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Association between Higher Intake of Flavonols and
Lignans and Better Mood: Evidence from Dietary and
Biomarker Evaluation in Healthy Individuals

Xuemei Ma, Yifan Xu, Yong Li, Rachel Gibson, Claire Williams, Andrew J. Lawrence,

Chiara Nosarti, Paola Dazzan, and Ana Rodriguez-Mateos*

Scope: The aim of this study is to investigate associations between
(poly)phenol consumption, circulating (poly)phenol metabolites, and mood
states in healthy individuals.

Methods and results: The study included 333 healthy individuals. Mood state
was assessed with the Positive and Negative Affect Schedule questionnaire.
Dietary (poly)phenol intake was estimated matching food consumption data
collected using a Food Frequency Questionnaire(FFQ) with a comprehensive
in-house (poly)phenol database. A total of 102 (poly)phenol metabolites

were quantified in fasting plasma and 24 h urine samples by Liquid
Chromatography-Mass Spectrometry using a validated method. A higher
intake of lignans, flavanones, and flavonols estimated from FFQs was
associated with positive mood after adjusting for age and sex (B: 0.118 to
0.134). A total of 11 urinary (poly)phenol metabolites, including lignan and
flavonol metabolites were associated with less negative mood (f: —0.387 to
—0.205). No association was found between mood and plasma (poly)phenols.
Conclusion: A higher consumption of lignans flavanones and flavonols

is associated with a better mood, while certain urinary metabolites are
associated with less negative mood. The lack of associations between fasting
plasma (poly)phenols and mood may be due to their transient nature

1. Introduction

(Poly)phenols are abundant phytochem-
icals present in plant-based foods, in-
cluding fruits, vegetables, nuts, cereals,
and plant-derived beverages such as cof-
fee and tea. (Poly)phenols and their main
subclasses flavonoids, phenolic acids,
stilbenes, and lignans have gained in-
creasing attention in recent times for
their potential to prevent diseases such as
cancer, cardiovascular disorders, and im-
paired cognitive function.l!l' Epidemio-
logical and clinical evidence suggests that
higher dietary intake of (poly)phenols
may also be inversely associated with de-
pressive symptoms,[23] possibly due to
their anti-inflammatory and neuroprotec-
tive properties.I**l Two recent systematic
reviews have proposed a protective role
of dietary (poly)phenols, including soy
isoflavones, tea and cocoa flavanols, cur-
cumin, and coffee hydroxycinnamic acid,

incirculation compared with 24 h urinary metabolites, which reflect

longer-term exposure.

on depressive symptoms.[®7]

Although existing studies have pro-
posed a beneficial effect of (poly)phenol
intake on mental health,®! the evidence
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for their effect on generic mood states remains scarce. The
mood states measured by Positive and Negative Affect Sched-
ule (PANAS) Scales has been suggested to reflect a simple and
conceptually straightforward measure of general psychological
distress in non-clinical populations, compared to other clini-
cally commonly used measures, such as the Hopkins Symptom
Checklist (HSCL), Beck Depression Inventory (BDI), and State-
Trait Anxiety Inventory (STAI).®) The mood states measured by
PANAS have also been confirmed to represent an important gen-
eral correlate of psychiatric disorders,!°! as the presence of nega-
tive affect and symptoms and diagnoses of both anxiety and de-
pression are highly correlated, whereas reduced positive affect is
related primarily to symptoms and diagnosis of depression.!'’!
However, few randomized controlled trials investigating the ef-
fects of (poly)phenol intake on mood states in healthy adults and
children have been reported. Those that have are limited by small
sample sizes (less than 55) and a short-term intervention with
a specific polyphenol-rich food—for example, blueberry!'!l and
dark chocolate."?l Additionally, no study has explored the rela-
tionship between habitual (poly)phenol consumption and mood
state in the general population.

Evidence on the specific role of (poly)phenols in relation to
mood, and mental health disorders in general, is further lim-
ited due to common methods of assessing (poly)phenol intake.
Particularly, retrospective dietary assessment tools (such as food
frequency questionnaires [FFQs] and food records) are subjec-
tive and inaccurate.['3] The possibility of assessing (poly)phenol
intake using more objective biological markers is therefore
very attractive and has been previously proposed.l'*! However
(poly)phenol metabolism is complex and, the few studies us-
ing objective methods have only measured a small selection of
metabolites. These cannot capture all the different (poly)phenol
types present in the diet. To overcome these limitations, we have
recently developed a fast and high throughput method to quan-
tify more than 100 (poly)phenol metabolites in plasma and com-
plete 24 h urine samples,[>! which represent the most abundant
(poly)phenols present in the diet. Using this method, we inves-
tigated for the first time the relationship between (poly)phenol
intake and mood states in a general population sample by esti-
mating (poly)phenol intake using food frequency questionnaires
and plasma and 24 h urinary (poly)phenol metabolites. We hy-
pothesized that dietary (poly)phenols as well as its corresponding
(poly)phenol metabolites and better mood states would be posi-
tively associated when adjusted potential confounders.

2. Experimental Section

2.1. Study Population

The study included baseline data from six dietary intervention
studies conducted at the Department of Nutritional Sciences,
King’s College London from 2018 to 2021. Although the studies
involved different dietary interventions, in this analysis the study
used standard measures of habitual dietary intake and current
mood data obtained at baseline before these interventions were
started, which had been reported in the previous study.['®] All
studies were conducted in accordance with the guidelines stated
in the current revision of the Declaration of Helsinki. All proce-
dures were approved by King’s College London Ethics Commit-
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tee (references HR-18/19-8999, HR-18/19-9036, HR-17/18-5338,
HR-18/19-9091, HR-17/18-5353, HR-17/18-5703), and were
registered at ClinicalTrials.gov (NCT04179136, NCT03995602,
NCT03592966, NCT04084457, NCT03573414, NCT03553225).
Written informed consent was provided by all participants,
and all participants consented for data to be used in future
research.

A total of 333 participants were eligible for the analysis of
FFQ-estimated (poly)phenols intake and mood by the inclu-
sion criteria: 1) completed both dietary intake and mood as-
sessments; 2) females whose daily intake was between 500 and
3500 kcal and males whose daily intake was between 800 and
4000 kcal; 3) within two standard deviations (SD) of the mean
of Energy intake/Basal metabolic rate (EI/BMR), as reported
in previous studies.!'®] The age of the whole sample ranged
from 8 to 79 years (19 aged 8-17 years and 314 aged 18-
79 years; mean 40.6 years, SD = 19.9), with 66.1% of partici-
pants being female and 74.5% being White (Table 1). Of these,
n = 132 individuals also provided complete 24 h urine sam-
ples and n = 101 provided fasting plasma samples at the first
study visit, and these were included in the metabolite analysis
(Figure 1). The demographic differences between the subsample
included in biomarker analysis and those who were not included
are shown in Table S1, Supporting Information.

2.2. Habitual Dietary (Poly)phenol Intake

Dietary (poly)phenol intake was calculated by matching food
consumption data from the European Prospective Investigation
into Cancer (EPIC) Norfolk Study food frequency questionnaires
(FFQ) with the database of food (poly)phenols. Participants
completed this 130-item semiquantitative questionnaire about
their habitual diet in the previous year!'®! and parents of
children participants completed the questionnaire on behalf
of their children. The original data were analyzed with the
FFQ EPIC Tool for Analysis (FETA) software, which calculated
daily intake for main food groups and individual nutrients.l""!
The food energy and nutrients data were from McCance and
Widdowson’s the Composition of Foods (5th Edition) and its
supplements.[?’l Dietary (poly)phenol intake were calculated by
an in-house database as previously described,['”] involving food
(poly)phenol content data from the Phenol-Explorer database
3.0, the United States Department of Agriculture (USDA)
databases,!?22% and published papers./*”]

2.3. Urinary and Plasma (Poly)phenol Metabolites Analysis

A 24 h urine sample was collected during the 24 h before the first
study visit, and a blood sample was collected after an overnight
fast and plasma was obtained from the supernatant of the cen-
trifugated ETDA blood samples. No dietary restrictions were
imposed upon the participants. Both complete 24 h urine and
plasma samples were spiked with 2% formic acid (the LC-MS
grade formic acid [24 pL for urine and 12 pL for plasma] was
added to urine/plasma samples in tubes [1200 pL for urine and
600 uL for plasma], yielding 2% of formic acid in each sam-
ple) before storing at -80 °C in labeled cryovials until analysis.
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Total Participants in RCTs, N=442

Exclude: No PANAS
n=72 Exclude: n=22

Female: Daily energy intake <500
or >3500 kcal

Exclude: No FFQ

Male: Daily energy intake <800

=15
" kcal or >4000 kcal
n=6
Outside 2SD from the mean of
EI/BMR: n=16
Dietary polyphenols analysis
N=333
Polyphenols Biomarkers y
24h Urine metabolites: N=132
Plasma metabolites: N=101

Figure 1. Study participant selection process. EI/BMR, energy in-
take/basal metabolic rate; FFQ, food frequency questionnaires; PANAS,
the Positive and Negative Affect Schedule; RCTs, randomized controlled
trials.

No enzymatic treatment was performed so the analyzed phase
II metabolites were in conjugated form. Both 24 h urine and
plasma samples were processed with micro-solid-phase extrac-
tion (u-SPE) and analyzed with a validated ultra-performance lig-
uid chromatography and triple-quadrupole mass spectrometry
(UPLC-Q-q-Q MS) method, a previously validated method de-
veloped by the lab.'*] The metabolites were selected based on
the current knowledge of the most abundant (poly)phenol in hu-
man diet and availability of the authentic analytical standards.
All compounds in the method were quantified by using authen-
tic standards. A total of 102 phenolic metabolites, including 15
flavonoids, 66 phenolic acids, 5 lignans, 5 stilbenes, and 11 oth-
ers (3 tyrosols, 3 benzene diols and triols, 3 benzaldehydes and 2
hydroxycoumarins) were identified and quantified with authentic
chemical standards.'>] The detailed list of (poly)phenol metabo-
lites analyzed from 24 h urine and plasma samples were shown
in Table S2, Supporting Information.

2.4. Mood Assessment

The Positive and Negative Affect Schedule - Short Form (PANAS
- SF) and PANAS - Children (PANAS - C) were used to assess cur-
rent mood state for adults and children, respectively. The PANAS
- SF was a 20-item (10 positive and 10 negative mood states),!®!
and PANAS-C was a 30-item (15 positive and 15 negative mood
states) self-report measure of Positive Affect (PA) and Negative
Affect (NA).[?) Participants rated the degree to which they were
currently experiencing each item on a five-point Likert scale (Very
slightly or not at all, A little, Moderately, Quite a bit, Extremely).
The ratings of positive and negative items were summed to cal-
culate an overall positive mood score and negative mood score,
ranging from 10 to 50 for PANAS-SF and 15-75 for PANAS-C,
with lower scores indicating lower levels of positive or negative
mood. The PANAS-SF and PANAS-C had both demonstrated
good reliability, with a Cronbach’s alpha of 0.88 for PA and 0.87
for NA in PANAS-SF,!®] and an alpha of 0.90 and 0.94 for PA and
NA in PANAS-C,[?] respectively. To allow inclusion of PANAS-
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SF and PANAS-C data in the same models, the study transformed
these outcomes to Z-scores separately within each scale.

2.5. Sociodemographic and Lifestyle Factors

Sociodemographic and lifestyle information were collected with
a questionnaire at baseline, and included details of participants’
age, sex, ethnicity, height, weight, smoking history, alcohol use
(units per week), and physical activity. Ethnicity was self-reported
and categorized into White, Black, Asian, Mixed, and Other eth-
nic group according to the list of ethnic groups from the 2021
Census of England and Wales.?%! Body mass index (BMI) was
calculated as weight divided by height squared (kg m~2) and
participants were grouped into the following categories: under-
weight (<18.5 kg m~2), healthy weight (18.5-24.9 kg m~%; 18.5—
23.0 kg m~2 for Asian), overweight (25.0-29.9 kg m=2; 23.0-
27.5 kg m~? for Asian), and obese (>30 kg m~?; >27.5 kg m~? for
Asian) according to WHO standards.?”?8) Children (aged under
18) were grouped according to BMI-for-age percentile, as under-
weight (on the 2nd centile or below), healthy weight (between
the 2nd and 91st centiles), overweight (91st centile or above),
and obese (98th centile or above), based on UK-WHO growth
charts.[?) Participants aged 15 and above also completed the In-
ternational Physical Activity Questionnaire (IPAQ) and were cat-
egorized into low, moderate, and high levels of activity.*%] Details
had been described in the previous study./'®!

2.6. Statistical Analysis

All statistical analyses were performed using R 4.2.1 (https://
www.R-project.org/). Descriptive statistics were generated for
sociodemographic and lifestyle characteristics. Data were re-
ported as mean and standard deviation (SD), and statistical dif-
ferences in dietary (poly)phenol intake between different groups
were evaluated using parametric tests (one-way ANOVA and t-
test). Pairwise differences in group means were explored post-
hoc with the Turkey test. Urinary and plasma metabolite lev-
els were log-transformed and adjusted for batch effects using
the ComBat method3!! using the sva package.3?) The ComBat
method was an empirical Bayes method originally developed to
remove batch effects in microarray data in gene sequencing and
now also applied to metabolomics analysis.!*}] Spearman corre-
lation analysis was used to assess the relationship between FFQ-
estimated (poly)phenols, and urinary and plasma metabolites,
as well as the correlation between (poly)phenol metabolites and
mood. When looking at the correlation between (poly)phenols
and mood states, the total FFQ-estimated (poly)phenols will be
tested at first, then followed by the main groups (flavonoids, phe-
nolic acids, lignans, stilbenes, and other (poly)phenols), and sub-
groupings at last. Significance was adjusted for multiple com-
parisons using the False Discovery Rate (FDR) method.3*! Fur-
thermore, a linear regression analysis was conducted to explore
relationship between individual (poly)phenols and (poly)phenol
metabolites with mood, after adjusting for potential confounders
(sex and age), as described in the previous study.['®] As there
was no significant association between BMI or physical activity
and mood, these factors were not considered among potential
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Table 2. Linear regression analysis between FFQ-estimated (poly) phenols and positive mood.

Model 1 Model 2 Model 3 Model 4 Model 5

p p value p p value p p value B p value p p value
Sex?) —0.106 0.050 —0.121 0.024 —-0.137 0.011 —0.128 0.018 —0.131 0.016
Age 0.167 0.003 0.202 <0.001 0.189 <0.001 0.179 0.002 0.193 <0.001
FFQ-estimated lignans 0.134 0.016
FFQ-estimated flavanones 0.113 0.035
FFQ-estimated flavonols 0.118 0.029
FFQ-estimated flavan-3-ols 0.071 0.212
FFQ-estimated proanthocyanidins 0.077 0.158
R? 0.069 0.065 0.066 0.057 0.058
Adjusted R? 0.060 0.056 0.057 0.048 0.049
F 8.084%* 7.593%%% 7.706%%%* 6.574%%% 6.730%%*

Linear regression analysis was conducted to explore relationship between individual dietary (poly)phenols with positive mood, after adjusting for potential confounders (sex
a

and age). Models 1-5 included each listed FFQ-estimated (poly) phenols, respectively.

confounders,'*! which might be due to the very low percentage
of participants whose BMIs fell into the obese group (6.3%) and
even in the obese group only 13 participants (3.9%) had a BMI
equal to or more than 30.

3. Results

3.1. FFQ-Estimated (Poly)phenol Intake

In the total sample, the average FFQ-estimated total dietary
(poly)phenol intake was 1447+864 mg day~!, ranging from 97
to 4014 mg day~!. The distributions of FFQ-estimated intakes
of dietary (poly)phenols could be found in Figure S1, Support-
ing Information. Females, White participants, and those aged 45
and above had a higher total (poly)phenol intake compared to
males (1514 + 860 mg day~! vs 1314 + 861 mg day~!, p = 0.045),
Asian participants (1522 + 855 mg day~' vs 1164 + 833 mg day™",
Turkey p = 0.024), and those younger than 45 years of age (1772 +
881 mg day~! vs 1241 + 789 mg day ™!, p < 0.001) (Table 1). More
specifically, White participants had higher dietary intakes of stil-
benes (0.13 + 0.15 mg day! vs 0.07 + 0.12 mg day?, Turkey
p =0.007) and lignans than Asians (1.83 + 0.95 mg day~! vs 1.34
+ 0.60 mg day~!, Turkey p = 0.001), while participants older than
45 years of age had a higher dietary intake of flavonoids (853 +
504 mg day~! vs 544 + 409 mg day~!, p < 0.001) and phenolic
acids (894 + 696 mg day~' vs 676 + 648 mg day™', p = 0.002),
and participants older than 45 years of age had a higher dietary
intake of stilbenes (0.16 + 0.18 mg day~! vs 0.09 + 0.09 mg day™*,
p < 0.001) and lignans (2.02 + 0.95 mg day~! vs 1.58 + 0.82 mg
day™!, p < 0.001) than participants younger than 45 years.

3.2. Associations between FFQ-Estimated (Poly)phenol Intake
and Mood

The correlation between the total FFQ-estimated (poly)phenol
intake and positive or negative mood was not significantly
correlated (Spearman rho = 0.097, p = 0.077 and rho = 0.022,
p = 0.691, respectively). Considering the five main classes of
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Figure 2. Spearman correlations between mood and FFQ-estimated
(poly)phenols. *FDR adjusted p-value < 0.05.

(poly)phenols, better positive mood and higher reported dietary
intake of flavonoids and lignans were positively correlated
(tho = 0.171, FDR p = 0.010 and rho = 0.181, FDR p = 0.010,
respectively). Considering the subclasses of flavonoids, better
positive mood and higher dietary intake of flavanones, flavonols,
flavan-3-ols, and proanthocyanidins were all positively correlated
(tho = 0.156, 0.150, 0.143, 0.142, respectively, all FDR p < 0.05),
while less negative mood and higher dietary intake of chalcones
was correlated (tho = —0.137, FDR p < 0.05) (Figure 2). These
significant Spearman correlations are visualised in Figure S2,
Supporting Information. Correlations between subclasses of
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Table 3. Linear regression analysis between urinary (poly)phenols and negative mood.

Model 1 Model 2 Model 3 Model 4 Model 5

B p value p p value p p value p p value p p value
Urinary flavones —0.205 0.028
Urinary tyrosols —-0.133 0.138
Urinary benzoic acids —0.258 0.013
Urinary hydroxyphenylacetic acids —-0.183 0.064
Urinary stilbenes —0.080 0.413
R? 0.087 0.068 0.097 0.077 0.057
Adjusted R? 0.066 0.047 0.076 0.056 0.035
F 4.088%** 3.135%* 4.596%* 3.578%* 2.588

Linear regression analysis was conducted to explore relationship between (poly) phenol metabolites with negative mood, after adjusting for potential confounders (sex and
age). Models 1-5 included each listed urinary (poly)phenols, respectively. *p < 0.05. **p < 0.01.

phenolic acids, stilbenes, and other (poly)phenols and positive
or negative mood were not significant.

After adjusting for sex and age, the simple linear models indi-
cated that the association of better positive mood with higher in-
take of lignans, flavanones, and flavonols significantly remained
(B = 0.134, 113 and 0.118, respectively, all p < 0.05) (Table 2).
Nonetheless, no significant association was seen between dietary
intake of chalcones and negative mood in the simple linear model
(B = -0.090, p = 0.100).

3.3. Associations between Urinary and Plasma (Poly)phenol
Metabolites and Mood

Higher levels of five urinary (poly)phenol subclasses and less
negative mood were significantly correlated, including flavones
(tho = —0.332, FDR p = 0.004), tyrosols (tho = —0.235, FDR
p = 0.048), benzoic acids (tho = —0.251, FDR p = 0.037), hy-
droxyphenylacetic acids (rho = —0.286, FDR p = 0.020), and
stilbenes (rho = —0.248, FDR p = 0.037). When looking into
urinary individual metabolites, we found that 16 urinary indi-
vidual (poly)phenols were significantly correlated with less neg-
ative mood (Figure S3, Supporting Information). No signifi-
cant associations were found between urinary (poly)phenols and
positive mood. Distributions of urinary and plasma levels of
(poly)phenols can be found in Figures S4 and Figure S5, Sup-
porting Information, respectively.

After adjusting for potential confounders (sex and age), the
simple linear models suggested that higher levels of urinary
flavones and benzoic acids and less negative mood were as-
sociated, with the largest standardized effect seen for urinary
benzoic acids (f = —0.258, p = 0.013) (Table 3). When con-
sidering individual urinary metabolites, the simple linear re-
gressions showed that after adjusting for sex and age, higher
levels of 11 urinary metabolites and less negative mood were
still significantly associated as shown in Figure 3, including
quercetin (f = —0.261, p = 0.005), enterodiol (f = —0.320,
p = 0.002), 4-hydroxy-3,5-dimethoxybenzoic acid (f = —0.222,
p = 0.024), 3-(3"-methoxyphenyl)propanoic acid-4"-sulfate (f =
—0.251, p = 0.010), 4~hydroxycinnamic acid-3’-glucuronide (#
= —0.234, p = 0.030), cinnamic acid-4"-sulfate (8 = —0.387, p
< 0.001), 3,4-dihydroxybenzaldehyde (f = —0.347, p = 0.004),
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4-hydroxybenzoic acid-3-sulfate (f = -0.303, p = 0.002), 3-
hydroxybenzoic acid-4-sulfate (f = —0.260, p = 0.005), dihy-
droresveratrol (f = —0.386, p = 0.001), and flavone (f = —0.205,
p=0.028).

In contrast to what was observed for urinary metabolites,
plasma (poly)phenols metabolites were not significantly corre-
lated with negative or positive mood (Figure S6, Supporting In-
formation).

3.4. Correlation between FFQ-Estimated (Poly)phenol Intake and
Circulating (Poly)phenol Metabolites

Urinary rather than plasma (poly)phenol levels and the FFQ-
estimated (poly)phenols in the same class or subclasses were sig-
nificantly correlated. This was seen for total (poly)phenols (tho
= 0.440, FDR p < 0.001), phenolic acids (rho = 0.433, FDR p <
0.001), stilbenes (rho = 0.315, FDR p = 0.003), and lignans (rho
= 0.228, FDR p = 0.035). Furthermore, as shown in Figures S7
and S8, Supporting Information, more significant correlations
were seen between FFQ-estimated (poly)phenols and urinary
(poly)phenols than plasma (poly)phenols. Notedly, we found that
both urinary and plasma levels of 3-hydroxy-4-methoxybenzoic
acid-5-sulfate were persistently correlated with dietary theaflavins
(tho = 0.60 and 0.44, respectively) and dietary flavan-3-ols
(tho=0.51 and 0.44, respectively), while both urinary and plasma
levels of 3-hydroxycinnamic acid-4’-glucuronide were persis-
tently correlated with dietary total (poly)phenols (rtho = 0.55 and
0.42, respectively).

3.5. (Poly)phenol-Rich Foods’ Correlations with Mood States,
FFQ-Estimated (Poly)phenol Intake, and (Poly)phenol
Metabolites

We did not find any significant correlation between any
(poly)phenol-rich food groups and either positive or negative
mood (Figure S9, Supporting Information). However, various
(poly)phenol-rich food groups and FFQ-estimated (poly)phenols
were found to be highly correlated (FDR p < 0.05) (Figure S10,
Supporting Information). As main sources of (poly)phenols,
the daily average intakes of coffee, tea, wine were 1.8 serving
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Figure 3. Significant associations between individual urinary metabolites and negative mood: linear regression analysis adjusted for age and sex.
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(SD = 1.1 serving), 1.3 serving (SD = 1.4 serving), and 0.1
serving (SD = 0.3 serving), respectively, standardized as 190 g
per serving according to default portion size in the EPIC-FFQ.
Additionally, the average daily intake of fruits, vegetables, cereals,
and fiber were 244.7 g (SD = 197.4 g), 289.1 g (SD = 164.6 g),
229.2 g (SD = 114.9 g), and 16.2 g (SD = 6.9 g), respectively.
As a reference of the nutritional status of this sample, the daily
nutritional profile with the main sources of (poly)phenol intake
is illustrated in Table S3, Supporting Information.

We also explored the correlation of FFQ-estimated
(poly)phenol-rich food groups with (poly)phenol metabolites
(Figures S11 and S12, Supporting Information). The results
indicated that more than 70 urinary individual (poly)phenols
were significantly associated with daily intakes of tea, coffee,
red wine, and whole grains, suggesting that tea, coffee, wine
and whole grains are the main contributors to levels of urinary
(poly)phenols in the complete 24 h urine samples. In contrast,
only five plasma metabolites and FFQ-estimated daily intakes of
tea, whole grain, and onion were correlated, which was in line
with the results above that (poly)phenols in fasting plasma and
estimates of FFQ-estimated (poly)phenols are less correlated
than 24 h urinary levels.

4, Discussion

This is the first study exploring the association between mood
states and habitual (poly)phenol intake estimated with both self-
reported intake and plasma and urinary metabolites in a group
of healthy individuals. Our results indicated that higher FFQ-
estimated dietary intake of lignans, flavanones, and flavonols
was independently associated with more positive mood. We also
found that higher levels of 16 urinary (poly)phenol metabolites
were significantly associated with less negative mood, with 11
remaining significant after controlling for age and sex, includ-
ing the lignan metabolite enterodiol and the flavonol metabo-
lite quercetin, which point to these particular (poly)phenol sub-
classes as promising potential contributors to better mood states.

Our findings suggest that higher FFQ-estimated dietary intake
oflignans as well as urinary levels of the lignan metabolite entero-
diol were both associated with better positive mood, which are in
agreement with previous research showing that urinary entero-
diol was significantly lower in depressed than in non-depressed
women in a study of 193 perimenopausal US women.!* Uri-
nary lignans were also inversely associated with the prevalence of
depressive symptoms in a large-scale (n = 3430) cross-sectional
study of the US general population.[*®! The potential mecha-
nism underlying the association between lignan consumption
and mood could be its anti-inflammatory properties indicated
by decreasing pro-inflammatory mediators (COX-2, TNF-a, and
IL-1p) and increasing hippocampal brain-derived neurotrophic
factor (BDNF) to attenuate neuroinflammation, which has been
investigated in animal models.?”-*8) However, this has not been
confirmed in humans yet. Additionally, our study reports for the
first time a positive association between dietary flavonols and
positive mood, as well as a significant association between nega-
tive mood and lower urinary quercetin (a type of flavonol, mainly
from vegetables and tea). This is consistent with a US nurse co-
hort study of 82 643 women that found significant associations
between higher flavonol intake and lower depression risk in a
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10-year follow up.*! This could also be explained by the fact that
flavonols could modify physiological aspects of the serotonergic
system (a key system involving in mood regulation) via increas-
ing levels of serotonin and its availability, which has been con-
firmed in preclinical studies.!*”] Nonetheless, the precise mech-
anism is still not replicated in clinical studies, calling for future
studies to explore.

Our report of an association between higher dietary flavanones
and more positive mood is in line with an observational study
of 1572 Italian adults which showed a significant inverse dose
response association between flavanone intake and depressive
symptoms.l3l As citrus fruit is the main source of flavanone in-
take, significant correlation was also found between citrus fruit
intake and positive mood. However, we were not able to see
any significant association between plasma or urinary flavanone
metabolites (hesperetin, rac-hesperetin-7-sulfate, rac-hesperetin-
3’-glucuronide, and naringenin-4-glucuronide) and mood, de-
spite being present in 24 h urine in most volunteers. Besides, a
poor correlation was found between habitual dietary flavanone
intake and urinary flavanones in this study, which is consis-
tent with a previous study suggesting that urinary flavanones,
such as hesperetin and naringenin, may be a good estima-
tion of acute but not habitual intake of flavanones.*!l Addi-
tionally, some of the abundant gut microbial metabolites of fla-
vanones, including 4"-hydroxyhippuric acid, 3-methoxycinnamic
acid-4"-sulfate, 4-methoxycinnamic acid-3"-glucuronide, 3-(4*-
hydroxyphenyl)propanoic acid-3-sulfate,[*?] are not specific of fla-
vanones and come from multiple (poly)phenol sources, which
is reflected in the fact that they were correlated to other
(poly)phenol-rich foods, like tea, coffee, and red wine, so we could
not conclude that these metabolites specifically reflect citrus con-
sumption.

Interestingly, we have found that a less negative mood was as-
sociated with higher levels of urinary flavones but not with FFQ-
estimated flavone intake (mainly from cereals). This discrepancy
could be explained by two facts that: 1) there is only one flavone
measured in metabolites, which might not be representative for
all flavone metabolites; 2) the FFQ does not include major food
source of flavones (soups) compared to 7-day food diaries.'"”] Our
finding is not consistent with a US cohort study (n = 82 643) that
found that higher intake of flavones could reduce risk of depres-
sion in 10 years.[* This discrepancy could be explained by the
different calculations for intake of flavones and the smaller sam-
ple size of our study, which might have limited the ability to de-
tect an association between dietary flavones and negative mood.
It is also possible that the evaluation of the urinary biomarker
might be more sensitive to detect the association between uri-
nary flavones and negative mood.

As a metabolite of anthocyanins and proanthocyanidins
among others,*}] urinary 3,4-dihydroxybenzaldehyde (associated
with tea, coffee, and red wine consumption in this study) was as-
sociated with less negative mood in our study. This might be ex-
plained by preclinical evidence that 3,4-dihydroxybenzaldehyde
plays an anti-neuroinflammatory effect by reducing the pro-
duction of inflammatory cytokines in rats.[* More studies are
needed to replicate these results and further confirm whether
this is indeed the case in humans. Moreover, our results are also
the first time to report that urinary dihydroresveratrol, one of the
gut microbial catabolites of resveratrol, is negatively associated
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with negative mood. However, dietary intake of stilbenes (mainly
consisting of resveratrol) did not show the same association with
mood. A recent meta-analysis of 22 animal studies concluded that
resveratrol had positive effects in animal models of depression,
comparable to the effects of antidepressants. However, very few
human studies exist to replicate these findings.*’! In addition,
the low intake of resveratrol in the diet is unlikely to lead to sig-
nificant effects on human health, unless is taken as a dietary sup-
plement. Dihydroresveratrol in this case might represent the in-
take of foods rich in other (poly)phenols, such as anthocyanins
and flavan-3-ols, with red wine being the main source.

We also found a significant correlation between less negative
mood and higher levels of six urinary phenolic compounds,
including 4-hydroxy-3,5-dimethoxybenzoic acid (syringic acid),
4-hydroxybenzoic acid-3-sulfate (protocatechuic acid-3-sulfate),
3-hydroxybenzoic acid-4-sulfate (protocatechuic acid-4-sulfate),
3-(3"~methoxyphenyl)propanoic acid-4-sulfate (dihydroferulic
acid-4"-sulfate), cinnamic acid-4-sulfate (p-coumaric acid-4"-
sulfate) and 4-hydroxycinnamic acid-3"-glucuronide (caffeic
acid-3"-glucuronide), which are mainly derived from flavonoids
and phenolic acids. Although not confirmed in humans yet,
syringic acid could reduce the progression of Parkinson’s
disease in rats via its neuroprotective and anti-inflammatory
effects.l*] This evidence could be one explanation of our find-
ing that urinary syringic acid and less negative mood was
correlated. In addition, other phenolic acid metabolites in-
cluding 4-hydroxybenzoic acid-3-sulfate (protocatechuic acid
3-O-sulfate), 3-hydroxybenzoic acid-4-sulfate (protocatechuic
acid-4-O-sulfate), 3-(3"-methoxyphenyl)propanoic acid-4-sulfate
(dihydroferulic acid-4-sulfate), cinnamic acid-4"-sulfate (p-
coumaric acid-4-sulfate), and 4“hydroxycinnamic acid-3*-
glucuronide (caffeic acid-3"-glucuronide) were associated with
less negative mood, and the correlations between these metabo-
lites and coffee, red wine, and green vegetable consumption
were significant. The association with berry intake was positively
significant but became non-significant after multiple compar-
ison adjustment. These metabolites could come from many
different (poly)phenols including caffeoylquinic acids, antho-
cyanins, and proanthocyanidins, which are indeed abundant in
coffee, red wine, berries, and vegetables such as artichokes.[*”]
Future clinical and preclinical studies are needed to investigate
the potential relationship between these metabolites and mental
health.

In terms of (poly)phenol sources, we did not find any sig-
nificant association between individual (poly)phenol-rich foods
and mood. Nonetheless, previous studies have indicated that
higher intakes of tea, citrus, and grapes are associated with bet-
ter mood.[*4-%] Although there is evidence of a protective effect of
dietary consumption of tea and fruits on mood, more studies are
needed to establish the specific role of (poly)phenol metabolites
detected in urine, which seems to reflect (poly) -phenol intake
more objectively, in regulating mood and general mental health.

The levels of FFQ-estimated (poly)phenol intake found in our
study are comparable to the ones estimated in the UK National
Diet and Nutrition Survey (NDNS) 2008-2014.55!] We also found
some consistent patterns with NDNS, such as total (poly)phenol
intake being higher in people with higher alcohol consumption,
and higher in older adults, as they consumed more tea, alco-
hol, and fruits, as well as less meat. Compared to the NDNS
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data,®!l we found flavonoid intake to be similar across all age
groups. However, the intake of phenolic acids in our sample was
higher and the intake of stilbenes was lower in all age groups,
compared to the NDNS data.®!l This may be since our sam-
ple had a higher intake of non-alcoholic beverages (coffee in
particular, main source of phenolic acids) and a very low alco-
hol consumption (28.2 g day™'). Additionally, the average in-
take of fruits (244.7 g) and vegetables (289.1 g) was similar to
the levels estimated in the UK EPIC-Norfolk cohort study (n =
11 577), which were 257 and 275 g day™' for fruits and vegeta-
bles, respectively.>?l Although the average fiber intake (16.2 +
6.9 g day™!) in our sample was much lower than the UK rec-
ommendation (30 g day™!), it was still higher than that from the
UK NDNS.*% Interestingly, we found different demographic pat-
terns in terms of (poly)phenol intake. For instance, we found that
females had a higher (poly)phenol intake than males, while the
UK national analysis found this to be the case in males in all age
groups, except for adults aged 19-34 and 50-64 years, where in-
takes were marginally higher in females. This might be because
our sample had an unbalanced sex distribution (66.1% females
in our study vs 54.1% females in NDNS) and more Asian partici-
pants (17.5% in our study vs 7.3% in NDNS) who consumed less
alcohol.

Finally, more significant correlations were seen between FFQ-
estimated (poly)phenol intake and 24 h urinary (poly)phenol
metabolites than fasting plasma metabolites. Notably, the FFQ
reflects habitual intake, whereas 24 h urine and fasting plasma
should represent (poly)phenol intake in the previous 24-48 h.
The lack of correlation between the plasma metabolites and
the FFQ-estimated intake may be explained by the fact that the
fasting plasma can only capture metabolites with a relatively
long half-life from food sources that are frequently taken.[**] Di-
etary (poly)phenols undergo extensive metabolism after inges-
tion, with a small fraction of (poly)phenol absorbed in the small
intestine and the majority reaching colon and being metabolized
by the gut microbiota and further absorbed.[*! Some compounds
that could be absorbed in the small intestine, usually reach peak
concentrations in plasma 1-4 h post consumption!*>>5¢! before
being cleared from the blood stream and excreted in urine, there-
fore, these metabolites could be more abundant in 24 h urine.
Fasting plasma, on the other side, can only capture (poly)phenol
metabolites with relatively long half-lives, such as gut micro-
bial metabolites. This is also an explanation for the fact that
we did not find any associations between plasma (poly)phenol
metabolites and mood, as most (poly)phenol we found to be
associated with mood have a short T, ., which could not be
found in fasting plasma. Overall, the correlations between FFQ-
estimated dietary (poly)phenol intakes and metabolites in plasma
were weak (Spearman’s rho < 0.4), whereas some correlations be-
tween FFQ-estimated dietary (poly)phenol intakes and metabo-
lites in urine were moderate with Spearman’s rho ranging be-
tween 0.5 and 0.6. For instance, the Spearman rho between di-
etary theaflavins and urinary 3-Hydroxy-4-methoxybenzoic acid-
5-sulfate was 0.60 and the rho between dietary total (poly)phenols
and urinary 3-hydroxycinnamic acid-4-glucuronide was 0.55. Al-
though these two metabolites in urine and plasma showed persis-
tently correlations with dietary (poly)phenol intakes, we were un-
able to draw the conclusion that they could be specific biomarkers
of dietary (poly)phenol intake. This is because that these phenolic
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compounds could also be generated by the gut-microbiota from
various types of (poly)phenols.['’]

To the best of our knowledge, this is the first study exploring
the relationship between mood states and (poly)phenol metabo-
lites in a wide age range of free-living healthy individuals. We
for the first time have found that both dietary and urinary lig-
nans and flavonols are associated with better mood states, pro-
viding solid evidence in this field and highlighting the impor-
tance of future studies to investigate it in a longitudinal design
and further explore the biological mechanism. However, a num-
ber of limitations should be considered. First, the FFQ, although
widely used, has a limited ability to capture and discriminate food
sources of (poly)phenols due to the defined list of food items
and its nature of self-report resulting in recall bias. Second, the
sample is heterogenous in terms of the age distribution (range:
8-79 years), despite of the validation of EPIC-FFQ in children,”]
adults,’®®) and older individuals,®! the results need to be inter-
preted with caution due to the limited generalization. Third, the
phenolic metabolites in 24 h urine and fasting plasma only re-
flect the intake of the last 24-48 h while the FFQ estimates the
habitual diet of the previous year. Thus, variations between re-
cent and habitual intake might influence the correlation between
dietary intake and metabolite levels. Fourth, some of the phenolic
metabolites we included are not specific to (poly)phenols and can
derive from other sources or other endogenous metabolic path-
ways, such as the benzoic acid derivatives, that can come from
multiple sources such as food preservatives.[>®! This could result
in bias when using (poly)phenol biomarkers to reflect exposure
from diet. Lastly, although we used the same analytical method
and device for all samples, we cannot exclude the presence of a
batch effect that might have influenced the levels of metabolites,
although this was minimized by using the ComBat method.

5. Conclusions

In conclusion, this study for the first time has reported the poten-
tial effects of dietary (poly)phenols on modulating mood, in par-
ticular flavonoids and lignans, raising the need for more studies
to further investigate causality. Regarding the best way of examin-
ing (poly)phenol exposure, as currently there is no gold-standard
method and both dietary and biomarker assessment approaches
have limitations, we propose that the use of a combination of vali-
dated dietary assessment tools and biomarkers is the optimal ap-
proach in the future. We are also aware that this is difficult to
achieve and reporting both results from dietary assessment and
biomarkers (ideally in 24 h urine samples) might be an accept-
able compromised approach for (poly)phenol intake estimation.
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