :SulpiueAdoyiueoid
poyIRwW 3dUIJ3I ¢ .'[e 33 AYdIn| :s3UOAROS|

Aydeiboyewoiyd Asejjided 2133UX011233 Je[|adIW
‘sisaJoydoundafd auoz Aejjided 9) “J1dH :splouoae|q
S9|dIUe Q€ :sulpluefdoyjueoid

ejep
dlwapede paysiigndun g ‘s3[d1e gL :SSUOARJOS|
92Jnos A1snpul | ‘s9ppIue Q€ :SpIoUoAe|q

V1S4 'STvD

aseqeiep ssaddy S|\ 4o jpd 3914

SpP00y 507 Ssulpluefdoyiueoid

SPO0J /GG :SOUOAR|JOS|

SWI9)l POOJ 90§ :SPIOUOA®|]

#00Z 3snbny :sujpiuefd>oyiueold
800¢

13quIa1das (0°7) UOISIAN 1533e| ‘6661 [HdY :SauoAR|JOS|
SS90V SNl Ul e1ep apIsodA|6 yim

‘7107 AN (L°€) UOISIDA 1591€] ‘€007 YdJe :SplouoAe|q
gSiuiod ejep
[eulblo €| $Z< ‘SidW QL < pue ‘sisw QL—/ ‘sidwl
09— ‘sIawWl} ‘siaWIp ‘siswouow uonezuswAjod
J0 33163p Aq padnoib suipiues>oyiueosd
{|0J1S9WN0D URISAWINOD BY] pUe SDUOAR|JOSI

Joulw z pue Jofew € !SpIOUOAB]} [enpIAIpUl 97

ue)SAWINOD |
pue ‘sauoneljosi ‘suipiuedoyjueoid ‘sjouoneyy
‘SOUOAR|} ‘SOUOUBAR|S ‘S|O-E-UBARY}. ‘SUIPIUBAdOYIUY

suipiuedoyjueoid ‘SSUOAROSI ‘SPIOUOAR|{

eliep

pSAN[eA JO 28T
_sanjeA adei|

eleQ

spoylaw
[e21WRYd
9|qeidaddy

$32In0S
$324N0S

elep aseqeieq

se a|qe|leny

papnpul spooy
O "ou [e10]

pasesjal ajeq

papnpul
spunod
-wod JO "ou [e10]

papnjoul
sasse|d d1y1adg

abeiano)

vez-6z7 2515899 PUB YygITIue|de Y|40ing

see-orz'osL v 95 21010XT JoUYd

vez'ss'ssvsOo Cd I8P YASN

#10€ Jo se saseqejep piouoaeyy Krewnid JuadHIp aY3 Jo sansUBPRIRY) § I/GD ]

563

Nutrition Reviews® Vol. 73(8):553-576



PIOUOAR|} B JO @d3Uasqe 9y} 219yM 0J9Z e :SOJ9Z aNnli] "SSe[d pIoUoAe|} pue wall jeyl Joj

"DUIINS JO g3 ‘SO ‘24nYNdu

‘sask|eue [edjWaYd uo paseq si punodwiod 1o ssep

aysiignd 1o papodal udaq aAeY sasAjeue ou sned3q BUISSIW SI 10 UMOUMUN S| aN|BA :SIN[eA JO e,

poyaw 3y} jo co_pmuc_u‘:m:w%o 11WI| 3Y1 MOJ3q I S3N[eA PIOUOAR]} U} ING ‘PazA[RUE S| WY ) [S)UNOWE 3BJ) IO SIN[EA 3del ]
‘W)l P00} BUO Ul pUNOdWOD dUO 40} 3NjeA auo :ulod eleq
“YYgITIURId UIYNM papn}pUl B1e e1ep Uonisodwod SiSyga [y “siuawaddns pooy 1uejd Uo e1ep SIPNPUI YIIYM ‘(JUBUSSISSY YTy PUB 1J2USG ‘D%BIU] JO S|9AST S1usUl
-3|ddns pooy INV1d) <mm_._pcm%m 0} papuaIXa pue pabiejus usaq sey ‘syuejd Pooy Ul SPUNOAWOD SA1DROIG SISA0D YDIYM ‘dseqeiep (W1sAS UOeWIOJU| POOH Ul S3dURISGNS dAIIdYOIg) Sisedd
v

01ewolyd pinbi| )7

J0 Juswinedaq SN ‘YASN ‘Ueaw ay} Jo 104D piepuels ‘NS ‘aseyd-asIandl ‘dy (duljuQ mm<._om_>_ 10 ‘auluQ Ee\&m\m?w_tmm pue sisKjeuy 2in1ea)7 [edIpajA}

z_._oms_ 0} ssadde dljgnd ‘papygng ‘aseyd-jewlou ‘dN ‘dueuosal dnaubew Jeapnu YN ‘Aawoiidads ssew ‘s ‘Aydes ydeibojewolyd pinbij duewlopad-ybiy

“31dH “w;o_e ojewolyd seb “Jn ‘spesisqy A6ojouyda) pue s3uaidS poo %h 4 ‘dnoin Yo1easay sAaAING Poo4 ‘DYSH ‘salpnis Aieiaiq oy aseqeieq JUSLIANN pue pood ‘SAANS ‘ISvygeiep edipajy

e1d190x3 ‘asequig ‘1sa191u] [ea1bojolg Jo sannug [edrwsy) ‘ig3yd ‘Ay

elbojewolyd uwnjod ‘) :22IAI9S S1eISqY [edIWLY)) ‘SYYD ‘9IIAISG 21N1eI1IT SSauleMy JUaLIN)) ‘YD SUO0IIDIA3IQQY

/b1o"ajoina-siseqa//:diy
/Bio iyoina-eiqipuelds//:dny

jued yoea ur punoy spunodwod [enpiAlpul

9Y3 $1s1| os|e 3 “spooy Jueld se ||am se syuswa|ddns

pooj Juejd uo e1ep sapnpul 1| 'S1I9)J901q ISIaApe
pue [eID1J2USQ UO UOIIRWIOJUI SUIRIUOD 3SBCRIep SIYL

elep ay3 ajidwod pue ‘a1ebaibbe ‘asied 1snw

Jojebnsanul ay] "ybram ysaiy 1o Kip by/bw ul ainyessy|
9Y1 woJy e1ep mes sapinoid aseqeiep SISyga-y(40ing ay

[9AS] WNWIUIW

‘[9AS] WNWIXew ‘10419 pJepuels ‘UolleIASpP piepuels

‘uesw ‘uonedynuap! ‘uoneledsid pue uoldeIIXD

‘sse|> punodwod ‘poyiaw jednkjeue ‘buissadold ‘(uiblo
‘“Wed “Jea}jnd) uonewlojul Jueld :sSpjaty SIS00YD 43S

papinoid sbew 10]0d e pue ‘(sabenbue| G|) sweu
uowwod ‘pooy se pasn ued jueld ‘Ajiwey ‘Sweu [edjueiog

2>uewnopad [ednkjeue pue

‘fBojopoyraw [eankjeue ‘buljpuey ajdwes ‘uejd sjdwes
‘uonduasap auodwod ‘uonddsap pooy eudd 9

/na1a.10|dxa-jousyd//:dny
1S9UdlI 3Y1 SI ) ‘saseqelep € sy}
JO "3|qe|leAR 3Je S3N|eA UeSW 3]e|ndjed 0] pash
elep [eulblQ suonedijgnd |euibuo 0y payul| e
sanjeA uesw ||y *(P3NANd 1834D ‘SyD) seseqelep
|eDIWAYD JSY10 0} pPayul| d4e spunodwiod ||y ‘elep
[BJIWBYD pUB S2IN1ONUIS SapNpUL JaJojdx3 [ousyd

passadde Aj1da.Ip pue Ajisea aJe $92.nos
ele( ‘sjouaydAjod Jayio pue spiouoaey} uo eyep
|es1wayd J3Yylo pue ‘|eanidnuis ‘uoiuslal “i1joq
-e13W SIPNU| 'SWidl pInbi| o) (WiNjoA) jwi 0oL
/Bw ul _YEP PIOUOAR]} SBPIAOIJ "SanjeA duodA|be
0] PMISAUOD 3 UBD YdIyM ‘e1ep 3pIsodk|b
plouoAe]} 913|dwod 150w ay3 sey Jaiojdx3 jousyd
spoyiaw |ednfjeue
01 buipiodde panos eyeq ‘siaded Jo ‘ou ‘pazhjeue
sa|dwes |[enpIAIpuUI JO "OU |10} ‘BN[eA UBIW J04
syulod ejep |eulblio JO "OU ‘WNWIXeW pue wnw
-|UIW ‘UOIIBIASP PJEpPUE]S ‘BNjeA uesaw pajybiap

papinoid Ajiwe) pue aweu [edjueiog

$1|NSaJ JO UOIssaIdXa ‘spoyiaw [ednkjeue
‘sa|dwies (211D UOISN|IX3,/U0ISN|DUI) BLISYLD €

€56¥7¢=pPOP{WIY's>0p
/S921M3S/A0b epSN'sIe'mmm//:sdiy
ssax04d
Ul 3Je SPIOUOAR]) JOJ S101DB) UOIUIISI pue ‘ss3d0id
ul s1 aseqelep uipiuefdoyiueold palepdn uy 4107
19qw1dag pases|as L'y SAAN4 S,04Sd Y3 ul Spooy
006C~ dpn[dul 0} papuedxa MOU dJe |7 3sed|al
9seqeiep SUOABOSI pue | '€ 9sea|al dseqelep ploUoAe|d
9|1 eiedas
e Ul 3|qe|IeAe S| “319 “Wybram ysaiy ybiam Aip ‘sapis
-02K|6 se yons ejep |enpiAlipul 1o} uonewloju| ‘(213
yb1am ysaiy 01 1ybiam Aip ‘suodA|be 01 apisodk|b
“69) A|91e1idosdde suop aie suonendjed eiep |je pue
600L/Bbw ul 31e SUNOWE [|e 3sNedaq SaIpNIs J160]
-olwapidd 104 saseqeiep plouoAe|} pooy buidopasp
ul 9sn 0] saseqelep 1salIsea sy} aJe saseqelep yasn ayl
(‘ou Jo30
10 "0uU g@N) "OuU W)l poo} PazIpIepue]s ‘s92Inos
‘9p0d 22UspIU0d ‘sjulod elep Woij aNjeA wnwixew
‘syuiod eyep wou) anjeA wnwiuiw ‘W3S ‘syutod elep
40 "ou |_y03 ‘b 0o L/Pw (pa1ybram) uesw ‘uondudssq

papiroid “ou yuegeleq JUSLINN JO SWeu [edjuelog
9p0d dUSPUOD pue xapul Aljenb e s1esausb 0}
joJ3u0d Ayijenb [eonAjeue ‘poyiaw |ednfjeue ‘sajdwes
Jo ‘ou ‘buipuey 3dwes ‘ueid burjdwes :eudyd §

14N

SJUBIWOD)

oSN JO ose]

elep
pooj plouoAey;
JO UoneIuISAId

Sowieu |edluelog

uollenjeAs ele(

vez—6zz 0015809 PUB YHg[TIUB|de H|{0in3

87T-9TT'9SL'vL r_wm._w‘_o_ﬁ_xw [ousyd

vezes'ssvso caereP VASN

panuRuo) § 3qo;

Nutrition Reviews® Vol. 73(8):553-576

564


https://www.ars.usda.gov/Services/docs.htm?docid=24953
https://www.ars.usda.gov/Services/docs.htm?docid=24953
http://phenol-explorer.eu/
http://eplantlibra.eurofir.org/
http://ebasis.eurofir.org/

questionnaires used in US cohort studies were con-
structed on the basis of contributions to energy intakes
or other key micro- or macronutrients of foods and
beverages consumed by the study population or a sam-
ple of the entire US population (e.g., National Health
and Nutrition Examination Survey [NHANES]) without
consideration of bioactive compounds. Since analytical
data on flavonoids were not available during the con-
struction of the original lists used in most food fre-
quency questionnaires, older questionnaires still in use
today may not be optimal to reflect the variability in di-
etary flavonoid intake in a population. This is primarily
due to the paucity of information that would have al-
lowed earlier researchers to identify key contributors of
different flavonoids in the diet and place them in food
frequency questionnaire food lists. Moreover, early food
frequency questionnaires were designed to provide a
rank order of usual intakes and not to provide quantita-
tive estimates of absolute amounts of flavonoid intakes.
Data from food frequency questionnaires developed in
this way were often later used for studies of the associa-
tion between flavonoids and health outcomes.***™***

Thus, the content of food frequency questionnaires
is important. Some major flavonoid sources have been
added to updated food frequency questionnaires as sci-
entific interest in them has grown (e.g., tofu, tea, soy
milk, blueberries). Some investigators have developed
questions that focus on foods or dietary supplements
that are known to be high in the bioactive compounds
of particular interest, such as isoflavones in soy prod-
ucts (tofu and soy milk), or that contribute high
amounts of flavonoids because they are consumed very
frequently (e.g., potatoes, which are low in flavonoid
content but are eaten very frequently in large
amounts).”>>>** Some questionnaires now include
questions on seasonally available fruits (apricots, blue-
berries, cherries, nectarines, strawberries). The appro-
priateness of questions on seasonality will depend upon
the food availability in the populations studied.

A common problem in food frequency question-
naires is the combination of multiple foods with varying
flavonoid content in the same line item. On some ge-
neric food frequency questionnaires designed to assess
the intakes of many nutrients and not specifically the
intakes of flavonoids, the criteria for combining certain
foods in one line item were based on similar content for
other nutrients (carotenoids, vitamin C, etc.) rather
than for flavonoids. Such food groupings for composite
items may not be appropriate for the precise assessment
of flavonoid intake. For example, one early food fre-
quency questionnaire grouped melons with berries,
which would lead to underestimates of anthocyanidins,
flavonols, and proanthocyanidins.**> Similarly, compos-
ites such as “citrus fruits” and “wines” may vary greatly

Nutrition Reviews® Vol. 73(8):553-576

in their flavonoid values. Another issue with composite
items is that the weights given to the different items
may vary from questionnaire to questionnaire (based
on underlying intake in the study), so researchers
should be careful to apply appropriate weights when de-
riving flavonoid values.

Table 6 illustrates how descriptions of some com-
posite items (weighted equally for illustrative purposes)
differ on existing food frequency questionnaires. For
example, depending on which fruits are included, values
for total flavonoids may vary from 113mg/100g (for
peaches, apricots, and plums) to 60mg/100g (for
peaches and nectarines) to 48 mg/100g (for peaches,
apricots, and nectarines). The differences are also nota-
ble for composites of the mustard family (Brassicaceae),
ranging from 61 mg/100g for kale, chard (actually in
the beet or Chenopodiaceae family), and mustard
greens, to 45mg/100g for kale, collards, mustard, and
turnip greens, to 29 mg/100 g for collards, mustard, and
turnip greens. For squashes and other vegetables, the
values for the composites ranged from 29mg/100g
(summer squash, eggplant, zucchini) to 10mg/100g
(summer squash, okra, green pepper) down to 1mg/
100g (summer squash, vyellow squash, zucchini).
Protocols for weighting the foods in a composite item
vary and may increase the differences between values
on food frequency questionnaires for individual foods
and composite items. Standardization would facilitate
comparisons across studies.**

Several investigators have developed food frequency
questionnaires to assess isoflavone intakes more specifi-
cally.*** In the United States, the Block phytoestrogen
questionnaire’*>*****> has been used in the Study of
Women’s Health Across the Nation,”” the Women’s
Health Initiative (Fred Hutchinson Cancer Center),>’
the Cancer Research Center of Hawaii,”® and the
Adventist Health Study’®' to measure isoflavonoid in-
takes. Some specialized questionnaires with a few flavo-
noid classes and compounds have been developed and
used in some studies,”>***”"*"! and other more complete
flavonoid questionnaires”’**’* are being developed.
Recently, the USDA released flavonoid data from the
NHANES surveys for foods reported in 24-hour recalls,
starting with the 2007-2008 survey years,”’>*’® simplify-
ing the task of identifying foods that are important con-
tributors of flavonoids in the US diet.**>*”” Similar data
are, or soon will be, available for populations in
European countries, Australia, and elsewhere.®>*"%*”
This information is critical for identifying important
sources of flavonoids to modify food frequency question-
naires and to develop food lists for targeted interviews.
More work is needed in food frequency questionnaire
development to capture important sources of additional
flavonoids in US and other Western diets.
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The alternative to food frequency questionnaires is
the use of multiple food recalls and records to gather re-
ports of all foods and beverages consumed. Multiple die-
tary recalls or records have the advantage that all foods
and dietary supplements eaten are reported and quanti-
fied in 1-day time periods in replicate. Such data provide
an estimate of intraindividual variation of intakes.
Depending on the size of the study, however, this type of
dietary assessment may not always be feasible, as daily
recalls and records can be expensive and time intensive.
Newer online technologies may make the use of multiple
dietary recalls more acceptable.”*>**' A few studies, such
as the European Prospective Investigation Into Cancer
and Nutrition-Norfolk®"*** and the Women’s Health
Initiative,”®* have collected both multiple food recalls
and food frequency questionnaires. This use of dual as-
sessments is helpful for capturing infrequently consumed
flavonoid-rich foods and for developing even more com-
plete food frequency questionnaires in the future.

OTHER ISSUES UNRELATED TO DATABASES:
BIOAVAILABILITY AND BIOMARKERS OF INTAKE

Other sources of variation in exposure include the un-
known bioavailability of flavonoid compounds.”® The
bioavailability of flavonoids is thought to differ depend-
ing on the flavonoid, the food matrix, and the influence
of intestinal bacteria in biotransforming the compounds
in the gut, all of which contribute to intra- and interindi-
vidual variability of biological flavonoid exposure.”**">**
The gallate, methoxy, or sugar groups (Figures S4-S6) as
well as the structure of the aglycone are important in de-
termining  flavonoid  bioavailability."'>”"">**  The
Phenol-Explorer database provides pharmacokinetic
data from animal and human studies of various
compounds.'**

The lack of biomarkers of flavonoid intake is an-
other problem. Although work is continuing and con-
sensus is developing on the best candidates, at present
there are no agreed upon biomarkers of intake for all
the various flavonoid classes, owing in part to the inter-
individual variation in the metabolism of flavonoid
compounds.?521929627

RECOMMENDATIONS FOR IMPROVING ESTIMATES OF
FLAVONOID EXPOSURE

It is clear that the estimated flavonoid intakes in US and
European cohorts vary greatly, owing in part to data-
bases that vary in their completeness and to the use of
different dietary assessment tools that were not de-
signed to estimate flavonoid intakes precisely. In addi-
tion, there are difficult-to-quantify influences of
cultivar, cooking method, degree of fruit or plant

Nutrition Reviews® Vol. 73(8):553-576

maturity at consumption, etc. These methodological
limitations may obscure true differences in intakes,
limit the ability to observe associations between flavo-
noid intakes and chronic degenerative diseases, and
contribute to inconclusive findings in published studies.

Many of the shortcomings of flavonoid food and
dietary supplement composition tables are remediable.
For example, the development of improved chemical
analyses and more complete flavonoid food and supple-
ment databases is advised. Dietary assessment can be
improved by adding flavonoid foods and supplements
to food frequency questionnaires and using checklists
to probe dietary recall and record responses to make
sure all flavonoid-rich sources were mentioned and
sources of variability ascertained (e.g., cooking
method). The recommendations in Table 7 provide
cross-disciplinary suggestions to advance the knowledge
of food flavonoids,”* "' starting with suggestions to
improve methods of analyzing the flavonoid content of
foods and supplements. In addition, standardization
across laboratory methods is recommended. More com-
plete data on the flavonoid content of foods and dietary
supplements should be included in the available data-
bases, and researchers should use these up-to-date fla-
vonoid databases. Major food and supplement sources
of flavonoids included in dietary assessment instru-
ments should be based on population-based studies
(such as NHANES) and reflect the consumption pat-
terns of the study population.

Ideally, future work would provide estimates of the
impact of food form, processing, and preparation on
flavonoid values (as is provided by Phenol-Explorer).
Randomized intervention studies should also examine
the doses and forms of compounds consumed in a fla-
vonoid-rich diet, along with their impact on blood bio-
markers. Food frequency questionnaire line items with
more than one food should consider flavonoid content
whenever possible and be appropriately weighted for
the study population. Clearly, decisions in the develop-
ment of dietary assessment instruments will be difficult
because researchers must balance the need to assess
multiple dietary factors with keeping the instrument
relatively brief so as not to tire or overwhelm
participants.

The harmonization of dietary assessment instru-
ments across studies will facilitate future pooling of data,
improve statistical power, and enable examination of
rarer outcomes and disease phenotypes. Prespecification
of hypotheses, the judicious use of statistical tests, and
corrections for multiple testing are also recommended
because of the multiple compounds involved and the
many exposures of interest in flavonoid research. Finally,
researchers should include more complete descriptions
of the methodology used in assessing and analyzing
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flavonoid data, including the procedures used in estimat-
ing and categorizing flavonoid and proanthocyanidin
classes and individual compounds.

CONCLUSION

Better food composition tables can strengthen studies
of the links between intakes of bioactive compounds,
such as flavonoids, and health outcomes. However, to
determine whether flavonoid intakes (or intakes of
other bioactive compounds) lower the risk of chronic
degenerative diseases, the aggregate evidence from
many types of data must be examined. These data in-
clude in vitro, animal, clinical, and observational data
and, when feasible, the results of randomized interven-
tion studies. Complete food and supplement composi-
tion databases for flavonoids and appropriate dietary
assessment methods are vital to any food-based research
on flavonoids. The recently available flavonoid data
from NHANES 24-hour recalls and other such studies
highlight flavonoid-rich food and supplement sources
for epidemiologic research. If these methodological is-
sues are addressed, more precise estimates of flavonoid
consumption can be evaluated in relation to health out-
comes, and recommendations on optimal intakes for
health can proceed more rapidly from speculative to ev-
idence-based advice.
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Table SI Mean and median flavonoid intakes (all clas-
ses) reported in recent European, US, and Australian
cross-sectional and cohort studies

Figure SI Other naturally occurring pink to red or violet
pigments in foods. Betalains are indole alkaloids and
found predominantly in the Chenopodiaceae family
(amaranth, beet, spinach family). Lycopene, a tetrater-
pene or carotenoid, is present in watermelon
(Cucurbitaceae, squash family where many carotenoids
are found), tomato (Solanaceae, potato family where an-
thocyanins are found in eggplant), and pink and red
grapefruit (Rutaceae, citrus family where anthocyanins
are found in blood oranges).

Figure S2 Coumestrol, a coumestan. Coumestans are
found predominantly in Fabaceae, the soy family, par-
ticularly clover. Coumestrol is often included in the
chemical analyses of isoflavones.

Figure S3 Proanthocyanidin pentamer and possible par-
tial thearubigin structure. Proanthocyanidins, condensed
tannins, are oligomers and polymers of flavan-3-ols.
Thearubigins, derived tannins, are polymers or oligo-
mers of flavan-3-ols formed during the fermentation of
tea. Thearubigin structures are not known but may differ
from proanthocyanidins due to flavan-3-ol gallates
(Figure S4) and theaflavins (Figure 2) present in tea.
Above is just a possible partial structure for thearubigins
(Scaled down 33% from other chemical structures).
Figure S4 Examples of gallated and methoxylated flavo-
noids. Gallated flavan-3-ols are predominant in black,
green, and oolong tea (Theaceae). Polymethoxylated fla-
vones are found in citrus (Rutaceae) and peppermint
(Lamiaceae).

Figure S5 Flavanone O-glycosides. The only difference
between these two flavanones is the attachment of the
second sugar to the first sugar. The neohesperidose con-
fers a bitter taste to the flavanone whereas the rutinose
makes the flavanone tasteless.

Figure S6 Flavone C-glycosides, isovitexin and vitexin,
and an isoflavone acylated O-glycoside. Note that in
daidzin 6"-O-acetate the sugar is acylated not the
aglycone.

Figure S7 A chalcone and a dihydrochalcone. Some
chalcones can easily cyclyze to form flavanones. Some
dihydrochalcones are artificial sweeteners.
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