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ABSTRACT

Background: Flavonoid intake modifies the composition of the gut
microbiome, which contributes to the metabolism of flavonoids. Few
studies have examined the contribution of the gut microbiome to the
health benefits associated with flavonoid intake.

Objective: We aimed to examine associations between habitual
intakes of flavonoid subclasses and MRI-determined visceral (VAT)
and subcutaneous (SAT) adipose tissue. Uniquely, we also identified
associations between the aforementioned measurements and gut
microbiome composition sequenced from 16S ribosomal RNA
genes.

Methods: We undertook cross-sectional analyses of 618 men and
women (n = 368 male), aged 25-83 y, from the PopGen cohort.
Results: Higher intake of anthocyanins was associated with lower
amounts of VAT [tertile (T)3-T1: —0.49 dm?; B: —8.9%; 95% CI:
—16.2%, —1.1%; P = 0.03] and VAT:SAT ratio (T3-T1: —0.04;
B: —7.1%; 95% CIL: —13.5%, —0.3%; P = 0.03). Higher intakes
of anthocyanin-rich foods were also inversely associated with VAT
[quantile (Q)4-Q1: —0.39 dm?; B: —9.9%; 95% CI: —17.4%,
—1.6%; P = 0.02] and VAT:SAT ratio (Q4-Q1: —0.04; B: —6.5%;
95% CI: —13.3%, —0.9%; P = 0.03). Participants with the highest
intakes of anthocyanin-rich foods also had higher microbial diversity
(Q4-Q1: B: 0.18; 95% CI: 0.06, 0.31; P < 0.01), higher abundances
of Clostridiales (Q4-Q1: B: 449; 95% CI: 96.3, 801; P = 0.04) and
Ruminococcaceae (Q4-Ql: B: 313; 95% CI: 33.6, 591; P = 0.04),
and lower abundance of Clostridium XIVa (Q4-Q1: g: —41.1; 95%
CI: —72.4, —9.8; P = 0.04). Participants with the highest microbial
diversity, abundances of Clostridiales and Ruminococcaceae, and
lower abundance of Clostridium XIVa had lower amounts of VAT.
Up to 18.5% of the association between intake of anthocyanin-rich
foods and VAT could be explained by the gut microbiome.
Conclusions: These novel data suggest that higher microbial diver-
sity and abundance of specific taxa in the Clostridiales order may
contribute to the association between higher intake of anthocyanins

and lower abdominal adipose tissue. ~ Am J Clin Nutr 2019;00:1—

11.
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Introduction

The composition of the gut microbiome is a complex
trait, shaped in part by environmental factors, with >20% of
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interindividual microbiome variability being related to diet and
anthropometric factors (1, 2), which dominates over the role of
genetics (1, 3). There is growing evidence showing that the gut
microbiome plays an important role in the bioactivity of plant-
derived dietary components called flavonoids (4). Flavonoids
are a diverse range of bioactive compounds present in many
commonly consumed fruits, vegetables, grains, herbs, and
beverages (including tea, wine, and fruit juices) (5).

Flavonoids share a common basic chemical structure but are
subdivided into subclasses based on the structural features of
the heterocyclic ring, hydroxylation patterns, and the arrange-
ment of functional groups within the flavonoid structure (5).
These 6 subclasses [flavonols, flavones, flavanones, flavan-3-
ols, anthocyanins, and flavonoid polymers (procyanidins and
other polymers)] vary in functionality and biological efficacy.
The majority of these flavonoid subclasses undergo extensive
metabolism by colonic bacteria after ingestion (4). In addition,
the gut microbiome plays a role in the bioavailability and
metabolism of flavonoids, producing metabolites with increased
bioactivity (4). In clinical trials, daily consumption of red wine
polyphenols for 4 wk significantly increased the numbers of Ente-
rococcus, Prevotella, Bacteroides, Bifidobacterium, Eggerthella
lenta, and Blautia coccoides—Eubacterium rectale (6), whereas
consumption of a high-cocoa flavanol drink for 4 wk significantly
increased the abundance of Bifidobacterium and Lactobacillus
species (quantified using 16S ribosomal RNA sequences) and
decreased the abundance of Clostridium histolyticum (7). Both
studies reported parallel beneficial changes in plasma lipid
and C-reactive protein (CRP) concentrations, with changes
in CRP linked to changes in abundance of Bifidobacterium
and Lactobacillus species (6, 7). Animal studies have shown
flavonoid-containing foods protect from diet-induced obesity by
modulating the gut microbiome, most notably by increasing the
relative abundance of Akkermansia muciniphila (8, 9).

It has been reported that higher intakes of flavonols, flavan-
3-ols, anthocyanins, and the polymer subclasses are associated
with less weight gain over the adult life course (10, 11) and
that higher habitual intakes of both anthocyanins and flavonols
were associated with lower fat mass and fat mass distribution
(12). However, data on the associations between flavonoid
intake and defined adipose tissues, including visceral (VAT) and
subcutaneous (SAT) abdominal adipose tissue, are limited. In
mice with diet-induced obesity, citrus flavonoid supplementation
reduced VAT by 38-53% and SAT by 23-43% (13).

In the current study we aimed to further explore the asso-
ciations between dietary flavonoid intake, the gut microbiome,
and defined MRI measures of adiposity in humans. A priori we
hypothesized significant associations between the anthocyanin
subclass, abdominal fat, and the microbiome. Anthocyanins are
extensively metabolized in the gut and epidemiological evidence
indicates strong associations between higher anthocyanin intakes
and improved measures of body fat (11, 12). Therefore, we
first examined the associations between intakes of different
flavonoid subclasses [flavanones, anthocyanins, flavan-3-ols,
flavonols, flavones, polymeric flavonoids (and proanthocyanidins
separately)] and 7) MRI-determined volumes of VAT and SAT
and 2) gut microbiome diversity and abundances of taxa.
Secondly, we investigated if the gut microbiome influenced the
proposed associations between intake of flavonoid subclasses and
abdominal adipose tissue.

Methods

Study population

Participants were from the PopGen control cohort, a
community-based sample of 1316 men and women recruited
from the general population in Kiel, northern Germany, between
2005 and 2007 (14). The PopGen biobank randomly identified
23,000 local residents through population registries in the
city of Kiel and invited them to participate in the study. A
total of 4267 participants agreed to take part and, among
them, 747 subjects agreed to participate in the follow-up
study. In addition, the PopGen biobank recruited 569 blood
donors at the University Hospital Schleswig-Holstein in Kiel,
and these 2 groups constituted the final PopGen control
cohort (1316 individuals). The first follow-up examination
of these participants took place between 2010 and 2012 and
929 participants agreed to be re-examined. This follow-up
examination included biochemical, phenotypic, and dietary
assessments and the collection of biological samples, including
blood and stool samples. A total of 656 participants agreed to
participate in a whole-body MRI examination. Complete data
on the MRI variables were available for 626 participants, of
which we excluded those who were missing dietary (n = 1)
or microbiome (n = 7) data (Supplemental Figure 1). All
participants were unaware of the specific hypotheses being
tested and were not selected for particular diseases or traits. The
study was approved by the Christian-Albrechts University of Kiel
ethical review board and all subjects provided informed written
consent.

Adipose tissue assessment

Whole-body MRI was performed on a Magnetom Avanto 1.5-
Tesla scanner (Siemens Medical Solutions) with participants in a
supine position with arms extended above the head and required
to hold their breath to minimize breathing motion artefacts.
Transversal images were obtained by a T1-weighted gradient
echo sequence (repetition time 157 ms, time to echo 4 ms,
flip angle 70°, voxel size 3.9 x 2.0 x 8.0 mm?). Continuous
cross-sectional images with 8-mm slice thickness and 2-mm
interslice gaps were obtained in the thoracic and abdominal
regions.

Data preprocessing and analysis were conducted by the
semiautomatic software package ATLAS (Automatic Tissue
Labeling Analysis Software; University of Ulm) (15). Segmen-
tation of VAT and SAT voxels was performed by using the
Adapted Rendering for Tissue Intensity Segmentation algorithm
as previously described (15, 16); both VAT and SAT voxels were
measured from the top of the liver to the femoral heads. The
number of voxels was multiplied by the voxel size to obtain the
volume (dm?®) of VAT and SAT. During postprocessing, liver fat,
fat in the intestinal loops, and minor MRI artefacts caused mainly
by hip implants and stents were excluded from segmented VAT.
If MRI artefacts were present that could not be corrected for,
such as extensive breathing motion, participants were excluded
from further analysis (n = 30). The VAT:SAT ratio, a metric of
relative body fat composition that quantifies the propensity to
store fat viscerally relative to subcutaneous fat, was calculated
as the volume of VAT over SAT (17).
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Dietary assessment

Dietary intake over the previous year was calculated using
a self-administered 112-item FFQ, originally designed and
validated for use in the German European Prospective Investi-
gation into Cancer and Nutrition (EPIC) study (18). Flavonoid
content values were assigned to each of the foods listed in the
FFQ using data from the USDA as the primary data source
(19, 20). For foods assessed in the FFQ without values in
the USDA database, we searched Phenol-Explorer (www.ph
enol-explorer.eu) to ensure all available high-quality data on
flavonoid values were included. Intakes were derived for the
main subclasses of flavonoids habitually consumed: flavanones
(eriodictyol, hesperetin, and naringenin), anthocyanins (cyanidin,
delphinidin, malvidin, pelargonidin, petunidin, and peonidin),
flavan-3-ols (catechins and epicatechins), flavonols (quercetin,
kaempferol, myricetin, and isohamnetin), flavones (luteolin and
apigenin), polymers [including proanthocyanidins (excluding
monomers), theaflavins, and thearubigins], and proanthocyani-
dins separately (dimers, trimers, 4—6-mers, 7—-10-mers, polymers,
and monomers). Total flavonoid intakes were calculated by
summing the 6 component subclasses (flavanones, anthocyanins,
flavan-3-ols, flavonols, flavones, and polymers). Intakes of energy
and other nutrients were determined using values from the
German Food Code and Nutrient Database (version 11.3) (21).

Gut microbiome composition analysis

Fecal bacterial DNA was extracted using the QlAamp DNA
Stool Mini kit (Qiagen) on a QIAcube system. After extraction,
the V1-V2 region of the 16S ribosomal RNA gene was sequenced
on the MiSeq (Illumina Inc.) platform, using the 27F-338R
primer pair and dual multiple identifer indexing (8 nucleotides
each on the forward and reverse primers) with the MiSeq Reagent
Kit version 3 as previously described (22). After sequencing,
MiSeq fastq files were derived from base calls for reads 1 and
2, as well as indexes 1 and 2, using the Bcl2fastq module in
CASAVA 1.8.2 with no mismatches in either index sequence
allowed. Forward and reverse reads were merged with FLASH
software (version 1.2) (23) and high-quality data were derived
(sequences with <5% nucleotides with a quality score >30
performed with the fastx toolkit). After removing chimeras in
sequences using UCHIME (version 6.0), 10,000 reads for each
sample were randomly selected (24). Sequences were clustered
at each taxonomic level using the Ribosomal Database Project
classifier with the latest reference database (version 14) (25).
Classifications with low confidence at the genus level (<0.8)
were organized in an arbitrary taxon of “unclassified family.”
Genus-level operational taxonomic units (97% similarity) were
created using the UPARSE routine (26).

Covariate assessment

Data on participant characteristics, including sex, age, smok-
ing status, education, use of dietary supplements, and physical
activity, were collected by self-administered questionnaire.

For physical activity participants were asked to report the
time spent walking, cycling, engaging in sports and gardening
(average of summer and winter seasons), household work, and
do-it-yourself activities per week over the past year and the

number of flights of stairs climbed per day. The duration of each
physical activity was multiplied by the corresponding metabolic
equivalent intensity level and the products were summed for all
activities (27). Weight and height were measured with subjects
dressed in light clothing without shoes; 2 kg were subtracted to
account for clothing. We calculated the ratio of energy intake to
estimated energy requirement (EER) as follows: 100x [energy
intake (kcal)/EER]. EER was determined using Institute of
Medicine equations, by BMI (in kg/m?), age, and sex (28).

Statistical analysis

We compared dietary and lifestyle characteristics between men
and women using independent ¢ tests (for continuous traits) or
chi-squared tests (for categorical data). Participants were ranked
into tertiles (Ts) of estimated intake for the flavonoid subclasses
and associations with MRI-determined volumes of VAT, SAT, and
VAT:SAT ratio were assessed using ANCOVA. If a subclass was
found to be significantly associated with any of the outcomes
(VAT, SAT, or VAT:SAT ratio), we also examined the associations
with foods known to contribute considerably to intake of the
respective subclass. We calculated the contribution of each food
group to the intake of the relevant subclass. These foods were
combined to calculate total intake of foods rich in a particular
subclass and participants were categorized into quantiles (Qs) of
intake (quantiles rather than tertiles of food intake were used to
ensure equal numbers of participants in each of the categories).
We checked for effect modification by including interaction
terms for sex/menopausal status (male, premenopausal females,
postmenopausal females) and flavonoid intake in the models.

We then examined the association between intake of the
flavonoid subclasses and flavonoid-rich foods and both taxa
abundances and microbial diversity, using the Shannon index and
the Bray—Curtis dissimilarity measure, using ANCOVA. In these
analyses, we considered the first 3 principal components from
the principal coordinate analysis. We focused on those flavonoid
subclasses that had provided evidence for association with MRI-
derived adiposity measures in the first analysis.

To reduce random error in low-abundance taxa we focused our
analysis on the core measurable microbiota, determined as highly
reproducible taxa (> > 0.97), which in this data set were those
with >40 reads per replicate in 10,000 reads (64 taxa across 5
levels; phylum, class, order, family, and genus) (3). We further
filtered abundances by excluding taxa where >60% of the counts
were 0 (n = 2 taxa). Because some higher taxonomic levels
consisted of only a single genus we removed summarized taxa
with a correlation >0.9 to prevent duplication. If we observed
significant associations of flavonoid subclasses with diversity
measures or taxa, we then assessed the relation between these
microbial factors and MRI-determined VAT, SAT, and their ratio
using ANCOVA.

All models were adjusted for sex; age (y); smoking (never,
former, current); physical activity (metabolic equivalents per
week); height (cm); use of vitamin or mineral supplements (yes or
no); education level (none or primary/middle school, secondary
school or college/further education); and daily intakes (in Ts) of
energy (kcal), polyunsaturated, monounsaturated, and saturated
fat (g/d), fiber (g/d), alcohol (g/d), and carbonated drinks
(frequency per d). We also included the ratio of energy intake
to EER as a measure of energy misreporting. For the models
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TABLE 1 Characteristics and dietary intakes of PopGen participants by sex!

Male Female

Variable (n = 368) (n =250) P

Age, y 61.5 £ 11.1 60.8 £ 12.7 0.47
Physical activity, MET/wk 98.1 £ 65.5 116 £+ 61.1 <0.01
Current smoker (yes) 39 (54.2) 33 (45.8) <0.01
Vitamin supplement use (yes) 109 (44.3) 137 (55.7) <0.01
SAT, dm? 8.8 £ 3.7 114 £ 54 <0.01
VAT, dm? 50 £ 2.1 29 £ 1.5 <0.01
SAT:VAT ratio 0.84 £ 0.27 0.38 = 0.13 <0.01
BMI, kg/m? 274 £ 3.8 26.8 £ 5.2 0.08
Height, cm 178 £ 7.2 163 £ 7.3 <0.01
Total flavonoids, mg/d 751 + 688 786 £ 652 0.52
Flavanones, mg/d 24.0 &£ 299 199 £ 199 0.06
Anthocyanins, mg/d 39.0 £ 36.1 445 + 46.0 0.10
Flavan-3-ols, mg/d 221 + 329 230 £ 309 0.72
Flavonols, mg/d 32.8 £ 259 30.8 £ 23.1 0.32
Flavones, mg/d 4.8 £ 3.3 43 £ 34 0.09
Polymers, mg/d 430 + 355 456 + 331 0.34
Proanthocyanidins, mg/d 543 £ 446 586 + 445 0.24
Energy, kcal/d 2519 £+ 690 1967 £+ 507 <0.01
PUFAs, g/d 19.6 £ 6.7 15.7 £ 49 <0.01
SFAs, g/d 447 £ 142 35.0 + 10.8 <0.01
MUFAs, g/d 399 £ 11.7 304 + 8.9 <0.01
Fiber, g/d 233 £ 75 21.5 + 6.1 <0.01
Alcohol, g/d 20.0 + 22.6 9.7 £ 11.8 <0.01
Carbonated drinks, freq/d 0.37 + 0.92 0.33 + 0.80 0.58
Ratio of energy intake to EER, % 93.0 £ 27.1 98.2 + 279 0.02

I = 618. Values are mean £ SD or n (%). P values are for the differences between men and women calculated
from independent ¢ tests for continuous data and chi-squared tests for categorical data. EER, estimated energy
requirement; MET, metabolic equivalent; SAT, subcutaneous abdominal adipose tissue; VAT, visceral abdominal

adipose tissue.

assessing the association between flavonoid intakes and microbial
factors we also included BMI as a covariate. Ln-transformed
values were used for MRI-derived fat values which are presented
as geometric means (95% Cls), or, where the difference between
extreme quantiles is reported, as the percentage change in the
dependent variable per unit change in the independent variable
{100x[exp(B) - 11}

We used structural equation modeling to quantify the amount
of variation in the association between flavonoid intake and
abdominal fat outcomes that is explained by the microbiome. We
combined any gut microbiome diversity variables or abundances
of taxa associated with both flavonoid intake and MRI-derived fat
values using principal component analysis in order to assess the
combined function of the microbiome. We presented the results
as a ratio of the indirect association [the association between
flavonoid intake (exposure) and MRI-determined fat measures
(outcome) mediated by the microbiome] to the total association
[association between flavonoid intake and the microbiome on the
outcome variable (MRI-derived fat values)]. This represented the
proportion of the variance explained by the mediating variable.

Two-sided P values < 0.05 were considered statistically
significant for all analyses with the exception of the microbial
taxa abundances, where a multiple testing correction was applied
using the Benjamini—Hochberg method for false discovery rate
where a Q value < 0.05 was considered statistically significant.
Statistical analyses were performed with Stata statistical software
version 15 (StataCorp).

Results

The demographic characteristics and dietary intakes of the 618
participants, aged 25-83 y, are shown in Table 1. Mean + SD
total estimated flavonoid intake was 765 + 673 mg/d and
anthocyanin intake 41.3 & 40.5 mg/d.

Associations between flavonoid subclasses, flavonoid-rich
foods, and abdominal fat

A higher habitual intake of anthocyanins was associated with
lower amounts of VAT (T3-T1: —0.49 dm?; B: —8.9%; 95%
Cl: —16.2%, —1.1%; P = 0.03) and a lower ratio of VAT
to SAT (T3-T1: —0.04; B: —=7.1%; 95% CI: —13.5%, —0.3%;
P =0.04) (Table 2). There was a significant interaction between
sex/menopausal status and anthocyanin intake in the VAT model
due to a greater association in men (B: —0.08, P < 0.01) than in
pre- (B: —0.05, P = 0.37) and postmenopausal women (S: 0.02,
P =0.53).

A higher intake of foods rich in anthocyanins [combined
intake of strawberries, other berries (red currants, blackberries,
and blueberries), and red wine] was also associated with lower
amounts of VAT (Q4-Q1: —0.39 dm?; B: —9.9%; 95% CI:
—17.4%, —1.6%; P = 0.02) and VAT:SAT ratio (Q4-Q1: —0.04;
B: —6.5%; 95% CI. —13.3%, —0.9%; P = 0.03) (Table 3).
No significant interactions between sex/menopausal status and
foods rich in anthocyanins were observed. Mean frequency of
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TABLE 2 MRI-determined volumes of VAT and SAT and their ratio by quantiles of flavonoid subclass intake in

PopGen participants'

Quantile 1 Quantile 2 Quantile 3 P
SAT, dm?
Total flavonoids 6.8 (6.4,7.3) 6.5 (6.2,6.9) 6.5(6.1,6.9) 0.56
Flavanones 6.7 (6.4,7.1) 6.4 (6.1, 6.8) 6.7 (6.3,7.1) 0.23
Anthocyanins 6.9 (6.5,7.3) 6.4 (6.1, 6.8) 6.5 (6.1,6.9) 0.64
Flavan-3-ols 6.9 (6.5,7.4) 6.4 (6.1, 6.8) 6.5 (6.1,6.9) 0.23
Flavonols 6.9 (6.5,7.3) 6.4 (6.1, 6.8) 6.5(6.1,6.9) 0.64
Flavones 6.6 (6.2,7.0) 6.8 (6.4,7.2) 6.5 (6.1,6.9) 0.66
Polymers 6.8 (6.4,7.2) 6.5 (6.1,6.9) 6.5 (6.1,6.9) 0.89
Proanthocyanidins 6.9 (6.5,7.3) 6.5 (6.1,6.9) 6.5 (6.1, 6.9) 0.56
VAT, dm?
Total flavonoids 39(3.6,4.1) 3.6(34,3.9) 3.7(334,3.9) 0.61
Flavanones 3.8(3.5,4.0) 3.7(3.5,3.9) 3.7(34,3.9) 0.67
Anthocyanins 4.0(3.7,4.3) 3.6(34,3.9) 3.5(3.3,3.8) 0.03
Flavan-3-ols 39(3.6,4.2) 3.7(3.5,3.9) 3.6 (3.3,3.8) 0.10
Flavonols 3.8(3.5,4.1) 3.6(34,3.8) 3.8(3.5,4.1) 0.34
Flavones 3.8(3.5,4.0) 3.8 (3.6,4.1) 3.5(3.3,3.8) 0.43
Polymers 39(3.6,4.1) 3.7(334,3.9) 3.6(34,3.9) 0.81
Proanthocyanidins 4.0(3.7,4.2) 3.6(34,3.9) 3.6 (3.3,3.9) 0.19
VAT:SAT, dm?
Total flavonoids 0.57 (0.54, 0.61) 0.56 (0.52, 0.59) 0.57 (0.54, 0.61) 0.99
Flavanones 0.56 (0.53, 0.60) 0.58 (0.55, 0.62) 0.55 (0.52, 0.59) 0.45
Anthocyanins 0.58 (0.55, 0.62) 0.57 (0.54, 0.61) 0.54 (0.51, 0.58) 0.04
Flavan-3-ols 0.57 (0.53, 0.60) 0.58 (0.55, 0.61) 0.55 (0.52, 0.59) 0.49
Flavonols 0.55 (0.52, 0.59) 0.56 (0.53, 0.59) 0.59 (0.55, 0.63) 0.11
Flavones 0.58 (0.54, 0.61) 0.57 (0.54, 0.61) 0.55 (0.52, 0.59) 0.17
Polymers 0.57 (0.54, 0.61) 0.57 (0.53, 0.60) 0.56 (0.53, 0.60) 0.67
Proanthocyanidins 0.58 (0.55, 0.61) 0.56 (0.53, 0.59) 0.56 (0.52, 0.60) 0.35

'n = 618. Values are geometric means (95% ClIs). Models were adjusted for sex; age (y); smoking (never, former,
current); physical activity (metabolic equivalents per week); height (cm); use of vitamin or mineral supplements (yes
or no); education level (none or primary/middle school, secondary school or college/further education); daily intakes
(in tertiles) of energy (kcal), polyunsaturated, monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and
carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy requirements. P value calculated
using ANCOVA. SAT, subcutaneous abdominal adipose tissue; VAT, visceral abdominal adipose tissue.

strawberry consumption was 0.5 portions/d, other berries 0.2  Associations between flavonoid subclasses, flavonoid-rich
portions/d, and red wine 0.1 portions/d (data not shown). These = foods, and microbial diversity

observations were made after adjustment for a number of lifestyle Higher intakes of anthocyanins (T3-T1: 0.12; 95% CI: 0.01
and dietary covariates including smoking status, physical activity, 023: P = 0.04) and foods rich in anthOC);anins (Q4-Q1j

and intakes of energy, individual fatty acids, fiber, alcohol, ) e. 959, CI: 0.06. 0.31: P < 0.01) were associated with
and carbonated drinks. We observed no significant associations : ) '

) - . greater microbial diversity, as measured by the Shannon index
between other flavonoid subclasses and VAT, SAT, or their ratio.

(Table 4). The second and third principal components of the

TABLE 3 MRI-determined volumes of VAT and SAT and their ratio by quantiles of the intake of anthocyanin-rich
foods in PopGen participants!

Quantile 1 Quantile 2 Quantile 3 Quantile 4 P
SAT, dm? 6.5(6.2,6.9) 5.9(5.6,6.2) 6.0 (5.7,6.3) 6.3 (5.9, 6.6) 0.60
VAT, dm? 39(3.7,4.2) 3.5(3.3,3.7) 33(3.2,3.5) 3.5(3.3,3.7) 0.02
VAT:SAT, dm? 0.60 (0.57, 0.64) 0.60 (0.57, 0.63) 0.56 (0.53, 0.58) 0.56 (0.54, 0.59) 0.03

15 = 618. Values are geometric means (95% Cls). Models adjusted for sex; age (y); smoking (never, former,
current); physical activity (metabolic equivalents per week); height (cm); use of vitamin or mineral supplements (yes
or no); education level (none or primary/middle school, secondary school or college/further education); daily intakes
(in tertiles) of energy (kcal), polyunsaturated, monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and
carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy requirements. P value calculated
using ANCOVA. Foods rich in anthocyanins include red wine, strawberries, and other berries (red currants,
blackberries, blueberries). SAT, subcutaneous abdominal adipose tissue; VAT, visceral abdominal adipose tissue.

6102 J1eqwisoa( Z| uo Jasn elbuy 1seJ Jo AusisAlun Aq GZSE/295/662zbu/usle/ce01 01 /10pAoRISqe-8]01B-80uBAPE/UD(E/W 0 dNo"olWapeoe)/:sdy WoJ) papeojumoq



6

Jennings et al.

TABLE 4 Measures of o-microbial diversity (Shannon index) and S-microbial diversity (Bray—Curtis index) by quantiles of the intake of anthocyanins and
foods rich in anthocyanins in PopGen participants'

Quantile 1 Quantile 2 Quantile 3 Quantile 4 P

Anthocyanins

Shannon index 42(4.1,4.3) 43(42,4.3) 43(4.2,44) 0.04

Bray—Curtis (PCoA-1) 0.01 (—0.08, 0.11) 0.02 (—0.06, 0.11) 0.04 (—0.05, 0.14) — 0.64

Bray—Curtis (PCoA-2) —0.01 (—0.10, 0.08) —0.05 (—0.14, 0.03) —0.02 (—0.11, 0.07) — 0.89

Bray—Curtis (PCoA-3) 0.01 (—0.08, 0.10) 0.09 (0.01, 0.18) —0.02 (—-0.11, 0.07) — 0.65
Anthocyanin-rich foods

Shannon index 42(4.1,4.2) 42(4.1,4.3) 4.3 (4.2,4.4) 4.4 (4.3,4.4) <0.01

Bray—Curtis (PCoA-1) —0.05 (—0.16, 0.06) 0.07 (—0.03, 0.16) 0.05 (—0.05, 0.15) 0.03 (—0.07, 0.13) 0.43

Bray—Curtis (PCoA-2) 0.04 (—0.07, 0.15) 0.03 (—0.07,0.12) —0.09 (—0.19, 0.01) —0.09 (—0.19, 0.01) 0.04

Bray—Curtis (PCoA-3) —0.11 (—0.21, 0.00) 0.04 (—0.06, 0.13) 0.12 (0.02, 0.22) 0.05 (—0.05, 0.15) 0.03

n = 618. Values are means (95% Cls). Models adjusted for sex; age (y); smoking (never, former, current); physical activity (metabolic equivalents per

week); BMI (kg/mz); height (cm); use of vitamin or mineral supplements (yes or no); education level (none or primary/middle school, secondary school or
college/further education); daily intakes (in tertiles) of energy (kcal), polyunsaturated, monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and
carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy requirements. P value calculated using ANCOVA. Foods rich in
anthocyanins include red wine, strawberries, and other berries (red currants, blackberries, blueberries). PCoA, principal coordinate analysis.

Bray—Curtis measure of microbial dissimilarity were associated
with intake of anthocyanin-rich foods (P = 0.04 and 0.03,
respectively) but not anthocyanin intake (P = 0.89 and 0.65,
respectively).

Associations between flavonoid subclasses, flavonoid-rich
foods, and taxa abundance

Supplemental Figure 2 shows the relative abundances of the
taxa (by genus and family) that make up the core measurable
data set. Examining the 4 major bacterial phyla we identified a
positive association between a higher intake of anthocyanin-rich
foods and abundance of Firmicutes (Q4-Q1: 502; 95% CI: 110,

894; O = 0.03) (Table 5). Examining the bacterial taxa within
this phyla (14 taxa across 3 levels; 2 order, 4 family, and 8 genus)
revealed a relation between higher intake of anthocyanin-rich
foods and higher abundance of Clostridiales (Q4-Q1: 449; 95%
CI:96.3,801; P =0.04). Of the families in the Clostridiales order,
higher intake of anthocyanin-rich foods was associated with
Ruminococcaceae (Q4-Q1:313;95% CI: 33.6,591; P =0.04). At
a higher taxonomic level, higher intake of anthocyanin-rich foods
was associated with lower abundances of the genera Clostridium
XIVa(Q4-Q1: —41.1;95% CI: —=72.4,—9.8; P=0.01,0 =0.04),
unclassified Ruminococcaceae (Q4-Q1: 178; 95% CI: 31.3, 387,
P =0.03,0=0.07), and Roseburia (Q4-Q1: 52.3;95% CI: 10.6,
94.0; P = 0.02, Q = 0.06), although the latter 2 associations did

TABLE 5 Abundances of 4 major bacterial phyla and of taxa within the Firmicutes phylum by quantiles of intake of foods rich in anthocyanins in PopGen

participants!

Quantile 1 Quantile 2 Quantile 3 Quantile 4 P 0]
Actinobacteria 134 (99.5, 168) 189 (159, 219) 142 (111, 174) 156 (124, 188) 0.88 0.99
Bacteroidetes 3749 (3479, 4020) 3434 (3196, 3672) 3354 (3105, 3603) 3418 (3165, 3672) 0.11 0.22
Firmicutes 5146 (4872, 5420) 5428 (5188, 5669) 5769 (5517, 6021) 5648 (5392, 5905) 0.01 0.03
Proteobacteria 945 (757, 1134) 927 (761, 1093) 703 (529, 876) 755 (578, 931) 0.07 0.22
Lactobacillales 105 (69.0, 141) 136 (105, 168) 145 (113, 178) 141 (107, 174) 0.18 0.26
Clostridiales 4145 (3899, 4392) 4329 (4112, 4545) 4672 (4445, 4899) 4594 (4363, 4825) 0.00 0.04
Blautia 181 (140, 222) 202 (166, 238) 193 (156, 231) 193 (154, 231) 0.82 0.82
Clostridium XIVa 72.5 (50.6, 94.4) 47.2 (28.0, 66.4) 33.9 (13.8, 54.0) 31.5(10.9, 52.0) 0.01 0.04
Roseburia 95.5 (66.3, 125) 141 (115, 166) 155 (129, 182) 148 (120, 175) 0.02 0.06
Unclassified Lachnospiraceae 1083 (985, 1180) 1073 (988, 1158) 1142 (1052, 1231) 1158 (1067, 1249) 0.18 0.26
Ruminococcaceae 2434 (2239, 2629) 2525 (2354, 2696) 2789 (2610, 2969) 2746 (2564, 2929) 0.01 0.04
Fecalibacterium 550 (448, 651) 619 (530, 708) 614 (521, 707) 588 (493, 682) 0.70 0.75
Oscillibacter 338 (285, 392) 321 (274, 368) 357 (308, 406) 370 (320, 420) 0.27 0.34
Ruminococcus 168 (118, 218) 185 (142, 229) 206 (160, 252) 216 (169, 262) 0.16 0.26
Unclassified Ruminococcaceae 1267 (1121, 1414) 1295 (1167, 1424) 1513 (1378, 1647) 1445 (1308, 1582) 0.03 0.07
Unclassified Erysipelotrichaceae 163 (127, 200) 165 (133, 197) 152 (119, 186) 180 (146, 215) 0.60 0.70
Acidaminococcaceae 221 (169, 272) 144 (98.1, 189) 128 (80.8, 176) 133 (84.0, 181) 0.03 0.07
Dialister 321 (188, 453) 471 (354, 587) 541 (419, 663) 476 (352, 601) 0.11 0.21

'n = 618. Values are means (95% Cls). Models adjusted for sex; age (y); smoking (never, former, current); physical activity (metabolic equivalents per
week); BMI (kg/m?); height (cm); use of vitamin or mineral supplements (yes or no); education level (none or primary/middle school, secondary school or
college/further education); daily intakes (in tertiles) of energy (kcal), polyunsaturated, monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and
carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy requirements. P value and Q value (FDR-adjusted P value) calculated

using ANCOVA.
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TABLE 6 MRI-determined volume of VAT and the ratio of VAT to SAT by quantiles of microbial diversity and

abundance in PopGen participants'

Quantile 1 Quantile 2 Quantile 3 P
VAT
Shannon index 3.7(3.4,4.2) 3.6 (3.2,4.1) 3.4 (3.1,3.8) 0.03
Bray—Curtis (PCoA-2) 3.4(3.0,3.8) 3.6 (3.2,4.0) 3.8(34,4.3) <0.01
Bray—Curtis (PCoA-3) 3.5(3.2,4.0) 3.6 (3.2,4.0) 3.7(3.3,4.1) 0.33
Clostridiales 3.8(34,4.2) 3.5(3.1,3.9) 35@3.1,3.9) 0.02
Clostridium XIVa 3.3(3.0,3.7) 3.7(3.3,4.1) 3.8(34,42) <0.01
Ruminococcaceae 3.8(3.4,4.3) 3.5(3.1,3.9) 3.5(3.1,3.9) 0.02
VAT:SAT
Shannon index 0.59 (0.53, 0.65) 0.57 (0.52, 0.63) 0.58 (0.52, 0.64) 0.58
Bray—Curtis (PCoA-2) 0.57 (0.52, 0.63) 0.56 (0.51, 0.62) 0.61 (0.55, 0.67) 0.07
Bray—Curtis (PCoA-3) 0.57 (0.52, 0.63) 0.58 (0.53, 0.64) 0.59 (0.53, 0.65) 0.40
Clostridiales 0.59 (0.54, 0.65) 0.58 (0.53, 0.64) 0.57 (0.52, 0.63) 0.27
Clostridium XIVa 0.57 (0.52, 0.63) 0.57 (0.52, 0.63) 0.60 (0.54, 0.66) 0.07
Ruminococcaceae 0.60 (0.55, 0.66) 0.57 (0.51, 0.62) 0.57 (0.52, 0.63) 0.17

In = 618. Values are geometric means (95% CIs). Models adjusted for sex; age (y); smoking (never, former,
current); physical activity (metabolic equivalents per week); height (cm); use of vitamin or mineral supplements (yes
or no); education level (none or primary/middle school, secondary school or college/further education); daily intakes
(in tertiles) of energy (kcal), polyunsaturated, monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and
carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy requirements. P value calculated
using ANCOVA. PCoA, principal coordinate analysis; SAT, subcutaneous abdominal adipose tissue; VAT, visceral

abdominal adipose tissue.

not meet the significance threshold after adjustment for multiple
testing. Further adjustment for a-diversity did not materially
alter the results for Clostridiales (Q4-Q1: 401; 95% CI: 50.9,
750; P = 0.01), Ruminococcaceae (Q4-Q1: 269; 95% CI. —7.2,
544; P = 0.02), and Clostridium XIVa (Q4-Q1: —37.4; 95%
CIL: —68.6, —6.2; P = 0.02) (data not shown). We observed no
associations between anthocyanin intake and abundance of taxa
(data not shown).

Associations between microbial diversity and abdominal fat

Participants with the highest «-diversity (as measured by the
Shannon index) had significantly lower VAT (T3-T1: —0.33 dm?;
B:—7.2%;95% CI: —13.3%, —0.6%; P = 0.03) (Table 6). There
was also an association between B-diversity (measured using the
Bray—Curtis index) and VAT (T3-T1: 0.46 dm?®; B: 12.5%; 95%
CI: 5.1%, 20.5%; P < 0.01). Higher abundances of Clostridiales
(T3-T1: —0.33 dm®; B: —7.6%; 95% CIL. —13.7%, —1.1%;
P =0.02) and Ruminococcaceae (T3-T1: —0.35 dm?; B:—7.6%;
95% CI. —13.7%, —1.1%; P = 0.02) were also associated
with significantly lower VAT. Conversely, a higher abundance of
Clostridium XIVa was associated with significantly higher VAT
(T3-T1: 0.49 dm?; B: 13.6%; 95% CI: 6.1%, 21.6%; P < 0.01).
There were no associations between microbial factors and the
ratio of VAT to SAT. Adjustment for intake of anthocyanin-rich
food did not markedly change the results (data not shown).

Proportion of variance in the association between flavonoid
intake and abdominal fat that is explained by the
microbiome

The proportion of the association between intake of
anthocyanin-rich foods and VAT that could be explained by
the gut microbiome was 14.4% for «-diversity, 11.8% for

B-diversity, 6.7% for abundance of Clostridiales, 12.7% for
abundance of Ruminococcaceae, and 13.6% for abundance of
Clostridium XIVa (Figure 1). A linear combination of these gut
microbiome variables (first principal component: 58% of the
variance) explained 18.5% of the association between intake of
anthocyanin-rich foods and VAT.

Discussion

To our knowledge, this is the first study to examine associa-
tions and interrelations between flavonoid subclasses, objective
MRI-determined visceral and subcutaneous fat volumes, and the
gut microbiome. Our novel findings demonstrated that higher
consumption of foods rich in anthocyanins (1.8 portion/d of
strawberries, red currants, blackberries, blueberries, or red wine)
was associated with lower VAT, greater microbial diversity
as measured by the Shannon index, and higher abundance of
Clostridiales and Ruminococcaceae and lower abundance of
Clostridium XIVa. These microbiome variables were notable
mediators, explaining 18.5% of the association between intake
of anthocyanin-rich foods and VAT, with microbial diversity
independently explaining 15% of the association. We were
able to confirm that associations with microbial diversity were
independent of individual taxa, suggesting that both abundance
and richness of species are important factors in these interactions.
This underlines the importance in future studies of recognizing
that components of the microbial community are likely to act
synergistically in metabolizing complex dietary components such
as flavonoids.

The gut microbiome and flavonoid intake and metabolism
are interrelated, with flavonoid intake altering the composition
of the gut microbiome and the gut microbiome metabolizing
flavonoids into compounds with enhanced bioactivity (4). Recent
data show anthocyanin metabolites are major mediators of the
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-0.004 14.4%
> Shannon Index
-0.003 11.8%
> Bray Curtis (PCoA-2)
-0.002 6.7%
> Clostridiales
-0.004 13.6%
> Clostridium XIVa
-0.004 12.7%
> Ruminococcaceae
-0.005 18.5%
> Factor 1 (PCA)
v v
o -0.029 '
Anthocyanin-rich foods > Visceral abdominal fat
-0.004 15.4%
> Shannon Index
v
' -0.027 '
Anthocyanins > Visceral abdominal fat

FIGURE 1 Path coefficients for associations between anthocyanin intake and volumes of VAT mediated by microbial factors in n = 618 PopGen
participants. Values are the path coefficients, calculated using structural equation modeling, for the total and indirect associations between intakes of
anthocyanins and anthocyanin-rich foods, microbial factors, and MRI-determined volumes of VAT. Values in bold represent the total association between
intake and VAT controlling for microbial factors; values in italics represent the indirect association between intake and VAT explained by microbial factors;
percentage values are the ratio of the indirect to the total association and represent the percentage of variation explained by the microbial factors. Factor 1 is
the first principal component (58% of the variance) from analysis of all the microbial factors associated with both intake and VAT. Models adjusted for sex;
age (y); smoking (never, former, current); physical activity (metabolic equivalents per week); height (cm); use of vitamin or mineral supplements (yes or no);
education level (none or primary/middle school, secondary school or college/further education); daily intakes (in tertiles) of energy (kcal), polyunsaturated,
monounsaturated, and saturated fat (g/d), fiber (g/d), alcohol (g/d), and carbonated drinks (frequency/d); and the ratio of energy intake to estimated energy
requirements. PCA, Principal Component Analysis, PCoA, Principal Coordiante Analysis.

metabolic benefits of anthocyanin-rich foods like blueberries
in humans (29). These data are supported by mechanistic data
showing that the bioactivity of anthocyanins is attributable to
their microbially derived metabolites, which are present in the
circulation significantly longer and at much higher concentrations
than the parent anthocyanins, and exert greater vascular and
anti-inflammatory activity than the metabolites formed and
absorbed in the small intestine (30-33). In addition, the gut
microbiome has an enormous capacity to regulate and modify
host physiology, with growing evidence from germ-free mice of a
role in energy metabolism and other cardiometabolic biomarkers
(34). These gut microbes and their resulting metabolic products,
like SCFAs and bile acids, can further influence risk factors for
metabolic disease through their impact on energy metabolism
or inflammation (35, 36), which together with anthocyanin-
derived metabolites have been shown to affect physiological

processes linked to metabolic disease, including fat partitioning,
thermogenesis, and brown adipose tissue (37). After consumption
of a highly plant-based diet, these microbiome-related activities
have the potential both individually and synergistically to confer
potential health benefits.

In agreement with our findings of an association between
higher intake of foods rich in anthocyanins and higher abun-
dance of Clostridiales and Ruminococcaceae, a human dietary
intervention (n = 32) with 300 g fresh berries (containing
mean = SD 70.7 £ 52 mg anthocyanins) daily for 8 wk
induced changes in the composition of the Lachnospiraceae
and Ruminococcaceae families (38). Furthermore, grape seed
extract and black raspberries have been shown to increase the
abundances of Lachnospiraceae, Clostridiales, and Ruminococ-
cacceae in animal feeding studies (39, 40). Lachnospiraceae
and Ruminococcaceae are butyrate-producers detected in >70%
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of individuals (41). Butyrate is known to protect from diet-
induced obesity by enhancing intestinal barrier function, thereby
inhibiting passage of proinflammatory molecules into the sys-
temic circulation and preventing the occurrence of metabolic
endotoxemia (42, 43). Butyrate has also been shown to have a
direct effect on adipose tissue by promoting uncoupling protein-
1 expression and adaptive thermogenesis in mice with depleted
microbiota (37). Evidence from the current study, and others
(40), therefore suggests that an increase in butyrate-producing
bacteria may be a plausible mechanism underpinning the
association between higher intake of foods rich in anthocyanins
and lower adipose tissue. We do acknowledge, however, that
the presence of butyrate-producing bacteria may not directly
correlate with circulating or gut concentrations of butyrate
owing to a number of factors, including carbohydrate availability
and the relative abundance of different butyrate-producing
bacteria.

We observed an association between higher intake of
anthocyanin-rich foods and lower abundance of Clostridium
XIVa. We also found increased abundances of Clostridium XIVa
were associated with higher VAT. Taxonomy is defined in the
current study using the Ribosomal Database Project database
in which Clostridium XIVa is distinct from the Clostridium
XIVa cluster as defined by Collins et al. (44) and does not
encompass major butyrate-producing taxa such as Roseburia
and Coprococcus that form separate genera (41, 45). Of
interest, we found a significant association between higher
intake of anthocyanin-rich foods and higher abundance of the
butyrate-producing taxon Roseburia, although the finding did
not reach statistical significance after adjusting for multiple
testing. In agreement with our findings, Clostridium coccoides
(Clostridium XIVa) was decreased after energy restriction
and increased physical activity for 10 wk in overweight
adolescents (46) and increased in obese compared with lean
rodents (47). Another study also showed that vegetarian diets
could decrease the abundance of Clostridium cluster XIVa
species (48).

Although the associations between microbial diversity and
intakes of anthocyanins and anthocyanin rich-foods were com-
parable, we did not find an association between estimated an-
thocyanin intake and abundances of specific taxa. Anthocyanin-
rich foods included strawberries, red currants, blackberries,
blueberries, and red wine, whereas anthocyanin intake comprised
more diverse food sources. Mean + SD anthocyanin intakes in
this cohort were 39.0 + 36.1 mg/d for men and 44.5 + 46.0
mg/d for women. These intakes are comparable with those
reported in EPIC-Germany (49). We found fruit to be a larger
contributor (75.7%) and wine a smaller contributor (3.2%) to
anthocyanin intake than previously reported for Central European
countries (52.9% and 14.4%, respectively) (49). Anthocyanins
from different plants have been shown to strongly affect gas-
trointestinal bacterial profiles (50) and phenolic—gut interactions
will be influenced by food matrixes and interactions with other
food components (51). Further research is needed to further
understand the relative impact of anthocyanins per se on specific
taxa.

Our finding that higher intakes of anthocyanins were indepen-
dently associated with lower volumes of VAT and VAT:SAT ratio
may be clinically relevant. We found that VAT was 493 cm? lower
in the highest than in the lowest consumers of anthocyanins,

corresponding to 68.7 mg anthocyanins (equivalent to one-third
of a cup of blueberries). In the Framingham Heart study an
additional 500 cm® VAT was associated with a 30% increase
in risk of hypertension and a 76% increased risk of metabolic
syndrome (52). We reported associations between higher antho-
cyanin intake and lower VAT but not SAT. Previous research
suggests that anthocyanins significantly lower mesenteric adipose
tissue, a component of VAT, but not de novo lipogenesis enzymes,
which make a greater contribution to the intracellular pool of fatty
acids in SAT than in VAT (53).

Strengths of the current study include the large sample
of well-characterized participants, the direct measurement and
quantification of adipose tissue using MRI (including the use of
an unbiased postprocessing approach), and the assessment of all
major flavonoid subclasses. We considered a range of important
known confounders of variation in the gut microbiome including
intakes of dietary fiber and fat. The following limitations merit
consideration: this was a cross-sectional study so we were
unable to infer causation from these findings and could not
determine whether the interactions between anthocyanin intake
and the gut microbiome were a factor in the development of
VAT or secondary to the obesity itself. We did not measure
circulating or gut concentrations of butyrate so we were not able
to assess whether concentrations of butyrate differed according
to anthocyanin intake. Although FFQs have been shown to
accurately rank participants according to intakes of flavonoid-
rich foods and our FFQ captured the main sources of flavonoids
present in the habitual diet, it may not have captured all
sources and measurement errors are inevitable (54). Furthermore,
anthocyanin-rich foods are also an important source of other
phytochemicals such as ellagitannins and resveratrol. Residual
or unmeasured confounding is possible despite our detailed
adjustment for a range of dietary and lifestyle confounder
variables. Finally, owing to the different properties of microbial
species within families, classes, or phyla, by grouping sequences
we may have missed significant associations with both flavonoid
intakes and volumes of adipose tissue.

In conclusion, we have shown, for the first time, that
participants with the highest intakes of foods rich in anthocyanins
had lower amounts of adipose tissue, greater microbial diversity,
higher abundances of Clostridales and Ruminococcaceae, and a
lower abundance of Clostridium XIVa than those with the lowest
intakes. Furthermore, the microbial diversity and abundance
of these taxa were associated with lower amounts of VAT.
We estimated that <18.5% of the association between intake
of anthocyanin-rich foods and VAT could be explained by
the gut microbiome. Evidence from these novel data suggests
that an increase in microbial diversity and abundance of
specific taxa in the Clostridiales order may be a plausible
mechanism underpinning the association between higher intake
of anthocyanins and lower body fat.
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