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Plant-based foods are the main source of phytochemicals, including polyphenols, a large family
of compounds with highly diverse chemical structures. The impact of polyphenols, ranging from
simple gallic acid to the most complex proanthocyanidins, on different biological processes has been
irrefutably demonstrated by numerous studies [1].

Multiple approaches, each with their strengths and weaknesses, have been used to investigate
the effects of polyphenols, all making an important and complementary contribution to the field.
In vitro and in vivo experimental models play a vital role in the elucidation of the mechanisms of
action underlying the health benefits observed in human trials. However, their results cannot always
be easily extrapolated to human beings, partly because of considerable interindividual variability and
other external factors. For instance, potential effect-modulating variables, such as sex, age, smoking
habits, body mass index, and hormone levels, need to be identified, as does the influence of other foods,
nutrients and even culinary techniques [1,2]. Additionally, we should not forget the importance of gut
microbiota and genetic polymorphisms, which lead to varied circulating metabolites with different
biological activities and health impacts [3].

A more recent approach is the use of omics, an integration of disciplines such as metabolomics,
genomics, epigenomics, and foodomics based on cutting-edge experimental techniques, including mass
spectrometry. The comprehensive ultra-large data sets they generate allow the scientific community to
answer new and complex questions [4].

Daily dietary intake of polyphenols is thought to be approximately 1 g, although this estimate
is based on subjective food frequency questionnaires, in which participants tend to overestimate
the consumption of healthier items. Moreover, despite the availability of useful and comprehensive
databases on polyphenol content in food, the concentrations depend on a wide range of factors,
including plant variety, ripeness, environmental conditions, cropping systems, cooking, and storage,
all of which add to the complexity of calculating intake [5].

In this Special Issue on “Dietary Polyphenols and Human Health”, a series of 10 papers are presented,
including three literature reviews [6-8] and seven original research papers [9-15]. The described research
contributes to filling some of the gaps in our knowledge about the beneficial effects of dietary polyphenols
on chronic health conditions, notably cardiovascular disease, type 2 diabetes, neurological impairment,
and also certain risk factors.

In their review, Sandoval et al. describe the molecular mechanisms and signaling pathways
involved in the metabolic impact of each group of flavonoids on obesity and related disorders, focusing
on the liver, white and brown adipose tissue and central nervous system [6]. Marquez-Campos et al.
have collected and summarized the available literature on the antidiabetic effects of both parent
flavan-3-ol compounds and their microbial metabolites. The role of microbiota is especially relevant,
as flavan-3-ols are poorly absorbed and their metabolization and absorption largely depend on the
activity of colonic bacteria [7]. In the third review, Dominguez-Lopez et al. explore the effects of
phytoestrogens on human hormone-dependent outcomes throughout the human lifespan, divided
into stages of pregnancy, childhood, adulthood, and the pre- and post-menopause [8].

Nutrients 2020, 12, 2893; d0i:10.3390/nu12092893 1 www.mdpi.com/journal/nutrients
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Individual phytoestrogens are also the subject of a cross-sectional study by Sun et al., who are
interested specifically in their impact on sleep quality. The association between urinary phytoestrogens
(enterolactone, enterodiol, daidzein, O-desmethylangolensin, equol, and genistein) and sleeping
disorders and sleep duration was examined in adults from the National Health and Nutrition
Examination Survey 2005-2010. Discrepant results were found, depending on the metabolites and the
race and sex of the participants, revealing the need for further studies with prospective cohorts and
clinical trials [9].

Two of the other papers report clinical trials on the effect of polyphenols on the brain. In a study on
psychological well-being (the PPhIT study), Kontogianni et al. concluded that participants with a high
polyphenol intake had fewer depressive symptoms and better general mental and physical health
compared to those on a low-phenolic diet [10]. The crossover study on mood and cognitive function
performed by Wightman et al., where healthy participants received a single dose of a polyphenol-rich
extract obtained from mango leaves (<60% mangiferin), revealed no significant results for mood,
but cognitive function was enhanced [11].

Taking on the challenge of assessing polyphenol intake, Martini et al. used food frequency
questionnaires to compare the nutrients afforded by two different dietary patterns (polyphenol rich and
control) in older participants of the MaPLE study. Their ultimate goal is to develop dietary guidelines to
increase the intake of these bioactive compounds [12]. Castro-Barquero et al. also used food frequency
questionnaires to make a detailed estimation of the polyphenol intake in high cardiovascular risk
participants of the PREDIMEDplus study. Monitoring metabolic syndrome symptoms, they found that
some phenolic groups were inversely associated with better values of blood pressure, fasting plasma
glucose, HDL cholesterol, and triglycerides [13]. Interestingly, both MaPLE and the PREDIMEDplus
studies gave similar values for polyphenol intake.

The final two publications shed light on the mechanism of action of polyphenols. Saji et al. explore
how a rice bran phenolic extract could target metabolic pathways associated with Type 2 diabetes
mellitus, concluding that it modulated the expression of genes involved in B-cell dysfunction and
insulin secretion through different mechanisms [14]. Focusing on the pathogenesis of cardiovascular
diseases, Nignpense et al. performed a clinical trial with healthy volunteers to evaluate the effect of
ingesting a sorghum extract. Although oxidative stress-related endothelial dysfunction and platelet
aggregation were not reduced, a beneficial impact on platelet activation and platelet microparticle
release was observed [15].

The growth of publications on bioactive compounds in the last years reflects the considerable
interest of the scientific community in the field, but a great deal of research still needs to be done.
A better understanding of the health benefits of polyphenols and their mechanisms of action will
lead to improved (and perhaps individualized) nutritional recommendations aimed at enhancing
human health.
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Abstract: The evaluation of food intake in older subjects is crucial in order to be able to verify
adherence to nutritional recommendations. In this context, estimation of the intake of specific dietary
bioactives, such as polyphenols, although particularly challenging, is necessary to plan possible
intervention strategies to increase their intake. The aims of the present study were to: (i) evaluate the
nutritional composition of dietary menus provided in a residential care setting; (ii) estimate the actual
intake of nutrients and polyphenols in a group of older subjects participating in the MaPLE study;
and (iii) investigate the impact of an eight-week polyphenol-rich dietary pattern, compared to an
eight-week control diet, on overall nutrient and polyphenol intake in older participants. The menus
served to the participants provided ~770 mg per day of total polyphenols on average with small
variations between seasons. The analysis of real consumption, measured using weighed food diaries,
demonstrated a lower nutrient (~20%) and polyphenol intake (~15%) compared to that provided
by the menus. The feasibility of dietary patterns that enable an increase in polyphenol intake with
putative health benefits for age-related conditions is discussed, with a perspective to developing
dietary guidelines for this target population.

Keywords: nursing home; residential care; aging; menu; flavonoids; phenolic acids
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1. Introduction

Itis well recognized that nutrition plays an important role in health status, with increasing evidence
of associations between intake of specific dietary components and risk of many non-communicable
diseases (NCDs), such as cardiovascular diseases (CVDs), type 2 diabetes, and some types of cancer.
For instance, the Global Burden of Diseases has recently indicated that high intake of sodium, low
intake of whole grains, and low intake of fruits are the leading dietary risk factors for deaths and
disability-adjusted life-years (DALYs) worldwide [1]. These findings have been widely used to prepare
national and international dietary guidelines aimed both at recommending the adequate intake of
energy and nutrients for different targets of population and possibly at reducing the risk for the most
common NCDs [2].

The ageing process affects the nutrient needs of older subjects, whose requirements for some
nutrients may be reduced or increased with respect to younger adults. In this life-stage, a variety of
factors such as sensory losses, chewing and swallowing problems, and medications may compromise
dietary intake and lead to nutritional deficiencies and malnutrition, which has been contributing to the
progression of many diseases and common syndromes in older people [3].

For this reason, specific recommendations have been proposed to meet the nutritional requirements
of this target group; for instance, energy, protein and fibre intake should be individually adjusted by
considering their nutritional status and physical condition and accounting for the presence of specific
disease [4]. In addition to macronutrients, micronutrients also play a fundamental role in promoting
health and preventing NCDs and their deficiencies are often common in aged people for a number of
reasons including reduced food intake or lack of a varied diet, but they are also associated with the
vicious cycle promoted by diseases and pharmacological treatments.

It is noteworthy that these factors may also affect the intake, absorption and/or metabolism of
bioactive compounds such as polyphenols. In this regard, data on polyphenol intake in different older
target groups are not univocal, possibly due to differences in geographical area considered, and in
the individual characteristics in terms of health/disease status, and living conditions, as previously
evidenced [5]. The interest in the assessment of polyphenol intake and the study of their potential
impact on older subjects has been growing by considering several findings suggesting the protective
role they can play against age-related diseases and in the promotion of healthy aging [6]. Regarding the
changes on polyphenol intake with age, conflicting results have been reported so far, with some studies
showing an increased intake [7,8] while others reporting no differences depending on age [9,10].

For the above-mentioned reasons, the nutritional assessment of older people represents a
critical issue, which may be particularly true for those living in residential care settings where the
prevalence of malnutrition has been reported to be extremely variable, ranging from 1.5 to 66.5% [11].
This represents a current clinical and public health concern at both the individual and population
level [12,13]. Several methods have been developed for the assessment of energy and nutrient
intake, including food-frequency questionnaires, food diaries and 24-h dietary recalls, all having
pros and cons to be considered when choosing the best method to use in each specific context [14].
The estimation of micronutrients and bioactives like polyphenols is particularly challenging, mainly
due to methodological issues, including the tool and the database used for the evaluation, as well as the
type of polyphenol under consideration (e.g., total polyphenols versus single classes and subclasses of
polyphenols) [5]. Being able to make accurate estimates of actual polyphenol intake is a fundamental
requirement of developing a better understand of the role of these compounds and their relationship
with health or disease conditions. In addition, this information is crucial to define potential polyphenol
exploitation for the development of dietary strategies to prevent against age-associated diseases.

Based on these premises, the aim of this research was to evaluate the nutritional composition
of nursing home dietary menus and to estimate the actual intake of nutrients and polyphenols in a
group of older subjects living in a residential care setting. The assessments were performed as part of
the MaPLE (Microbiome mAnipulation through Polyphenols for managing Leakiness in the Elderly)
project, funded within the European Joint Programming Initiative “A Healthy Diet for a Healthy
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Life” (JPI HDHL), with the aim to investigate benefits of a polyphenol-enriched diet on intestinal
permeability in older subjects. An increased gut permeability, often associated with dysbiosis and
inflammation, could play a role in the development of some age-related conditions. In this regard, it has
been suggested that the intake of polyphenols may represent a promising strategy to improve intestinal
permeability (IP) as demonstrated mainly in experimental studies suggesting the involvement of
these bioactives in both direct and indirect modulatory mechanisms [15]. In this context, a more
accurate estimation of the intake of polyphenols in a vulnerable target such as older subjects, in terms
of amount, sources and distribution across the day and even in different seasons, can be of relevance.
This could enable a better understanding of their potential benefits and the development of specific
recommendations based on findings from dietary intervention studies.

2. Materials and Methods

2.1. Study Design and Population

The study design of the MaPLE randomized controlled trial (RCT) has been previously reported [16].
Briefly, the central hypothesis that this study sought to address was that a polyphenol-enriched dietary
pattern would reduce IP and systemic inflammation and cause beneficial changes in various biomarkers
of cardiometabolic health, and that this would be associated with changes in the gut microbiota in
these older subjects. To this aim, volunteers were randomized to consume a polyphenol-rich diet
(PR-diet) or a control diet (C-diet) for 8 weeks following a cross-over design separated by an 8-week
wash-out. The development of the PR-diet and C-diet has been reported previously [16]. During the
intervention, subjects were given three small portions of polyphenol-rich foods daily as substitutes for
foods with lower polyphenol contents that were part of the C-diet (developed by analyzing the regular
menus provided to the study participants and specifically assessing the nutrient and polyphenol
composition). The characteristics and polyphenol content of the servings provided in the PR-diet for
each product are reported in Table 1. The amount of polyphenols provided was more than double
that deriving from the replaced products. Data shown include total polyphenol content (i.e., TPC)
quantified by analysing products through the Folin—Ciocalteau method [17] and estimates of total
polyphenols (i.e., TP). The estimation of TP was calculated as the sum of flavonoids, phenolic acids,
lignans, stilbenes and other polyphenol classes expressed in mg (aglycone/100 g). The estimations
were performed using an in-house ad hoc database of food composition on polyphenols, compiled
from the USDA (fdc.nal.usda.gov/) for databases (for flavonoids, isoflavones and proanthocyanidins)
and the Phenol-Explorer (PE; www.phenol-explorer.eu) database (for phenolic compounds lignans,
stilbenes and other minor polyphenol classes) through a computer application developed that uses
the relational database system. This methodology has been used and previously described [18-21].
Polyphenols were expressed as mg of aglycones per 100 g.

For the intervention study, all the participants were recruited from residents at Civitas Vitae, a large
residential care setting (OIC Foundation including both nursing homes and independent residencies
for older subjects, Padua, Italy) according to specific inclusion and exclusion criteria. Among inclusion
criteria, subjects had to be aged 60 years and to have increased intestinal permeability evaluated by
serum zonulin level as previously reported [16].

All the participants recruited into the study were self-sufficient and were in good cognitive health.
The Ethics Committee of the Universita degli Studi di Milano approved the study protocol (15/02/2016;
ref.: 6/16/CE_15.02.16_Verbale_All-7). All the participants were provided with detailed information
about their involvement in the study and gave their informed consent before beginning the intervention.
The trial was registered in the ISRCTN Registry on 28 April 2017; ISRCTN10214981.
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Table 1. Polyphenol content and composition of each serving of MaPLE products included in the
dietary intervention, expressed as mg per serving.

TPC TP  Flavonoids  Phenolic Acids Stilbenes Lignans Other

Blood orange juice 178 63.4 42.0 21.4 - - -
Blood orange fruit 178 34.8 23.1 11.8 - - -
Renetta apple 296 2259 201.2 24.7 — 0.01 -
Renetta apple purée * 167 150.6 134.1 16.5 - 0.00 -
Whole blueberry § 291 259.5 165.1 94.5 - - -
Blueberry purée * 259  199.0 163.6 35.4 - 0.0 0.02
Pomegranate juice 189 135.5 55.1 80.3 — - -
Green tea * 146 1292 116.2 13.0 - 0.08 -
Cocoa powder ° 234 922 90.5 17 - 0.00 0.01
Chocolate callets 337  167.8 165.4 2.4 0.01 - -

§ Frozen whole blueberry product was thawed and prepared before consumption; * Blueberry purée was a
ready-to-eat product; ° Cocoa powder was dissolved in hot milk or water; * Green tea was prepared by solubilization
of 200 mg of green tea extract in 200 mL of hot water; * Renetta apple purée was prepared in controlled conditions and
stored at —18 °C until consumption. TPC, total polyphenol content by Folin-Ciocalteau assay; TP, total polyphenols
determined by USDA and Phenol Explorer databases.

2.2. Nutritional and Polyphenol Composition of the Menus

To estimate the energy and nutrient composition of the planned meals regularly provided, the
weekly menus during different seasons (summer, mid-season and winter) were evaluated (i.e., covering
the whole intervention study). To this aim, Metadieta ® goftware (Me.te.da srl, S. Benedetto del
Tronto, Italy) was used to include all the recipes and to estimate the nutritional composition of the
different menus.

In addition, the TPC content of the menus was estimated by PE databases with the addition of our
own data (characterized products in Table 1 used for the intervention) and other literature sources for
those ingredients that were not available in those databases [22-24]. TP was instead estimated through
the PE/USDA database, as also described in Section 2.1.

2.3. Evaluation of Actual Energy, Nutrient and Polyphenol Intake

During both intervention periods, weighed food records (WFR) were used to estimate food,
energy, nutrient and polyphenol intake as reported in Section 2.2. In particular, up to six detailed daily
diaries (recording the amount of foods provided and the amount actually consumed by weighing
the leftovers) were analysed for each subject during the two intervention periods. In addition, one
diary was filled in by participants at baseline and scheduled the day of blood drawings and sampling
according to what was previously reported [16].

2.4. Statistical Analysis

Statistical analysis was conducted using the Statistical Package for Social Sciences software
(IBM SPSS Statistics, Version 26.0, IBM corp., Chicago, IL, USA) and R statistical software (version
3.6.). One-way ANOVA was applied to analyse differences between the winter, mid-season and
summer menus provided during the intervention in terms of nutrients and polyphenol composition.
The nonparametric Wilcoxon-Mann-Whitney test with Benjamini—-Hochberg correction pairing the
data when possible was performed to ascertain differences at baseline between men and women in
terms of actual intake and to verify the impact of treatment (PR vs. C-diet) and gender (men vs.
women) on both nutrient and polyphenol intake in participants. The level of significance was set at
p <0.05. All results were expressed as mean =+ standard deviation (SD).
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3. Results

Fifty-one older subjects (22 men; 29 women; age > 60 y) successfully completed the entire study,
and the data reported here are for those 51 participants. Dropouts were not due to side effects of the

dietary intervention itself.

3.1. Nutritional Composition of Menus

The nutritional composition of the nursing home menus provided during the intervention is
reported in Table 2. The average estimated daily energy content of the summer menu was 140 kcal
higher than for the winter menu. No differences were detected for the nutrients among seasonal menus,

both when expressed as net quantity or as percentage of energy provided.

Table 2. Mean energy and nutrient composition of the nursing home menus across three seasons and

overall mean composition.

Nutritional Factor Winter Menu  Mid-Season Menu  Summer Menu Mean Menu
Energy (kcal) 1889 + 1022 2012 + 176 2P 2028 + 66 ° 1976 + 133
Total CHO (% of energy) 474 +3.2 464 +4.7 46.5+3.0 46.8 +3.5
Simple CHO (% of energy) 20.6 2.2 19.8 + 0.6 203+14 202+ 1.5
Total protein (% of energy) 18.7+2.5 20.0+2.3 19.6 £2.7 19.4+25
Animal protein (% of energy) 111+28 13.4+£28 128 £25 124+03
Plant protein (% of energy) 6.2+09 62+1.1 64+08 6.3+0.1
Total Lipids (% of energy) 34.1+42 33.7+4.1 340+4.6 339+4.1
SFA (% of energy) 87+13 8.9 +20 8.6+1.8 87+16
MUFA (% of energy) 179+33 169 +24 17.7 £22 175+2.6
PUFA (% of energy) 37+08 38+0.7 39+14 38+1.0
w-3 (% of energy) 07+04 0.7+0.4 0.7+0.4 0.7+0.4
w-6 (% of energy) 3.0+£09 3.0+08 32+13 3.0+1.0
Total Fibre (g/1000 Kcal) 122+21 116 +24 123 +1.7 12.0+2.0
Cholesterol (mg) 264 £ 91 358 + 134 288 + 123 303 + 118
Total proteins (g) 88.1+14.3 100.9 + 19.6 98.8 +11.3 959 +15.7
Animal protein (g) 56.0 £ 13.8 68.3 £20.5 64.8 +£10.9 63.0 £15.7
Plant protein (g) 30.6 +4.1 309 +4.2 32.6 £4.0 314 +4.0
Total lipids (g) 712+7.38 753 +125 76.5+123 74.3 +£10.7
SFA (g) 183 +3.3 19.8 +4.6 194 +44 19.1 +4.0
MUFA (g) 37.3+5.8 38.0+7.1 40.1+5.8 385+ 6.0
PUFA (g) 77 £1.6 85+21 8.7 +34 83+24
Total w-3 (g) 14+0.8 1.5+£09 1.6 £0.9 1.5+£09
Total w-6 (g) 62+1.8 6.7 2.1 71+3.0 6.7 3.0
Fibre (g/day) 229 +4.2 232 +44 248 +29 23.6 +3.8
Calcium (mg) 643 + 254 666 + 175 638 + 112 649 + 180
Iron (mg) 119+2.0 142+29 121+ 1.0 127 +23
Vitamin B12 (mcg) 48+22 53+23 6.3+5.1 55+34
Vitamin C (mg) 225 + 33 233 +28 242 + 45 233 + 35
Vitamin E (mg) 13.7+19 15+32 155+24 148 £2.6
Vitamin B1 (mg) 14+04 1.6 04 1.5+04 1.5+04
Folates (mcg) 342 +78 377 £ 138 340 + 70 353 +97
Vitamin B6 (mg) 23+06 27+0.7 25+04 25+0.6

Data represent the daily amounts with the units given in parentheses and are shown as mean + standard deviation.
Data have been calculated through the Metadieta ® software. Data with different letters in the same row are
significantly different (p < 0.05). CHO, carbohydrates; SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; w-3, omega-3 fatty acids; w-6, omega-6 fatty acids.

Regarding the polyphenol composition of the menu, as shown in Figure 1, no significant differences
were observed among the different seasonal menus, which had an estimated mean TPC of about

770 mg/day.
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Figure 1. Box plot (panel A) showing polyphenol content in the seasonal menus, estimated through
PE/USDA databases and other published data (TP in light blue) and by Folin-Ciocalteau data as
reported in the PE database and other sources (TPC in red); percentage distribution of polyphenol
classes (panel B) in the seasonal menus. Dots represent mild outliers that are more extreme than
Q1 - 1.5 * IQR or Q3 + 1.5 * IQR but are not extreme data (where Ql=quartile 1; Q3=quartile 3;
IQR=interquartile range).

3.2. Actual Energy, Nutrient and Polyphenol Intake at Baseline and during the Intervention

The actual energy, nutrient and polyphenol intake estimated at baseline for women, men and the
whole group of participants is shown in Table 3. Overall, energy intakes, and accordingly nutrient
intakes, were lower than calculated for the estimates based on the foods consumed from the menus,
in keeping with the fact that not all the food was consumed for any particular meal. There were no
significant differences between women and men for any of the dietary variables that were assessed
at baseline. This was also confirmed by analysing the data obtained during the intervention study
(Supplementary Materials Figure S1), except for simple carbohydrates in women and for total lipids
and PUFA in men when comparing intake measured during the PR-diet and the C-diet (p < 0.05).
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Finally, differences were observed in w-6 fatty acids, iron and calcium intake following the PR-diet in
both women and men.

Table 3. Daily mean energy, nutrient and polyphenol intake at baseline in the whole group of subjects,
in women and men.

Variables All (n =51) Women (n = 29) Men (n = 22) p-Value *
Energy (kcal) 1582 + 108 1569 + 110 1599 + 105 0.318
Total CHO (% of energy) 50.0 +£2.7 50.0+2.7 498 +2.7 0.641
Simple CHO (% of energy) 204 +3.1 203 +3.3 20.5+3.0 0.939
Proteins (% of energy) 17.8+0.8 18.0+0.8 17.7 £ 0.9 0.216
Animal proteins (% of energy) 121+ 1.1 122+ 1.0 11.8+ 1.1 0.262
Plant proteins (% of energy) 57+0.6 57+0.6 57+0.6 0.864
Total lipids (% of energy) 321+23 31.9+22 324 +25 0.441
SFA (% of energy) 8.6+15 86+14 87+17 0.655
MUFA (% of energy) 163 +1.3 163 £ 1.1 164+ 1.6 0.834
PUFA (% of energy) 32+05 33+0.6 32+04 0.435
w-3 (% of energy) 0.6 £0.2 0.6 +0.1 0.6 +0.2 0.753
w-6 (% of energy) 25+04 26 +05 25+02 0.341
Total Fibre (g/1000 kcal) 11.2+12 113+ 1.1 11.1+13 0.458
Cholesterol (mg) 207.7 + 30.3 204.3 £29.9 212.2 + 30.9 0.682
Total CHO (g) 210.7 £ 21.5 209.6 +22.8 212.2 +20.1 0.864
Simple CHO (g) 81.0 +15.2 80.8 +15.4 81.3+15.2 0.954
Proteins (g) 70.3 £4.0 70.2 £4.0 704 £ 4.0 0.849
Animal proteins (g) 47.6 £3.9 479 +3.7 472 +42 0.536
Plant proteins (g) 224+27 22+27 22.7+£28 0.601
Total lipids (g) 56.2 £ 4.9 55.2+3.8 575+58 0.192
SFA (g) 152+ 3.0 149 £27 155+33 0.447
MUFA (g) 287 +24 283 +1.2 29.1+3.4 0.575
PUFA (g) 57+0.7 57+07 57+08 0.371
Total w-3 (g) 1.1+0.3 11£0.1 11+04 0.600
Total w-6 (g) 45+06 45+06 44+05 0.274
Fibre (g/day) 178 2.4 17.8£22 178 +£2.6 0.932
Calcium (mg) 804 + 136 808 + 128 799 + 147 0.761
Iron (mg) 94+09 94+07 94+1.0 0.879
Vitamin B12 (ug) 42+10 42+04 43+15 0.394
Vitamin C (mg) 111.8 + 56.1 115.1 +45.2 107.4 + 68.8 0.464
Vitamin E (mg) 114+29 115+13 11.2+4.1 0.327
Vitamin B1 (mg) 0.8+0.2 08+0.1 07+02 0.156
Folates (ug) 302 +73 311 + 54 289 + 93 0.536
Vitamin B6 (mg) 15+03 1.5+02 14+03 0.588
Flavonoids (mg) 181.1 £ 137.5 1744 +123.7 190.8 + 157.8 0.984
Phenolic acids (mg) 130.9 + 36.0 126.6 + 28.6 137.1 + 445 0.598
Stilbenes (mg) 0.04 = 0.06 0.04 +0.06 0.04 +0.07 0.542
Lignans (mg) 0.8+0.2 0.8+0.2 0.8+0.2 0.737
Other polyphenols (mg) 27.8 £4.3 28.0+3.7 27.6 £5.0 0.723

All data are presented as mean + standard deviation (SD); Data with p < 0.05 are significantly different. CHO,
carbohydrates; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty
acids; w-3, omega-3 fatty acids; w-6, omega-6 fatty acids. t Comparison between women and men using
Wilcoxon-Mann-Whitney test.

Regarding polyphenols, flavonoids and phenolic acids were the most consumed classes and were
comparable between women and men.

3.3. Polyphenol Intake at Baseline and during Intervention

Figure 2 shows the polyphenol intake at baseline and in the two intervention periods. At baseline,
the intake of TPC was 663.4 + 147.5 mg/d and comparable between women (669.2 + 160.1 mg/d) and
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men (655.2 + 130.8 mg/d). The consumption of PR-products significantly (p < 0.0001) increased the
intake of TPC by about 600 mg/d compared to the C-diet and was comparable in both men and women.

BASELINE PR-DIET C-DIET
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Figure 2. Polyphenol intake at baseline and in polyphenol (PR)-diet and control (C)-diet in the whole
group of subjects and stratified by gender. The intake has been estimated using the PE and USDA
databases and other published data (TP in light blue) and by Folin—Ciocalteau data as reported in the
PE database and other sources (TPC in red). Dots represent mild outliers that are more extreme than Q1
—1.5*IQR or Q3 + 1.5 * IQR but are not extreme data. Asterisks are extreme data that are more extreme
than Q1 — 3 * IQR or Q3 + 3 * IQR (where Ql=quartile 1; Q3=quartile 3; IQR=interquartile range).

Table 4 shows the contribution of different polyphenol classes to the total polyphenol intake during
the PR and C-diet. Flavonoids were the main subclass increased in the PR-rich diet and accounted
for 74.6%, followed by phenolic acids (23.3%), while lignans and other polyphenols accounted for
the remainder. A treatment effect (p < 0.0001) for total flavonoids and phenolic acids was observed
(Table 4), while a gender effect was observed for stilbenes showing a higher intake in men compared to
women (p = 0.033).

Table 4. Intake of total polyphenols and classes (according to PE/USDA databases) during the PR-diet
and the C-diet.

Title 1 Flavonoids  Phenolic Acids  Stilbenes Lignans Other Polyphenols
PR-diet
All 634.3 +£171.8 198.1 +52.2 02+04 0.8+0.3 164 +53
Men 594.6 +152.2 201.1+74.3 04+0.6 0.7+03 167 +6.3
Women 662.1 +163.5 195.9 +42.0 0.1+02 0.8+03 162 +5.3
p value # 0.098 0.810 0.108 0.206 0.827
C-diet
All 273.8 +£119.8 128.2 + 60.9 03+05 09+0.4 170 +5.4
Men 260.9 + 109.6 128.8 +57.8 04 +04 0.9 +04 159 +5.7
Women 282.9 +125.6 127.8 + 63.0 02+05 09 +0.4 17.8 +4.9
p value # 0.453 0.271 0.033 0.745 0.271
p value t <0.0001 <0.0001 0.386 0.303 0.164
p value ¥ <0.0001 0.001 0.575 0.068 0.807
p value § <0.0001 <0.0001 0.348 0.060 0.331

All data are expressed as mean + standard deviation (SD); PR, polyphenol-rich diet; C, control diet. + Comparison
between PR-diet vs. C-diet in women. ¥ Comparison between PR-diet vs. C-diet in men. # Comparison between
women and men in PR-diet and C-diet. § Comparison between PR-diet vs. C-diet in all subjects. Comparisons have
been performed using the Wilcoxon-Mann-Whitney test.
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Considering the total polyphenol (TP) contribution from the different meals, in the PR-diet, ~50%
of polyphenol intake derives from snacks and the remaining ~50% from breakfast, lunch and dinner
(Figure 3). In particular, there is a significant contribution to mid-morning and afternoon snacks from
the intake of PR-products. Conversely, during the C-diet, only ~15% of the total polyphenols consumed
were derived from snacks.
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Figure 3. Total phenolic contribution from different meals during the polyphenol (PR)-diet and the
control (C)-diet expressed as percentage (Panel A), or expressed as amount in mg during the PR-diet
(in red) and the C-diet (in blue) as estimated through PE/USDA databases and other published data
(Panel B). Dots represent mild outliers that are more extreme than Q1 — 1.5 * IQR or Q3 + 1.5 * IQR but
are not extreme data. Asterisks are extreme data that are more extreme than Q1 — 3 * IQR or Q3 + 3 *
IQR (where Ql=quartile 1; Q3=quartile 3; IQR=interquartile range).

Overall, through the analysis of the menu items provided to the volunteers and recorded in the
WEFRs during the two intervention periods and by considering the frequencies of consumption of the
single ingredients, we estimated the main polyphenol sources contributing to the different meal times.
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During the PR-diet, the main foods providing polyphenols at breakfast were fruit and fruit-derived
products (e.g., orange, grape, orange juice, apricot jam, etc.), followed by barley coffee and minor
contributions from coffee and tea. Polyphenol-rich products on the PR-rich diet were occasionally
consumed at breakfast, where green tea, pomegranate juice, chocolate callets and blood orange juice
were the most commonly consumed. For lunch and dinner, the main sources during the PR-diet were
vegetables (e.g., chard, asparagus, broccoli, carrots), extra virgin olive oil, legumes and spices. A few
participants occasionally consumed white wine in small portions (usually 1 glass), which also made a
contribution to the polyphenol intake. PR-rich products were mainly consumed as mid-morning and
mid-afternoon snacks, as reported in Figure 3. During the C-diet, we found similar foods providing
polyphenols at breakfast, lunch and dinner compared to the PR-diet, except for the introduced PR-rich
products. Major differences between the two treatments were largely due to the snack foods because
only fruits and fruit-based products (i.e., juices), cakes (including sometime chocolate-based cakes) or
yogurt were available during the C-diet, whereas a more extensive range of PR-foods were available as
snacks on the PR-rich diet.

4. Discussion

The evaluation of the adequacy of diets in older subjects is of utmost importance not only to
identify possible deviations from desirable nutritional targets but also to contribute to the development
of new recommendations that address gaps in the current guidance. In this context, the MaPLE project
has given us the unique opportunity to assess dietary intake in a well-controlled setting where it is
also possible to analyse the daily menus provided to the residents, while considering all the recipes
and ingredients used for the preparation of the meals. At the same time, long-term residences often
have facilities enabling the measurement of food intake (e.g., by collecting multiple weighed food
records) and this represents the best procedure to estimate actual consumption. Menu planning in
residential care involves modifications of recipes during the year to take account of seasonal changes
in ingredient availability and this may partially affect not only nutritional characteristics in terms of
macro- and micro- nutrients but also food sources of bioactive compounds with potential impact on
host metabolism and other functions.

In the present study, the evaluation of three different menus showed that overall they were
comparable in terms of nutritional composition, and also that they were in line with the dietary
recommendations for older subjects in Italy (i.e., Italian Reference Intake) [2], with some dissimilarities
that are worth highlighting. In regards to total energy, menus provided suitable amounts for the target
population, at least in consideration of the main Italian guidelines developed for dietary management
in residential care [25]. Some studies carried out in nursing homes showed lower energy provided by
menus [26,27], while others reported data higher or similar to our observation [28-30]. The distribution
in macronutrients was consistent with the recommendations: carbohydrates accounted for ~47%
of total energy intake on average (reference intake range: 45-60% energy (E)), although we found
there was a higher intake of simple carbohydrate in comparison with the recommendations (20% E
vs. < 15% E) due to the wide use of fruit juices and hot beverages with added sugars as has been
commonly reported in this target population. Protein intake derived mainly from animal sources
(about two-thirds) and was higher in comparison with the suggested dietary target (1.1 g/kg/day),
while total lipid intake was within the reference intake range (20-35% E). Specifically, SFAs were
in accordance with the national/international recommendation (<10% E), while total PUFAs were
slightly lower than 5% E due to the low intake of w-6 in favour of higher MUFAs, as can often be
found in the Mediterranean areas. The amount of fibre provided by the menus was slightly lower
than the suggested dietary target of 25 g per day defined by Italian and international guidelines [2,31].
Regarding micronutrients, iron contribution was adequate while, as also reported in the literature,
calcium content in the three menus was lower than the population reference intake (PRI, 1200 mg
for both women and men > 60 years) [2]. However, it is worth noting that these data included only
calcium derived from recipes and did not consider contributions from other sources such as water and
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supplements. Vitamin B1, B6 and B12 provided by menus were higher than reference values, while
folates were slightly lower than the established population reference intake of 400 ug per day. With
regard to antioxidants, vitamins E and C were both adequate, in particular vitamin C largely exceeded
the PRI levels (i.e., 85 mg and 105 mg per day for women and men respectively). Overall, the results
on the nutritional composition of the menus suggest that, although they are generally developed
following specific guidelines, it is still possible to improve the content of critical nutrients such as fibre,
specific micronutrients and bioactives, above all in institutionalised subjects as also reported in the
literature [29,30].

Notably, actual food intake in older subjects can be significantly lower with respect to that provided
by the menus. For these reasons, we also estimated the actual food consumption through the analysis
of detailed and repeated weighed food records. Measured energy and nutrient intake were indeed
lower than that provided through the menus (by about 20%), with no differences between women and
men. In this regard, it is underlined that the subjects enrolled in the present study generally had a good
nutritional status, evidenced also by their anthropometric characteristics (BMI = 26.8 + 5.5 kg/m?).

The energy intakes we have reported here (mean approximately 1580 kcal) were slightly lower than
those found in the INCHIANTI study, performed on about 1200 free-living older subjects (>65 years) in
Tuscany, in which mean energy intakes ranged from 1764 to 2260 kcal/d and from 1521 to 1793 kcal/d
in men and women, respectively [32]. However, despite the higher energy intake, in the INCHIANTI
study, a large group of subjects reported inadequate intakes of protein, calcium and other nutrients,
which have been independently associated with frailty [33]. In our assessments, the lower food intake
was associated with reduced protein intake (about 0.9 g/kg day on average), increasing the rate of
inadequate intake above all in male subjects (about 22% with intake < 0.71 g/kg per day and only
18% with intake > 1.1 g/kg per day as defined by the suggested dietary target). The consumption of
simple carbohydrates in older subjects was confirmed to be higher than the suggested values, while
the fat intake appeared to be within the suggested intake range, although the amount of w-6 fatty
acids remained lower than recommended values, as did the intake of calcium, vitamins B1, B6 and
folates. These results confirmed previous observations of a potential risk of long-term inadequate
intake of nutrients that are fundamental for maintenance of functional and metabolic integrity in older
subjects, and that these inadequate intakes are likely due to the actual food intake being significantly
less than the amount of food provided to the care home residents in each meal (i.e., incomplete meal
consumption is likely a major cause). Moreover, there is not only a problem related to overall food
intake but also to specific classes of products that appear to be consumed in lower amounts with
respect to others, for example justifying a low intake of fibre that has been found for most, if not
all, the subjects under study. This is an underestimated consideration that should be a target for
future multidisciplinary research that is able to finally implement guidelines for the achievement of
nutritional targets through traditional or possibly alternative strategies.

A major focus in this study was polyphenols because these compounds have the potential to
provide further specific benefits to the target population under study. It has been reported that there is
a large variation in the polyphenol content of foods available in different periods of the year [34-36],
and for this reason we specifically analysed recipes and ingredients used to develop seasonal menus
and the results obtained showed a relatively comparable amount of these bioactive compounds (about
770 mg per day on average as TPC) among the different seasons. We could not find other data on the
impact of seasonality on polyphenol content of dietary plans provided in long-term residences for
older people, while more literature is available in free-living older subjects. In this regard, in the Blue
Mountains Eye Study, a longitudinal study performed in Australia [35], the authors found that season
did not affect the overall total flavonoid intake in a group of adult and older subjects; however, it was
relatively higher in spring and lower in autumn in line with our results. Conversely, Tatsumi et al. [37]
showed that total antioxidant intake in a Japanese population (39-77 years) was highest in winter
and lowest in summer. The authors attributed this difference to the participants’ selection of food (in
particular fruits and vegetables) but also beverages across seasons.
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In our study, the assessment of actual food consumption at baseline indicated a mean TPC intake
of ~660 mg/d (i.e., evaluated by Folin—-Ciocalteau through the PE database and specific literature),
about 15% less than the amount estimated in the menus served to the study participants. Although a
thorough comparison with other published data must be done cautiously because of the differences in
the populations under study and the methods and databases used for estimating the intakes of total
polyphenols and polyphenol classes, the overall actual intake estimated in the present study seems to
be comparable with mean intake observed in the InChianti study [20], but lower with respect to others
previously reported.

In fact, assessments in older subjects estimated polyphenol intakes from 333 mg/day up to
1492 mg/day, as reported previously [5]. For example, in the PREDIMED study evaluating a big cohort
of Spanish older subjects aged 55-80 years, a mean polyphenol intake of 820 + 323 mg/day expressed
as glycosides was estimated through the PE database, by analysis of food consumption data obtained
from FFQs [38]. With regard to the contribution of the classes, total flavonoid intake is generally the
larger part of the intake, while data available in some studies suggest that up to 30-40% of the total
polyphenol intake can be represented by phenolic acids [5]. Results from the EPIC cohort showed that
older subjects tended to have increased intake of flavonoids, stilbenes, lignans, and other polyphenols
with respect to younger individuals, while no differences were found for total polyphenol intake [7],
and similar findings were reported by Karam and colleagues [8], also showing an impact of gender.
In our study in a controlled setting, the data confirmed that the flavonoid subclass was the greatest
contributor to total polyphenol intake followed by phenolic acids, while no differences were detected
between men and women. Some studies have suggested a higher total and subclass polyphenol intake
in females compared to males [8,10], above all when standardized by energy intake, and this may also
be the reason for the lack of differences in our study. In addition, it is relevant that the overall lower
availability of food alternatives for selection in controlled, with respect to a free-living condition, may
have affected eating behaviour, increasing the comparability of the dietary intake.

With regard to polyphenol food sources, tea and coffee have been underlined as the main
polyphenol contributors in northern European older subjects, while red wine, extra virgin olive oil and
fruit are the main sources in Southern Europe [7,39]. In our evaluation, fruit and fruit juices, vegetable
and extra virgin olive oil represent the main food categories providing polyphenols. In addition,
we could not demonstrate a different selection of polyphenol sources depending on gender, despite
some studies having reported a higher contribution from fruit and vegetables in females compared to
males [8,34]. It is noteworthy that in the nursing home, the intake of coffee and wine was strongly
limited, if not denied, to limit risks associated with caffeine and alcohol consumption and this may
represent an important behavioural difference with respect to what may be observed in free-living
older subjects.

The evaluation of habitual polyphenol intake in the older target group was a fundamental step
in the process of developing a reliable and evidence based polyphenol rich dietary pattern to use for
the intervention trial. In particular, the aim was to approximately double the habitual polyphenol
intake of the nursing home residents when on the PR-rich diet in order to reach amounts in the highest
quantile of intake identified in previous observational studies, where older subjects were included or
specifically considered [7,21,40].

Indeed, the main objective of the MaPLE study was to investigate whether the increased intake
of polyphenols might cause a reduction in intestinal permeability (IP) and inflammation associated
with an improved intestinal microbial ecosystem, also affecting metabolic and functional activities
in the older subjects [16]. In particular, the intervention was developed by replacing three portions
per day of low polyphenol foods/beverages with specific products rich in polyphenols. The selection
of the products was performed by considering different aspects: (i) the total amount of polyphenols
provided, (ii) the contribution of the different polyphenol classes, (iii) the adequate portion of food
able to provide a reliable high dose of polyphenols, and (iv) the possible food preparation in order to
ensure polyphenol bioavailability. Additionally, foods selection was carried out by considering the
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characteristics of the target group and their specific needs in terms of acceptability and suitability in
the context of residential care settings. Through the administration of the selected foods, we provided
mainly flavonoids (approximately four times higher compared to the amount introduced through
the C-diet) and phenolic acids. These bioactives have been suggested as potential modulators of
critical factors and specific targets regulating IP, including the impact on microbiota composition and
activities [15,41]. Overall, our results demonstrate that it is possible to obtain a significant increase in
polyphenol intake in older subjects, through the use of small amounts of well-accepted polyphenol-rich
food products. Moreover, it has been demonstrated that the intake is well tolerated and without
undesirable effects. Participants appreciated the products and were interested in continuing with the
dietary protocol after the end of the trial, suggesting that older people can change their diet if it does
not dramatically modify their eating habits.

An interesting observation highlighted was that older subjects preferred the consumption of
PR-products during the intervention as mid-morning and afternoon snacks. In fact, the protocol
adopted did not fix the timing for the PR-food intake, but the products should have been consumed
within the day according to preferences and/or habits. For this reason, our results give an important
contribution to the development of dietary guidelines for this target population. At the same time,
the analysis of the pattern of consumption of polyphenol-rich foods may also contribute to a better
understanding of chronobiological aspects related to the effect of bioactive compounds. In this regard,
it has been suggested that the inclusion of polyphenols within the meals may have an impact on related
metabolic responses, e.g., through reduction of glucose and lipid levels, inflammation, oxidative stress,
and blood pressure, associated with food intake [42—44]. Consuming most of the polyphenols outside
of the main meals could also affect their bioavailability for direct absorption and their use as substrates
for microbial transformation.

This work has several strengths mainly related to the well-controlled setting of the intervention,
enabling both the evaluation of the nutrient and bioactive content of the menus and the actual intake
during the whole intervention, ensuring high adherence to dietary instructions. Conversely, possible
study limitations include the small sample size and the partial generalizability to free-living community
dwelling older subjects. Finally, the limited food choices available in the main standard menus
provided could have reduced the possibility of showing gender differences.

5. Conclusions and Perspectives

In conclusion, the assessments performed within the MaPLE project have further underlined the
need for a careful revision of dietary menus addressed for older subjects not only to optimize the intake
of essential nutrients, but also of bioactive compounds, such as polyphenols, in order to lower the risk of
chronic diseases and improve specific metabolic and functional activities during aging. In this context,
we have shown that there is a possibility to develop feasible and reliable polyphenol-rich dietary
patterns that can be appreciated and consumed by the older population with excellent compliance,
while assuring a significant increase in the intake of these bioactive compounds. Moreover, the products
and preparations included in the dietary menu have been easily managed in the residential care setting
and this is a practical aspect of relevance for the success of new recommendations.

Further studies are needed to: (i) improve tools available to better estimate polyphenol intake and
enable comparison of different data in the literature, as previously reported [5]; and (ii) improve dietary
recommendations by defining the amount of polyphenol needed in order to obtain, if confirmed,
the postulated health benefits in the older subjects. This is not an easy task and imply a strong research
effort that needs to consider the potential impact of these results for the development of evidence-based
dietary guidelines for the management of age-related conditions.
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Abstract: Mental ill health is currently one of the leading causes of disease burden worldwide.
A growing body of data has emerged supporting the role of diet, especially polyphenols, which have
anxiolytic and antidepressant-like properties. The aim of the present study was to assess the effect of
a high polyphenol diet (HPD) compared to a low polyphenol diet (LPD) on aspects of psychological
well-being in the Polyphenol Intervention Trial (PPhIT). Ninety-nine mildly hypertensive participants
aged 40-65 years were enrolled in a four-week LPD washout period and then randomised to either an
LPD or an HPD for eight weeks. Both at baseline and the end of intervention, participants’ lifestyle
and psychological well-being were assessed. The participants in the HPD group reported a decrease
in depressive symptoms, as assessed by the Beck Depression Inventory-II, and an improvement in
physical component and mental health component scores as assessed with 36-Item Short Form Survey.
No differences in anxiety, stress, self-esteem or body image perception were observed. In summary,
the study findings suggest that the adoption of a polyphenol-rich diet could potentially lead to
beneficial effects including a reduction in depressive symptoms and improvements in general mental
health status and physical health in hypertensive participants.

Keywords: polyphenols; fruits; berries; vegetables; dark chocolate; psychological well-being;
depression; physical health; mental health

1. Introduction

Mental ill health, manifesting itself in a wide range of conditions such as depression, anxiety
and stress [1], represents one of the leading causes of burden of disease worldwide, also substantially
increasing the risk of cardiovascular disease, diabetes and cancer [2-4] and adversely affecting quality
of life (QoL), relationships and the ability to work [5]. Northern Ireland has the highest prevalence of
mental illness within the UK, and psychiatric morbidity is 25% higher than in the UK [6].

Thus, research is required in order to establish inexpensive and effective techniques to reduce the
incidence of mental health problems and to improve the psychological well-being of the population.
Alongside genetic and biological factors, researchers have increasingly begun to examine the role
of lifestyle factors, including dietary intake, in the promotion of psychological well-being and the
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prevention of mental illness [7,8]. Studies that have explored potential associations between nutrient
intake (namely carbohydrates, B vitamins and antioxidants such as vitamins C, E and polyphenols)
or foods rich in these nutrients (e.g., fruits, vegetables, legumes, coffee, chocolate) and psychological
well-being have produced conflicting results [9-12].

Polyphenols, in particular, have gained increasing attention from health researchers in recent
years due to their biological properties, as well as their abundance within the human diet [13].
A growing number of epidemiological studies support a role for polyphenols in the prevention
of chronic non-communicable diseases such as cardiovascular disease (CVD) [14], cancer [15] and
neurodegenerative diseases [14,16]. Furthermore, animal studies have demonstrated the ability of
polyphenols to improve cognitive performance and memory [17,18] and, more recently, these results
have been replicated in human studies [19,20]. Regarding mental health, a growing body of data from
animal and human studies has emerged supporting the role of a variety of dietary polyphenols in
affecting behaviour and mood through anxiolytic and antidepressant-like properties, mediated through
multiple molecular and cellular pathways [21]. Moreover, given that recent studies have demonstrated
the pathophysiological role of oxidative stress and inflammation in the onset and progression of
depression, polyphenols have been examined both in vitro and in vivo as a potential antidepressant
treatment, although randomised controlled trials are still scarce in the field [22,23]. The richest sources
of polyphenols in the human diet include fruits (e.g., berries, grapes, apples and plums), vegetables
(e.g., cabbage, eggplant, onions, peppers), plant-derived beverages including tea, coffee, red wine
and fruit juices (e.g., apple juice), seeds, nuts and chocolate (particularly dark chocolate) [24,25].
In terms of a food-based approach, several of the above-mentioned foods have been studied both in
observational and intervention studies for potential effects on outcomes related to mental well-being,
mood, psychological distress and life satisfaction [26], although, potentially due in part to the great
variation in study design, results are not consistent. Studying diet on a dietary pattern level will be
beneficial in allowing potential complicated or cumulative intercorrelations, interactions and synergies
to be revealed, given that different polyphenols may have different effects on outcomes of mental
health [27-29].

The aim of the present study was to assess the effect of a polyphenol-rich dietary pattern
(comprising fruits, including berries; vegetables and dark chocolate) in comparison to a control
diet (low fruits and vegetables, <2 portions/day, and no dark chocolate) on aspects of psychological
well-being and mental health status including mood, QoL, body image perception and self-esteem as
secondary outcomes measured within the Polyphenol Intervention Trial (PPhIT) [30].

2. Materials and Methods

2.1. Setting and Study Population

PPhIT was a randomised, controlled, parallel-group, single-blinded dietary intervention trial,
primarily designed to test whether increasing overall polyphenol dietary intake would affect
microvascular function and a range of other markers of CVD risk, such as systolic blood pressure and
lipid profile, in patients with hypertension. All participants underwent a full assessment at baseline
(week 0) (described below); then, they entered a washout period, during which they consumed a
low polyphenol diet, and afterwards were randomised to either a low polyphenol diet (LPD) or a
high polyphenol diet (HPD) group for 8 weeks (Figure 1). A full assessment was repeated for all the
participants at the end of the 8-week intervention (week 12), while at the end of the washout period
(week 4), participants also underwent a dietary intake assessment, anthropometric measurements and
blood and urine sample collection.
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Enrollment | | Assessed for eligibility (n=159)

Excluded (n=55)
* Not meeting inclusion criteria

Washout
Week 0-4 (n=104)

Lost to follow-up
¢ Personal reasons (n=2)

| Randomised (n=102) |

!

| Allocation |
Allocated to Control (Low Allocated to Intervention (High
Polyphenol Diet - LPD) Polyphenol Diet - HPD)
<2 portions F&V/day (n=51) 6 portions F&V/day [including 1 portion
of berries]/day plus 50g dark chocolate
(n=51)
| Analysis |
Analysed (n=50) Analysed (n=49)
Lost to follow-up Lost to follow-up
* Diagnosed with diabetes (n=1) * Personal reasons (n=1)
* Blood pressure medication change
(n=1)

Figure 1. CONSORT diagram summarizing flow of participants through the study.

Participants aged 40-65 years, with documented grade I (140-159/90-99 mmHg) or grade II
(160-179/100-109 mmHg) hypertension, were eligible. Participants with diabetes mellitus, acute
coronary syndrome or transient ischaemic attack within three months, pregnancy or lactation, fasting
triglyceride concentration >4 mmol/L, alcohol consumption (>28 units/week for men and >21 units/week
for women), oral anticoagulant therapy or antioxidant supplements, dietary restrictions that would
limit ability to comply with the study diets, body mass index >35 kg/m? or with an impalpable brachial
artery were excluded from the study. Recruitment for PPhIT began in February 2011 and was completed
by January 2013. All participants were informed about the aims and procedures of the study and gave
their written consent. The study had ethical approval from the Office of Research Ethics Committee
Northern Ireland (ref 10/NIR03/39) and was registered at ClinicalTrials.gov (ref NCT01319786). Details
of the primary aim of the study, population, design, recruitment procedures and main findings have
been published elsewhere [30]. Below, we provide some additional details on selected aspects of the
evaluation that pertain to the analyses reported in this manuscript.

2.2. Dietary Intervention

The intervention commenced with a four-week “washout period” for all participants, during
which they were asked to consume two portions or less of fruits and vegetables (F&V) per day and to
exclude berries and dark chocolate (LPD). At the end of this period, subjects were randomised to either
continue with the above LPD for a further 8-week “intervention period” or to consume an HPD of six
portions of F&V (including one portion of berries per day) and 50 g of dark chocolate per day (Figure 1).
A portion of fruit and vegetables was quantitatively defined using household measures as outlined by
UK guidelines (https://www.nhs.uk/live-well/eat-well/5-a-day-portion-sizes/), i.e., 1 apple, 1 orange,
half a grapefruit or one glass (150 mL) fruit juice, 3 tablespoons of vegetables [31]. All participants in
the HPD had a self-selected weekly delivery of F&V and dark chocolate (Lindt® 70% cocoa) free of
charge to their homes from a local supermarket and were provided with written material regarding
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F&V portion sizes, recipes and sample diet plans. In addition, each participant, regardless of dietary
allocation, was also contacted by telephone at weekly intervals to provide support and encouragement
and to discuss potential barriers encountered in relation to achieving the dietary goals.

Dietary intake and compliance with the intervention were assessed through 4-day food diaries
completed on four occasions: on the four days leading up to the week 0 visit (baseline measurement),
on the four days leading up to the week 4 visit (washout period measurement), at week 8 (intervention
measurement) and on the four days leading up to the final week 12 visit (a second intervention period
measurement). Circulating blood and urine levels of a panel of nutritional biomarkers, with detailed
methodology given below, were also used to assess compliance. Self-reported F&V, berries and dark
chocolate consumed per day (as recorded in the food diaries) were extracted and entered into a
Microsoft Excel spreadsheet. The spreadsheet contained pre-determined formulae which transformed
the actual amounts of F&V and berries consumed into “portions” according to the “5-a-day” message.

2.3. Other Lifestyle Parameters

A “lifestyle and medical” questionnaire was used at week 0 to record participant demographic,
lifestyle and medical information. The questionnaire had 16 items in total and assessed several aspects
including vitamin and mineral supplement usage, smoking and alcohol habits, history of education,
current occupational status, current medication, history of steroid use and, for females, use of hormone
replacement therapy and details of menstrual cycle. Information regarding changes in medication use,
smoking and alcohol patterns, as well as infections/illnesses were also recorded throughout the study.

Participants’ physical activity levels were recorded at weeks 0, 4 and 12 to ensure that habitual
activity levels were not altered for the duration of the study. The Recent Physical Activity Questionnaire
(RPAQ), designed by the Medical Research Council (MRC Epidemiology Unit, Cambridge, UK),
was used to measure physical activity. The questionnaire assesses physical activity within the
preceding four weeks based on three primary areas: activity at home, activity at work (including travel
to and from work) and recreational activities. The RPAQ has been shown to be a valid instrument
for calculating total energy expenditure, physical activity energy expenditure and physical activity
in healthy adults [32]. In terms of analysis, physical activity as recorded in the questionnaire was
converted to total metabolic equivalent of task (MET) hours per day of sedentary, light, moderate and
vigorous activity.

2.4. Anthropometric, Clinical and Biochemical Assessments

Participants attended the Royal Victoria Hospital (Belfast, Northern Ireland, UK) for assessments
on three occasions throughout the study: baseline (week 0), washout period (week 4) and intervention
(week 12). Body weight of participants was measured to the nearest 100 g and height to the nearest
0.5 cm. Body mass index (BMI) was calculated as weight (kg) divided by height squared (m?).
Waist circumference (WC) and hip circumference (HC) were tape-measured to the nearest 0.1 cm.
Blood pressure (BP) was measured using an Omron M5-1 automatic BP monitor (Omron Healthcare,
Hoofddorp, The Netherlands). Three consecutive readings were recorded, and a mean BP was
calculated from the 2nd and 3rd readings. To measure the primary endpoint of PPhIT (microvascular
function), venous occlusion plethysmography was conducted on participants by determining forearm
blood flow during incremental intra-arterial infusions of acetylcholine and sodium nitroprusside,
as previously described [30]. Blood samples were also collected. Fasting serum lipid profiles
(total cholesterol, high density lipoprotein (HDL) and triglycerides) were assessed using standard
enzymatic colorimetric assays on an automated Cobas® 8000 Modular system biochemical analyser
(Roche Diagnostics Ltd., West Sussex, UK). Low-density lipoprotein (LDL) cholesterol was calculated
using a standard Friedewald formula [33]. Blood and urine markers of micronutrient status were
assessed at weeks 0 and 12 to objectively measure compliance to the intervention diet. Plasma
vitamin C was measured on a FLUOstar Optima plate reader (BMG Labtech, Ortenberg, Germany),
adapted from the method of Vuilleumier and Keck [34]. Serum concentrations of six carotenoids
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(x-carotene, 3-carotene, B-cryptoxanthin, lutein, lycopene and zeaxanthin) were measured by reverse
phase high performance liquid chromatography (HPLC), as described by Craft [35]. Urine collected
from the volunteers between evening meal and midnight the evening before each study visit was
analysed, including an enzymatic hydrolysis step, to quantify total epicatechin content, using an
Agilent Technologies 1100 series HPLC (Agilent Technologies, Stockport, UK) directly linked to a Waters
Micromass Quattro Ultima Platinum API triple quadrupole mass spectrometer (Waters, Dublin, Ireland).

2.5. Psychological Well-Being, Self-Esteem and Body Image

Aspects of psychological well-being and mental health status were evaluated through several scales
and questionnaires that were completed at weeks 0 and 12. The decision to use these questionnaires
only twice was made for three reasons: (i) the study wished to investigate the effect of the intervention
diet in comparison to normal psychological well-being, rather than psychological well-being under the
controlled conditions of the washout period; (ii) to reduce participants” burden at week 4 visits, which
were already long (2.5 h) in duration due to vascular function and dietary assessments; (iii) distributing
the surveys at three time points may have been disadvantageous in terms of allowing participants
to become familiar with their format, which may have influenced responses. All questionnaires are
commonly used for assessing various aspects of mental health and psychological well-being in the
general population.

The Positive and Negative Affect Schedule (PANAS) was used for evaluating subjective mood.
The questionnaire measures two distinctive dimensions: positive affect (PA) and negative affect
(NA) [36]. PA is associated with pleasurable engagement with the environment, including feelings of
enthusiasm and alertness as well as feeling active. NA refers to unpleasurable engagement with the
environment, comprising feelings of anger, contempt, disgust, guilt, fear and nervousness. Whilst
related, PA and NA represent two distinct and independent dimensions of mood. Participants were
asked to respond to 10 items representing PA and 10 items representing NA on a five-point scale. Higher
scores represent higher positive and negative affect, respectively. This was the only questionnaire
assessing psychological well-being that was also completed at week 4, in order to monitor psychological
well-being at the end of the washout period.

Depressive symptomology was assessed with the Beck Depression Inventory-II (BDI-II), a 21-item,
self-report questionnaire developed by Beck and colleagues [37]. Each item on the BDI-II has four
statements which relate to the severity of a particular depressive symptom, and respondents are asked
to choose the one statement which best describes how they have been feeling in the preceding two
weeks. Higher scores indicate higher levels of depression (scores 0-13 = minimal; 14-19 = mild;
20-28 = moderate; 29-63 = severe). The shorter version (21 items) of the Depression Anxiety Stress
Scale (DASS-21) was also completed to measure depression, anxiety and stress [38]. The DASS-21
questionnaire was introduced nine months into the recruitment of the participants. DASS-21 has seven
items per subscale and asks participants to rate the extent to which they experienced each emotional
state the preceding week using a four-point Likert scale (0 = Did not apply to me at all, 3 = Applied to
me very much or most of the time). Higher scores are indicative of higher levels of depression, anxiety
and stress.

The Rosenberg Self-Esteem Scale was used as a global measure of self-esteem [39,40].
The questionnaire consists of a ten-item Likert scale, completed using a four-point scale from strongly
agree to strongly disagree. Scores can range from 0 to 30, with higher scores indicating higher
self-esteem. Finally, body image satisfaction was assessed through the Multidimensional Body
Self-Relations Questionnaire—Appearance Scales (MSRQ-AS), a 34-item validated measure of body
image perception for use in general populations (www.body-images.com) [41]. This version contains
five subscales: appearance evaluation (satisfaction with ones looks), appearance orientation (levels of
investment in one’s appearance), overweight preoccupation (weight anxiety, vigilance, dieting etc),
self-classified weight (how one perceives and labels one’s weight) and body area satisfaction (satisfaction
with areas of body). The questionnaire contains a series of statements and asks participants to indicate
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the extent to which each statement applies to them personally, with higher scores generally indicating
greater body image satisfaction.

2.6. Mental and Physical Health

Mental and physical health were assessed with the RAND Medical Outcomes Study 36-item
Short Form Health Survey (SF-36) [42,43]. A total of 36 questions are included in the RAND SF-36
survey and eight key areas are explored in the SF-36 including physical functioning, role limitations
due to physical problems, pain, general health, energy/fatigue, social functioning, role limitations
due to emotional problems and emotional well-being. The raw data were recoded using the RAND
SF-36 scoring instructions available online. Additionally, the eight areas were combined to obtain
the scoring for physical and mental health components. As the eight different components consist
of different numbers of questions, the normal scores were transformed to T-scores, as described by
Hays et al. 1993 [44] and Hays et al. 1995 [45]. Physical functioning, role limitations due to physical
problems, pain and general health were combined to obtain the physical health component and role
limitations due to emotional problems, energy/fatigue, emotional well-being and social functioning
were combined to obtain the mental health component.

2.7. Statistical Analyses

The sample size calculation was based on the PPhIT primary outcome, namely microvascular
function. According to this, detection of a 33% difference between groups in microvascular function,
measured by forearm blood flow responses to an endothelium-dependent vasodilator, with 90% power,
using a 2-tailed test at the 5% significance level, would require 50 participants per group. The current
analysis reports secondary outcomes, for which power calculations were not performed.

Results are expressed as mean + standard deviation for normally distributed continuous variables
and as medians and interquartile ranges for continuous skewed variables. Categorical variables are
presented as absolute (1) and relative frequencies (%). The normality of variables was checked through
the Shapiro-Wilk test and graphically through histograms. Concentration measures of micronutrients
were logarithmically transformed and were summarised as geometric median and interquartile range.
The principal analysis for each outcome variable was a between-group comparison of change using
independent sample t tests or Mann-Whitney U test for continuous parametric and non-parametric
variables, respectively, and chi-squared test for categorical variables. Within-group comparisons were
performed using paired sample t tests or Wilcoxon signed-rank test for parametric and non-parametric
continuous variables, respectively. Statistical significance was set at p < 0.05. All statistical methods
were conducted using PASW Statistics 18 for Windows (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. General Results

Ninety-nine participants completed the PPhIT study, including 53 (53.5%) males. Participants had
a mean age of 54.9 + 6.9 years, with ages ranging from 40 to 65 years. The majority (52%) of the sample
were obese (BMI > 30 kg/m?). In total, 12.1% were current smokers, and 43.4% stated that they had
smoked in the past. Baseline characteristics according to dietary group (LPD versus HPD) are shown
in Table 1. Overall, the groups were similar upon entering the study, with no statistically significant
differences in anthropometric, lifestyle and basic clinical characteristics.
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Table 1. Baseline (week 0) participant characteristics according to the Polyphenol Intervention Trial
(PPhIT) study group allocation.

Low Polyphenol High Polyphenol Between-Group
(11max = 50) (1max = 49) Comparison p-Value *

Age (years) 55.6 + 6.8 54.0+7.0 0.25

Sex (males, 1 (%)) 30 (60.0) 23 (46.9) 0.23

Education (years) 13.9 (12.0, 16.8) 13.6 (13.8,15.8) 0.57

Body mass index (kg/m?) 29.9 (26.9, 34.6) 31.15(27.7,33.5) 0.29
Waist circumference (cm)

Male 106.5 (98.0, 116.3) 105.0 (98.0, 116.0) 0.86

Female 94.0 (85.3,108.8) 96.0 (89.5, 108.5) 0.56

Current smoker 1 (%) 5(10.0) 7 (14.3) 0.55

Use of antidepressants 7 (%) 7 (14.0) 8 (16.3) 0.79

Systolic blood pressure (mmHg) 143.7 + 6.6 143.6 + 8.0 0.95

Diastolic blood pressure (mmHg) 86.9 +8.3 859 +7.1 0.55

Total cholesterol (mmol/L) 53+12 57+12 0.10

HDL(mmol/L) 14+03 1.3+04 0.58

LDL(mmol/L) 43+13 46+12 0.18

Triglycerides (mmol/L) 1.7 (1.6,2.1) 1.6 (1.5,2.0) 0.46

HDL—high-density lipoprotein; LDL—low-density lipoprotein. Continuous variables are summarised as mean
+ SD or medians and interquartile ranges. Categorical variables are summarised as 1 (%). * Between-group
comparisons were made using independent sample t-tests (p < 0.05) or Mann-Whitney U test for continuous
variables and chi-squared tests (p < 0.05) for categorical variables.

During the washout period, no changes were recorded in participants’ physical activity habits,
weight status, smoking habits, medication use or clinical condition compared to baseline in both HPD
and LPD groups (data not shown). Additionally, mood evaluation according to PANAS questionnaire
did not record any change between baseline and end of washout period (both p > 0.05) (data not
shown). F&V intake per day declined significantly during washout, from 2.67 portions at week 0
to 1.38 portions at week 4 within the overall sample (p < 0.001), and significant reductions in blood
levels of vitamin C (p < 0.001) and B-cryptoxanthin (p = 0.05), but not in any of the other carotenoids
measured, were also recorded (data not shown).

Dietary intake of food groups and micronutrients, as well as weight status and physical activity
levels both at baseline and at the end of the intervention period, are presented in Table 2, per intervention
group. At baseline, there was no significant difference in intake of F&V, berries and dark chocolate and
concentration of micronutrients between the LPD and HPD group. By the end of the intervention,
there was a significant increase in intake of F&V, berries and dark chocolate in the HPD group, and the
differences in change in intake between the two groups were statistically significant. Furthermore,
there was a significant increase in the concentration of biomarkers, plasma vitamin C, serum lutein,
(-cryptoxanthin, x-carotene and lycopene and urinary epicatechin over the course of the intervention
in the HPD group, and the differences in the change in the concentration between the LPD and HPD
group were statistically significant. These results indicate good compliance with the intervention diet,
with significant between-group differences in change in all biomarkers measured except 3-carotene.
No differences were re