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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]. Márquez-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, Domínguez-López 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; doi:10.3390/nu12092893 www.mdpi.com/journal/nutrients1
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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 β-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

It is 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 Università 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 296 225.9 201.2 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 * 146 129.2 116.2 13.0 - 0.08 -
Cocoa powder ◦ 234 92.2 90.5 1.7 - 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 ® software (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 ± 102 a 2012 ± 176 a,b 2028 ± 66 b 1976 ± 133
Total CHO (% of energy) 47.4 ± 3.2 46.4 ± 4.7 46.5 ± 3.0 46.8 ± 3.5

Simple CHO (% of energy) 20.6 ± 2.2 19.8 ± 0.6 20.3 ± 1.4 20.2 ± 1.5
Total protein (% of energy) 18.7 ± 2.5 20.0 ± 2.3 19.6 ± 2.7 19.4 ± 2.5

Animal protein (% of energy) 11.1 ± 2.8 13.4 ± 2.8 12.8 ± 2.5 12.4 ± 0.3
Plant protein (% of energy) 6.2 ± 0.9 6.2 ± 1.1 6.4 ± 0.8 6.3 ± 0.1
Total Lipids (% of energy) 34.1 ± 4.2 33.7 ± 4.1 34.0 ± 4.6 33.9 ± 4.1

SFA (% of energy) 8.7 ± 1.3 8.9 ± 2.0 8.6 ± 1.8 8.7 ± 1.6
MUFA (% of energy) 17.9 ± 3.3 16.9 ± 2.4 17.7 ± 2.2 17.5 ± 2.6
PUFA (% of energy) 3.7 ± 0.8 3.8 ± 0.7 3.9 ± 1.4 3.8 ± 1.0
ω-3 (% of energy) 0.7 ± 0.4 0.7 ± 0.4 0.7 ± 0.4 0.7 ± 0.4
ω-6 (% of energy) 3.0 ± 0.9 3.0 ± 0.8 3.2 ± 1.3 3.0 ± 1.0

Total Fibre (g/1000 Kcal) 12.2 ± 2.1 11.6 ± 2.4 12.3 ± 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 95.9 ± 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 30.9 ± 4.2 32.6 ± 4.0 31.4 ± 4.0
Total lipids (g) 71.2 ± 7.8 75.3 ± 12.5 76.5 ± 12.3 74.3 ± 10.7

SFA (g) 18.3 ± 3.3 19.8 ± 4.6 19.4 ± 4.4 19.1 ± 4.0
MUFA (g) 37.3 ± 5.8 38.0 ± 7.1 40.1 ± 5.8 38.5 ± 6.0
PUFA (g) 7.7 ± 1.6 8.5 ± 2.1 8.7 ± 3.4 8.3 ± 2.4

Total ω-3 (g) 1.4 ± 0.8 1.5 ± 0.9 1.6 ± 0.9 1.5 ± 0.9
Total ω-6 (g) 6.2 ± 1.8 6.7 ± 2.1 7.1 ± 3.0 6.7 ± 3.0
Fibre (g/day) 22.9 ± 4.2 23.2 ± 4.4 24.8 ± 2.9 23.6 ± 3.8
Calcium (mg) 643 ± 254 666 ± 175 638 ± 112 649 ± 180

Iron (mg) 11.9 ± 2.0 14.2 ± 2.9 12.1 ± 1.0 12.7 ± 2.3
Vitamin B12 (mcg) 4.8 ± 2.2 5.3 ± 2.3 6.3 ± 5.1 5.5 ± 3.4

Vitamin C (mg) 225 ± 33 233 ± 28 242 ± 45 233 ± 35
Vitamin E (mg) 13.7 ± 1.9 15 ± 3.2 15.5 ± 2.4 14.8 ± 2.6

Vitamin B1 (mg) 1.4 ± 0.4 1.6 ± 0.4 1.5 ± 0.4 1.5 ± 0.4
Folates (mcg) 342 ± 78 377 ± 138 340 ± 70 353 ± 97

Vitamin B6 (mg) 2.3 ± 0.6 2.7 ± 0.7 2.5 ± 0.4 2.5 ± 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; ω-3, omega-3 fatty acids; ω-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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(A) 

(B) 

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 Q1=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 ω-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 49.8 ± 2.7 0.641

Simple CHO (% of energy) 20.4 ± 3.1 20.3 ± 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) 12.1± 1.1 12.2 ± 1.0 11.8 ± 1.1 0.262
Plant proteins (% of energy) 5.7 ± 0.6 5.7 ± 0.6 5.7 ± 0.6 0.864

Total lipids (% of energy) 32.1 ± 2.3 31.9 ± 2.2 32.4 ± 2.5 0.441
SFA (% of energy) 8.6 ± 1.5 8.6 ± 1.4 8.7 ± 1.7 0.655

MUFA (% of energy) 16.3 ± 1.3 16.3 ± 1.1 16.4 ± 1.6 0.834
PUFA (% of energy) 3.2 ± 0.5 3.3 ± 0.6 3.2 ± 0.4 0.435
ω-3 (% of energy) 0.6 ± 0.2 0.6 ± 0.1 0.6 ± 0.2 0.753
ω-6 (% of energy) 2.5 ± 0.4 2.6 ± 0.5 2.5 ± 0.2 0.341

Total Fibre (g/1000 kcal) 11.2 ± 1.2 11.3 ± 1.1 11.1 ± 1.3 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 70.4 ± 4.0 0.849
Animal proteins (g) 47.6 ± 3.9 47.9 ± 3.7 47.2 ± 4.2 0.536

Plant proteins (g) 22.4 ± 2.7 22.2 ± 2.7 22.7 ± 2.8 0.601
Total lipids (g) 56.2 ± 4.9 55.2 ± 3.8 57.5 ± 5.8 0.192

SFA (g) 15.2 ± 3.0 14.9 ± 2.7 15.5 ± 3.3 0.447
MUFA (g) 28.7 ± 2.4 28.3 ± 1.2 29.1 ± 3.4 0.575
PUFA (g) 5.7 ± 0.7 5.7 ± 0.7 5.7 ± 0.8 0.371

Total ω-3 (g) 1.1 ± 0.3 1.1 ± 0.1 1.1 ± 0.4 0.600
Total ω-6 (g) 4.5 ± 0.6 4.5 ± 0.6 4.4 ± 0.5 0.274
Fibre (g/day) 17.8 ± 2.4 17.8 ± 2.2 17.8 ± 2.6 0.932
Calcium (mg) 804 ± 136 808 ± 128 799 ± 147 0.761

Iron (mg) 9.4 ± 0.9 9.4 ± 0.7 9.4 ± 1.0 0.879
Vitamin B12 (μg) 4.2 ± 1.0 4.2 ± 0.4 4.3 ± 1.5 0.394
Vitamin C (mg) 111.8 ± 56.1 115.1 ± 45.2 107.4 ± 68.8 0.464
Vitamin E (mg) 11.4 ± 2.9 11.5 ± 1.3 11.2 ± 4.1 0.327
Vitamin B1 (mg) 0.8 ± 0.2 0.8 ± 0.1 0.7 ± 0.2 0.156

Folates (μg) 302 ± 73 311 ± 54 289 ± 93 0.536
Vitamin B6 (mg) 1.5 ± 0.3 1.5 ± 0.2 1.4 ± 0.3 0.588
Flavonoids (mg) 181.1 ± 137.5 174.4 ± 123.7 190.8 ± 157.8 0.984

Phenolic acids (mg) 130.9 ± 36.0 126.6 ± 28.6 137.1 ± 44.5 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; ω-3, omega-3 fatty acids; ω-6, omega-6 fatty acids. † 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

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 Q1=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 0.2 ± 0.4 0.8 ± 0.3 16.4 ± 5.3
Men 594.6 ± 152.2 201.1 ± 74.3 0.4 ± 0.6 0.7 ± 0.3 16.7 ± 6.3

Women 662.1 ± 163.5 195.9 ± 42.0 0.1 ± 0.2 0.8 ± 0.3 16.2 ± 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 0.3 ± 0.5 0.9 ± 0.4 17.0 ± 5.4
Men 260.9 ± 109.6 128.8 ± 57.8 0.4 ± 0.4 0.9 ± 0.4 15.9 ± 5.7

Women 282.9 ± 125.6 127.8 ± 63.0 0.2 ± 0.5 0.9 ± 0.4 17.8 ± 4.9
p value # 0.453 0.271 0.033 0.745 0.271
p value † <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.

 
PR-DIET C-DIET 

(A) 

 
(B) 

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 Q1=quartile 1; Q3=quartile 3; IQR=interquartile range).

Overall, through the analysis of the menu items provided to the volunteers and recorded in the
WFRs 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 ω-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 μg 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/m2).

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 ω-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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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/m2 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 (m2).
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

26



Nutrients 2020, 12, 2445

(α-carotene, β-carotene, β-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 (n) 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/m2). 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
(nmax = 50)

High Polyphenol
(nmax = 49)

Between-Group
Comparison p-Value *

Age (years) 55.6 ± 6.8 54.0 ± 7.0 0.25
Sex (males, n (%)) 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/m2) 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 n (%) 5 (10.0) 7 (14.3) 0.55
Use of antidepressants n (%) 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 85.9 ± 7.1 0.55

Total cholesterol (mmol/L) 5.3 ± 1.2 5.7 ± 1.2 0.10
HDL(mmol/L) 1.4 ± 0.3 1.3 ± 0.4 0.58
LDL(mmol/L) 4.3 ± 1.3 4.6 ± 1.2 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 n (%). * 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 β-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,
β-cryptoxanthin, α-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 β-carotene.
No differences were recorded in change in physical activity and weight status between the two
intervention groups during the intervention.
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3.2. Changes in Aspects of Psychological Well-Being

Changes in measures of psychological well-being between baseline and intervention are illustrated
in Table 3. There were no significant differences in scores of BDI-II, DASS-21 or PANAS between the
LPD and HPD groups at baseline. There was a significant between-group difference (p = 0.01) in
change in depressive symptoms as assessed with BDI-II, but no other significant effects were found
between groups with regards to depression, anxiety or stress measured using the DASS-21 or positive
and negative affect measured with PANAS. Regarding within-group changes, a borderline significant
(p = 0.05) result was detected for a reduction in stress measured by DASS-21 within the HPD group,
as well as an improvement in subjective mood (positive affect) (p = 0.03) measured by PANAS.

3.3. Changes in Self-Esteem and Body Image Perception

There were no significant differences in self-esteem or body image perception scores between
the LPD and HPD groups at baseline. As shown in Table 3, there were also no significant differences
between the HPD and LPD in self-esteem or body image perception scores at the end of the intervention.

3.4. Changes in Health-Related Quality of Life

There were no significant differences between groups at baseline with regards to health-related
quality of life measured using the SF-36. There were statistically significant between-group differences
in change in different component scores (general health (p = 0.03) and energy/fatigue (p = 0.02)) and
the overall summary scores for the physical health component (p = 0.04) and mental health component
(p = 0.01), with more positive changes demonstrated in the HPD group. In the HPD group, there
were also within-group improvements in role limitations due to physical health (p = 0.04), general
health (p = 0.00), energy/fatigue (p = < 0.001), emotional well-being (p = < 0.001) and social functioning
(p = 0.02)
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4. Discussion

Given the high prevalence of mental health problems and the potential effect of dietary
patterns on their onset and/or treatment, 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)
on aspects of psychological well-being or mental health status, including mood, self-esteem and
body image perception, as secondary outcomes of the PPhIT study. Despite some heterogeneity,
the study findings suggest that the adoption of such a polyphenol-rich diet could potentially lead to
beneficial effects on certain outcomes including depressed mood and physical and mental health in
hypertensive participants.

There was a significant difference in change in depressive symptoms assessed with BDI-II between
the HPD group and the LPD group, indicating a positive effect of the HPD, which is in agreement with
a number of other observational studies focusing on the same outcome measure and polyphenol-rich
foods. In the HPD group, a 66.6% reduction in BDI-II score was observed after the intervention.
Button et al. 2015, using data from three randomised controlled trials (RCT) with a sample of n = 1039,
identified that a 17.5% reduction in score was necessary to observe minimally clinically important
differences [46]. Oliveria et al. (2019) found a negative association between depressive symptoms
measured by BDI and high intake of polyphenol food items [47]. In the Finnish general population
(n = 2011), daily intake of tea was associated with reduced risk of depressive symptoms defined by
BDI scores [48]. Similarly, in the Mediterranean healthy eating, lifestyle and aging (MEAL) study
(n = 1572), the dietary intake of phenolic acid, flavanones and anthocyanin were negatively associated
with depressive symptoms measured using the Center for Epidemiologic Studies Depression Scale
(CES-D-10) [49]. The positive effects observed in the present study may be attributable to other
nutrients found in F&V, berries and dark chocolate which may work independently or synergistically
to influence health outcomes. Brody (2002) found that vitamin C intake over a 14 day period led to a
moderate reduction in depressive symptoms amongst 42 healthy young adults [50]. In our study, there
was a significant difference in plasma vitamin C status between the LPD and HPD group. Similarly,
there were significant increases in serum carotenoids, lutein, zeaxanthin, β-cryptoxanthin and urinary
epicatechin within the HPD group, and some studies have suggested a link between these nutrients
and improvements in psychological well-being including depression [51]. The antidepressant effects of
polyphenols may be associated with both their antioxidant and anti-inflammatory properties, whereby
there is a reduction in free radicals and cytokine dysregulation [12]. Lua and Wong (2012) found that
the consumption of 50 g dark chocolate (70% cocoa) for three days was associated with significant
improvement in depressed mood [52].

The primary outcome of the PPhIT study was to identify whether high consumption of F&V, berries
and dark chocolate could improve microvascular function in hypertensive subjects [30]. High intake
of polyphenol, specifically including F&V, berries and dark chocolate in diet, resulted in significant
improvements in endothelium-dependent (acetylcholine) vasodilator [30]. Depression is often observed
among individuals with vascular diseases such as hypertension, peripheral vascular disease and
coronary artery disease, known as “vascular depression hypothesis” [53]. Studies have reported
morphological changes in vascular structure and altered expression of endothelial cell molecules
such as nitric oxide in patients with depression [53]. In the current study, the improvements in
endothelium-dependent vasodilatation might have also resulted in improvements in depressed mood.

In light of the findings from the BDI-II, it is interesting that no notable effects of the polyphenol-rich
diet were observed on depressed mood measured using the DASS-21 questionnaire in this study.
The DASS-21 questionnaire was introduced as an amendment to PPhIT, given concerns that BDI-II
is used to screen for depression in normal populations or to assess severity of depression in clinical
populations, and therefore it was thought possible by the research team that the tool may not have
been sensitive enough to pick up changes due to diet. Page et al. (2007) showed that DASS-21
has good psychometric properties and is moderately sensitive to changes that result from the
treatment [54]. However, this resulted in a considerably smaller sample size for the analysis of the
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DASS-21 questionnaire (n = 57) compared to BDI-II, which may have had implications in terms of the
associated power available to detect differences between the two diet groups. The DASS-21 also showed
no statistically significant differences in change between groups with regards to stress or anxiety.
Furthermore, for both measures, scores on all scales at the start of the study are low, and negative affect
scores for the PANAS are also low. These low scores are unsurprising in a volunteer sample for a study
intended to improve health but may also have limited our chances of finding effects. Further study in
groups with higher levels of poor psychological health, e.g., those with diagnoses of depression or
anxiety, may be of value.

In the present study, significant improvements in quality of life between the HPD group and the
LPD group measured using the SF-36 health survey questionnaire were found. There were statistically
significant improvements in both physical and mental health components in the HPD group when
compared with the LPD group. Data showing the effect of dietary interventions and especially of
polyphenols/antioxidants on quality of life parameters are sparse and mainly limited to patients with
chronic diseases such as multiple sclerosis, chronic fatigue syndrome and depression. Steptoe et al.
(2004) found that a higher intake of fruits and vegetables through behavioural and nutrition education
counselling was positively associated with physical health status but not mental health status measured
using SF-36 among adults in a low-income neighbourhood [55]. A sub-study of the DASH trial also
found that adhering to a fruit and vegetable-rich diet was associated with improved perception of
quality of life [56]. It is important to acknowledge that while the self-reported improvements in physical
and mental health scores observed within the current sample may be attributed to the foods consumed,
they may also be wholly or partly influenced by taking part in the intervention and increased positivity
that may come from making positive dietary changes. As pointed out in the study by Plaisted et al.
(1999), improvements in QoL might be attributable to participants’ awareness that they are consuming
a healthy diet, which could have contributed to improved self-ratings of general health and mental
health component [56]. In addition, given that depressive symptoms were improved in the HPD group,
the improvements in mental health component may simply mirror these findings.

It is important to consider the results of this study in light of a number of methodological
limitations. Firstly, as the primary purpose of PPhIT was to test the effect of a polyphenol-rich dietary
pattern on microvascular and platelet function, the outcomes discussed here are secondary endpoints.
Hence, as mentioned previously, it is possible that the study may not have been adequately powered
to detect differences between the dietary groups, which may account for some of the null findings
demonstrated. Secondly, the study sample comprised mildly hypertensive participants, which limits
the generalisability of these results to the wider population. Furthermore, it is possible that selection
bias exists within the current sample, given that the volunteers for this study were on the whole
well-educated, and, as is the case with most clinical trials, are likely to have been more motivated with
regard to improving their health than the general population. The participants in the HPD group were
provided with the key intervention foods on a weekly basis, whereas the LPD group received no food
provision as their diet was to remain unchanged. This may have increased the likely compliance of the
HPD group with the intervention. Another limitation of this study was the use of self-report measures
to measure psychological outcomes. Self-report measures can be disadvantageous in that they can
be affected by forms of bias, including response, recall and social desirability bias, which can lead
to inaccurate responses and conclusions [57]. However, given the subjective nature of psychological
well-being, self-reporting is the most suitable method of obtaining information on individuals’ personal
experiences and emotions. The current study employed validated and previously used measures to
collect information on individuals’ personal experiences and emotions [58,59]. Additionally, it must be
noted that the questionnaires described in this study were distributed at week 0 (baseline) and week
12 (intervention). It is possible that the washout period (week 0 to week 4) could have potentially
affected people’s psychological well-being and thus it may have been useful to additionally measure the
endpoints at week 4. However, the decision to distribute the questionnaires at week 0 and week 12 was
made for three main reasons: (i) to reduce participant burden at week 4 visits, which were already long

34



Nutrients 2020, 12, 2445

(2.5 h) in duration due to vascular function assessment and the dissemination of dietary advice; (ii) the
study wished to investigate the effect of the intervention diet in comparison to normal psychological
status, rather than psychological states under controlled conditions, which would have limited the
applicability of the results; (iii) distributing the outcome measures at three time points may have
been disadvantageous in terms of allowing participants to become familiar with their format, which
may have induced response bias. Another limitation common to most studies analysing self-reported
questionnaire data is the number of variables assessed, which may have increased the chance of type
one errors (identification of the false positive) associated with hypothesis testing.

In contrast, one of the most obvious strengths of this study is its RCT study design. However,
as the randomisation according to the groups only occurred at week 4, the presentation of week 0 data
based on the allocated groups is rather artificial, and this must be considered a limitation. As further
strengths, the study implemented a variety of techniques to encourage and monitor compliance.
As a result of such efforts, participants were demonstrated to have good compliance with both diets,
which was assessed both subjectively and objectively. Furthermore, the study had good retention of
participants, with a less than 5% (n = 5) drop out level, all of which were due to reasons unrelated to
the study.

5. Conclusions

In conclusion, the results from the present RCT trial showed heterogeneous findings regarding the
effect of a polyphenol-rich dietary pattern on aspects of psychological well-being, with positive effects
demonstrated on depressive symptoms and both the physical and mental health status components of
the SF-36 quality of life measure. Further studies with psychological well-being impacts as primary
endpoints, with appropriate study design and sample sizes, are needed in order to confirm the benefits
of a polyphenol-rich dietary pattern on these outcomes.
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Abstract: Extracts made from the leaves of the mango food plant (Mangifera indica L., Anacardiaceae)
have a long history of medicinal usage, most likely due to particularly high levels of the polyphenol
mangiferin. In rodent models, oral mangiferin protects cognitive function and brain tissue from
a number of challenges and modulates cerebro-electrical activity. Recent evidence has confirmed
the latter effect in healthy humans following a mangiferin-rich mango leaf extract using quantitative
electroencephalography (EEG). The current study therefore investigated the effects of a single dose of
mango leaf extract, standardised to contain >60% mangiferin (Zynamite®), on cognitive function
and mood. This study adopted a double-blind, placebo-controlled cross-over design in which
70 healthy young adults (18 to 45 years) received 300 mg mango leaf extract and a matched placebo,
on separate occasions, separated by at least 7 days. On each occasion, cognitive/mood assessments
were undertaken pre-dose and at 30 min, 3 h and 5 h post-dose using the Computerised Mental
Performance Assessment System (COMPASS) assessment battery and the Profile of Mood States
(POMS). The results showed that a single dose of 300 mg mango leaf extract significantly improved
performance accuracy across the tasks in the battery, with domain-specific effects seen in terms
of enhanced performance on an ‘Accuracy of Attention’ factor and an ‘Episodic Memory’ factor.
Performance was also improved across all three tasks (Rapid Visual Information Processing, Serial 3s
and Serial 7s subtraction tasks) that make up the Cognitive Demand Battery sub-section of the
assessment. All of these cognitive benefits were seen across the post-dose assessments (30 min, 3 h,
5 h). There were no interpretable treatment related effects on mood. These results provide the first
demonstration of cognition enhancement following consumption of mango leaf extract and add to
previous research showing that polyphenols and polyphenol rich extracts can improve brain function.

Keywords: cognition; attention; memory; brain; polyphenols; mangiferin; mango leaf extract

1. Introduction

The roots, leaves, fruit and bark of the food plant Mangifera indica (mango) have a long history
of therapeutic use within traditional medicinal systems for a wide range of conditions. For example,
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extracts, teas and infusions made from mango leaves have been used for the treatment of diabetes,
malaria, diseases of the digestive system, lungs, and kidneys, and as a topical treatment for wounds and
burns [1]. The bioactivity of mango leaf extracts may be due to particularly high levels [2] of xanthones.
This group of polyphenols are found in a restricted group of plant species [3], including members of
the Hypericum genus that provide us with a number of medicinal herbal extracts [4], but they are rarely
consumed in the diet, with only a few exceptions other than mango itself (e.g., [5]). The predominant
member of this structural group in mango leaf is mangiferin, a xanthone glucoside that has been shown to
have potential anti-inflammatory, antioxidant, immunomodulatory, neuroprotective, antiproliferative,
antidiabetic, DNA protective, and hypoglycaemic properties [6–10].

Whilst structurally distinct from the flavonoids and other polyphenols that are ubiquitous
in plant derived foods, mangiferin [8,11–14] likely owes its beneficial bioactivity to some similar
mechanisms of action as found in the wider polyphenol group class [15], including interactions with,
and modulation of, diverse components of a wide range of mammalian cellular signal transduction
pathways. These pathways, in turn, control gene transcription and a plethora of cellular responses,
including cell proliferation, apoptosis, and the synthesis of growth factors, and vasodilatory and
inflammatory molecules. In the central nervous system, specific additional interactions attributed
to polyphenols include direct neurotransmitter and neurotrophin receptor and signalling pathway
interactions, and increased synthesis of neurotrophins and vasodilatory molecules, which, in turn,
foster angiogenesis/neurogenesis [15–20]. These mechanisms potentially underlie the observation of
consistent beneficial cardiovascular effects from meta-analyses of multiple intervention studies [21–23],
and demonstrations of improved cognitive function [24–28], following diverse polyphenols.

In line with these mechanistic cellular effects, rodent studies have demonstrated that a single
administration of mangiferin can improve memory in uncompromised rats [29] and that either
single doses or extended supplementation with mangiferin can attenuate the memory deficits or
depressive/anxiety behaviours associated with a range of brain insults and challenges. This includes the
cholinergic antagonist scopolamine [30], sleep deprivation [31], the injection of lipopolysaccharides [32]
and aluminium chloride-induced neurotoxicity in mice [9]. Consistent ex vivo evidence focussing
on the hippocampus also shows that mangiferin can protect rodent neuronal tissue from the
increase in inflammatory cytokines [9,30–32] and the decrease in neurotrophins such as brain-derived
neurotrophic factor (BDNF) [9,31], associated with multifarious brain insults. Similarly, mangiferin has
been shown to protect the rodent brain from lead-induced structural damage and decrease oxidative
stress via interactions within the Nrf2 signalling pathways in rats [10].

A number of recent studies have assessed the potential efficacy of a mango leaf extract
standardized to a minimum of 60% mangiferin (Zynamite®). In terms of physical performance,
several of these studies have assessed the ergogenic effects in humans of both acute [33–36] and
longer-term supplementation [34] with this mango leaf extract combined with the polyphenols
luteolin or quercetin. This research has demonstrated an improved performance during high intensity
exercise [33–35], increased brain oxygenation [33,34], maximal aerobic capacity [33], increased muscle
oxygen extraction [34,35] and the attenuation of muscle damage and improvements in the time course
of decreased muscle performance [37].

With regard to brain function, in rats, oral administration of mango leaf extract attenuated
electroencephalography (EEG) power measured via implanted electrodes (frontal cortex, hippocampus,
striatum, reticular formation) across the spectra and brain regions under investigation, with the
most striking findings in the alpha and beta wavebands. These effects were synergistically
increased by the co-administration of caffeine. A concomitant ex vivo study also demonstrated
that 7 days supplementation with the mango leaf extract lead to increased hippocampal pyramidal cell
excitability [38]. In a subsequent multi-disciplinary series of studies [39], both the ex vivo hippocampal
excitability and the attenuation of EEG spectral power across brain regions in rats were confirmed both
for mango leaf extract and mangiferin, confirming this polyphenol as the likely active component of
the extract. In two subsequent pilot studies (also reported in [39]), both involving 16 healthy young
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humans, quantitative EEG was employed at rest and during cognitive task performance 90- and
60-min post-dose respectively. In the first study, in comparison to control, mango leaf extract resulted
in modest reductions in ‘eyes open’ power in delta and theta power, and a more pronounced increase
in power during cognitive task performance, with significant increases in all wavebands across scalp
electrodes interrogating the association cortex. These results were supported by more modest EEG
changes in the second study, but no evidence of a synergistic relationship with caffeine. Cognitive task
performance and mood were not significantly modulated by mango leaf extract.

The extant literature demonstrating functional benefits following polyphenol consumption,
and the previous rodent and pilot human studies assessing the effects of mangiferin and mango leaf
extract described above, suggest that a mango leaf extract with high levels of the polyphenol mangiferin
may exert beneficial effects on human brain function, including the enhancement of cognitive function.
The current exploratory, double-blind, placebo-controlled, balanced crossover study therefore assessed
the effects of a single dose of mango leaf extract (Zynamite®) on cognitive function and psychological
state 30 min, 3 h and 5 h post-dose in a large sample of healthy adults.

2. Methods

2.1. Design

This study adopted a randomised, double-blind, placebo-controlled, balanced crossover design,
in which the acute effects of a single dose of 300 mg mango leaf extract and placebo were assessed
on cognitive function and psychological state/mood at 30 min, 3 h and 5 h post-dose. All study
procedures were reviewed and approved by Northumbria University’s Department of Psychology
Ethics Committee (Ref: 17741) and were conducted according to the principles of the Declaration of
Helsinki. The trial was pre-registered at ClinicalTrials.gov (NCT04299217).

2.2. Participants

The required sample size for the study (N = 72) was calculated (GPower 3.0) on the basis of
delivering adequate power (0.8) to detect a small effect size (f = 0.1). The power to detect the anticipated
medium effect size (f = 0.25) exceeded 0.95.

A total of 75 participants were randomised. Three participants subsequently withdrew from the
study after completing one testing visit. Two participants were removed from the dataset during blind
data review due to a persistent inability to achieve performance criteria across tasks.

The final per-protocol analysis sample therefore comprised 70 participants (F 37/M 33; mean age
26.9 years, range 18–45 years; 5 vegetarians and 1 vegan). All participants self-reported that they
were healthy and free from any relevant medical condition or disease, including psychiatric and
neurodevelopmental disorders; that they were not taking any prescription or illicit drugs, food
supplements or nicotine containing products; that they were not pregnant, lactating or seeking
to become pregnant. Participants were also excluded if they consumed >500 mg caffeine per day
(>6× 150 mL cups of filter coffee), had high blood pressure (>systolic 159 mm Hg or diastolic 99 mm Hg)
or had a body mass index outside of the range 18.5–35 kg/m2. Participant dispositions are shown
in Figure 1.

The final number of participants’ data points (excluding missing data and data points removed
during blind data review) included in the analysis of data from each individual outcome are shown
in the relevant tables.
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Figure 1. Participant disposition.

2.3. Treatments

Zynamite® mango leaf extract is comprised of components within the following ranges:
mangiferin—60–65%; homomangiferin—3–5%; isomangiferin—up to 1%; leaf polysaccharides—6–20%;
hydrolysable and non-hydrolysable tannins—up to 1%; fibre, minerals, moisture—6 to 15%. Details of
the manufacturing process are provided elsewhere [39].

Participants were randomly allocated to receive 300 mg mango leaf extract or placebo (maltodextrin)
in methylcellulose capsules of identical appearance, during each of their two assessment days.
Testing days were separated by a minimum of 7 days to ensure washout. The order in which
participants received the two interventions was counterbalanced across the group via random
allocation to a counterbalancing schedule. Individual treatments were delivered to the trial facility
in individual sealed plastic envelopes, labelled with the participants’ randomisation numbers and visit
(1 or 2) according to the computer-generated double-blind randomisation schedule.

There were no significant adverse events that could be linked to administration of the treatments
and no significant difference in the incidence of minor adverse events (e.g., mild headache) between
the placebo and mango leaf extract treatments.

2.4. Psychological Measures

2.4.1. Cognitive Tasks

All of computerised cognitive/mood assessments were identical, and were carried out via laptop
computers and response boxes using the Computerised Mental Performance Assessment System
(COMPASS, Northumbria University, Newcastle upon Tyne, UK). This software platform incorporates
the presentation of classic and custom computerised cognitive tasks, with fully randomised parallel
versions of each task delivered at each assessment for each individual. A similar selection of tasks has
previously been shown to be sensitive to diverse nutritional interventions [40–43]. Within the 60-min
assessment the participants also completed a 30-min component known as the Cognitive Demand
Battery (CDB), which comprises the prolonged repetition of a series of demanding tasks that assess
working memory, executive function and attention. The objective of this battery is to assess the impact
of treatment on speed/accuracy and mental fatigue during continuous performance of cognitively
demanding tasks. The CDB has also been shown to be sensitive to modulation by a wide range of
nutritional interventions [43–46]. The individual tasks making up the cognitive assessment (including
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the CDB) are shown in Figure 2 and described in more detail in the online Supplementary Materials
(Section I).

Figure 2 also shows the contribution of individual tasks to the principal performance measures,
which were derived by averaging the data (either msec for speed, or % correct/maximum score
for accuracy) from individual tasks into the following global performance outcomes: ‘Speed of
Performance’ and ‘Accuracy of Performance’; and the following cognitive domain factor scores
‘Speed of Attention’, ‘Accuracy of Attention’, ‘Speed of Memory’, ‘Working Memory’, and ‘Episodic
Memory’. The derivation of the global scores and cognitive factors are described in more detail in the
online Supplementary Materials (Section II). These global measures and cognitive domain factors have
been shown to be sensitive to nutritional manipulations previously [40–42].

Speed of Attention
Combined speed 

(msecs)

Working Memory 
Combined  accuracy 

(% correct)

Speed of Memory
Combined speed 

(msecs)

Episodic Memory
Combined accuracy 

(% correct)

Accuracy of Attention
Combined accuracy 

(% correct)

Speed of Performance
Average  speed of 

performance (msec) 
for tasks with 

reaction time data

Accuracy of Performance
Average  accuracy 

for tasks with % 
accuracy/maximum 

score data

Figure 2. Cognitive assessments. The running order of tasks and their contribution to the cognitive
factors (to the right) and global performance measures (to the left) derived from the overall battery.
The same assessment was completed at the pre-treatment baseline and at 30 min, 3 h and 5 h
post-dose on each assessment day. The selection of tasks took a total of 60 min to complete, with the
Cognitive Demand Battery comprising 30 min of this. The individual tasks are described in more detail
in the supplementary online materials (Section I). Rapid Visual Information Processing task (RVIP).
Visual analogue scale (VAS).

2.4.2. Mood and Psychological State

Before each cognitive assessment, participants completed the Profile of Mood States (POMS-2)
Adult Short Form [47]. As part of the COMPASS battery, and before the cognitive tasks,
participants completed the Visual Analogue Mood Scales (VAMS), a set of 18 visual analogue scales
anchored by pairs of antonymic mood/state adjectives (e.g., Alert–Inattentive; Lethargic–Energetic).
Participants rated where they would position themselves between the adjectives anchoring each
line according to how they felt at that moment. The individual item scores were combined to give
an average (% along the line) score on three factors that had previously been derived by factor analysis:
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‘Alertness’, ‘Tranquillity’ and ‘Stress’. After the cognitive tasks participants also completed a further
four stress visual analogue scales (S-VAS) that required them to rate their current psychological state
between ‘not at all’ and ‘extremely’ with regard to their levels of stress, anxiety, calmness and relaxation.
These were combined into two scores ‘stress/anxiety’ and ‘calm/relaxed’ with a higher score (average %
along the line) representing more of the descriptor.

2.5. Procedure

Participants were required to attend the Brain, Performance and Nutrition Research Centre
(Northumbria University) for three visits. The first visit comprised a screening and training session
where, once written informed consent had been obtained, participants were screened according to the
inclusion/exclusion criteria. Eligible participants then provided lifestyle and demographic data and
their height, weight, waist to hip ratio and blood pressure were measured. They completed a short
training session in which they practiced the cognitive tasks. Practice took the form of three repetitions
of shortened versions of the COMPASS cognitive tasks, followed by the completion of the full-length,
60-min battery twice. During and at the end of the practice session, participants’ performance was
checked against standard minimum performance criteria and additional guidance was provided as
necessary. At the end of this visit, participants were briefed as to what to expect on testing visits and
were provided with pre-testing instructions.

Within four weeks of the screening visit, participants returned to the laboratory for their first
testing visit at an agreed time in the morning that remained consistent across all testing visits.
A maximum of 5 participants were tested on any day, and all participants were visually isolated
in individual testing booths. Participants arrived at the laboratory having refrained from alcohol
for 24 h, caffeine overnight and having consumed a simple breakfast of cereal and/or toast at home
no later than an hour before arrival. Once participants arrived at the lab, they were not permitted
to eat any food (aside from food items provided by the study staff) or drink (except for water) or
chew gum. Continued compliance with the inclusion/exclusion criteria was assessed. This was
followed by completion of the POMS and a 60-min computerised cognitive and mood assessment
(COMPASS—including the 30-min Cognitive Demand Battery (CDB), Visual analogue mood scales
(VAMS) and stress visual analogue scales (S-VAS)—see Figure 2.). Cognitive tasks were completed
with the participants visually isolated from each other. After the first cognitive/mood assessment,
participants consumed their treatment for the day and completed cognitive/mood assessments, identical
to the above, commencing at 30 min, 3 h and 5 h post-dose. An additional, brief, 5-min assessment
investigating the participants’ response to a laboratory stressor, plus pre/post-dose blood sampling
for half of the participants (for quantification of neurotrophins and catecholamines), took place after
the pre-treatment and 30-min post-dose cognitive/mood assessments (For methodology see [48]),
the results of this theoretically distinct investigation are to be reported elsewhere). All participants were
scheduled to return to the laboratory 7 days later, with a maximum allowable leeway of an additional
7 days should exceptional circumstances arise in the meantime. This second testing day was identical
to the previous day, with the exception that participants consumed a different treatment on each of the
two days. The timelines of the testing day are presented in Figure 3.

 

Figure 3. The timelines of the testing day for individual participants, showing the core cognitive
assessment schedule. Profile of Mood States (POMS), 5 min Observed Multi-Tasking Stressor (*OMS)
(methodology and results to be reported elsewhere).
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Participants were provided with a standardised lunch (comprising a cheese sandwich on white
bread, crisps and a custard pot) between the 180 and 300 min post-dose assessments and were given the
option of a snack (hot decaffeinated tea or coffee and digestive biscuits) after completion of the stressor
following the 30-min post-dose assessment. No alternative drinks, snacks or lunches were permitted.

2.6. Analysis

The study statistical analysis plan was formulated before the completion of data collection.
Given the exploratory nature of the study, and the lack of any relevant human data, a small sub-set of
primary outcomes was not pre-defined. Given the study intervention and objectives, a per protocol
analysis was deemed the most appropriate.

All outcomes were analysed using SPSS (version 24.0, IBM corp., Armonk, NY, USA). During blind
data review a number of participants’ individual task datasets were removed due to technical or
performance issues (for details of the issues and number of datasets involved see supplementary
online materials). Prior to the primary analysis of the effects of treatment, pre-dose baseline differences
between treatment were investigated by one-way (treatment group [placebo v mango leaf extract])
paired t tests, or in the case of the Cognitive Demand Battery (CDB) two-way (treatment x repetition)
ANOVA. There were no significant differences between treatment groups at baseline.

For all cognitive and mood measures, the primary analysis of post-dose data was by Linear Mixed
Models (LMM) using the MIXED procedure in SPSS (version 22.0, IBM corp.) with pre-dose baseline
data for each outcome included as a covariate. For all LMM analyses, the ‘compound symmetry’
covariance structure provided the best fit, with the exception of ‘mental fatigue’ from the CDB for
which an autoregressive covariance structure (AR1) was more appropriate.

For the cognitive outcomes derived from the COMPASS battery and the mood outcomes, terms
were fitted for treatment (placebo/mango leaf extract) and assessment (30 min, 3 h, 5 h) and their
interaction. For the CDB measures an additional ‘repetition’ term was added along with the appropriate
interactions. Given that the treatment orders were balanced across the sample, or exactly or nearly
balanced with regard to the participants contributing to each outcome (and given that treatment
carry-over effects were highly unlikely), treatment order was not included as a factor in the analysis.

In order to establish the time course of any effects, pre-defined planned comparisons were
conducted between treatments at each assessment time point (30 min, 3 h, 5 h) with a Bonferroni
adjustment for the number of comparisons undertaken per outcome (i.e., 3). Only those planned
comparisons conducted on data from outcomes that evinced a significant treatment related main or
interaction effect are reported below.

3. Results

3.1. Cognitive Task Global and Factor Outcomes

The global outcomes and cognitive factors derived from the COMPASS battery showed that mango
leaf extract resulted in significantly improved accuracy of performance across tasks and throughout
the testing day (i.e., at 30 min, 3 h and 5 h post-dose). See Figure 4 below. There was a main effect of
treatment on the global Accuracy of Performance measure (representing data from the eleven tasks
that return % accuracy/maximum score data) (F (1, 335) = 22.8, p < 0.001). Reference to the planned
comparisons at each assessment showed that this effect was evident throughout the post-dose testing
period (30 min p = 0.03, 3 h p = 0.02, 5 h p = 0.009). There were also significant main effects in terms of
improved accuracy following mango leaf extract on the Accuracy of Attention factor (F (1, 315) = 16.697,
p < 0.001) and the Episodic Memory factor (F (1, 345) = 6.94, p = 0.009). With regard to the time
course of these effects, whilst the Bonferroni adjusted comparisons of Episodic Memory scores did not
reach significance during the individual assessments, Accuracy of Attention was improved at both the
3 h (p = 0.048) and 5 h (p = 0.01) post-dose assessments. Data (plus F score and p) for the cognitive
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outcomes derived from the COMPASS battery are presented in the online Supplementary Materials
(Table S1.).
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Figure 4. The effects of mango leaf extract on the global outcome measures and factor scores
derived from the Computerised Mental Performance Assessment System (COMPASS) cognitive tasks.
Left-hand panels show the main effect of treatment averaged across assessments; middle panels show
the pre-dose baseline scores; right-hand panels show time course data from each post-dose assessment
for those measures that saw significant effects on the planned comparisons (Bonferroni). The global
Accuracy of Performance measure represents averaged data from the eleven tasks from the battery
that return % accuracy/maximum score data: Accuracy of Attention represents averaged % accuracy
data from the five attention tasks; and Episodic Memory represents averaged % accuracy/recall across
the four long-term memory tasks. *, p < 0.05; **, p < 0.01, ***, p < 0.001 versus placebo. Number of
participants contributing to the measure: Accuracy of Performance, n = 68, Episodic Memory, n = 70,
Accuracy of Attention, n = 64.

3.2. Cognitive Demand Battery (CDB)

In keeping with the improved accuracy seen across the COMPASS task factors, performance
in all three CDB tasks was improved across the testing day following mango leaf extract. See Figure 5.
The Rapid Visual Information Processing task (RVIP) was improved across assessments in terms of
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% of targets accurately detected (F (1, 1071) = 23.186, p < 0.001) with planned comparisons showing
that these effects were apparent at the 30 min (p = 0.047) and 5 h (p = 0.001) assessments, with a trend
towards the same effect at 3 h post-dose (p = 0.059). Performance was also improved on both the Serial
3s task (F (1, 1156) = 10.9, p < 0.001) and Serial 7s task (F (1, 1156) = 9.642, p = 0.002) in terms of number
of correct subtractions across the testing day. Comparisons at each assessment showed that while the
differences between groups did not reach significance during any individual assessment for the Serial
7s task, Serial 3s performance was enhanced at the 3 h assessment (p = 0.014), with a trend towards
the same at 30 min post-dose (p = 0.088). There was no effect on ratings of mental fatigue during
completion of the battery. Data (plus F score and p) for the CDB outcomes are presented in the online
Supplementary Materials (Table S2.).
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Figure 5. The effects of mango leaf extract on the Cognitive Demand Battery outcomes. Each task was
repeated three times per assessment (total Cognitive Demand Battery (CDB) completion time, 30 min per
assessment). Left-hand panels show the main effect of treatment averaged across assessments/repetitions;
middle panels show the pre-dose baseline scores averaged across the three repetitions; right-hand
panels show time course data from each post-dose assessment (averaged across the three repetitions
per assessment) for those measures that saw significant effects on the planned comparisons (Bonferroni)
of mango leaf extract versus placebo. t, p < 0.1; *, p < 0.05; ***; p < 0.001 in comparison to placebo.
Number of participants contributing to the measure: RVIP, n = 64, Serial 3s/7s, n = 69.

3.3. Mood and Psychological State

There were no effects of treatment on any mood parameter (VAMS, S-VAS, POMS), with the
exception of reduced calm/relaxed ratings on the S-VAS following mango leaf extract across testing
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assessments (F (1, 345) = 5.44, p = 0.02). See Figure 6. There were no significant differences on the
comparisons made at each assessment for this outcome. Data from the POMS, VAMS and S-VAS data
are presented in the online Supplementary Materials (Table S3.).

Figure 6. The effects of mango leaf extract on the calm/relaxed stress visual analogue scales (S-VAS)
measure. There were no significant differences on the planned comparisons of data from each
assessment. *, p < 0.05 in comparison to placebo.

4. Discussion

In the current study a single dose of mango leaf extract (Zynamite®) lead to significant, broad
improvements in performance across a battery of cognitive tasks throughout the 6 h following
consumption. There were no interpretable benefits found for any measure of mood/psychological state.

Cognitive improvements were seen on the global Accuracy of Performance measure, which
comprised averaged % accuracy or % maximum score data from 11 computerised tasks. It was also
seen more specifically in the cognitive sub-factors ‘Accuracy of Attention’, representing the overall
% accuracy whilst performing the five attention tasks (excludes simple reaction time) within the
battery and ‘Episodic Memory’, which represents the % recall or accuracy of the four long-term
memory tasks. Performance benefits were also seen across all three of the tasks that make up the
30-min Cognitive Demand Battery, with improved RVIP accuracy and increased numbers of correct
subtractions generated by participants on both the Serial 3s and Serial 7s tasks. These cognitive effects,
taken as a whole, were evident as main effects across the post-dose testing day, which comprised
60 min assessments starting at 30 min, 3 h and 5 h post-dose, without any clear pattern of augmentation
or attenuation over time. There were no benefits seen in terms of increased speed of task performance
on the timed tasks, or indeed on the mood and psychological state measures.

Clearly, one question raised by these results is whether the effects seen here represent a truly global
improvement in accuracy across cognitive domains, or whether they simply reflect the consequences
of improved attention. Certainly, attention and episodic memory are inter-related, with enhanced
attention leading to improved encoding and retrieval of information. It has been suggested that
episodic memory processes are themselves, to an extent, ‘acts of attention’ [49]. As the attention and
episodic memory tasks comprised the majority of the tasks that contributed to the global accuracy
measure, it is possible that the improvements to the latter are simply a reflection of broad improvements
to attention. However, the improvements in Serial 3s and Serial 7s subtraction task performance would
be more difficult to accommodate solely within an attention framework. Whilst both subtraction
tasks have attentional components, they draw more heavily on both working memory and executive
function, particularly the more difficult Serial 7s, which requires greater executive resources in order
to carry out the more complex manipulation of numbers [24]. Enhanced performance on these tasks,
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alongside improved accuracy across the tasks, therefore, seems to confirm that the benefits of mango
leaf extract were seen broadly across cognitive domains.

The results also suggest that the modulation of cerebro-electrical activity (measured using EEG)
seen in healthy adults following a single dose of Zynamite mango leaf extract [39] is most likely
indicative of a benefit to brain function. The cognitive benefits seen here are broadly in line with
previous demonstrations of improved cognitive function following both acute [24–26] and chronic
administration [27,28] of polyphenol rich extracts. Several polyphenol studies also employed the
Cognitive Demand Battery used here (but at a single post-dose time point), with demonstrations
of improved performance across all three tasks following cocoa-flavanols [24], improved Serial 3s
performance following fruit flavanols [50], but no benefits following resveratrol [51]. Of note, the global
performance measures derived from the cognitive tasks utilised here have proved sensitive to the
acute and chronic administration of a Nepalese pepper extract [42] and acute administration of a green
oat extract to middle-aged adults [41]. However, both of these interventions contain other potentially
bioactive phytochemicals alongside polyphenols, and in both cases global speed of performance was
enhanced, rather than the improved global accuracy seen in the current study.

Previous research has demonstrated similarities in EEG cerebro-electrical response following
both mango leaf extract and caffeine in rodents [38], but somewhat different responses to these two
individual treatments in humans [39]. The cognitive effects of caffeine comprise modest but consistent
improvements that are restricted to the performance of tasks measuring attention, with no reliable effect
on other cognitive domains including long-term (episodic) memory [52–55]. Similarly, the duration
of the effects seen following mango leaf extract do not follow the time course of caffeine’s effects,
which would become apparent by 30 min post-dose and would be expected to attenuate by 6 h
post-dose. It is therefore notable that the pattern of cognitive benefits seen in the present study
following the mango leaf extract are broader and longer lasting than those that would be expected
after caffeine.

In terms of mechanism of action, a recent study investigating receptor binding and brain relevant
enzyme inhibition found that mangiferin only significantly inhibited catechol-O-methyl transferase
(COMT), the enzyme responsible for the degradation of catecholamine neurotransmitters [39].
Several other polyphenols that also feature a catechol moiety, including flavanols and oleacein,
have also been shown to inhibit COMT [56,57]. COMT’s catabolic pathway is most prevalent
in brain tissue with low concentrations of catecholamine reuptake transporters, and therefore COMT
inhibition predominantly affects dopaminergic function in the prefrontal cortex and hippocampus [58],
potentially leading to improved working memory, selective attention, and executive function [59].
Clearly, the benefits seen in the current study correspond with these cognitive domains. However,
whilst there is some evidence that COMT inhibitors may modulate these aspects of cognitive
function, the overall pattern is for their effects to be bidirectionally moderated by COMT genotype
(val158met polymorphism) [59–61]. COMT inhibition per se is therefore unlikely to be the primary
mechanism underpinning the straightforward cognitive benefits seen here across a sample of mixed
COMT genotypes.

Other potential ‘direct’ brain-relevant mechanisms of action previously established for mangiferin
include acetylcholinesterase (AChE) inhibition [30,62] or other potential cholinergic mechanisms of
action [63]. Increased acetylcholine activity would be expected to have a beneficial, inter-related effect
on both focussed attention and memory consolidation/retrieval [64] and, therefore, could encompass
many of the effects seen in the current study. However, it is equally likely that the effects seen here
may be related to ‘indirect’ interactions within mammalian cellular signal transduction pathways,
a property that mangiferin shares with other polyphenols [8,11–14]. These interactions potentially
drive downstream modulation of neuroinflammation, neurotransmission, neurotrophin receptor and
signalling pathway interactions, and increased synthesis of neurotrophins and vasodilatory molecules,
leading to increased angiogenesis/neurogenesis and local cerebral blood flow [15–19]. These indirect
cellular interactions may underlie the consistent demonstrations in humans of increased cerebral
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blood-flow [51,65–69] and peripherally measured brain-derived neurotrophic factor [26] seen following
diverse polyphenols. Again, potentially diffuse beneficial effects within the brain could be conceived
as potentially leading to broad benefits to cognitive function across domains, as seen here.

Clearly, a strength of the current study is that it represents the first concerted investigation of the
effects of mangiferin, or indeed any xanthone glycoside, on human cognitive function. Conversely, this
was, by its nature, an exploratory study, and the absence of pre-defined primary outcomes, due to
a lack of previous data to guide their formulation, could be considered a limitation. Certainly the
absence of primary endpoints allows a greater freedom for the interpretation of the results than will be
enjoyed in future research, and it is hoped that the results of the current study will be useful in terms
of directing the research questions and outcomes addressed by more studies involving this compound.

It should also be acknowledged that the results herein relate to a molecule, or group of molecules
(xanthones) that are unlikely to be encountered in meaningful quantities in the typical diet, and therefore
the results can only realistically be extrapolated to supplementation with mangiferin-rich extracts.
Whilst the results tell us little about the benefits of polyphenols consumed as part of the everyday diet
it might be noteworthy that the dose of 300 mg employed here contained an amount of polyphenols
that is achievable through the consumption of polyphenol rich foods.

In conclusion, a single dose of mango leaf extract (Zynamite®) with high levels of the polyphenol
mangiferin, lead to broad improvements in cognitive function that were seen across assessments
spanning from 30 min to 6 h post-dose. These benefits were seen most strikingly in terms of participants’
improved attention and long-term memory task performance and in their extended performance of
cognitively demanding tasks, including those requiring executive function resources.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/8/2194/s1.
Section I: Individual COMPASS and CDB cognitive task descriptions. Section II: Derivation of the global outcome
measures and cognitive domain factors, including notes on lost data. Section III: Table S1. (data from global
measures and cognitive factors), Table S2. (data from Cognitive Demand Battery), Table S3. (data from the
mood measures).
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Abstract: Current evidence on the relationship of phytoestrogens with sleep is limited and
contradictory. In particular, studies on individual phytoestrogens and sleep have not been reported.
Thus, this study aimed to appraise the associations of individual phytoestrogens with sleep disorders
and sleep duration. This cross-sectional study comprising 4830 adults utilized data from the National
Health and Nutrition Examination Survey 2005–2010. Phytoestrogens were tested in urine specimens.
Sleep disorders and sleep duration were based on a self-reported doctor’s diagnosis and usual sleep
duration. The main analyses utilized logistic and multinomial logistic regression models and a
restricted cubic spline. In the fully adjusted model, compared with tertile 1 (lowest), the odds ratios
(95% confidence intervals (CIs)) of sleep disorders for the highest tertile of urinary concentrations
of enterolactone, enterodiol, and O-desmethylangolensin were 0.64 (0.41–1.00), 1.54 (1.07–2.21),
and 1.89 (1.26–2.85), respectively. Linear inverse, approximatively linear positive, and inverted
L-shaped concentration–response relationships were found between enterolactone, enterodiol, and
O-desmethylangolensin and sleep disorders, respectively. Compared with normal sleep (7–8 h/night),
the relative risk ratio (RRR) (95% CI) of very short sleep for enterolactone was 0.56 (0.36–0.86), and the
RRR (95% CI) of long sleep risk for genistein was 0.62 (0.39–0.99). Furthermore, negative associations
of genistein with sleep disorders and enterolactone with long sleep risk, as well as positive associations
of enterodiol with both long and very short sleep, were observed in the stratified analysis by age
or gender. Finally, a notable finding was that urinary O-desmethylangolensin concentration was
positively related to sleep disorders in both females aged 40–59 years and non-Hispanic Whites but
inversely associated with sleep disorders in both females aged 60 years or over and other Hispanics.
Our findings suggested that enterolactone and genistein might be beneficial for preventing sleep
disorders or non-normal sleep duration among adults, and enterodiol might be adverse toward this
goal. However, the association of O-desmethylangolensin with sleep disorders might be discrepant
in different races and females of different ages.

Keywords: sleep disorders; sleep duration; urinary phytoestrogens; concentration–response;
NHANES

1. Introduction

Sleep disorders, classified into insomnia, central disorders of hypersomnolence, sleep-related
breathing disorders, parasomnias, sleep-related movement disorders, circadian rhythm sleep–wake
disorders, and other sleep disorders [1], are common conditions and can seriously harm human health

Nutrients 2020, 12, 2103; doi:10.3390/nu12072103 www.mdpi.com/journal/nutrients55



Nutrients 2020, 12, 2103

and quality of life [2]. Studies have found that poor sleep (short or long sleep duration, or other
sleep problems) was associated with obesity, cardiovascular disease, diabetes, hypertension, cancer,
and higher mortality [3–8]. Exploration of modifiable factors for reducing the risk of sleep disorders is
urgently required. Estrogen has been a focus of attention due to its influences on the central nervous
system that is involved in regulating sleep [9]. Randomized trials have revealed that estrogen therapy
could reduce sleep disturbances and improve sleep quality [10–12]. Despite the significant beneficial
effect on sleep, the use of estrogen therapy is still very cautious in virtue of its potentially serious health
risks [13–17]. Therefore, as the naturally occurring mimetic agents of estrogen, phytoestrogens have
aroused great interest in their possibility of being estrogen substitutes.

Phytoestrogens are a group of plant-derived bioactive compounds that have estrogenic and
anti-estrogenic effects due to their structures resembling estradiol [18,19] and they are also considered
to be endocrine disruptors [20]. The two principal groups of phytoestrogens comprise lignans
and isoflavones. Lignans mainly originate from oilseeds, dried seaweeds, and whole-grain cereals,
and are metabolized into enterolactone and enterodiol by bacteria in the colon [21,22]. Isoflavones,
which are primarily derived from soya beans, soy products, and legumes, consist of genistin and
daidzin, which can be hydrolyzed into genistein and daidzein, respectively, where daidzein is
further metabolized into O-desmethylangolensin (O-DMA) or equol by gut microbiota [22]. Different
individuals have different capabilities to produce phytoestrogens via microbial synthesis due to the
complex interaction of the colonic environment with internal and external factors [23,24]; for example,
only approximately 30–50% of individuals can produce equol via gut bacterial metabolism [25].
Additionally, these metabolites can also be directly obtained from some animal products, such as
dairy [26,27].

Thus far, several trial studies have explored the relationship between total isoflavone
supplementation and sleep in climacteric women or androgen-deprived prostate cancer patients, with
mixed findings, including improvement of sleep problems [28–31], no significant association [32–34],
and even insomnia aggravation [35]. Only two observational studies have evaluated the association
of total isoflavone consumption with sleep status among general adults and results showed that
total isoflavone consumption was positively related to sleep quality and optimal sleep duration in
Japanese adults and inversely associated with long sleep duration in Chinese adults [36,37]. However,
no epidemiological study to date has appraised the relationship between lignans and sleep. Only several
animal experiments have found the sedative and hypnotic effects of the lignan component [38,39].
Moreover, individual phytoestrogens have unequal biological activities and estrogen receptor (ER)
affinities [40,41]. Studies have reported divergent associations between individual phytoestrogens
and disease [42–46]. Thus, individual phytoestrogens may also have diverse impacts on sleep,
and investigating the relationships with sleep among individual phytoestrogens may be more
meaningful. Meanwhile, investigating phytoestrogens via dietary evaluation made it difficult to
include all food origins and did not take into account the metabolic transformation of intestinal
flora, causing inexact individual exposure; therefore, it is necessary to assess phytoestrogens based
on biomarkers to reflect the true exposure. Additionally, the concentration–response relationships
of phytoestrogens with sleep were also unknown. Therefore, the present study aimed to: first,
appraise the associations between the urinary concentrations of individual phytoestrogens and sleep
disorder risk among U.S. adults by utilizing data from the National Health and Nutrition Examination
Survey (NHANES) 2005–2010; second, to explore the concentration–response relationships of them;
third, to explore the gender, age, and race differences in the associations; and finally, to evaluate the
associations of individual phytoestrogens with sleep duration.
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2. Materials and Methods

2.1. Study Population

The NHANES is a cross-sectional, complex, multistage, and stratified probability sampling design
representing the non-institutionalized U.S. civilian population, which aims to investigate the health
status and nutrition condition of Americans [47,48]. The NHANES collects data via examinations
implemented in the mobile examination center (MEC) and via household interviews. All of the
participants provided informed consent and the protocol of investigation was authorized by the
Research Ethics Review Board of the National Center for Health Statistics.

This study chose three-cycle data (NHANES 2005–2006, 2007–2008, and 2009–2010) to create the
current sample because the data of sleep and urinary phytoestrogens were measured simultaneously
only in the three cycles. A total of 31,034 individuals were enrolled in the NHANES 2005–2010, where the
number of participants aged 18 years and over was 18,318. A subsample of approximately one-third of
all NHANES participants aged six years or over was chosen to measure urinary phytoestrogens, leaving
5496 participants. Among them, 666 individuals were further ruled out, including participants with
missing sleep data (n = 24), lactating or pregnant females (n = 199), females with both ovaries removed
(n = 269), and individuals using sedative-hypnotic drugs (n = 174). Ultimately, 4830 participants
(age ≥ 18 years) with phytoestrogen data were analyzed in the current study (Figure 1).

 
Figure 1. Flowchart of the screening process of eligible participants from the National Health and
Nutrition Examination Survey 2005–2010.

2.2. Urinary Phytoestrogens Measurement

Spot urine specimens were collected in the MEC and urinary concentrations of individual
phytoestrogens (enterolactone, enterodiol, daidzein, O-DMA, equol, and genistein) were tested in the
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one-third subsample of all NHANES participants aged six years or over by utilizing high-performance
liquid chromatography–atmospheric pressure photoionization–tandem mass spectrometry during the
NHANES 2005–2010. More details are available in the laboratory procedure manual [49]. Studies have
revealed that phytoestrogen concentrations in spot urine are reliable biomarkers for phytoestrogen
intake [23,50,51].

To correct for urine dilution, phytoestrogen concentrations were creatinine-standardized and
expressed as μg/g creatinine [52]. Urine creatinine was measured by utilizing the Beckman CX3 during
2005–2006 but the Roche ModP was used since 2007; therefore, we adjusted creatinine 2005–2006 for
the comparability of creatinine between 2005–2006 and 2007–2010 using the equations recommended
by the NHANES [53].

2.3. Sleep Disorders and Sleep Duration Assessments

The sleep disorder investigations were administered by utilizing a computer-assisted personal
interviewing system by trained interviewers in the home. Participants were classified into the sleep
disorder groups based on a self-reported doctor diagnosis, and this classification method was used
by prior published studies [54,55]. Sleep duration was categorized as 7–8 h/night (normal sleep),
<5 h/night (very short sleep), 5–6 h/night (short sleep), and ≥9 h/night (long sleep) based on the
self-reported usual sleep duration at night [54,56].

2.4. Covariates

The covariates gender, age, marital status, race, occupation, family income, educational level, body
mass index (BMI), smoking status, alcohol consumption, use of female hormones, physical activity,
caffeine intake, C-reactive protein, hypertension, depressive symptoms, and diabetes were chosen
based on previous literature to control for potential confounding effects [12,36,57]. The details of the
classification and criteria for covariates are displayed in Table S1.

2.5. Statistical Analysis

To explicate the complexity of the sampling design and create the estimated values of national
representativeness, a primary sampling unit, strata information, and specific sampling weights for the
one-third subsample were utilized in the present analyses. According to the analytical guideline [58],
the new six-year weights were generated by dividing the two-year environmental weights by three
and were applied in this study due to the combination of three two-year NHANES cycles.

The distribution types of continuous variables were identified using Kolmogorov–Smirnov
normality tests. Numbers (percentages) and medians (interquartile ranges) were used to describe the
qualitative data and non-normal quantitative data, respectively. Chi-square tests and Mann–Whitney
U tests were performed to compare percentages for qualitative data and averages for non-normal
quantitative data between the non-sleep disorders group and the sleep disorders group, respectively.
Urinary concentrations of individual phytoestrogens were segmented into tertiles based on their
distributions in the present population, with tertile 1 (lowest) being the referent. First, logistic
regression analyses were conducted to appraise the relationships between urinary phytoestrogens
and sleep disorders, along with calculating the odds ratios (ORs) and 95% confidence intervals
(CIs). Six phytoestrogens were entered into model 1 simultaneously for controlling for potentially
confounding effects. Model 2 additionally adjusted for gender and age, and model 3 was further
adjusted for marital status, race, occupation, family income, educational level, BMI, smoking status,
alcohol consumption, use of female hormones, physical activity, caffeine intake, C-reactive protein,
hypertension, depressive symptoms, and diabetes. The concentration–response relationships of urinary
phytoestrogens with sleep disorders were evaluated using restricted cubic spline functions of three
knots (the 25th, 50th, and 75th percentiles of the exposure distributions) in model 3. Second, multinomial
logistic regressions were utilized to evaluate the associations between urinary phytoestrogens and
sleep duration in model 3, with normal sleep (7–8 h/night) being the referent. Third, considering
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the significant differences in sleep between different age groups and genders [59,60], we conducted
stratified analyses by age (18–39, 40–59, and ≥60 years) and gender, as well as by age group separately
for females and males, respectively. Finally, given that the intestinal metabolism of phytoestrogens
may differ depending on the race [61], a stratified analysis by race (Mexican American, non-Hispanic
Whites, non-Hispanic Blacks, and other Hispanics) was also performed. Statistical analyses were
performed utilizing Stata 15.0 (Stata Corporation, College Station, TX, USA), and p < 0.05 (two-sided)
suggested statistical significance.

3. Results

The characteristics of the participants in this study across sleep disorders are displayed in Table 1.
In total, 4830 eligible individuals were analyzed, and the prevalence of sleep disorders was 6.25%.
Except for family income and alcohol consumption, other characteristics were significantly different
between the sleep disorders group and the non-sleep-disorders group. Individuals with the following
characteristics were more likely to experience sleep disorders: older, male, non-Hispanic White,
married or living with a partner, smoker, obese, hypertension, depressive symptoms, diabetes, higher
education level, less physical activity, higher C-reactive protein concentration, higher caffeine intake,
without work, and women using female hormones. Except for family income, alcohol consumption,
and smoking status, other characteristics were significantly different between the male sleep disorders
group and the male non-sleep-disorders group. However, there were significant differences between
the female sleep disorders group and the female non-sleep-disorders group only in terms of age, BMI,
use of female hormones, hypertension, depressive symptoms, and diabetes.

Table 2 presents the weighted ORs with 95% CIs for sleep disorders according to the tertiles of
urinary phytoestrogen concentrations. In model 1, the urinary concentrations of enterolactone and
genistein were inversely associated with sleep disorders, while the urinary O-DMA concentration
was positively related to sleep disorders. After an additional adjustment for gender and age in model
2, the results were concordant with model 1. In the fully adjusted model (model 3), the negative
association between the genistein concentration and sleep disorders was no longer significant, and
the enterolactone concentration was still inversely associated with sleep disorders, while the urinary
concentrations of enterodiol and O-DMA were positively related to sleep disorders. Compared with
tertile 1 (lowest), the fully adjusted ORs (95% CIs) for sleep disorders for the highest tertile of urinary
concentrations of enterolactone, enterodiol, and O-DMA were 0.64 (0.41–1.00), 1.54 (1.07–2.21), and
1.89 (1.26–2.85), respectively.

The concentration–response relationships of the urinary concentrations of enterolactone, enterodiol,
and O-DMA with sleep disorders are depicted in Figures 2–4, respectively. The urinary enterolactone
concentration was linearly negatively associated with sleep disorders (p-nonlinearity = 0.849). The
association began to show statistical significance when the enterolactone concentration reached around
904 μg/g creatinine (OR: 0.66, 95% CI: 0.43–0.99) (Figure 2). However, an approximately linear
positive relationship was observed between the urinary enterodiol concentration and sleep disorders
(p-nonlinearity = 0.274), and when the enterodiol concentration reached around 86 μg/g creatinine (OR:
1.68, 95% CI: 1.00–2.83), the relationship began to present statistical significance (Figure 3). There was a
nonlinear positive (inverted L-shaped) association between urinary O-DMA concentration and sleep
disorders (p-nonlinearity = 0.033). The OR of sleep disorders increased with increasing urinary O-DMA
concentrations, and it arrived at a plateau when the O-DMA concentration was above approximately
13 μg/g creatinine (OR: 1.90, 95% CI: 1.09–3.31) (Figure 4).
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Table 2. Weighted odds ratios (95% confidence intervals) for sleep disorders across tertiles of urinary
phytoestrogens concentrations (National Health and Nutrition Examination Survey 2005–2010).

Phytoestrogen
Concentrations (μg/g
Creatinine)

Cases/Participants Model 1 a Model 2 b Model 3 c

Enterolactone
Tertile 1 (<160.53) 107/1612 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 96/1609 0.83 (0.54–1.25) 0.78 (0.52–1.18) 0.99 (0.63–1.56)
Tertile 3 (≥621.68) 99/1609 0.64 (0.42–0.96) * 0.57 (0.38–0.85) ** 0.64 (0.41–1.00) *

Enterodiol
Tertile 1 (<21.52) 91/1611 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 103/1609 1.21 (0.88–1.65) 1.18 (0.86–1.62) 1.28 (0.86–1.91)
Tertile 3 (≥70.27) 108/1610 1.34 (0.88–2.05) 1.35 (0.89–2.07) 1.54 (1.07–2.21) *

Daidzein
Tertile 1 (<24.22) 83/1611 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 106/1609 1.46 (0.82–2.61) 1.48 (0.83–2.63) 1.18 (0.65–2.15)
Tertile 3 (≥108.62) 113/1610 1.30 (0.61–2.79) 1.32 (0.62–2.81) 1.12 (0.54–2.30)

O-Desmethylangolensin
Tertile 1 (<1.04) 84/1624 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 102/1613 1.33 (0.88–2.02) 1.32 (0.86–2.03) 1.38 (0.84–2.27)
Tertile 3 (≥9.06) 116/1593 1.65 (1.05–2.61) * 1.68 (1.06–2.65) * 1.89 (1.26–2.85) **

Equol
Tertile 1 (<3.75) 84/1613 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 119/1612 1.21 (0.83–1.74) 1.16 (0.79–1.71) 1.01 (0.66–1.56)
Tertile 3 (≥9.73) 99/1605 0.86 (0.57–1.30) 0.84 (0.55–1.28) 0.76 (0.52–1.12)

Genistein
Tertile 1 (<12.35) 104/1626 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 85/1601 0.60 (0.40–0.91) * 0.58 (0.38–0.88) * 0.68 (0.41–1.12)
Tertile 3 (≥50.00) 113/1603 0.80 (0.46–1.38) 0.74 (0.42–1.29) 0.78 (0.41–1.46)

a Six phytoestrogens (tertiles) were entered into model 1 simultaneously. b Model 2 additionally adjusted for age
and gender. c Model 3 further adjusted for race, education, marital status, occupation, family income, body mass
index, physical activity, alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female
hormones, C-reactive protein (mg/dL), and caffeine intake (mg/day). * p < 0.05, ** p < 0.01.

Figure 2. Concentration–response relationship of the urinary enterolactone concentration with sleep
disorders. The solid line represents the estimated odds ratios (ORs) and the dashed lines represent
their 95% confidence intervals. The relationship was adjusted for gender, age, marital status, race,
occupation, family income, educational level, body mass index, smoking status, alcohol consumption,
use of female hormones, physical activity, caffeine intake, C-reactive protein, hypertension, depressive
symptoms, diabetes, and the other five phytoestrogens (tertiles).
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Figure 3. Concentration–response relationship of the urinary enterodiol concentration with sleep
disorders. The solid line represents the estimated odds ratios (ORs) and the dashed lines represent
their 95% confidence intervals. The relationship was adjusted for gender, age, marital status, race,
occupation, family income, educational level, body mass index, smoking status, alcohol consumption,
use of female hormones, physical activity, caffeine intake, C-reactive protein, hypertension, depressive
symptoms, diabetes, and the other five phytoestrogens (tertiles).

Figure 4. Concentration–response relationship of the urinary O-desmethylangolensin concentration
with sleep disorders. The solid line represents the estimated odds ratios (ORs) and the dashed lines
represent their 95% confidence intervals. The relationship was adjusted for gender, age, marital
status, race, occupation, family income, educational level, body mass index, smoking status, alcohol
consumption, use of female hormones, physical activity, caffeine intake, C-reactive protein, hypertension,
depressive symptoms, diabetes, and the other five phytoestrogens (tertiles).

62



Nutrients 2020, 12, 2103

The associations of urinary phytoestrogen concentrations with sleep disorders stratified by age and
gender are shown in Tables 3 and 4, respectively. In the fully adjusted model, the urinary enterolactone
concentration was still inversely associated with sleep disorders in females (OR: 0.45, 95% CI: 0.21–0.94).
Meanwhile, the urinary enterodiol concentration was still positively related to sleep disorders among
middle-aged adults (40–59 years) (OR: 2.56, 95% CI: 1.12–5.84) and females (OR: 3.79, 95% CI: 1.83–7.87),
and the O-DMA concentration was still positively associated with sleep disorders in young adults
(18–39 years) (OR: 4.16, 95% CI: 1.58–10.97). Additionally, there was a negative association between the
genistein concentration and sleep disorders in middle-aged adults (40–59 years) (OR: 0.34, 95% CI:
0.13–0.88). There were no significant associations between the urinary phytoestrogen concentrations
and sleep disorders in males and older adults (≥60 years). To further describe the gender difference in
the associations of the urinary concentrations of enterolactone and enterodiol with sleep disorders,
the concentration–response relationships of them for males and females are presented in Figure 5a,b and
Figure 6a,b, respectively. The urinary enterolactone concentration was linearly negatively associated
with sleep disorders in females (p-nonlinearity = 0.283) (Figure 5a) and the enterodiol concentration
was positively related to sleep disorders for females in a nonlinear manner (p-nonlinearity < 0.001)
(Figure 6a), whereas the associations were not significant in males (Figures 5b and 6b).

Table 3. Weighted odds ratios (95% confidence intervals) for sleep disorders across tertiles of urinary
phytoestrogens concentrations stratified by age (National Health and Nutrition Examination Survey
2005–2010).

Phytoestrogens
Concentrations (μg/g
Creatinine)

Cases/Participants Model 1 a Model 2 b Model 3 c

Age (18–39 years)
Enterolactone

Tertile 1 (<160.53) 33/767 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 23/683 0.60 (0.26–1.38) 0.60 (0.26–1.38) 0.86 (0.36–2.02)
Tertile 3 (≥621.68) 15/467 0.40 (0.16–0.97) * 0.40 (0.16–1.01) 0.65 (0.27–1.56)

Enterodiol
Tertile 1 (<21.52) 28/732 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 24/620 1.55 (0.79–3.03) 1.57 (0.81–3.05) 1.62 (0.73–3.57)
Tertile 3 (≥70.27) 19/565 1.35 (0.63–2.92) 1.39 (0.64–3.00) 1.21 (0.46–3.15)

Daidzein
Tertile 1 (<24.22) 16/679 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 32/661 1.88 (0.77–4.57) 1.89 (0.78–4.58) 1.17 (0.58–2.36)
Tertile 3 (≥108.62) 23/577 0.86 (0.30–2.49) 0.87 (0.31–2.47) 0.88 (0.18–4.30)

O-Desmethylangolensin
Tertile 1 (<1.04) 19/707 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 21/621 1.23 (0.59–2.58) 1.24 (0.59–2.60) 1.34 (0.68–2.66)
Tertile 3 (≥9.06) 31/589 3.27 (1.39–7.70) ** 3.28 (1.40–7.68) ** 4.16 (1.58–10.97) **

Equol
Tertile 1 (<3.75) 27/694 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 22/631 0.89 (0.41–1.94) 0.89 (0.42–1.93) 0.78 (0.36–1.70)
Tertile 3 (≥9.73) 22/592 0.72 (0.32–1.64) 0.73 (0.32–1.65) 0.44 (0.16–1.15)

Genistein
Tertile 1 (<12.35) 19/701 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 30/650 1.08 (0.52–2.24) 1.08 (0.52–2.24) 1.18 (0.45–3.09)
Tertile 3 (≥50.00) 22/566 1.20 (0.49–2.93) 1.20 (0.49–2.94) 1.29 (0.31–5.39)

Age (40–59 years)
Enterolactone

Tertile 1 (<160.53) 39/533 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 37/468 0.89 (0.48–1.66) 0.89 (0.48–1.64) 1.00 (0.54–1.83)
Tertile 3 (≥ 621.68) 33/486 0.63 (0.31–1.29) 0.67 (0.33–1.38) 0.58 (0.28–1.22)
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Table 3. Cont.

Phytoestrogens
Concentrations (μg/g
Creatinine)

Cases/Participants Model 1 a Model 2 b Model 3 c

Enterodiol
Tertile 1 (<21.52) 30/470 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 37/515 0.97 (0.53–1.75) 1.00 (0.56–1.78) 1.33 (0.62–2.87)
Tertile 3 (≥70.27) 42/502 1.29 (0.69–2.40) 1.36 (0.73–2.53) 2.56 (1.12–5.84) *

Daidzein
Tertile 1 (<24.22) 36/521 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 30/469 1.20 (0.49–2.94) 1.14 (0.47–2.79) 1.37 (0.46–4.05)
Tertile 3 (≥108.62) 43/497 1.37 (0.43–4.34) 1.32 (0.42–4.19) 1.22 (0.31–4.74)

O-Desmethylangolensin
Tertile 1 (<1.04) 31/522 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 35/481 1.84 (0.89–3.80) 1.86 (0.90–3.83) 1.65 (0.64–4.27)
Tertile 3 (≥9.06) 43/484 1.90 (0.92–3.93) 2.00 (0.98–4.05) 1.92 (0.78–4.76)

Equol
Tertile 1 (<3.75) 32/534 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 40/487 1.17 (0.62–2.19) 1.20 (0.64–2.26) 1.07 (0.46–2.51)
Tertile 3 (≥9.73) 37/466 0.90 (0.48–1.70) 0.95 (0.50–1.80) 1.07 (0.51–2.24)

Genistein
Tertile 1 (<12.35) 47/526 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 19/474 0.35 (0.16–0.77) * 0.34 (0.15–0.78) * 0.34 (0.13–0.88) *
Tertile 3 (≥50.00) 43/487 0.65 (0.21–1.97) 0.65 (0.21–2.00) 0.50 (0.17–1.48)

Age (≥60 years)
Enterolactone

Tertile 1 (<160.53) 35/312 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 36/458 0.87 (0.46–1.63) 0.80 (0.42–1.53) 1.21 (0.53–2.77)
Tertile 3 (≥621.68) 51/656 0.60 (0.34–1.06) 0.58 (0.32–1.03) 0.84 (0.38–1.90)

Enterodiol
Tertile 1 (<21.52) 33/409 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 42/474 1.21 (0.67–2.16) 1.22 (0.68–2.20) 1.01 (0.52–1.96)
Tertile 3 (≥70.27) 47/543 1.26 (0.67–2.37) 1.34 (0.71–2.50) 0.88 (0.43–1.78)

Daidzein
Tertile 1 (<24.22) 31/411 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 44/479 1.93 (0.85–4.36) 1.88 (0.82–4.29) 1.27 (0.48–3.35)
Tertile 3 (≥108.62) 47/536 2.36 (0.65–8.53) 2.26 (0.63–8.16) 1.59 (0.43–5.93)

O-Desmethylangolensin
Tertile 1 (<1.04) 34/395 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 46/511 0.73 (0.38–1.38) 0.75 (0.39–1.44) 0.78 (0.33–1.80)
Tertile 3 (≥9.06) 42/520 0.66 (0.34–1.29) 0.70 (0.35–1.39) 0.87 (0.34–2.28)

Equol
Tertile 1 (<3.75) 25/385 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 57/494 1.41 (0.79–2.54) 1.41 (0.78–2.55) 1.01 (0.42–2.45)
Tertile 3 (≥9.73) 40/547 0.75 (0.36–1.56) 0.76 (0.37–1.59) 0.56 (0.25–1.24)

Genistein
Tertile 1 (<12.35) 38/399 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 36/477 0.60 (0.29–1.26) 0.60 (0.29–1.25) 0.77 (0.29–2.06)
Tertile 3 (≥50.00) 48/550 0.51 (0.16–1.61) 0.53 (0.17–1.64) 0.86 (0.19–3.85)

a Six phytoestrogens (tertiles) were entered into model 1 simultaneously. b Model 2 additionally adjusted for
gender. c Model 3 further adjusted for race, education, marital status, occupation, family income, body mass index,
physical activity, alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones,
C-reactive protein (mg/dL), and caffeine intake (mg/day). * p < 0.05, ** p < 0.01.
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Table 4. Weighted odds ratios (95% confidence intervals) for sleep disorders across tertiles of urinary
phytoestrogen concentrations stratified by gender (National Health and Nutrition Examination Survey
2005–2010).

Phytoestrogen
Concentrations
(μg/g Creatinine)

Cases/Participants Model 1 a Model 2 b Model 3 c

Females
Enterolactone

Tertile 1 (<160.53) 40/698 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 36/706 0.52 (0.24–1.14) 0.53 (0.24–1.16) 0.56 (0.25–1.26)
Tertile 3 (≥621.68) 40/844 0.36 (0.19–0.68) ** 0.32 (0.17–0.61) ** 0.45 (0.21–0.94) *

Enterodiol
Tertile 1 (<21.52) 28/649 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 33/728 1.90 (1.04–3.48) * 1.81 (0.98–3.32) 2.70 (1.60–4.55) ***
Tertile 3 (≥70.27) 55/871 2.89 (1.54–5.42) ** 2.79 (1.46–5.31) ** 3.79 (1.83–7.87) **

Daidzein
Tertile 1 (<24.22) 21/708 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 51/745 2.16 (0.93–5.00) 2.33 (1.01–5.39) * 1.82 (0.77–4.30)
Tertile 3 (≥108.62) 44/795 1.71 (0.56–5.20) 1.82 (0.59–5.55) 1.44 (0.48–4.28)

O-Desmethylangolensin
Tertile 1 (<1.04) 27/697 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 41/753 1.70 (0.82–3.52) 1.68 (0.79–3.57) 2.04 (0.95–4.37)
Tertile 3 (≥9.06) 48/798 2.00 (1.00–3.99) 1.94 (1.00–3.76) 2.09 (0.96–4.56)

Equol
Tertile 1 (<3.75) 31/669 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 47/752 1.36 (0.74–2.48) 1.30 (0.71–2.37) 1.25 (0.57–2.73)
Tertile 3 (≥9.73) 38/827 0.85 (0.41–1.78) 0.80 (0.38–1.68) 0.62 (0.28–1.35)

Genistein
Tertile 1 (<12.35) 33/720 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 39/723 0.60 (0.31–1.17) 0.57 (0.29–1.12) 0.59 (0.25–1.38)
Tertile 3 (≥50.00) 44/805 0.62 (0.27–1.42) 0.57 (0.25–1.30) 0.61 (0.23–1.57)

Males
Enterolactone

Tertile 1 (<160.53) 67/914 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 60/903 1.16 (0.67–1.99) 1.08 (0.63–1.85) 1.58 (0.86–2.91)
Tertile 3 (≥621.68) 59/765 1.11 (0.65–1.88) 0.93 (0.54–1.61) 0.92 (0.46–1.83)

Enterodiol
Tertile 1 (<21.52) 63/962 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 70/881 0.99 (0.64–1.52) 0.94 (0.61–1.46) 0.92 (0.51–1.65)
Tertile 3 (≥70.27) 53/739 0.88 (0.52–1.50) 0.85 (0.51–1.42) 0.92 (0.56–1.53)

Daidzein
Tertile 1 (<24.22) 62/903 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 55/864 1.10 (0.58–2.06) 1.07 (0.58–1.98) 0.88 (0.48–1.64)
Tertile 3 (≥108.62) 69/815 1.02 (0.41–2.52) 1.01 (0.42–2.45) 1.05 (0.44–2.50)

O-Desmethylangolensin
Tertile 1 (<1.04) 57/927 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 61/860 1.17 (0.65–2.11) 1.15 (0.65–2.04) 1.05 (0.53–2.05)
Tertile 3 (≥9.06) 68/795 1.57 (0.88–2.80) 1.58 (0.89–2.80) 1.58 (0.89–2.79)

Equol
Tertile 1 (<3.75) 53/944 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 72/860 1.12 (0.70–1.81) 1.06 (0.65–1.73) 0.79 (0.47–1.35)
Tertile 3 (≥9.73) 61/778 0.91 (0.54–1.54) 0.88 (0.52–1.48) 0.86 (0.47–1.58)

Genistein
Tertile 1 (<12.35) 71/906 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 46/878 0.59 (0.36–0.97) * 0.57 (0.35–0.93) * 0.74 (0.41–1.33)
Tertile 3 (≥50.00) 69/798 1.04 (0.52–2.10) 0.96 (0.48–1.91) 0.96 (0.42–2.20)
a Six phytoestrogens (tertiles) were entered into model 1 simultaneously. b Model 2 additionally adjusted for age.
c Model 3 further adjusted for race, education, marital status, occupation, family income, body mass index, physical
activity, alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones (only in
females), C-reactive protein (mg/dL), and caffeine intake (mg/day). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. Concentration–response relationship of the urinary enterolactone concentration with sleep
disorders for females (a) and males (b). The solid line represents the estimated odds ratios (ORs) and
the dashed lines represent their 95% confidence intervals. The relationship adjusted for age, marital
status, race, occupation, family income, educational level, body mass index, smoking status, alcohol
consumption, use of female hormones (only in females), physical activity, caffeine intake, C-reactive
protein, hypertension, depressive symptoms, diabetes, and the other five phytoestrogens (tertiles).

Figure 6. Concentration–response relationship of the urinary enterodiol concentration with sleep
disorders for females (a) and males (b). The solid line represents the estimated odds ratios (ORs) and
the dashed lines represent their 95% confidence intervals. The relationship adjusted for age, marital
status, race, occupation, family income, educational level, body mass index, smoking status, alcohol
consumption, use of female hormones (only in females), physical activity, caffeine intake, C-reactive
protein, hypertension, depressive symptoms, diabetes, and the other five phytoestrogens (tertiles).

Furthermore, the associations between the urinary phytoestrogen concentrations and sleep
disorders stratified by age group separately for males and females are shown in Table 5. The urinary
O-DMA concentration was positively associated with sleep disorders in males aged 18–39 years (OR:
6.57, 95% CI: 2.06–20.99) and females aged 40–59 years (OR: 15.14, 95% CI: 2.99–76.65), whereas the
O-DMA concentration was inversely related to sleep disorders in females aged 60 years or over (OR:
0.25, 95% CI: 0.10–0.58). The urinary enterodiol concentration was positively related to sleep disorders
in females aged 18–39 (OR: 6.52, 95% CI: 1.69–25.23) and 40–59 years (OR: 13.66, 95% CI: 2.06–90.70).
Furthermore, the urinary equol concentration was inversely associated with sleep disorders in females
aged 18–39 years (OR: 0.08, 95% CI: 0.01–0.84), and daidzein concentration was positively related to
sleep disorders in females aged 60 years or over (OR: 10.67, 95% CI: 1.88–60.44).
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Table 5. Weighted odds ratios (95% confidence intervals) for sleep disorders across tertiles of urinary
phytoestrogen concentrations stratified by age for males and females (National Health and Nutrition
Examination Survey 2005–2010).

Phytoestrogen Concentrations
(μg/g Creatinine)

Males Females

Cases/Participants Model 3 a Cases/Participants Model 3 a

Age (18–39 years)
Enterolactone

Tertile 1 (<160.53) 18/444 1.00 (reference) 15/323 1.00 (reference)
Tertile 2 (160.53 to <621.68) 13/353 1.65 (0.53–5.08) 10/330 0.54 (0.14–2.14)
Tertile 3 (≥621.68) 9/200 1.12 (0.27–4.69) 6/267 0.46 (0.10–2.14)

Enterodiol
Tertile 1 (<21.52) 19/434 1.00 (reference) 9/298 1.00 (reference)
Tertile 2 (21.52 to <70.27) 12/328 0.90 (0.28–2.89) 12/292 6.52 (1.69–25.23) **
Tertile 3 (≥70.27) 9/235 1.28 (0.36–4.59) 10/330 1.84 (0.50–6.80)

Daidzein
Tertile 1 (<24.22) 12/381 1.00 (reference) 4/298 1.00 (reference)
Tertile 2 (24.22 to <108.62) 16/327 0.86 (0.38–1.93) 16/334 2.35 (0.60–9.22)
Tertile 3 (≥108.62) 12/289 0.45 (0.09–2.25) 11/288 5.07 (0.52–49.84)

O-Desmethylangolensin
Tertile 1 (<1.04) 10/395 1.00 (reference) 9/312 1.00 (reference)
Tertile 2 (1.04 to <9.06) 12/311 1.28 (0.39–4.18) 9/310 1.18 (0.37–3.72)
Tertile 3 (≥9.06) 18/291 6.57 (2.06–20.99) ** 13/298 0.74 (0.12–4.45)

Equol
Tertile 1 (<3.75) 15/396 1.00 (reference) 12/298 1.00 (reference)
Tertile 2 (3.75 to <9.73) 9/318 0.44 (0.15–1.33) 13/313 1.37 (0.38–4.88)
Tertile 3 (≥9.73) 16/283 0.74 (0.29–1.86) 6/309 0.08 (0.01–0.84) *

Genistein
Tertile 1 (<12.35) 13/386 1.00 (reference) 6/315 1.00 (reference)
Tertile 2 (12.35 to <50.00) 15/337 1.60 (0.54–4.73) 15/313 1.10 (0.29–4.10)
Tertile 3 (≥50.00) 12/274 1.70 (0.37–7.85) 10/292 0.59 (0.12–2.81)

Age (40–59 years)
Enterolactone

Tertile 1 (<160.53) 25/304 1.00 (reference) 14/229 1.00 (reference)
Tertile 2 (160.53 to <621.68) 24/260 1.90 (0.74–4.88) 13/208 0.50 (0.16–1.53)
Tertile 3 (≥621.68) 17/209 1.15 (0.36–3.61) 16/277 0.32 (0.10–1.03)

Enterodiol
Tertile 1 (<21.52) 23/272 1.00 (reference) 7/198 1.00 (reference)
Tertile 2 (21.52 to <70.27) 24/272 1.04 (0.32–3.42) 13/243 3.02 (1.10–8.30) *
Tertile 3 (≥70.27) 19/229 1.47 (0.43–5.00) 23/273 13.66 (2.06–90.70) **

Daidzein
Tertile 1 (<24.22) 25/281 1.00 (reference) 11/240 1.00 (reference)
Tertile 2 (24.22 to <108.62) 15/262 2.04 (0.45–9.16) 15/207 1.65 (0.41–6.72)
Tertile 3 (≥108.62) 26/230 2.94 (0.38–22.73) 17/267 0.85 (0.13–5.75)

O-Desmethylangolensin
Tertile 1 (<1.04) 25/297 1.00 (reference) 6/225 1.00 (reference)
Tertile 2 (1.04 to <9.06) 18/252 0.56 (0.18–1.79) 17/229 11.50 (2.14–61.72) **
Tertile 3 (≥9.06) 23/224 0.68 (0.21–2.20) 20/260 15.14 (2.99–76.65) **

Equol
Tertile 1 (<3.75) 21/316 1.00 (reference) 11/218 1.00 (reference)
Tertile 2 (3.75 to <9.73) 27/251 0.88 (0.27–2.86) 13/236 0.95 (0.29–3.12)
Tertile 3 (≥9.73) 18/206 1.28 (0.43–3.80) 19/260 0.77 (0.26–2.31)

Genistein
Tertile 1 (<12.35) 30/285 1.00 (reference) 17/241 1.00 (reference)
Tertile 2 (12.35 to <50.00) 10/256 0.29 (0.05–1.61) 9/218 0.20 (0.04–1.00)
Tertile 3 (≥50.00) 26/232 0.43 (0.06–3.03) 17/255 0.38 (0.07–2.05)

Age (≥60 years)
Enterolactone

Tertile 1 (<160.53) 24/166 1.00 (reference) 11/146 1.00 (reference)
Tertile 2 (160.53 to <621.68) 23/290 1.59 (0.63–4.04) 13/168 1.37 (0.43–4.40)
Tertile 3 (≥621.68) 33/356 0.77 (0.34–1.75) 18/300 1.47 (0.29–7.40)
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Table 5. Cont.

Phytoestrogen Concentrations
(μg/g Creatinine)

Males Females

Cases/Participants Model 3 a Cases/Participants Model 3 a

Enterodiol
Tertile 1 (<21.52) 21/256 1.00 (reference) 12/153 1.00 (reference)
Tertile 2 (21.52 to <70.27) 34/281 0.98 (0.44–2.20) 8/193 1.18 (0.26–5.28)
Tertile 3 (≥70.27) 25/275 0.48 (0.20–1.16) 22/268 2.00 (0.71–5.57)

Daidzein
Tertile 1 (<24.22) 25/241 1.00 (reference) 6/170 1.00 (reference)
Tertile 2 (24.22 to <108.62) 24/275 0.47 (0.16–1.39) 20/204 13.45 (2.89–62.50) **
Tertile 3 (≥108.62) 31/296 0.80 (0.13–4.79) 16/240 10.67 (1.88–60.44) **

O-Desmethylangolensin
Tertile 1 (<1.04) 22/235 1.00 (reference) 12/160 1.00 (reference)
Tertile 2 (1.04 to <9.06) 31/297 1.16 (0.37–3.66) 15/214 0.27 (0.06–1.19)
Tertile 3 (≥9.06) 27/280 1.19 (0.33–4.37) 15/240 0.25 (0.10–0.58) **

Equol
Tertile 1 (<3.75) 17/232 1.00 (reference) 8/153 1.00 (reference)
Tertile 2 (3.75 to <9.73) 36/291 0.69 (0.23–2.08) 21/203 2.05 (0.63–6.68)
Tertile 3 (≥9.73) 27/289 0.72 (0.28–1.83) 13/258 0.49 (0.12–1.97)

Genistein
Tertile 1 (<12.35) 28/235 1.00 (reference) 10/164 1.00 (reference)
Tertile 2 (12.35 to <50.00) 21/285 0.75 (0.22–2.53) 15/192 0.71 (0.14–3.53)
Tertile 3 (≥50.00) 31/292 1.29 (0.16–10.26) 17/258 0.41 (0.06–2.82)

a Adjusted for education, marital status, occupation, family income, body mass index, physical activity, alcohol use,
smoking status, depressive symptoms, diabetes, hypertension, use of female hormones (only in females), C-reactive
protein (mg/dL), caffeine intake (mg/day), and the other five phytoestrogens (tertiles). * p < 0.05, ** p < 0.01.

The associations between the urinary phytoestrogen concentrations and sleep disorders stratified
by race are displayed in Table 6. An interesting finding was that the urinary O-DMA concentration
was positively related to sleep disorders in non-Hispanic Whites (OR: 2.16, 95% CI: 1.31–3.55) but
inversely associated with sleep disorders in other Hispanics (OR: 0.13, 95% CI: 0.02–0.86). Furthermore,
the urinary enterolactone concentration was negatively related to sleep disorders (OR: 0.56, 95% CI:
0.33–0.95), while the enterodiol concentration was positively associated with sleep disorders (OR: 1.89,
95% CI: 1.13–3.13) in non-Hispanic Whites and the equol concentration was positively related to sleep
disorders in other Hispanics (OR: 3.22, 95% CI: 1.11–9.30).

Table 6. Weighted odds ratios (95% confidence intervals) for sleep disorders across tertiles of urinary
phytoestrogen concentrations stratified by race (National Health and Nutrition Examination Survey
2005–2010).

Phytoestrogen Concentrations (μg/g Creatinine) Cases/Participants Model 3 a

Mexican American
Enterolactone

Tertile 1 (<160.53) 9/298 1.00 (reference)
Tertile 2 (160.53 to <621.68) 11/347 2.24 (0.28–17.56)
Tertile 3 (≥621.68) 19/308 2.47 (0.54–11.42)

Enterodiol
Tertile 1 (<21.52) 9/366 1.00 (reference)
Tertile 2 (21.52 to <70.27) 15/315 1.64 (0.85–3.17)
Tertile 3 (≥70.27) 15/272 1.91 (0.56–6.50)

Daidzein
Tertile 1 (<24.22) 10/359 1.00 (reference)
Tertile 2 (24.22 to <108.62) 12/292 0.72 (0.14–3.83)
Tertile 3 (≥108.62) 17/302 1.03 (0.11–9.46)

O-Desmethylangolensin
Tertile 1 (<1.04) 7/401 1.00 (reference)
Tertile 2 (1.04 to <9.06) 18/312 2.00 (0.53–7.61)
Tertile 3 (≥9.06) 14/240 2.16 (0.73–6.39)

68



Nutrients 2020, 12, 2103

Table 6. Cont.

Phytoestrogen Concentrations (μg/g Creatinine) Cases/Participants Model 3 a

Equol
Tertile 1 (<3.75) 13/421 1.00 (reference)
Tertile 2 (3.75 to <9.73) 17/331 0.64 (0.17–2.45)
Tertile 3 (≥9.73) 9/201 0.37 (0.09–1.48)

Genistein
Tertile 1 (<12.35) 10/341 1.00 (reference)
Tertile 2 (12.35 to <50.00) 13/314 2.26 (0.35–14.60)
Tertile 3 (≥50.00) 16/298 2.00 (0.14–28.91)

Non-Hispanic White
Enterolactone

Tertile 1 (<160.53) 57/673 1.00 (reference)
Tertile 2 (160.53 to <621.68) 59/681 1.00 (0.60–1.67)
Tertile 3 (≥621.68) 57/859 0.56 (0.33–0.95) *

Enterodiol
Tertile 1 (<21.52) 43/606 1.00 (reference)
Tertile 2 (21.52 to <70.27) 62/765 1.52 (0.88–2.63)
Tertile 3 (≥70.27) 68/842 1.89 (1.13–3.13) *

Daidzein
Tertile 1 (<24.22) 45/684 1.00 (reference)
Tertile 2 (24.22 to <108.62) 62/771 1.12 (0.55–2.29)
Tertile 3 (≥108.62) 66/758 0.95 (0.41–2.21)

O-Desmethylangolensin
Tertile 1 (<1.04) 44/638 1.00 (reference)
Tertile 2 (1.04 to <9.06) 60/798 1.48 (0.76–2.90)
Tertile 3 (≥9.06) 69/777 2.16 (1.31–3.55) **

Equol
Tertile 1 (<3.75) 39/493 1.00 (reference)
Tertile 2 (3.75 to <9.73) 67/729 0.97 (0.57–1.64)
Tertile 3 (≥9.73) 67/991 0.76 (0.47–1.22)

Genistein
Tertile 1 (<12.35) 60/696 1.00 (reference)
Tertile 2 (12.35 to <50.00) 48/766 0.63 (0.34–1.16)
Tertile 3 (≥50.00) 65/751 0.86 (0.42–1.76)

Non-Hispanic Black
Enterolactone

Tertile 1 (<160.53) 20/388 1.00 (reference)
Tertile 2 (160.53 to <621.68) 17/385 1.11 (0.48–2.55)
Tertile 3 (≥621.68) 17/256 0.86 (0.26–2.89)

Enterodiol
Tertile 1 (<21.52) 23/423 1.00 (reference)
Tertile 2 (21.52 to <70.27) 16/338 0.81 (0.29–2.25)
Tertile 3 (≥70.27) 15/268 0.79 (0.40–1.57)

Daidzein
Tertile 1 (<24.22) 16/371 1.00 (reference)
Tertile 2 (24.22 to <108.62) 24/331 2.05 (0.57–7.36)
Tertile 3 (≥108.62) 14/327 0.91 (0.16–5.32)

O-Desmethylangolensin
Tertile 1 (<1.04) 15/338 1.00 (reference)
Tertile 2 (1.04 to <9.06) 17/331 2.53 (0.86–7.50)
Tertile 3 (≥9.06) 22/360 2.23 (0.49–10.14)

Equol
Tertile 1 (<3.75) 20/486 1.00 (reference)
Tertile 2 (3.75 to <9.73) 23/327 0.99 (0.44–2.26)
Tertile 3 (≥9.73) 11/216 0.54 (0.17–1.75)

Genistein
Tertile 1 (<12.35) 24/411 1.00 (reference)
Tertile 2 (12.35 to <50.00) 16/313 0.51 (0.20–1.28)
Tertile 3 (≥50.00) 14/305 0.73 (0.18–3.02)
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Table 6. Cont.

Phytoestrogen Concentrations (μg/g Creatinine) Cases/Participants Model 3 a

Other Hispanic
Enterolactone

Tertile 1 (<160.53) 16/159 1.00 (reference)
Tertile 2 (160.53 to <621.68) 8/135 1.34 (0.38–4.75)
Tertile 3 (≥621.68) 4/119 0.45 (0.03–6.95)

Enterodiol
Tertile 1 (<21.52) 13/159 1.00 (reference)
Tertile 2 (21.52 to <70.27) 6/123 0.25 (0.05–1.31)
Tertile 3 (≥70.27) 9/131 2.76 (0.49–15.59)

Daidzein
Tertile 1 (<24.22) 9/147 1.00 (reference)
Tertile 2 (24.22 to <108.62) 7/141 1.43 (0.21–9.83)

Tertile 3 (≥108.62) 12/125 18.97
(0.50–719.28)

O-Desmethylangolensin
Tertile 1 (<1.04) 15/171 1.00 (reference)
Tertile 2 (1.04 to <9.06) 6/120 0.13 (0.02–0.86) *
Tertile 3 (≥9.06) 7/122 0.10 (0.01–1.32)

Equol
Tertile 1 (<3.75) 8/130 1.00 (reference)
Tertile 2 (3.75 to <9.73) 8/137 0.46 (0.13–1.70)
Tertile 3 (≥9.73) 12/146 3.22 (1.11–9.30) *

Genistein
Tertile 1 (<12.35) 7/132 1.00 (reference)
Tertile 2 (12.35 to <50.00) 6/144 0.58 (0.12–2.72)
Tertile 3 (≥50.00) 15/137 0.30 (0.03–2.91)

a Adjusted for age, gender, education, marital status, occupation, family income, body mass index, physical activity,
alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones, C-reactive
protein (mg/dL), caffeine intake (mg/day), and the other five phytoestrogens (tertiles). * p < 0.05, ** p < 0.01.

Table 7 presents the weighted relative risk ratios (RRRs) with 95% CIs of sleep duration according
to tertiles of the urinary phytoestrogen concentrations. In the fully adjusted model, compared with
normal sleep (7–8 h/night), the urinary enterolactone concentration was negatively associated with very
short sleep (<5 h/night) (RRR: 0.56, 95% CI: 0.36–0.86), and the genistein concentration was inversely
related to a long sleep risk (≥9 h/night) (RRR: 0.62, 95% CI: 0.39–0.99).

The associations of urinary phytoestrogen concentrations with sleep duration stratified by age
and gender are shown in Tables 8 and 9, respectively. In the fully adjusted model, compared with
normal sleep, the urinary enterolactone concentration was still negatively associated with very short
sleep among young adults (18–39 years) (RRR: 0.24, 95% CI: 0.09–0.61) and a long sleep risk among
older adults (≥60 years) (RRR: 0.49, 95% CI: 0.29–0.84). The urinary genistein concentration was
still inversely associated with a long sleep risk in middle-aged adults (40–59 years) (RRR: 0.10, 95%
CI: 0.02–0.56) and males (RRR: 0.51, 95% CI: 0.30–0.87). The urinary enterodiol concentration was
positively related to very short sleep among young adults (18–39 years) (RRR: 2.73, 95% CI: 1.20–6.21)
and a long sleep risk in females (RRR: 2.14, 95% CI: 1.11–4.13).
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Table 7. Weighted relative risk ratios (95% confidence intervals) for sleep duration (reference, 7–8
h/night) across tertiles of the urinary phytoestrogen concentrations (National Health and Nutrition
Examination Survey 2005–2010).

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

Enterolactone
Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 0.98 (0.64–1.50) 1.15 (0.86–1.54) 1.46 (0.93–2.28)
Tertile 3 (≥621.68) 0.56 (0.36–0.86) ** 0.94 (0.69–1.27) 0.78 (0.45–1.33)

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 1.35 (0.76–2.42) 1.09 (0.84–1.40) 1.04 (0.65–1.67)
Tertile 3 (≥70.27) 0.97 (0.54–1.76) 1.04 (0.77–1.39) 1.46 (0.88–2.40)

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 1.02 (0.49–2.13) 1.08 (0.85–1.37) 1.10 (0.63–1.93)
Tertile 3 (≥108.62) 1.49 (0.48–4.63) 1.29 (0.83–2.03) 1.15 (0.54–2.43)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.43 (0.83–2.47) 1.01 (0.82–1.26) 1.05 (0.67–1.64)
Tertile 3 (≥9.06) 0.82 (0.36–1.88) 0.86 (0.61–1.21) 1.44 (0.80–2.56)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 1.01 (0.71–1.44) 1.04 (0.81–1.33) 1.06 (0.69–1.62)
Tertile 3 (≥9.73) 0.89 (0.50–1.58) 1.05 (0.84–1.31) 0.92 (0.60–1.41)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 0.94 (0.47–1.89) 1.10 (0.85–1.43) 0.62 (0.39–0.99) *
Tertile 3 (≥50.00) 1.05 (0.44–2.53) 0.95 (0.65–1.40) 0.62 (0.33–1.15)
a Adjusted for age, gender, race, education, marital status, occupation, family income, body mass index, physical
activity, alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones,
C-reactive protein (mg/dL), caffeine intake (mg/day), and the other five phytoestrogens (tertiles). * p < 0.05,
** p < 0.01.

Table 8. Weighted relative risk ratios (95% confidence intervals) for sleep duration (reference, 7–8
h/night) across tertiles of the urinary phytoestrogen concentrations stratified by age (National Health
and Nutrition Examination Survey 2005–2010).

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

Age (18–39 years)
Enterolactone

Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 0.69 (0.30–1.59) 0.96 (0.62–1.48) 2.21 (0.99–4.90)
Tertile 3 (≥621.68) 0.24 (0.09–0.61) ** 0.78 (0.45–1.36) 1.33 (0.53–3.33)

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 2.73 (1.20–6.21) * 1.20 (0.72–2.01) 0.72 (0.33–1.58)
Tertile 3 (≥70.27) 0.81 (0.25–2.63) 1.00 (0.59–1.69) 1.63 (0.71–3.77)

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 1.24 (0.28–5.41) 1.05 (0.72–1.52) 0.58 (0.19–1.73)
Tertile 3 (≥108.62) 1.94 (0.19–19.60) 1.34 (0.65–2.74) 1.09 (0.35–3.36)
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Table 8. Cont.

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.75 (0.54–5.73) 1.03 (0.69–1.53) 0.64 (0.27–1.52)
Tertile 3 (≥9.06) 1.21 (0.24–6.20) 0.84 (0.52–1.34) 1.28 (0.54–3.08)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 1.67 (0.70–4.00) 1.09 (0.71–1.67) 0.88 (0.44–1.76)
Tertile 3 (≥9.73) 0.69 (0.23–2.03) 1.03 (0.67–1.59) 0.68 (0.32–1.45)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 1.52 (0.46–5.00) 1.21 (0.79–1.83) 1.35 (0.59–3.08)
Tertile 3 (≥50.00) 1.61 (0.36–7.19) 0.91 (0.46–1.79) 0.92 (0.31–2.71)

Age (40-59 years)
Enterolactone

Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 1.32 (0.70–2.49) 1.44 (0.87–2.38) 1.98 (0.98–4.03)
Tertile 3 (≥621.68) 0.87 (0.37–2.05) 1.25 (0.80–1.94) 0.55 (0.19–1.58)

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 0.95 (0.40–2.29) 0.97 (0.65–1.44) 0.69 (0.24–1.94)
Tertile 3 (≥70.27) 0.59 (0.23–1.55) 0.93 (0.65–1.33) 1.45 (0.69–3.07)

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 0.77 (0.26–2.27) 1.12 (0.64–1.96) 2.42 (0.96–6.12)
Tertile 3 (≥108.62) 1.69 (0.39–7.36) 1.45 (0.62–3.42) 3.92 (0.55–27.81)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.37 (0.59–3.17) 0.87 (0.59–1.26) 1.54 (0.58–4.11)
Tertile 3 (≥9.06) 0.43 (0.12–1.60) 0.71 (0.35–1.44) 1.41 (0.56–3.58)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 0.41 (0.14–1.22) 0.98 (0.65–1.48) 1.42 (0.68–2.96)
Tertile 3 (≥9.73) 0.65 (0.25–1.73) 0.95 (0.67–1.36) 1.14 (0.37–3.55)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 0.73 (0.27–2.01) 1.09 (0.68–1.76) 0.14 (0.05–0.40) ***
Tertile 3 (≥50.00) 0.85 (0.23–3.17) 1.00 (0.53–1.86) 0.10 (0.02–0.56) *

Age (≥60 years)
Enterolactone

Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 1.75 (0.62–4.94) 1.07 (0.61–1.87) 0.61 (0.29–1.30)
Tertile 3 (≥621.68) 1.27 (0.52–3.10) 0.81 (0.52–1.27) 0.49 (0.29–0.84) *

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 0.45 (0.16–1.30) 1.09 (0.65–1.84) 1.56 (0.82–2.96)
Tertile 3 (≥70.27) 1.38 (0.63–3.02) 1.11 (0.66–1.88) 1.64 (0.92–2.93)

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 0.94 (0.11–7.95) 1.07 (0.61–1.88) 1.35 (0.68–2.68)
Tertile 3 (≥108.62) 0.62 (0.04–10.32) 1.08 (0.46–2.55) 0.62 (0.26–1.48)
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Table 8. Cont.

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.21 (0.47–3.14) 1.53 (0.92–2.53) 1.33 (0.72–2.45)
Tertile 3 (≥9.06) 0.75 (0.17–3.22) 1.21 (0.64–2.27) 1.38 (0.66–2.89)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 1.26 (0.52–3.06) 0.95 (0.54–1.67) 1.07 (0.48–2.40)
Tertile 3 (≥9.73) 1.93 (0.81–4.62) 1.10 (0.66–1.86) 1.16 (0.59–2.26)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 0.89 (0.14–5.68) 0.84 (0.47–1.51) 0.50 (0.23–1.09)
Tertile 3 (≥50.00) 1.77 (0.15–21.09) 0.73 (0.37–1.42) 1.32 (0.59–2.94)
a Adjusted for gender, race, education, marital status, occupation, family income, body mass index, physical activity,
alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones, C-reactive
protein (mg/dL), caffeine intake (mg/day), and the other five phytoestrogens (tertiles). * p < 0.05, ** p < 0.01,
*** p < 0.001.

Table 9. Weighted relative risk ratios (95% confidence intervals) for sleep duration (reference, 7–8 h/night)
across tertiles of the urinary phytoestrogen concentrations stratified by gender (National Health and
Nutrition Examination Survey 2005–2010).

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

Females
Enterolactone

Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 0.69 (0.38–1.27) 0.99 (0.63–1.55) 1.55 (0.83–2.87)
Tertile 3 (≥621.68) 0.61 (0.31–1.20) 0.91 (0.62–1.35) 0.74 (0.35–1.54)

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 1.39 (0.70–2.77) 0.77 (0.53–1.13) 1.03 (0.56–1.90)
Tertile 3 (≥70.27) 0.91 (0.42–1.99) 0.99 (0.61–1.59) 2.14 (1.11–4.13) *

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 1.50 (0.58–3.89) 0.85 (0.57–1.28) 0.79 (0.34–1.86)
Tertile 3 (≥108.62) 1.69 (0.35–8.12) 0.72 (0.41–1.28) 0.75 (0.27–2.10)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.33 (0.63–2.80) 1.25 (0.83–1.87) 1.19 (0.64–2.20)
Tertile 3 (≥9.06) 0.87 (0.32–2.39) 1.23 (0.77–1.97) 2.23 (0.95–5.26)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 0.90 (0.44–1.85) 0.95 (0.71–1.27) 1.12 (0.64–1.97)
Tertile 3 (≥9.73) 0.54 (0.25–1.16) 0.76 (0.53–1.09) 0.74 (0.39–1.40)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 0.58 (0.26–1.31) 1.50 (0.93–2.41) 0.70 (0.34–1.45)
Tertile 3 (≥50.00) 0.70 (0.17–2.85) 1.37 (0.76–2.46) 0.70 (0.29–1.69)
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Table 9. Cont.

Phytoestrogen Concentrations
(μg/g Creatinine)

Model 3 a

Very Short Sleep
(<5 h/Night)

Short Sleep
(5–6 h/Night)

Long Sleep
(≥9 h/Night)

Males
Enterolactone

Tertile 1 (<160.53) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (160.53 to <621.68) 1.48 (0.70–3.13) 1.29 (0.89–1.88) 1.20 (0.65–2.23)
Tertile 3 (≥621.68) 0.50 (0.23–1.13) 0.94 (0.62–1.42) 0.89 (0.44–1.82)

Enterodiol
Tertile 1 (<21.52) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (21.52 to <70.27) 1.31 (0.60–2.87) 1.40 (0.99–1.99) 1.05 (0.56–1.98)
Tertile 3 (≥70.27) 0.95 (0.39–2.28) 1.06 (0.73–1.54) 0.93 (0.47–1.84)

Daidzein
Tertile 1 (<24.22) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (24.22 to <108.62) 0.63 (0.23–1.76) 1.28 (0.87–1.88) 1.72 (0.82–3.59)
Tertile 3 (≥108.62) 1.14 (0.24–5.40) 1.87 (0.95–3.65) 1.79 (0.68–4.72)

O-Desmethylangolensin
Tertile 1 (<1.04) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (1.04 to <9.06) 1.59 (0.65–3.87) 0.90 (0.69–1.16) 0.94 (0.50–1.76)
Tertile 3 (≥9.06) 0.75 (0.21–2.68) 0.70 (0.46–1.04) 0.83 (0.38–1.82)

Equol
Tertile 1 (<3.75) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (3.75 to <9.73) 1.07 (0.64–1.79) 1.06 (0.74–1.51) 0.95 (0.49–1.82)
Tertile 3 (≥9.73) 1.22 (0.66–2.26) 1.29 (0.92–1.81) 1.18 (0.62–2.27)

Genistein
Tertile 1 (<12.35) 1.00 (reference) 1.00 (reference) 1.00 (reference)
Tertile 2 (12.35 to <50.00) 1.55 (0.61–3.93) 0.90 (0.63–1.29) 0.51 (0.30–0.87) *
Tertile 3 (≥50.00) 1.78 (0.68–4.62) 0.81 (0.51–1.27) 0.51 (0.25–1.02)
a Adjusted for age, race, education, marital status, occupation, family income, body mass index, physical activity,
alcohol use, smoking status, depressive symptoms, diabetes, hypertension, use of female hormones (only in females),
C-reactive protein (mg/dL), caffeine intake (mg/day), and the other five phytoestrogens (tertiles). * p < 0.05.

4. Discussion

To our knowledge, the current study was the first evaluation of the associations between the
urinary concentrations of individual phytoestrogens (enterolactone, enterodiol, daidzein, O-DMA,
equol, and genistein) and sleep disorders and sleep duration among general American adults.
This study was based on data from the NHANES 2005–2010 and found that the urinary enterolactone
concentration was linearly inversely associated with the risk of sleep disorders, while the enterodiol
concentration was positively related to sleep disorders in an approximately linear manner and the
O-DMA concentration was positively associated with sleep disorders in a nonlinear (inverted L-shaped)
manner. The urinary enterolactone concentration was negatively associated with very short sleep,
and the genistein concentration was inversely related to a long sleep risk. Furthermore, a negative
association of the urinary genistein concentration with sleep disorders was observed in middle-aged
adults (40–59 years). The urinary enterolactone concentration was inversely associated with a long
sleep risk among older adults (≥60 years), while the enterodiol concentration was positively related to
a long sleep risk in females and very short sleep in young adults (18–39 years). Finally, an interesting
finding was that the urinary O-DMA concentration was positively related to sleep disorders in both
females aged 40–59 years and non-Hispanic Whites, but was inversely associated with sleep disorders
in both females aged 60 years or over and other Hispanics.

There has been no epidemiological study that has appraised the relationship of total lignans
or individual lignans (enterolactone or enterodiol) with sleep disorders to date. However, animal
experiments have indicated that a lignan component could increase sleep duration and decrease
sleep latency via modulating the γ-aminobutyric acid (GABA)-ergic system [38,39], which supports
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our findings that enterolactone was negatively associated with sleep disorders and very short sleep,
and enterodiol was positively related to a long sleep risk in females. We also found that enterolactone
was inversely associated with a long sleep risk among older adults (≥60 years), while enterodiol was
positively associated with sleep disorders in the whole population and very short sleep in young
adults (18–39 years). This seems to suggest that enterolactone might be beneficial for preventing both
long and very short sleep, whereas enterodiol might be adverse toward this goal. However, further
comparisons were difficult due to limited prior studies.

Some studies have evaluated the association between total isoflavone consumption and sleep
but the results were contradictory. A study with a cross-sectional design performed in Japanese
adults found that the intake of isoflavone was positively related to sleep quality and optimal sleep
duration [36]. Another longitudinal study of Chinese adults reported that isoflavone intake was
inversely related to falling asleep in the daytime in females and long sleep duration in both genders [37],
which was similar to our result regarding genistein and a long sleep risk. Several trial studies also
showed that isoflavone supplementation alleviated insomnia or sleep disorders among climacteric
women [28–31]. However, other trial studies of isoflavone supplementation in climacteric women
or androgen-deprived males found no significant improvement in insomnia or sleep quality [32–34].
Meanwhile, another randomized, placebo-controlled, double-blinded trial over six months performed
on climacteric women indicated that insomnia was more frequent in the isoflavone supplementation
group [35], and the longitudinal study reported that soy milk (one of the main food sources for
isoflavone intake in the study) was positively related to falling asleep in the daytime among males [37].
Similarly, we found a positive association between O-DMA and sleep disorders.

Thus far, little is known about individual isoflavones (daidzein, O-DMA, equol, and genistein) and
sleep. The current study found discrepant associations of them with sleep disorders, where O-DMA
was positively associated with sleep disorders, and genistein was negatively associated with sleep
disorders in middle-aged adults (40–59 years). Likewise, there were also differential relationships
between them and sleep duration, where only genistein was significantly inversely related to a long
sleep risk, and no significant associations were found between daidzein, O-DMA, and equol and sleep
duration in this study. Variable abilities in different individuals regarding the metabolic transformation
of isoflavones [23], diverse biologic activities, and ER affinities of these metabolites (O-DMA and equol),
as well as other individual isoflavones (daidzein and genistein) [40,41], and discrepant associations
between them and sleep disorders or sleep duration may partially lead to the contradictory findings of
prior studies focusing only on total isoflavones. Furthermore, potential gender, age, and race differences
regarding these associations may also partially contribute to the prior contradictory findings.

The underlying mechanisms of the associations of phytoestrogens with sleep are unclear, where
the following are several possible explanations. Estrogen can influence the synthesis and transport of
serotonin [62] that is involved in the regulation of wakefulness and sleep [63], and studies have revealed
that estrogen therapy alleviates sleep disturbances and improves sleep quality [10,11]. Therefore,
phytoestrogens may affect the sleep–wake cycle through their estrogenic or anti-estrogenic effects [19],
which may also explain the discrepant relationships of individual phytoestrogens with sleep disorders
or sleep duration. A notable finding in our study was that the urinary O-DMA concentration was
positively related to sleep disorders in females aged 40–59 years but was inversely associated with sleep
disorders in females aged 60 years or over, which may be partly attributed to the anti-estrogenic and
estrogenic effects of phytoestrogens, depending on the level of endogenous estrogen [64]. We also found
that the urinary O-DMA concentration was positively related to sleep disorders in non-Hispanic Whites
but was inversely associated with sleep disorders in other Hispanics, which may be partially due to the
race difference in the compositions of gut microbiota and daidzein-metabolizing phenotypes [61,65].
Equol has estrogenic activities [66], which may partly contribute to the inverse association of equol with
sleep disorders in females aged 18–39 years, while the mechanisms for the positive association between
equol and sleep disorders in other Hispanics need to be investigated. Furthermore, the inter-individual
variation of phytoestrogen metabolism by gut microbiota [67] may also contribute to the complexity of

75



Nutrients 2020, 12, 2103

these results. The above-mentioned mechanisms may partly explain our findings, and further studies
on the related mechanisms remain necessary.

This study has several advantages. First, the phytoestrogen assessments were based on urinary
biomarkers, which reflected all food origins of phytoestrogens and took into account the metabolic
transformation of intestinal flora, representing true and biologically effective exposures. Second, the
relationships with sleep disorders or sleep duration were evaluated for individual phytoestrogens
(enterolactone, enterodiol, daidzein, O-DMA, equol, and genistein), which made up for the fact that
previous epidemiological studies did not investigate the relationship of lignans with sleep and focused
only on total isoflavones while ignoring the potential differences of individual isoflavones. Third,
our findings were based on data from the NHANES, which was carefully designed, of high quality,
and nationally representative. Fourth, concentration–response relationships between individual
phytoestrogens and sleep disorders were appraised in this study. Fifth, we further explored gender, age,
and race differences in the associations of individual phytoestrogens with sleep disorders. Additionally,
we adjusted for a wide range of confounders to control for potential confounding bias.

However, several potential limitations should also be considered. First of all, the cross-sectional
design precludes the possibility of causal inference. Second, although phytoestrogen concentrations in
spot urine are reliable biomarkers for phytoestrogen intake [23,50,51], it might be difficult to accurately
reflect long-term intake information because spot urine was collected only once. Nonetheless, studies
have demonstrated that phytoestrogen concentrations in spot urine are relatively stable and significantly
related to dietary phytoestrogen intake over the long term [68,69]. Third, the sleep disorders assessment
was via a self-reported doctor diagnosis, which might involve recall bias, and self-reported usual
sleep duration might be not objective enough; however, objective sleep measurement, such as
polysomnography, may be difficult to implement in large-scale surveys. Fourth, although three-cycle
data with national representativeness were combined and the sample was relatively large, the case
group might still be not enough due to the lower prevalence, which might lead to bias. Furthermore,
although we adjusted multiple covariates, measurement errors and other factors affecting sleep quality
might influence the present findings. However, the present results were approximate in the three
models, suggesting that the results might be robust and exposure factors might be independently
associated with sleep. Finally, we could not further explore the relationships between phytoestrogens
and specific types of sleep disorders in virtue of the limited sleep disorders data.

5. Conclusions

The current findings suggested that the urinary enterolactone concentration was linearly inversely
associated with the risk of sleep disorders among American adults, whereas the enterodiol and
O-DMA concentrations were positively related to sleep disorders in approximately linear and inverted
L-shaped manners, respectively. Meanwhile, the urinary enterolactone concentration was negatively
associated with very short sleep and the genistein concentration was inversely related to a long sleep
risk. Furthermore, a negative association of urinary genistein concentration with sleep disorders was
observed in middle-aged adults. The urinary enterolactone concentration was inversely associated
with a long sleep risk among older adults, while the enterodiol concentration was positively related to
a long sleep risk in females and very short sleep in young adults. Finally, a notable finding was that the
association of the urinary O-DMA concentration with sleep disorders was different between females
aged 40–59 years and females aged 60 years or over, as well as between non-Hispanic Whites and
other Hispanics. It may be meaningful and vital to choose more specific individual phytoestrogens,
not choosing total lignans or isoflavones for preventing or improving sleep problems, and to match
target groups given the potentially differential associations of individual phytoestrogens with sleep,
as well as the gender, age, and race differences in the associations. Prospective cohort or trial studies
evaluating the relationships of individual phytoestrogens with sleep are warranted to confirm the
current findings.
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Abstract: Oxidative stress is known to modulate insulin secretion and initiate gene alterations
resulting in impairment of β-cell function and type 2 diabetes mellitus (T2DM). Rice bran (RB)
phenolic extracts contain bioactive properties that may target metabolic pathways associated with
the pathogenesis of T2DM. This study aimed to examine the effect of stabilized RB phenolic extracts
on the expression of genes associated with β-cell function such as glucose transporter 2 (Glut2),
pancreatic and duodenal homeobox 1 (Pdx1), sirtuin 1 (Sirt1), mitochondrial transcription factor
A (Tfam), and insulin 1 (Ins1) in addition to evaluating its impact on glucose-stimulated insulin
secretion. It was observed that treatment with different concentrations of RB phenolic extracts
(25-250 μg/mL) significantly increased the expression of Glut2, Pdx1, Sirt1, Tfam, and Ins1 genes
and glucose-stimulated insulin secretion under both normal and high glucose conditions. RB phenolic
extracts favourably modulated the expression of genes involved in β-cell dysfunction and insulin
secretion via several mechanisms such as synergistic action of polyphenols targeting signalling
molecules, decreasing free radical damage by its antioxidant activity, and stimulation of effectors or
survival factors of insulin secretion.

Keywords: rice bran; phenolic extracts; β-cell function; gene expression; insulin secretion

1. Introduction

Glucose homeostasis is regulated by a sequence of events within the pancreatic β-cells, which
result in the secretion of insulin [1]. Typically, in the postprandial state, increased levels of glucose
in plasma can initiate pancreatic β-cells to secrete insulin, consequently suppressing hepatic glucose
output and increasing peripheral tissue glucose uptake [2]. However, impairment of glucose-stimulated
insulin secretion as a result of oxidative stress and inflammation can result in β-cell dysfunction
and insulin resistance, subsequently leading to the pathogenesis of type 2 diabetes mellitus (T2DM) [3].
There are several essential genes involved in insulin secretion pathways that are specifically expressed
in pancreatic β-cells. They are known to be involved in the processes leading to insulin release from
the initial glucose entry into the β-cells followed by mitochondrial adenosine triphosphate (ATP)
generation and potassium and calcium membrane depolarization leading to exocytosis events [4].

Nutrients 2020, 12, 1889; doi:10.3390/nu12061889 www.mdpi.com/journal/nutrients81
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They include, glucose transporter 2 (Glut2) [5], pancreatic and duodenal homeobox 1 (Pdx1) [6], sirtuin
1 (Sirt1) [7], mitochondrial transcription factor A (Tfam) [8], and insulin 1 (Ins1) [9].

The Glut2 gene is located in the pancreatic plasma membrane and functions as a glucose transporter
as part of the glucose-sensing mechanism for the stimulation of insulin secretion [2]. The Pdx1 gene
plays an important role in mitochondrial embryonic development and β-cell differentiation and is
known to regulate the expression of a variety of different pancreatic endocrine genes, including
Glut2 [10]. The Sirt1 gene is known to serve as a key energy redox sensor involved in generating ATP
that helps promote glucose-stimulated insulin secretion in pancreatic β-cells and potentially contribute
to β-cell adaptation in response to insulin resistance [1]. In the liver, skeletal muscles, and white adipose
tissues, the Sirt1 gene has key functions that include regulation of glucose production, improvement in
insulin sensitivity via fatty acid oxidation, and control of the production of adipokines [7]. The Tfam
gene plays an essential role in the maintenance of mitochondrial DNA (mtDNA) and replication [11].
Altered mitochondrial function is known to result in a defective oxidative metabolism, which seems to
be involved in visceral fat gain and the development of insulin resistance [12]. Moreover, the Tfam
gene is also involved in insulin exocytosis events by maintaining appropriate ADP/ATP ratio [4].
The Ins1 gene and its transcription factors are regulated by the circulating levels of glucose [9]. It
encodes the production of insulin that plays a vital role in the regulation of carbohydrate and lipid
metabolism [13]. Therefore, a disruption in the function of these genes (Glut2, Pdx1, Sirt1, Tfam,
and Ins1) in the pancreatic β-cells is known to impair insulin secretion and result in the development
of T2DM.

Recent studies have shown the potential of plant-derived phenolic compounds in ameliorating
β-cell dysfunction via their antioxidant and free radical scavenging properties [14–16]. Exposure of
polyphenols to β-cells has also been responsible for the modulation of several signalling proteins,
including transcription factors, protein kinase, and ion channels [17].

Rice bran (RB), a by-product of the rice milling process, is usually discarded or used as animal
feed [18]. However, the bran layer is composed of several bioactive phytochemicals, including
polyphenols and phenolic acids [19]. Although RB phenolic extracts are believed to target metabolic
pathways associated with T2DM, the mechanisms behind its effect on gene expression under normal
and diabetic conditions have not been investigated. This study aimed to determine the effect of
RB phenolic extracts on the expression of genes (Glut2, Pdx1, Sirt1, Tfam, and Ins1) associated with
insulin secretion pathways and on glucose-stimulated insulin secretion under normal and high
glucose conditions.

2. Materials and Methods

2.1. Chemicals and Reagents

All chemicals and reagents used in this study were purchased from Promega Corporation
(Madison, WI, USA), Bio-Rad (Hercules, CA, USA), or Sigma-Aldrich (St Louis, MO, USA).

2.2. Rice Bran Phenolic Extract Preparation

Commercially stabilized RB (drum-dried), from an Australian grown Reiziq rice variety,
was obtained from SunRice Australia, courtesy of their milling plant in Leeton, NSW, Australia
and subsequently stored at 4 ◦C until further analysis. Phenolic compounds were extracted from
stabilized RB using an acetone/water/acetic acid (70:29.5:0.5, v/v) mixture, the characterization of which
has been described elsewhere [18]. It is known to contain several bioactive compounds including
ferulic acid, p-coumaric acid, caffeic acid, vanillic acid, syringic acid, sinapic acid, feruloyl glycoside,
shikimic acid, ethyl vanillate, tricin, and their isomers. The extract was reconstituted in 50% dimethyl
sulfoxide (DMSO) and stored at −20 ◦C before starting cell culture studies.
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2.3. Cell Culture Conditions

INS-1E cells were maintained in RPMI 1640 media containing 11.1 mM glucose and supplemented
with 2 mM L-Glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 0.05 mM β-mercaptoethanol, 10%
Fetal Bovine Serum, and 1% 10,000 U/mL Penicillin–10 mg/mL Streptomycin from Sigma-Aldrich (St
Louis, MO, USA) at 37 ◦C in 5% CO2 and used before reaching passage 45.

2.4. Cytotoxicity Assay

The cytotoxicity of RB phenolic extracts was examined using a resazurin red cytotoxicity assay
wherein INS-1E cells were seeded into 96-well plates at a density of 50,000 cells per well and incubated
for 24 h in the RPMI 1640 complete media. The cell count for experimental seeding was achieved with
a Muse® Cell Analyzer from Luminex Corporation (Austin, TX, USA). INS-1E cells were then treated
with 200 μL of freshly prepared RB phenolic extracts at various concentrations (25, 50, 100, 250, 500, 750,
and 1000 μg/mL) for 6 h. Hydrogen peroxide (5 mM) was used as a positive control and 0.25% DMSO
served as a negative control. Subsequently, all the treatment wells were emptied before adding 200 μL
of resazurin red solution (14 mg/L) to each well and incubated for an additional 4 h at 37 ◦C in 5%
CO2. The absorbance was measured on a microplate reader (FLUOstar Omega microplate reader, BMG
Labtech, Offenburg, Germany) at 570 and 600 nm against a resazurin red blank. The percentage of cell
viability was calculated as described by Saji, Francis [20]. Each treatment was measured in octuplicate.

2.5. Expression of Genes Associated with β-Cell Function

2.5.1. Experimental Design

Two experimental conditions simultaneously tested were normal glucose treatment (11.1 mM) to
represent a normal β-cell function and high glucose treatment (25 mM) to represent β-cell dysfunction
under glucotoxic stress [4,15]. INS-1E cells were seeded at a density of 500,000 cells per well into
6-well plates and incubated for 24 h. To induce glucotoxicity, INS-1E cells were further subjected to
48 h incubation in RPMI 1640 complete media containing 25 mM glucose. Cells under both normal
and high glucose conditions were treated for 6 h with RB phenolic extracts (25, 50, 100, and 250 μg/mL)
and 0.125% DMSO served as the negative control. Each treatment was measured in quintuplicate.

2.5.2. Gene Expression Analysis

Total ribonucleic acid (RNA) extraction was conducted using the SV Total RNA Isolation System
according to the manufacturer’s instructions (Promega, Madison, WI, USA). RNA quality was
determined using a NanoDrop™ 2000 c Spectrophotometer from Thermo Fisher Scientific (Waltham,
MA, USA). Then, cDNA synthesis was conducted using a GoScript™ Reverse Transcriptase, according
to the manufacturer’s instructions (Promega, Madison, WI, USA).

Primers used for quantitative real-time polymerase chain reaction (qPCR) examinations are
listed in Table 1. All of the qPCR primers were adapted from [21], designed using Primer3 software,
and synthesized by Sigma-Aldrich (St Louis, MO, USA). The amplification efficiency was determined
to be between 90–110% for all the primers before starting qPCR.

Gene expression was conducted in the CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad) using SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad) detection according to
the manufacturer’s instructions. The cycling conditions comprised 95 ◦C for 3 min, 95 ◦C for 10 s,
and 60 ◦C for 30 s repeated for 39 cycles. The melt curve was generated at 65 ◦C for 5 s and 95 ◦C for 50
s. The endpoint or cycle threshold (Ct) values were obtained for all genes tested. The mean normalized
expression of genes was determined using the Q-gene software application, as described by Muller,
Janovjak [22]. TfIIβ served as the reference gene.
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Table 1. The nucleotide sequences of the PCR primers used to assay gene expression by qPCR.

Gene Forward Primer Reverse Primer

Glut2 TCAGCCAGCCTGTGTATGCA TCCACAAGCAGCACAGAGACA

Pdx1 CCGCGTTCATCTCCCTTT C CTCCTGCCCACTGGCTTT T

Sirt1 CAGTGTCATGGTTCCTTTGC CACCGAGGAACTACCTGA T

Tfam GGGAAGAGCAAATGGCTGAA TCACACTGCGACGGATGA GA

Ins1 TGCTCACCCGCGACCTT GTTCATATGCACCACTGGACTGAA

TfIIβ GTTCTGCTCCAACCTTTGCCT TGTGTAGCTGCCATCTGCACT T

2.6. Glucose-Stimulated Insulin Secretion

The preparation of supernatant for the glucose-stimulated insulin secretion assay was adapted
from a previous study conducted by Bhattacharya, Oksbjerg [15] with slight modifications. Briefly,
INS-1E cells were seeded into a 24-well plate at a density of 1 × 105 cells/well and incubated for
24 h or until 70–80% confluency was reached. The cells were treated with DMSO control and RB
extracts at different concentrations (25–250 μg/mL) and incubated for 6 h. Cells were then starved with
a Krebs-Ringer bicarbonate buffer (125 mM NaCl, 5.9 mM KCl, 1.28 mM CaCl2, 1.2 mM MgCl2, 25 mM
HEPES, and 0.1% BSA at pH 7.4) containing 5 mM glucose for 1 h. Glucose-stimulated insulin secretion
was then induced by treating cells with a Krebs-Ringer bicarbonate buffer containing either 11.1 mM
or 25 mM glucose for 1 h. The supernatant containing secreted insulin was collected and stored at −20
◦C until further analysis. Insulin secretion was measured using a Rat Ins1/Insulin ELISA Kit purchased
from Sigma-Aldrich (St Louis, MO, USA) according to the manufacturer’s instructions. Each treatment
was measured in sextuplicate.

2.7. Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by
post-hoc Tukey’s multiple comparisons test using GraphPad Prism 7 software (GraphPad Software Inc,
San Diego, CA, USA) at a level of p < 0.05. The results are reported as mean ± standard deviation (SD).

3. Results

3.1. Cytotoxicity of RB Phenolic Extracts on INS-1E Cells

The cell viability of INS-1E cells 6 h post-exposure (Figure 1) to various concentrations of RB
phenolic extracts did not display any cytotoxic effect on the INS-1E cells at the lower concentrations
tested (25–250 μg/mL). However, higher concentrations (500–1000 μg/mL) displayed a reduction in
cell viability. Optimal, non-toxic concentrations of RB extract were determined to be between 25–250
μg/mL under both normal and high glucose conditions.

Figure 1. INS-1E cell viability 6 h post-exposure to various concentrations of RB phenolic extracts.
(a) Normal glucose conditions, (b) High glucose conditions (n = 8). Data are presented as Mean ± SD.
Dimethyl sulfoxide, DMSO; Hydrogen Peroxide, H2O2; Insulin-secreting rat insulinoma cell, INS-1E;
Rice bran, RB.
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3.2. Effect of RB Phenolic Extracts on Expression of Genes Associated with β-Cell Function

3.2.1. Expression of the Glut2 Gene

Under normal glucose conditions, a significant increase (p < 0.01) in the expression of the Glut2
gene was observed after treatment with 50 and 100 μg/mL of RB phenolic extracts when compared to
that of the control. Under high glucose conditions, a significant increase (p < 0.0001) in the expression
of the Glut2 gene was also observed after treatment with 25–250 μg/mL of RB phenolic extracts when
compared to that of the control (Figure 2).

Figure 2. Effect of RB phenolic extracts on the expression of the Glut2 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Glucose transporter 2, Glut2; Rice bran, RB.

3.2.2. Expression of the Pdx1 Gene

A significant increase (p < 0.05) in the expression of the Pdx1 gene was observed after treatment
with 50 and 100 μg/mL of RB phenolic extracts under normal glucose conditions when compared
to that of the control. A significant increase (p < 0.001) in the expression of the Pdx1 gene was also
observed after treatment with 25–250 μg/mL of RB phenolic extracts under high glucose conditions
when compared to that of the control (Figure 3).

Figure 3. Effect of RB phenolic extracts on the expression of the Pdx1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n
= 5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p <
0.001. Data are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin promoter factor 1, Pdx1;
Insulin-secreting rat insulinoma cell, INS-1E; Rice bran, RB.
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3.2.3. Expression of the Sirt1 Gene

There was no significant increase in the expression of the Sirt1 gene observed under normal
glucose conditions when compared to that of the control. However, under high glucose conditions,
a significant increase (p < 0.0001) in the expression of the Sirt1 gene was observed after treatment with
25–250 μg/mL of RB phenolic extracts when compared to that of the control (Figure 4).

Figure 4. Effect of RB phenolic extracts on the expression of the Sirt1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. Data are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat
insulinoma cell, INS-1E; Rice bran, RB; Sirtuin 1, Sirt1.

3.2.4. Expression of the Tfam Gene

Under normal glucose conditions, a significant increase (p < 0.001) in the expression of the Tfam
gene was observed after treatment with 25–250 μg/mL of RB phenolic extracts when compared to that of
the control. However, under high glucose conditions, a significant increase (p < 0.05) in the expression
of the Tfam gene was only observed after treatment with 25 μg/mL of RB phenolic extracts when
compared to that of the control (Figure 5).

Figure 5. Effect of RB phenolic extracts on the expression of the Tfam gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n = 5).
The level of significance is indicated by the asterisks, whereby * p < 0.05, ** p < 0.01, *** p < 0.001. Data
are presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Mitochondrial transcription factor A, Tfam; Rice bran, RB.
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3.2.5. Expression of the Ins1 Gene

RB extract did not alter the expression of the Ins1 gene under normal glucose treatment. However,
under high glucose conditions, a significant increase in the expression of the Ins1 gene was observed
after treatment with 50 μg/mL (p < 0.01) and 100 μg/mL (p < 0.001) of RB phenolic extracts when
compared to that of the control (Figure 6).

Figure 6. Effect of RB phenolic extracts on the expression of the Ins1 gene under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n =
5). The level of significance is indicated by the asterisks, whereby ** p < 0.01, *** p < 0.001. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin 1, Ins1; Insulin-secreting rat insulinoma
cell, INS-1E; Rice bran, RB.

3.3. Glucose-Stimulated Insulin Secretion

Glucose-stimulated insulin secretion was observed to significantly increase after treatment with
25 (p < 0.0001), 50 (p < 0.0001), 100 (p < 0.0001), and 250 (p < 0.05) μg/mL of RB phenolic extracts
under normal glucose conditions when compared to that of the control. Similarly, under high glucose
conditions, a significant increase in glucose-stimulated insulin secretion was also observed after
treatment with 25 (p < 0.0001), 50 (p < 0.05), and 100 (p < 0.05) μg/mL of RB phenolic extracts when
compared to that of the control (Figure 7).

Figure 7. Effect of RB phenolic extracts on glucose-stimulated insulin secretion under normal and high
glucose conditions in INS-1E cells. (a) Normal glucose conditions, (b) High glucose conditions (n = 6).
The level of significance is indicated by the asterisks, whereby * p < 0.05, **** p < 0.0001. Data are
presented as Mean ± SD. Dimethyl sulfoxide, DMSO; Insulin-secreting rat insulinoma cell, INS-1E;
Rice bran, RB.
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4. Discussion

Prolonged exposure of pancreatic β-cells to a high glucose environment is known to result in
oxidative stress, consequently leading to the downregulation of pancreatic genes, in turn causing
impaired β-cell function and insulin secretion [16]. Plant-derived phenolic compounds via their
antioxidant, free radical scavenging and metal chelating properties have been observed to target
metabolic pathways associated with the pathogenesis of T2DM [14]. The present study demonstrated
that RB phenolic extracts effectively alter β-cell function in insulin-secreting cells by modulating
the expression of genes and insulin secretion. It was observed that RB phenolic extracts upregulated
the expression of key genes associated with β-cell function, including Glut2, Pdx1, Sirt1, Tfam, and Ins1
both under normal and high glucose-induced stress conditions (Figures 2–6).

The Glut2 gene primarily acts as a glucose transporter and the decreased expression of the Glut2
gene is directly proportional to the loss of glucose-stimulated insulin secretion [5]. In this study,
a significant increase in the expression of the Glut2 gene was observed under normal conditions
compared to that in high glucose conditions. This may have been caused by the increase in glucotoxic
stress created by the high glucose environment, resulting in a reduced ability to maintain normal
functioning as a glucose transporter. Nevertheless, a significant up-regulation of the Glut2 gene was
observed under both conditions compared to those of the respective controls after treatment with
varying concentrations of RB extract (Figure 2). Similarly, studies in which phenolic compounds
derived from M. pumilum var. alata extracts and purified phenolic compounds such as resveratrol
were tested improved β-cell function, and insulin signalling was observed as a result of increased
expression of the Glut2 gene in the pancreas [21,23]. This is most likely due to the polyphenols
targeting the exchange of calcium ions resulting in the exocytosis of insulin-containing granules,
thereby favourably modulating β-cell function [5,24].

Pdx1 gene expression is essential for the homeostatic regulation of the glucose-sensing system in
β-cells [6]. It is also essential for survival and differentiation ofβ-cells as it primarily acts by upregulating
the transcription of severalβ-cell-specific genes, including the Ins and Glut2 genes [25]. Results obtained
from this study show that under both normal and high glucose conditions, a significant upregulation
of the Pdx1 gene was evident after treatment with RB phenolic extracts (Figure 3). Upregulation
of the Pdx1 gene has been observed elsewhere, in which administration of Teucrium polium extract,
known to contain phenolic compounds with strong antioxidant and anti-inflammatory effects, was
found to reverse the symptoms of streptozotocin-induced diabetes in rats [26]. Another study, wherein
the effect of gallic acid against glucolipotoxicity and insulin secretion was examined, showed that
pre-treatment with different concentrations of gallic acid was found to increase insulin secretion
and resulted in the upregulation of the Pdx1 gene in RINm5F β-cells [27]. Reduction in insulin
secretion has been attributed to the c-Jun N-terminal kinase (JNK) pathway activation under oxidative
stress conditions. JNK activation as a result of oxidative stress results in forkhead box protein O1
(FOXO1) phosphorylation, and the nuclear localization of the FOXO1protein leads to a reduction in
the expression of the Pdx1 gene [28]. As an adequate expression of the pancreatic Pdx1 gene is essential
to maintain the proper function of insulin-producing β-cells, inhibition of the JNK pathway is crucial.
As phenolic compounds are recognized to modulate the regulation of the JNK pathway [26], it is
likely that the observed upregulation of the Pdx1 gene by RB-derived phenolic extracts resulted from
an inhibition of the JNK pathway.

The Sirt1 gene is known to be a major contributor to the metabolic regulation of a cell via lipid
metabolism and insulin secretion [7]. In the current study, under high glucose conditions, a significant
increase in the expression of the Sirt1 gene was observed after treatment with RB phenolic extracts
(Figure 4). Sun, Zhang [29] demonstrated that resveratrol improved insulin sensitivity by repressing
the protein tyrosine phosphatase (PTP) constitute and PTP1B transcription at the chromatin level (on
the Sirt1 gene) under normal versus insulin-resistant conditions. Hence, it is believed that upregulation
of the Sirt1 gene as a result of treatment with RB phenolics can potentially target PTP1B ranscription
consequently improving insulin sensitivity.
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Any disruption to the Tfam gene in the pancreatic β-cell is known to result in impaired insulin
secretion, reduced β-cell mass, and, consequently, the development of T2DM [8]. The current study
shows a significant increase in the expression of the Tfam gene under normal and high glucose conditions
post-treatment with RB phenolic extracts (Figure 5). In an in vivo study where rats were gavaged
with pterostilbene, Tfam gene expression was significantly increased in addition to improvements
to glycaemic control and insulin resistance [30]. Furthermore, the treatment of INS-1E cells with
resveratrol also displayed marked potentiation of glucose-stimulated insulin secretion as a result
of the up-regulation of Tfam [21]. From the above studies, it is believed that RB phenolics have
the potential to enhance the efficiency of mitochondrial function via interaction with transcription
factors such as Tfam.

Appropriate regulation of the Ins1 gene is essential for central insulin signalling as it is an anorectic
gene that encodes for the production of the insulin hormone that plays a vital role in the regulation
of carbohydrate and lipid metabolism [31]. Chronic exposure to high glucose conditions can reduce
the expression of the Ins1 gene in β-cells and is often accompanied by the decreased binding activity
of the β-cell-specific transcription factor, Pdx1 [32]. In the current study, although there was no
significant increase in Ins1 gene expression after RB extract treatment under normal glucose conditions,
the expression of the Ins1 gene was significantly upregulated under high glucose conditions (Figure 6).
Similarly, an in vivo study by the author of [33] also demonstrated blueberry-leaf extract rich in
chlorogenic acid and flavonol glycosides attenuates glucose homeostasis and improves pancreatic
β-cell function by increasing the expression of several genes including Ins1. Polyphenols present
in common spices, such as cinnamon, cloves, turmeric, and bay leaves, due to their doubly-linked
procyanidin type-A polymers, have also shown an insulin-like activity in vitro [34]. The mechanism of
cinnamon’s insulin-like activity may be in part due to increases in the amounts of insulin receptor
β and Glut4 expression [34]. Some of the polyphenols present in cinnamon include caffeic, ferulic,
p-coumaric, protocatechuic, and vanillic acids [35], a similar phenolic profile observed in the RB
samples used in this study [18]. Therefore, it is likely that the effects observed in this study may
be due to the insulin-like activity displayed by the polyphenols present in RB individually or via
synergistic bioactivity.

Hormones such as insulin and amylin are co-secreted by β-cells in a fixed molecular ratio
that provides circulating energy in the form of glucose and stored energy in the form of visceral
adipose tissue [36]. However, conditions such as obesity, T2DM, and pancreatic cancer result in
an increase in the amount of amylin relative to the insulin, which can disturb the regulation of
energy homeostasis [36]. It was observed that under normal and high glucose-induced conditions, RB
phenolic extracts significantly increased glucose-stimulated insulin secretion (Figure 7). Bhattacharya,
Oksbjerg [15] also observed a similar trend where caffeic acid, naringenin, and quercetin significantly
increased glucose-stimulated insulin secretion under hyperglycaemic and glucotoxic conditions in
INS-1E cells. Similarly, several other phenolic compounds such as ferulic acid [37] and p-coumaric
acid [38] have also been shown to increase insulin secretion both in vitro and in vivo, respectively. In
this study, it was observed that RB phenolic compounds increase the expression of both the Ins1 gene
and the secretion of insulin in INS-1E cells under high glucose conditions. Since the Ins1 gene is known
to encode for the production of insulin hormone, this may indicate that there may be a correlation
between insulin secretion and the expression of the Ins1 gene.

Furthermore, it was observed that lower doses of the RB extract used in this study favourably
modulated β-cell function associated gene expression and insulin secretion when compared to
the higher doses in vitro. This phenomenon may be explained through the effect of hormesis, a biphasic
dose-response to an environmental agent, wherein glucose-stimulated insulin secretion was observed
to have a stimulatory or beneficial effect at low doses and an inhibitory or toxic effect at high doses
of RB extract [39]. Dietary polyphenols are known to have strong cytoprotective effects, however,
the hormetic role of dietary antioxidants in free radical-related diseases have demonstrated that under
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uncontrolled nutritional supplementation, gene induction effects and the interaction with detoxification
responses can result in a negative response by generating more reactive and harmful intermediates [40].

As a result of hindrance by cereal matrices, most of the bound phenolic compounds present in
cereal grains are usually not readily accessible by digestive enzymes, leading to low bioavailability [41].
Studies have demonstrated that this could be improved by increasing their accessibility through
suitable processing techniques, for example, thermal treatments [18,41]. The RB sample examined in
this study was previously studied with respect to several thermal treatments. Of the treatments studied,
drum drying resulted in the optimal antioxidant activity and was therefore selected for the current
investigation [18]. The drum-dried RB samples resulted in a total free phenolic content of 362.17 ±
34.16 gallic acid equivalent (GAE)/100 g of RB with antioxidant activity of 975.33 ± 20.24 Fe2+/100 g of
RB and a total bound phenolic content of 160.65 ± 5.52 GAE/100 g of RB with antioxidant activity of
551.91 ± 8.82 Fe2+/100 g of RB. This was much higher compared to that of a non-treated sample that
had a total free phenolic content of 238.26 ± 30.34 GAE/100 g of RB with antioxidant activity of 621.76
± 26.76 Fe2+/100 g of RB and a total bound phenolic content of 222.94 ± 3.74 GAE/100 g of RB with
antioxidant activity of 712.37 ± 14.57 Fe2+/100 g of RB [18].

5. Conclusions

This study has demonstrated that RB phenolic compounds, under both normal and glucotoxic
conditions, significantly increase the expression of genes associated with β-cell function, in addition
to increasing glucose-stimulated insulin secretion. RB phenolic compounds could play an important
role in modulating the expression of genes involved in β-cell dysfunction and insulin secretion via
several mechanisms, including (1) Synergistic action of polyphenols and phenolic acids by targeting
signalling molecules, including transcription factors, consequently modulating mitochondrial potential;
(2) Reducing free radical damage related to β-cell dysfunction via their antioxidant activity; and (3)
Stimulation of effectors or survival factors of insulin secretion. RB phenolic extracts present as
a promising preventive/therapeutic target in the treatment of glucotoxicity induced β-cell dysfunction.
More in vivo studies are warranted to confirm the bioactivity of RB phenolic compounds.
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Abstract: Platelet hyper-activation and platelet microparticles (PMPs) play a key role in the
pathogenesis of cardiovascular diseases. Dietary polyphenols are believed to mimic antiplatelet
agents by blunting platelet activation receptors via its antioxidant phenomenon. However, there
is limited information on the anti-platelet activity of grain-derived polyphenols. The aim of the
study is to evaluate the effects of sorghum extract (Shawaya short black 1 variety), an extract
previously characterised for its high antioxidant activity and reduction of oxidative stress-related
endothelial dysfunction, on platelet aggregation, platelet activation and PMP release. Whole
blood samples collected from 18 healthy volunteers were treated with varying non-cytotoxic
concentrations of polyphenol-rich black sorghum extract (BSE). Platelet aggregation study utilised
5 μg/mL collagen to target the GPVI pathway of thrombus formation whereas adenine phosphate
(ADP) was used to stimulate the P2Y1/P2Y12 pathway of platelet activation assessed by flow cytometry.
Procaspase-activating compound 1 (PAC-1) and P-selectin/CD62P were used to evaluate platelet
activation- related conformational changes and degranulation respectively. PMPs were isolated from
unstimulated platelets and quantified by size distribution and binding to CD42b. BSE treatment
significantly reduced both collagen-induced platelet aggregation and circulatory PMP release at
40 μg/mL (p < 0.001) when compared to control. However, there was no significant impact of BSE on
ADP-induced activation-dependent conformational change and degranulation of platelets. Results
of this study suggest that phenolic rich BSE may confer cardio-protection by modulating specific
signalling pathways involved in platelet activation and PMP release.

Keywords: black sorghum; polyphenols; platelets; platelet microparticles; atherosclerosis

1. Introduction

According to a World Health Organisation report, cardiovascular diseases accounted for an
estimated 31% of deaths globally with majority being a result of stroke or heart attack [1,2]. In clinical
settings, treatment involves blunting the activity of platelets using antiplatelet drugs. These drugs
interfere with the thrombotic pathophysiology—wherein a rupture of an atherosclerotic plaque triggers
platelet hyper-activation resulting in unwanted clot formation and occlusion of the blood vessel.
Macrovesicles referred to as platelet microparticles (PMPs) are released following platelet activation
and can contribute to the thrombotic situation [3,4].

The several signalling pathways involved in platelet activation and thrombus formation
include receptor-agonist pathways such as P2Y1/P2Y12-ADP, GPVI-collagen, PAR1-thrombin and the
COX-1-thromboxane [5]. An agonist such as collagen when exposed by atherosclerotic plaque may
activate nearby platelets by binding to their GPVI receptor resulting in complex intracellular signalling
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that produce a conformational change (indicated by GPIIb/IIIa receptor expression), degranulation
(indicated by P-selectin secretion) and subsequent formation of platelet aggregates [5]. In addition, PMP
released upon activation possess adhesive and pro-coagulant platelet-derived receptors that further
enhance thrombus formation, thereby acting as biomarkers of platelet activation [3]. The common
antiplatelet agents, clopidogrel and aspirin, used in clinical treatments inhibit platelet activation
and its circulating biomarkers by selectively targeting P2Y1/P2Y12-ADP and COX-1-thromboxane
respectively [6]. Unfortunately, because of the unresponsiveness and side effects associated
with administration there have been considerable research in dietary bioactive agents known as
polyphenols [7].

One such example of a polyphenol-rich functional food is sorghum whole grain. Although mainly
used as animal feed, studies have demonstrated that it possesses anti-inflammatory, anti-cancer and
antioxidant properties which add value to it as a food for human consumption [8]. Sorghum of
different types exist that are classified based on the pigmentation of the pericarp and vary in their
phenolic content [9]. The polyphenols found in sorghum that contribute to its bioactivity include
flavonoids, hydroxybenzoic acids and hydroxycinnamic acid [8]. Furthermore Francis et al. [10] recently
demonstrated that black sorghum rich in catechins and their derivatives may confer cardioprotective
properties. The treatment of human umbilical vein cells with flavonoid-rich extract was found to
prevent oxidative stress-related endothelial dysfunction through the modulation of gene expression.

Furthermore, these cardio-protective benefits of polyphenols apply in the context of platelet
function. Several studies have demonstrated that polyphenols may inhibit platelet activation,
adhesion, degranulation and aggregation by targeting specific thrombogenic pathways for example
P2Y1/P2Y12-ADP, GPVI-collagen, PAR1-thrombin and the COX-1-thromboxane. As reviewed by Ed
Nignpense et al. [11] many of the studies that investigate the polyphenol impact on platelet function
and PMP generation utilise aggregometry and flow cytometry. However there is limited research on
sorghum-derived polyphenols in modulating biomarkers of platelet activation. This study aims to
investigate the impact of black sorghum derived polyphenol extracts on collagen-induced platelet
aggregation, ADP-induced platelet activation and PMP generation.

2. Materials and Methods

2.1. Research Ethics

The study protocol was approved by the Charles Sturt University Human Research Ethics
Committee (HR17012) and the Institutional Biosafety Committee (19HB02). The study was performed
in compliance with relevant laws and institutional guidelines.

2.2. Volunteer Recruitment

Eighteen healthy volunteers between 18–65 years of age (9 males and 9 females) were recruited
from Charles Sturt University and the local community. Informed consent was obtained from all
participants prior to commencement of the study. The criteria for recruitment involved normal health
status with no history of conditions such as cardiovascular, metabolic, liver or lung disease. Other
parameters that could affect the integrity of the analysis such as alcohol consumption, smoking,
pregnancy, allergies or venepuncture difficulty were considered during the recruitment process.
A health screening questionnaire was used to assess the already mentioned parameters. A dietary
questionnaire (adapted from WINTEC and NZ academy of sport) was used to assess the usual dietary
intake of volunteers and to avoid recruitment of participants on a high antioxidant diet. The cut-off
figure for each type of food listed in the questionnaire was based on nutrient reference ranges for
Australia and New Zealand—recommended daily nutrient intake values.
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2.3. Blood Collection and Processing

After fasting for at least 8 h, whole blood was collected from each participant by a trained
phlebotomist into a tri-potassium ethylene diamine tetra-acetic acid (EDTA-1.8 mg/mL concentration)
anticoagulant tube (Vacuette Greiner Bio-one, Interpath Services, Heidelberg West, VIC, Australia) and
a tri-sodium citrate (28.12 g/L concentration) anticoagulant tube (Becton, Dickson and Company, North
Ryde, NSW, Australia). A 20-mL syringe (Becton, Dickson and Company, North Ryde, NSW, Australia)
and 21-gauge 1.5-inch needle (Terumo Medical Corporation, Macquarie Park, Australia) were used to
draw blood from the median cubital vein. The purpose of choosing a larger gauge was to avoid the
activation of platelets while drawing or dispensing blood. Utmost care was taken to ensure samples
were not obtained through a traumatic collection and that none contained obvious clots. In addition,
care was taken to ensure minimal specimen handling and agitation in order to prevent artefactual
platelet activation. The first 2 mL of blood was discarded before drawing into the tri-sodium citrate
tubes in order to avoid the risk of collecting platelets activated by venepuncture. Tri-sodium tubes
were used for aggregometry and flow cytometry assays whereas the EDTA was used to perform full
blood examinations.

2.4. Full Blood Examination

Using an Abbott CELL-DYN Emerald 22 Haematology Analyser (Abbott Diagnostics, Illinois, USA),
a full blood examination (FBE) was performed on all samples. The FBE results of volunteers indicated
that the blood cell parameters were within normal reference ranges as determined by the Royal College
of pathologists of Australia. Individuals with cell counts, especially platelet counts, outside of the
reference range were excluded from the study. Quality control validation and maintenance were all
performed according to the Abbott CELL-DYN Emerald 22 Haematology Analyser manual.

2.5. Extraction of Black Sorghum Polyphenols

Sorghum (Sorghum bicolor) samples of six different pericarp varieties were obtained from glasshouse
trials conducted by Curtin University, Perth, Western Australia. Six pigmented varieties of sorghum were
cultivated under the same conditions, grown in a glasshouse equipped with Lumisol Clear AF cover
(200 μm thick, at a transparency of ca UV-A 94%, UV-B 84% and photosynthetic active radiation (PAR,
400-700 nm) 93% [8]. Extraction and analysis of phenolic composition and antioxidant activity were
performed previously using methods described by Rao et al. [8]. Among the different sorghum varieties,
the black pericarp variety (Shawaya short black 1) was selected for this study because of its relatively high
antioxidant activity when analysed with ferric reducing antioxidant power (FRAP; 20.19 ± 2.69 mg/g TE)
and 2,2-dipheny-1-picrylhydrazyl (DPPH; 18.04± 3.53 mg/g TE) antioxidant assays (Supplementary Figure
S1, Tables S1 and S2). The highest level of polyphenols found in the BSE included catechin derivatives,
catechins and pentahydroxyflavanone-(3->4)-catechin-7-O- glucoside (Supplementary Table S2). Stock
concentrations of BSE (20 mg/mL in 50% DMSO) were diluted in phosphate buffered saline (PBS) to
achieve desired concentrations (5 μg/mL, 20 μg/mL and 40 μg/mL) in whole blood. Desired concentrations
were selected based on viability studies done by Francis et al. [10].

2.6. Whole Blood Platelet Aggregometry

Platelets in whole blood were stimulated for aggregation using 5 μg/mL collagen exogenous platelet
agonists (DSKH Australia Pty. Ltd., Hallam, VIC, Australia) to investigate the effect of BSE treatment on the
platelet aggregation. Five hundred microliters of citrated whole blood were added to 100 μL of 0.1% DMSO
control (Sigma-Aldrich, Castle Hill, NSW, Australia) or BSE stock concentrations (5 μg/mL, 20 μg/mL and
40 μg/mL) and mixed with 400 μL of saline. The sample was then incubated at 37 ◦C for 20 min. Using a
Chrono-log model 700 lumi-aggregometer (DKSH Australia Pty. Ltd., Hallam, VIC, Australia) the samples
were analysed by means of electrical impedance (ohms) to determine the amount of platelet aggregation
occurring in the sample over a 6-min time period (Supplementary Figure S2).
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2.7. Flow Cytometry

2.7.1. Standardisation

Flow-check fluorospheres were run as quality control for optimal laser alignments. Antibody
capture beads (Anti-Mouse Ig, K CompBeads, BD Biosciences, North Ryde, NSW, Australia) were
used for single colour compensation controls in order to achieve optimal compensation. Megamix
beads (0.1 μm, 0.3 μm, 0.5 μm, 1 μm) from Biocytex, Marseille, France were used as per manufacturer’s
instructions to set up an appropriate gating to detecting microparticles. They were run before each
PMP analysis.

2.7.2. Measurement of Platelet Activation-Dependent Conformational Change and Degranulation

The effects of BSE on ADP-induced platelet activation were analysed and interpreted using a
Gallios flow cytometer (Beckman Coulter, Inc., Lane Cove NSW, Australia). The protocols were adopted
from the method described by Santhakumar et al. [12] with some modifications. Platelet activation and
thrombogenic indicators were assessed via activation-dependent platelet monoclonal antibodies (mAbs)
purchased from Becton, Dickinson and Company, North Ryde, NSW, Australia. Procaspase activating
compound-1 (PAC-1)-fluorescein isothiocyanate-fluorescein isothiocyanate was used to detect platelet
activation-related conformational change and P-selectin/CD62P-allophycocyanin highlighted activation
dependent degranulation. CD42b-phycoerythrin identified the GPIb-IX-V receptor, a common receptor
found on the surface of all platelets, activated and resting included. A decreased expression of mAb
exhibits alleviation of thrombogenesis. Within 5 min of collection tri-sodium citrated whole blood was
used for assay preparation to avoid artefactual activation of platelets. A volume of 40 μL of blood was
incubated with DMSO control or the various BSE concentration for 20 min at 37 ◦C in the dark. A 10-μL
mixture of all three monoclonal antibodies (3.33 μL each of PAC-1, CD62P and CD42b) was added to
blood samples and incubated for 20 min at room temperature in the dark. To induce platelet activation,
10 μM ADP (Helena laboratories Pty. Ltd., Mt Waverly, VIC, Australia) was added, and samples
were incubated for a further 15 min in the dark at room temperature, after which erythrocytes were
lysed (575 μL of 10 % lysing solution). Samples were thoroughly vortexed to ensure homogeneity and
incubated in the dark at room temperature for a further 15 min and then analysed. In all, 10,000 platelet
events were acquired, gated based on light scatter and CD42b mAb expression and activated platelets
were articulated as mean fluorescence intensity (MFI) (Supplementary Figure S3).

2.7.3. Measurement of Circulatory PMPs

Using the microparticle gating established with Megamix beads, PMPs were identified and
quantified by size distribution and binding to CD42b (Supplementary Figure S4). The protocol for
circulatory PMP analysis was adapted from Lu et al. [13]. A volume of 1 mL whole blood was
added to micro-centrifuge tubes in the presence of PGE1 (120 nmol/L; Sigma-Aldrich, Castle Hill,
NSW, Australia). PGE1 was added to prevent artefactual activation during centrifugation. The blood
samples were incubated with the respective 100 μL BSE concentrations and DMSO control for 20 min
at 37 ◦C in the dark. Each sample was then centrifuged for 15 min at a 1000 rpm and the resultant
platelet rich plasma (PRP) was discarded. The remaining blood was spun a further 15 min at 3000 rpm.
The supernatant rich in PMPs (40 μL) was collected into flow tubes and incubated with 4 μL of CD42b
and 6 μL of stain buffer (Becton, Dickson and Company, North Ryde, NSW, Australia) in dark room for
15 min. Four percent formaldehyde was used to fix any activation of platelets left in the supernatant.
After a 10-min incubation period the samples were run for PMP analysis on the flow cytometer.

2.8. Statistical Analysis

A two-way ANOVA following Tukey’s post comparison test was performed using GraphPad
Prism version 8.0 for Windows (GraphPad Software, La Jolla, California, USA). A minimum sample
size of 14 participants in total was required for 80% power to detect a 5% variation in the laboratory
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parameters measured where a 3–5% standard deviation exists in the population, assuming an alpha
error of 0.05. All the data were expressed as mean ± standard deviation (SD). Differences between the
groups were significant when p < 0.05. Any significant statistical interactions were included in the
analysis where applicable.

3. Results

The baseline parameters including full blood counts for all 18 participants were within normal
reference ranges set by the Royal College of Pathologists of Australasia (Table 1) [14].

Table 1. Baseline full blood counts of participants.

Parameters Mean ± SD

Age (years) 26 ± 8

WBC (× 109/L) 5.5 ± 1.3

Neutrophil (%) 48.6 ± 9.5

Lymphocytes (%) 37.8 ± 9.2

Monocytes (%) 10.6 ± 2.3

Eosinophils (%) 2.8 ± 1.3

Basophils (%) 0.1 ± 0.1

RBC (× 1012/L) 4.6 ± 0.5

Haemoglobin (g/L) 147.9 ± 16.1

PCV (%) 0.41 ± 0.04

MCV (fL) 90.0 ± 3.5

MCH (pg) 35.8 ± 15.2

MCHC (g/dL) 360.1 ± 6.0

RDW (%) 14.9 ± 0.8

Platelet count (× 109/L) 248.3 ± 50.0

MPV 8.41 ± 0.89

Values are represented as mean ± Standard deviation (SD). RBC, red blood cell, PCV, packed cell volume, MCV,
mean cell volume, MCH, mean cell haemoglobin, MCHC, mean cell haemoglobin concentration, RDW, red cell
distribution width, MPV, mean platelet volume.

3.1. Effect of BSE on Whole Blood Platelet Aggregation and Platelet Activation

BSE at 40 μg/mL concentration significantly reduced platelet aggregation stimulated by collagen
by 19 % (p = 0.0004) (Figure 1). BSE at lower concentrations did not exhibit any significant reduction
in aggregation.

It was observed that whole blood treatment with the varying concentrations of BSE did not
significantly affect ADP-induced platelet conformational change and degranulation indicated by PAC-1
and P-selectin expression respectively (Supplementary Figures S5 and S6).

3.2. Effect of BSE on Circulatory PMPs

BSE at a concentration of 40 μg/mL significantly reduced the amount of circulatory PMPs in whole
blood by 47% (p = 0.0008). Lower concentrations of BSE did not exhibit any significant reduction to the
amount circulatory PMPs (Figure 2).
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Figure 1. The effect of varying concentrations of BSE on collagen-induced aggregation. BSE at 40 μg/mL
significantly reduced platelet aggregation (5.3 ± 1.3; p value = 0.0004). BSE at 5 μg/mL and 20 μg/mL
did not reduce platelet aggregation when compared to control (p value > 0.1). N = 18 and data is
represented in aggregation (Ohms) versus BSE concentrations. *** signifies statistical significance
p < 0.001 compared to control. Error bars expressed as mean ± SD.

Figure 2. The effect of varying concentrations of BSE on circulatory PMP production in vitro. BSE at
40 μg/mL significantly reduced the amount of circulatory PMPs (<24190 ± 4935, p = 0.0008). BSE at
5 μg/mL and 20 μg/mL did not reduce platelet aggregation when compared to control (p value > 0.1).
N = 14 and data are represented in number of PMP events versus BSE concentrations. *** signifies
statistical significance p < 0.001 compared to control. Error bars expressed as mean ± SD.

4. Discussion

There is growing interest in understanding the therapeutic benefits of functional foods. Sorghum
for example is one of the functional foods that is showing promise in this area. With sorghum-derived
polyphenols already having demonstrated anti-inflammatory, anti-cancer and antioxidant properties,
the current study aimed to evaluate the effects of polyphenol-rich BSE on platelet function in terms of
aggregation, conformational change, degranulation and circulatory PMP production [8–10]. It was
observed that BSE significantly inhibited collagen-induced platelet aggregation and decreased the
release of circulatory PMPs but did not have a significant effect on ADP-induced platelet conformational
change or degranulation. Although these results do not reflect a typical dose-dependent inhibition,
they suggest a potential role of BSE polyphenols at optimum concentrations to interfere with pathways
in the GPVI-collagen signalling and the release of circulatory PMPs but little or no effect on P2Y1/

P2Y12-ADP pathway.
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To the best of our knowledge only a few studies have investigated the antiplatelet effects of
sorghum extracts. Li, Yu and Fan et al. [15] extracted alditols and monosaccharides from sorghum
vinegar to evaluate their anti-aggregation activity using the turbidimetric method. Results from
their study indicated a significant dose-dependent inhibition of aggregation via multiple agonists,
arachidonic acid, collagen, ADP and thrombin. Furthermore, a different study by Fan et al. [16]
reported in vitro inhibition of ADP- and thrombin- induced rabbit platelet aggregation by methanolic
extracts of aged sorghum vinegar with the half maximal inhibitory concentrations (IC50) of 1.7 ± 0.3
and 8.9 ± 1.9 mg/mL respectively. When rats were orally administered the extracts (>100 mg/kg),
both collagen- and epinephrine-induced pulmonary thrombosis were inhibited. In comparison with
the present study it is to be noted that these studies employed platelet-rich plasma rather than
whole blood hence not accounting for the possible involvement of other blood cells and extracellular
mediators involved in thrombus formation. In addition, sorghum vinegar extracts were used at higher
concentrations; milligrams compared to micrograms used in this study. This raises the question of
bioavailability and the importance of employing physiological concentrations of extracts.

Although the BSE concentration of 40 μg/mL at which antiplatelet effect were observed is relatively
lesser in concentration than used in the other studies, the most bioactive compounds with respect to
antioxidant activity were catechins and other flavonoids which are usually considered to have low
bioavailability [8]. It has been suggested that the total plasma polyphenol concentration rarely exceeds
1 μM and that their antiplatelet effects are only found at high non-physiological concentrations (greater
than 50 μM) [17,18]. However, it is likely that these plasma concentrations are underestimations
due to the ability of polyphenols to bind to the surface of red blood cells and thereby exert their
bioactivity [19]. Furthermore polyphenols (structurally related to catechin) and their metabolites have
been shown to inhibit platelet function in vitro [20]. This highlights the possibility of sorghum catechins
and their metabolites having antiplatelet effects in vivo despite bioavailability concern. Interestingly,
an in vivo human dietary intervention trial compared consumption of red and white wholegrain
sorghum-based pasta to a control pasta in order to investigate its acute effect on the total phenol content
and antioxidant activity in the plasma of healthy subjects [21]. Results showed that when compared to
the control pasta, the red sorghum pasta showed significantly increased net plasma phenolic content
and antioxidant activity post consumption (from 216.90 ± 2.62 at baseline to 269.40 ± 2.33 at 2 h;
p < 0.001), thus demonstrating a plausible correlation between antioxidant activity and sorghum
polyphenol consumption—which in turn may contribute to antiplatelet effects.

The antiplatelet effects was observed with BSE-included inhibition of collagen-induced aggregation
and circulatory PMP production but no effect on ADP-induced platelet activation. The absence of
antiplatelet effects on the P2Y1/ P2Y12-ADP activation pathway suggests that BSE polyphenols are
not mimicking the action of drugs such as clopidogrel that antagonise P2Y12 receptor activation [22].
However, the inhibition of collagen-induced aggregation suggest that BSE polyphenols interfere
with GPVI-collagen signalling pathways by either blunting the GPVI receptor directly or by other
mechanisms [5]. Previous studies have demonstrated that flavonoids, specifically quercetin and
catechin, can act synergistically to inhibit collagen-induced aggregation by blunting the associated
burst of H2O2 and subsequent PLC activation [23,24]. Thus, a possible mechanism of inhibition
BSE flavonoids may be a synergistic antagonism of the positive feedback activation of intracellular
signals triggered by H2O2. Moreover, it has been shown that the phosphorylation cascade initiated
by collagen can be inhibited by flavonoids [25,26]. Flavones, especially apigenin and luteolin, by
virtue of a double bond in the C2-C3 and the keto group in C4 can also inhibit collagen-induced
activation by antagonizing the TxA2 receptor activation which is also involved in the positive feedback
loop [27]. Besides inhibition of the GPVI-collagen signalling, BSE polyphenols showed inhibition of
the circulatory PMP production.

To the best of our knowledge, this is the first study investigating the effect of sorghum-derived
polyphenols on PMP production. In contrast to this study, other PMP studies have employed the
use of Annexin V as well as the platelet specific antibody CD42b, to identify pro-coagulant PMPs
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by their phosphatidylserine expression and to limit background noise [28]. However, because of the
heterogeneity of PMPs, not all PMPs express phosphatidylserine [29]. Moreover, the measurement of
CD42b-positive PMPs alone is significant as its increase has been associated with an increased risk
of coronary heart disease [30]. From the current study, the significant inhibition of CD42b-positive
circulatory PMPs observed in vitro may be attributed to the antioxidant properties of BSE polyphenols.
It is believed that the inhibition of PMP generation may be the result of neutralisation of H2O2,
scavenging of other free radicals or interaction with intracellular signalling leading to PMP release.

The juxtaposition of both the present study and that of an earlier study by Francis et al. [10]
highlights the multifaceted role of BSE polyphenols in cardio-protection. The group investigated the
effects of BSE polyphenols on the expression of antioxidant- and inflammatory-linked genes involved
in endothelial dysfunction under oxidative stress. Results indicated that BSE polyphenols alleviate
oxidative stress–induced damage to endothelial cells. Since vascular dysfunction is a precursor to
cardiovascular diseases, the current study builds upon earlier findings by exhibiting the antiplatelet
effects of BSE. In the context of endothelial dysfunction, platelet activation and circulatory PMPs
play central roles in the pathogenesis of atherothrombosis. The disruption of the plaque exposes
collagen that binds to the GPVI receptor resulting in platelet activation and subsequent thrombus
formation [31]. Circulatory PMPs may contribute to thrombosis via GPIb-IX-V receptor binding and
have a pro-inflammatory effect to promote the development of the plaque [32]. Therefore, by reducing
collagen-induced platelet aggregation and circulatory PMP generation, BSE polyphenols may be
displaying the potential to augment thrombosis.

5. Conclusion and Future Considerations

In summary, the present study contributes to the growing body of literature on bioactivity of
sorghum polyphenols and highlights possible mechanisms of antiplatelet action that may result in
cardiovascular health benefits. Because of the ability to reduce collagen-induced platelet activation and
circulatory PMP generation, BSE polyphenols demonstrate the potential to interfere with pathological
processes involved in vascular disorders and thrombotic complications. However, a larger panel of
agonist for the flow cytometry and aggregometry studies will aid to further elucidate antiplatelet
mechanisms. Because of the bioavailability concerns, well-controlled dietary intervention trials
using larger sample sizes to evaluate the antiplatelet effects of sorghum consumption in healthy and
pro-thrombotic populations are warranted to justify our findings. Because of the varied phenolic
profiles of the different sorghum varieties, further research comparing the antiplatelet therapeutic
potential of different grains is also warranted. Furthermore, this study attest to the measurement of
circulatory PMPs as a biomarker of platelet activation to assess the bioactivity of functional foods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/6/1760/s1,
Figure S1: Characterisation of phenolic compounds in BSE. Ultra-high-performance liquid chromatography
(UHPLC) was employed to quantify the different phenolic compounds identified by the peak (on top). An online
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) was coupled with UHPLC to quantify the relative
antioxidant activity (peaks below) of each compound identified, Figure S2: A report derived from the collagen
induced platelet aggregation study using the Chrono-log model 700 lumi-aggregometer (DKSH Australia Pty. Ltd,
Hallam, VIC, Australia). The blue tracing represents the control (whole blood with no BSE) and the black tracing
represents the whole blood pre-treated with 5 μg/mL BSE. The addition of BSE reduced the maximum platelet
aggregation expressed in Ohms from 15 ohms to 11 ohms, Figure S3: A report from the ADP-induced platelet
activation analysis using Kaluza Flow Cytometry Software (Beckman Coulter, Brea, CA, USA). Results indicate
the gating of whole platelet population (CD42b positive events) and the proportion of activated platelets indicated
by PAC-1 and P-selectin expression, Figure S4: A report from the PMP analysis using Kaluza Flow Cytometry
Software (Beckman Coulter, Brea, CA, USA). Microparticle gating was established using Megamix beads of
standard sizes. PMPs were distinguished from other microparticles by size (0.5 μm - 0.9 μm) and expression of
CD42b. The number of CD42b positive events in the microparticle gate was used to quantify the PMPs, Figure S5:
The effect of varying concentrations of BSE on PAC-1 expression. BSE did not significantly reduce ADP-induced
platelet conformational change detected by PAC-1 expression (p values > 0.1 compared to control) N=14 and data
is represented in mean fluorescence intensity (MFI) versus BSE concentrations. Error bars expressed as mean ± SD,
Figure S6: The effect of varying concentrations of BSE on P-selectin expression. BSE did not significantly reduce
ADP-induced platelet degranulation detected by P-selectin expression (p values > 0.1 compared to control ) N=14
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and data is represented in mean fluorescence intensity (MFI) versus BSE concentrations Error bars expressed as
mean ± SD, Table S1: Phenolic composition and antioxidant activity of sorghum varieties on as is basis, Table S2:
List of top ten phenolic compounds identified in the black sorghum phenolic rich extracts by Q-TOF LC/MS and
quantified using UHPLC-Online ABTS system (Adapted from Rao et al., 2018).
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Abbreviations

ADP Adenosine diphosphate
ATP Adenosine triphosphate
BSE Black sorghum extract
COX-1 Cyclooxygenase-1
DMSO Dimethyl sulfoxide
EDTA Ethylene diamine tetra-acetic acid
FBE Full blood examination
GAE Gallic acid equivalents
MCH Mean cell haemoglobin
MCHC Mean cell haemoglobin concentration
MCV Mean cell haemoglobin
MFI Mean fluorescence intensity
MPV Mean platelet volume
PAR Protease-activated receptor
PAC-1 Procaspase activating compound-1
PBS Phosphate buffered saline
PCV Packed cell volume
PGE1 Prostaglandin E1
PMP Platelet microparticle
RBC Red blood cell
SD Standard deviation
WBC White blood cell
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Abstract: Dietary polyphenol intake is associated with improvement of metabolic disturbances.
The aims of the present study are to describe dietary polyphenol intake in a population with metabolic
syndrome (MetS) and to examine the association between polyphenol intake and the components
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of MetS. This cross-sectional analysis involved 6633 men and women included in the PREDIMED
(PREvención con DIeta MEDiterranea-Plus) study. The polyphenol content of foods was estimated
from the Phenol-Explorer 3.6 database. The mean of total polyphenol intake was 846 ± 318 mg/day.
Except for stilbenes, women had higher polyphenol intake than men. Total polyphenol intake was
higher in older participants (>70 years of age) compared to their younger counterparts. Participants
with body mass index (BMI) >35 kg/m2 reported lower total polyphenol, flavonoid, and stilbene
intake than those with lower BMI. Total polyphenol intake was not associated with a better profile
concerning MetS components, except for high-density lipoprotein cholesterol (HDL-c), although
stilbenes, lignans, and other polyphenols showed an inverse association with blood pressure, fasting
plasma glucose, and triglycerides. A direct association with HDL-c was found for all subclasses
except lignans and phenolic acids. To conclude, in participants with MetS, higher intake of several
polyphenol subclasses was associated with a better profile of MetS components, especially HDL-c.

Keywords: polyphenols; metabolic syndrome; Mediterranean diet; glignans; stilbenes;
HDL-cholesterol

1. Introduction

Polyphenols are plant-derived molecules characterized by the presence of one or more aromatic
rings and attached hydroxyl groups [1]. They are classified into five subclasses according to their
chemical structure, including flavonoids and nonflavonoids subclasses defined as phenolic acids,
stilbenes, lignans, and other polyphenols. These bioactive compounds are responsible for some health
and sensory properties of foods, such as bitterness, astringency, and antioxidant capacity. The intake
of phenolic compounds and their food sources is highly variable and depends on dietary patterns,
sex, socioeconomic factors, and the native foods of each region [2]. The Mediterranean diet (MedDiet)
is characterized by a high intake of phenolic compounds because MedDiet interventions promote
the intake of phenolic rich and plant-based products, such as legumes, vegetables, fruits, nuts and
wholegrain cereals, and promote the use of extra virgin olive oil as the main source of fat. It has been
suggested that phenolic compounds are partly responsible for the beneficial effects attributed to the
MedDiet [3].

The metabolic syndrome (MetS) is defined as a cluster of metabolic disturbances, which include
impaired glucose metabolism, elevated blood pressure, and low level of HDL-c, dyslipidemia, and
abdominal obesity [4]. Sedentary lifestyle, smoking, and unbalanced diets are well-known modifiable
risk factors for MetS, and lifestyle interventions in those areas, especially dietary interventions based
on the MedDiet [3–6], might improve this condition. Considering the chronic low-grade inflammation
and oxidative stress observed in MetS, polyphenols are good candidates to improve the condition
because of their antioxidant and anti-inflammatory properties [7]. Moreover, several epidemiological
studies have observed a negative association between polyphenol intake and MetS rates [8]. Regarding
MetS components, an adequate intake of phenolic compounds has been shown to improve lipid profile
and insulin resistance, and decrease blood pressure levels and body weight [8,9].

Despite the fact that phenol-rich dietary patterns are effective in improving some MetS components,
there is no single phenolic compound or extract able to improve all the components of MetS [10].
Nevertheless, given the complexity of MetS and the heterogeneity of polyphenols, more large
randomized trials with MetS patients are needed to evaluate the effect of polyphenol intake in reducing
MetS complications, and whether intake of the different polyphenol subclasses could be associated with
improvements in MetS components, because each subtype has different absorption and metabolism [11].

Therefore, the aims of our study were firstly to describe polyphenol intake in 6633 participants
with MetS from the PREvención con DIeta MEDiterranea-Plus (PREDIMED-Plus) trial and to identify

109



Nutrients 2020, 12, 689

the main food sources of polyphenols in those participants, and secondly to examine whether higher
intakes of some polyphenol sub-classes are associated with MetS components in this population.

2. Materials and Methods

2.1. Design of the Study

A cross-sectional analysis of the baseline data of participants included in the PREvención con
DIeta MEDiterranea-Plus (PREDIMED-Plus) study was performed. The profile of the cohort, recruiting
methods, and data collection processes have been described elsewhere [12] and on the website
http://predimedplus.com. The study protocol was approved by the 23 recruiting centers Institutional
Review Boards and registered in 2014 at the International Standard Randomized Controlled Trial
Number registry (http://www.isrctn.com/ISRCTN89898870). All participants provided written informed
consent before joining the study.

2.2. Participants

A total of 6874 subjects were recruited and randomized in the 23 recruiting centers between
September 2013 and December 2016. Primary care medical doctors from primary care centers of
the National Health System assessed potential participants for eligibility. Eligible participants were
men (aged 55–75 years) and women (aged 60–75 years) with overweight or obesity (body mass index
[BMI] ≥27 and <40 kg/m2) and at least three components of MetS according to the comprehensive
definition of the International Diabetes Federation; National Heart, Lung, and Blood Institute; and
American Heart Association (2009) [4]. Exclusion criteria were documented history of cardiovascular
diseases (CVD), having a long-term illness, drug or alcohol use disorder, a BMI of 40 or higher, a
history of allergy or intolerance to extra virgin olive oil or nuts, malignant cancer, inability to follow
the recommended diet or physical activity program, history of surgical procedures for weight loss,
and obesity of known endocrine disease (except for treated hypothyroidism). Of the total sample of
6874 randomized participants, 241 participants were excluded from the current analysis (Figure 1):
53 without food-frequency questionnaire (FFQ) data at baseline, and 188 participants who reported
energy intake values outside the predefined limits (<3347 kJ [800 kcal]/day or >17,573 kJ [4000 kcal]/day
for men; <2510 kJ [500 kcal]/day or >14,644 kJ [3500 kcal]/day for women) [13].

Figure 1. Flowchart of the participants.
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2.3. Estimation of Dietary Polyphenol Intake

The total dietary polyphenol intake and polyphenol subclasses were obtained at baseline by the
143-item FFQs used in the PREDIMED-Plus study. As described elsewhere [14], dietary polyphenol
intake was estimated following these steps: (1) All foods from the FFQ with no polyphenol content,
or only traces, were excluded; (2) recipes were calculated according to their ingredients and portions
using traditional MedDiet recipes; (3) when an item from the FFQ included several foods (e.g., oranges
and tangerines), the proportion of intake was calculated according to data available in the national
survey; (4) no retention or yield factors were used to correct weight changes during cooking because
this was already taken into account in the FFQ; (5) the polyphenol content in 100 g of each food
item was obtained from the Phenol-Explorer database (version 3.6) [15]; (6) finally, the individual
polyphenol intake from each food was calculated by multiplying the content of each polyphenol by the
daily consumption of each food. Total polyphenol intake was calculated as the sum of all individual
polyphenol intakes from the food sources reported in the FFQ.

The data used to calculate polyphenol intake was obtained by chromatography of all the
phenolic compounds, except proanthocyanidins, the content of which was obtained by normal-phase
high-performance liquid chromatography. In the case of lignans and phenolic acids in certain foods
(i.e., swiss chard, chickpeas, plums, and strawberry jam), data corresponding to chromatography after
hydrolysis was also collected, since these treatments are needed to release phenolic compounds that
could otherwise not be analyzed. Total and polyphenol subclass intakes were adjusted for energy
intake (kcal/day) using the residual method [13].

2.4. Measurements and Outcome Assessment

Data on age, sex, educational levels, anthropometric measurements, dietary habits and
lifestyle were collected at baseline. Anthropometric measurements were measured according to
the PREDIMED-Plus protocol. Weight was recorded with participants in light clothing without shoes
or accessories using a high-quality calibrated scale. Height was measured with a wall-mounted
stadiometer. Waist circumference was measured midway between the lowest rib and the iliac crest.
The BMI was calculated as weight (kg) divided by the square of height (m2).

Physical activity and sedentary behaviors were evaluated using the validated Regicor Short
Physical Activity Questionnaire [16] and the validated Spanish version of the Nurses’ Health Study
questionnaire [17], respectively.

Information related to sociodemographic and lifestyle habits, individual and family medical
history, smoking status, medical conditions, and medication use was evaluated using self-reported
questionnaires. Sociodemographic and lifestyle variables were categorized as follows: age (three
categories: <65, 65–70, or >70 years), educational level (three categories: primary, secondary, or
high school), physical activity level (three categories: low, moderate, or high), BMI (three categories:
27.0–29.9, 30.0–34.9, or ≥35 kg/m2), and smoking status (three categories: never, former, or current
smoker).

Blood samples were collected after overnight fasting. Biochemical analyses were performed to
determine plasma glucose (mg/dL), glycated hemoglobin (%), HDL-c (mg/dL), and triglyceride (mg/dL)
levels using standard laboratory enzymatic methods. Low-density lipoprotein cholesterol (LDL-c;
mg/dL) was calculated using the Friedewald formula whenever triglyceride levels were less than 300
mg/dL. Blood pressure measurements were obtained after the participant had rested for five minutes.
Each measurement was obtained with a validated semiautomatic oscillometer (Omron HEM-705CP),
ensuring the use of the proper cuff size for each participant.

2.5. Statistical Analysis

Descriptive statistics were used to define the baseline characteristics of the participants.
The database used was the PREDIMED-Plus baseline database generated in September 2018.
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Continuous variables are expressed as mean ± SD. Categorical variables are expressed as number (n)
and percentage (%). Comparisons among quartiles of dietary polyphenol intake used the Pearson chi
square test (χ2) for categorical variables or one-way ANOVA for continuous variables. The associations
between dietary polyphenol intake and MetS components were analyzed by linear regression models
to determine differences between quartiles of polyphenol subclass intake. The results of the regression
models are expressed as unstandardized β-coefficients. For regression models, polyphenol and
polyphenol subclasses are expressed as quartiles of energy-adjusted dietary intake. We used robust
variance estimators to account for intra-cluster correlation in all linear models, considering members
of the same household as a cluster. All regression models were adjusted for potential confounders.
Model 1 was adjusted for sex, age, recruiting center, and members of the same household. Model 2
was additionally adjusted for physical activity level, BMI (except for waist circumference criteria),
smoking status, and educational level. We additionally adjusted for anti-diabetic treatment when
assessing glycemia and antihypertensive treatments when assessing blood pressure. Lastly, model 3
was additionally adjusted for total energy intake (continuous, kcal/day), saturated fatty acids (g/day),
and distilled drinks alcohol intake (g/day). In model 3, the analysis of glycemia was additionally
adjusted for dietary simple sugar intake (g/day), whereas the analysis of systolic and diastolic blood
pressures was also adjusted for dietary sodium intake (mg/day). The normality of the continuous
outcomes and standardized residuals was assessed with the Shapiro–Wilk test. Values are shown as
95% confidence interval (CI) and significance for all statistical tests was based on bilateral contrast set
at p < 0.05. The P value for linear trends was computed by fitting a continuous variable that assigned
the median value for each quartile in regression models. The descriptive analyses shown in Tables 1–3
were performed using SPSS software version 22.0 (Chicago, IL, USA) and the regression analysis was
performed using Stata software version 16 (StataCorp LP, College Station, TX, USA).
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3. Results

The present study was conducted on 6633 participants from the PREDIMED-Plus study. The mean
age was 65.0 ± 4.9 years, and mean BMI was 32.5 ± 3.44 kg/m2. Table 1 shows the main characteristics of
the participants according to quartiles of dietary total polyphenol intake. We observed that participants
included in the highest quartile of polyphenol intake (>1019.3 mg/day) were mainly men and former
smokers with a higher educational level (all three p < 0.001). We observed an inverse trend in the
relationship between polyphenol intake and BMI (p = 0.02), whereas this trend was direct for waist
circumference (p = 0.01) and body weight (p < 0.001). Moreover, fewer participants with insulin and
nonsteroidal anti-inflammatory drug treatment were observed in the highest quartile of polyphenol
intake (both p = 0.01).

Total polyphenol intake was 846± 318 mg/day, of which 58.0% were flavonoids (491± 253 mg/day),
33.1% phenolic acids (280 ± 131 mg/day), and the rest other polyphenols, stilbenes, and lignans (70.8 ±
41.5, 2.13 ± 3.92, and 1.53 ± 0.56 mg/day, respectively). The mean of the total polyphenol aglycone
intake was 620.9 ± 273.5 mg/day. Table 2 shows the contribution (%) of each polyphenol subclass and
polyphenol aglycones. The highest contributor to total polyphenol intake was hydroxycinnamic acids
(30.9%). Regarding flavonoids, flavanols were the main contributors (24.1% from proanthocyanidins,
3.32% catechins, and 0.08% of theaflavins), followed by flavanones (9.83%), flavones (8.65%), flavonols
(6.40%), and anthocyanins (5.14%). Additionally, tyrosols represented 6.19% of the total polyphenol
intake, being the most abundant polyphenol classified within the group of other polyphenols.

The main food sources for each polyphenol subclass are also shown in Table 2. In the case
of flavonoids, the most important contributors to the intake of proanthocyanidins were fruits and
chocolate and its derivatives. Fruits (mainly oranges and orange juice) were the greatest contributors
of flavanones, while vegetables (mainly onion, spinach, and lettuce) were the greatest contributors
of flavones. Red wine, olives, tea, and wholegrain cereals were also important contributors to the
remaining subclasses. Coffee was the most significant contributor of phenolic acids, especially of
hydroxycinnamic acids, followed by olives and red wine. Stilbenes were mainly provided by red
wine (91.9%). Lignans were widely distributed among foods, with extra virgin olive oil, fruits, and
vegetables the main contributors. The main contributors of other polyphenols were olives, olive oil,
cereals, coffee, and alcoholic beverages (mainly beer and red wine).

Table 3 shows the energy-adjusted intake of total polyphenols and the main subclasses by sex,
age, BMI, level of physical activity, educational level, and smoking status. Total polyphenol intake
was significantly higher in women due to their high intake of flavonoids (p < 0.001), whereas men
consumed more phenolic acids (p = 0.003), stilbenes, and other polyphenols. The intake of total
polyphenols, flavonoids, and lignans increased with age (p= 0.002, p< 0.001, and p= 0.006, respectively).
Interestingly, participants with the highest BMI (>35 kg/m2) showed the lowest total polyphenol
(p = 0.042), flavonoid (p = 0.004), and stilbene intake (p < 0.001), whereas phenolic acid intake was
significantly higher in this group (p = 0.006). The level of physical activity was directly associated with
total polyphenol intake (p < 0.001) and with all polyphenol classes except for phenolic acids (p < 0.001
in all cases except p = 0.03 for other polyphenols). Participants with a higher educational level (high
school) showed higher total polyphenol, flavonoid, and stilbene intake (p < 0.001 in all cases). Current
smokers reported a significantly higher intake of coffee than non-smokers (p < 0.001) and, consequently,
showed a significantly higher intake of phenolic acids (p < 0.001). Otherwise, the smokers group
showed significantly lower intake of flavonoids and lignans than their counterparts (p < 0.001, both).

The associations between dietary polyphenol intake and MetS components after full adjustment
are shown in Figure 2. High flavonoid and low phenolic acid intake were associated with lower waist
circumference (p = 0.02 and p < 0.001, respectively). The highest intake of other polyphenols was
significantly and inversely associated with systolic (p = 0.001) and diastolic blood pressure levels
(p = 0.002). An inverse association was found between fasting plasma glucose levels and lignans
(p = 0.04). Positive associations were found between HDL-c levels and all polyphenol classes except
for phenolic acid and lignan intake. Lastly, triglyceride concentration was inversely associated with
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lignans and stilbenes (p = 0.006 and p = 0.004, respectively). Changes in the linear regression models
after adjustment are shown in the Supplementary Table (Supplementary Table S1).

 

Figure 2. Energy-adjusted subclasses of dietary polyphenol intake by metabolic syndrome components
(standardized β-coefficients [95% Confidence Intervals]).
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4. Discussion

In this cross-sectional study of the PREDIMED-Plus study, we showed that high intake of some
polyphenol subclasses was inversely associated with levels of the MetS components. These associations
were especially observed for the subclasses whose contribution to total polyphenol intake was lower,
such as other polyphenols, lignans, and stilbenes. Previous epidemiological studies have investigated
the association between dietary polyphenol intake and MetS components in healthy populations or
those at high risk of CVD, but to our knowledge there are no previous studies on these associations in
subjects previously diagnosed with MetS.

In our study, the polyphenol intake was 846 ± 318 mg/day, and the intake was highest for
flavonoids (58% of total), followed by phenolic acids (33.1%), similar to results of other Spanish
cohorts [14,18]. By contrast, the total polyphenol intake was considerably lower than the intake
observed in Mediterranean countries of the EPIC Study (1011 mg/day) [19], the SU.VI.MAX cohort
study (1193 mg/day) [20], and the data from other studies conducted in non-Mediterranean countries,
such as the UK National Diet and Nutrition Survey Rolling Programme for participants of similar age
(1053 mg/day) [21]. The main noteworthy difference between our results and those of other countries
was the relevant contribution of seeds, olives and olive oil, and red wine [14,20], while coffee, tea, and
cocoa products are the foods most commonly observed in non-Mediterranean countries [22–24].

In addition to the differences observed according to geographical location and dietary habits,
sociodemographic and lifestyle habits significantly influence the quantity and profile of intake of
polyphenol subclasses. The intake of total polyphenols, particularly flavonoids and lignans, increased
with age compared to younger participants (<65 years), although Grosso et al. reported the opposite
observation [23]. In addition, BMI was inversely associated with total polyphenol intake, mainly
with lower flavonoid and stilbene intake. This finding was also reported in the TOSCA.IT and EPIC
studies [19,25].

The intake of polyphenol subclasses has been reported to have an impact on MetS
components [26,27]. Even though flavonoids were the principal contributors of total polyphenol
intake in our study, no associations were found with any of the MetS components, except for an
inverse association with waist circumference. Similar findings were described in the HELENA
study [28], where flavonoid intake was associated with lower BMI. Research on the mechanisms of
action involved in the anti-obesogenic properties of flavonoids suggests that the improvements in
glucose homeostasis are promoted by reducing insulin resistance and decreasing oxidative stress
levels [29]. Phenolic acid intake was associated with higher fasting plasma glucose levels and waist
circumference. These results are opposite from those observed in the HAPIEE cohort study, which
described the beneficial effects of phenolic acid on the overall risk of developing MetS and lowering
blood pressure [30]. Nevertheless, it must be taken into account that the dietary intake of phenolic acids
and total polyphenol in the mentioned study doubled the amount estimated in our results, probably
because of the higher intake of tea and its contribution to phenolic acid intake compared to our study
population [23]. In Mediterranean countries, dietary intake of stilbenes is relatively high compared to
other countries [19], with red wine being their main source (>90%). In this setting, higher stilbene
intake was associated with higher HDL-c levels, but since HDL-c is the best-established cardiovascular
protective factor by alcohol consumption, we cannot exclude that the alcohol content of red wine may
interfere with this result [31]. In the PREDIMED study, the intake of red wine was associated with
improvements in four out of five MetS criteria (i.e., elevated abdominal obesity, low HDL-c levels,
high blood pressure, and high fasting plasma glucose levels) [32]. Other studies also found an inverse
association between abdominal adiposity and stilbene intake, BMI, and waist circumference [30,33]. As
a mechanistic pathway for stilbenes, resveratrol has shown potential anti-obesogenic effects decreasing
adipocyte proliferation while activating lipolysis and β-oxidation [34]. However, the association
with lower body weight and waist circumference observed in the present study and the promising
effects against obesity associated with polyphenol intake observed in other studies were not clinically
relevant [35]. Our results showed an inverse association between fasting glucose and lignans, and
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an increase in HDL-c levels and lower levels of systolic and diastolic blood pressure measurements
for other polyphenols. The same finding was described in a Brazilian cohort for hypertension and
other polyphenols [36]. In contrast with our results, flavonoids, mainly anthocyanins, showed greater
antihypertensive effects in another study [37]. Finally, the association between lignan intake and fasting
glucose levels was not demonstrated to be linked with the diagnosis of type 2 diabetes (T2D) in the
EPIC study [38], but this inverse association aligned with the results observed in the PREDIMED cohort
and PREDIMED-Plus study [39,40]. The potential mechanism of action underlying this association
might be explained by the improvements observed in gut microbiota. This assumption was also
observed in a study of US women [41], showing an inverse association between levels of gut microbiota
metabolites from dietary lignan intake and T2D incidence.

Interestingly, in our study we found an association between intake of all polyphenol subclasses
except phenolic acids and lignans and higher HDL-c levels. These associations were also found with
total polyphenol intake in the TOSCA.IT study in T2D subjects [25] and in a similar cohort of participants
at high cardiovascular risk [42]. We also observed that triglyceride levels were inversely associated
with stilbene and lignan intake. Despite the fact that the antioxidant properties of polyphenols for the
prevention of LDL-c oxidation are well described, the effects of dietary polyphenols on the reduction
of total cholesterol levels or triglycerides are controverted [43].

The major strengths of the present study are its large sample size, the multicenter design, and
the use of the Phenol-Explorer as the most comprehensive food composition database on dietary
polyphenols [15]. In prior studies, the FFQ was validated to evaluate total polyphenol intake in
both clinical and cross-sectional studies [44]. Our study has also some limitations. First, it used a
cross-sectional design which does not allow attributing conclusions to plausible causes. In order to
establish causality, a randomized controlled trial based on the intake of different polyphenol subclasses
should be performed. Second, potential residual confounding and the lack of generalizability of
the results to other populations than middle-aged to elderly people with higher BMI and MetS are
limitations. Third, the use of the FFQ may have led to a misclassification of the exposure due to
self-reported information of food intake and to the fact that some polyphenol-rich foods are grouped
in the same item (e.g., spices). Nevertheless, the FFQ used has been validated in the adult Spanish
population and showed good reproducibility and validity [45]. Fourth, other factors that affect food
polyphenol content, such as bioavailability, variety, ripeness, culinary technique, storage, region, and
environmental conditions, were not collected.

Even though recent research postulates that polyphenols are effective in improving MetS, no
single phenolic compound or food has an impact on all the MetS components, suggesting that healthy
and polyphenol-rich dietary patterns such as the MedDiet may be an adequate strategy for MetS
management. This research might be useful for setting dietary and health counseling for MetS
patients, especially those with low HDL-c levels. The use of a consensus methodology and polyphenol
database might facilitate this in future studies. Future large-scale clinical trials are needed to clarify the
underlying mechanisms of action and establish safe doses for the potential health effects described.

5. Conclusions

This study provides detailed information about the relationship between polyphenol intake and
the components of MetS in a population of overweight or obese adults. Higher intake of all the
subclasses of polyphenols was associated with a better profile of the components of MetS, especially
with HDL-c levels.
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Abstract: Dietary phytoestrogens are bioactive compounds with estrogenic activity. With the
growing popularity of plant-based diets, the intake of phytoestrogen-rich legumes (especially
soy) and legume-derived foods has increased. Evidence from preclinical studies suggests these
compounds may have an effect on hormones and health, although the results of human trials are
unclear. The effects of dietary phytoestrogens depend on the exposure (phytoestrogen type, matrix,
concentration, and bioavailability), ethnicity, hormone levels (related to age, sex, and physiological
condition), and health status of the consumer. In this review, we have summarized the results of human
studies on dietary phytoestrogens with the aim of assessing the possible hormone-dependent outcomes
and health effects of their consumption throughout a lifespan, focusing on pregnancy, childhood,
adulthood, and the premenopausal and postmenopausal stages. In pregnant women, an improvement
of insulin metabolism has been reported in only one study. Sex hormone alterations have been
found in the late stages of childhood, and goitrogenic effects in children with hypothyroidism.
In premenopausal and postmenopausal women, the reported impacts on hormones are inconsistent,
although beneficial goitrogenic effects and improved glycemic control and cardiovascular risk markers
have been described in postmenopausal individuals. In adult men, different authors report goitrogenic
effects and a reduction of insulin in non-alcoholic fatty liver patients. Further carefully designed
studies are warranted to better elucidate the impact of phytoestrogen consumption on the endocrine
system at different life stages.

Keywords: isoflavones; soy; dietary flavonoids; lignans; flaxseeds; endocrine; stages of life; estrogenic;
polyphenols; health

1. Introduction

Phytoestrogens are polyphenolic molecules with a structural similarity to endogenous human
hormones, hence their estrogenic activity. The main dietary source of these plant secondary metabolites
is legumes (particularly soy), and to a lesser extent fruits, vegetables, and cereals [1]. Figure 1 shows the
most common phytoestrogens in diet. According to their origin, lignins are classified into plant lignans
(e.g., pinoresinol, secoisolariciresinol, matairesinol, and sesamin) and enterolignans (e.g., enterodiol
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and enterolactone), which are metabolized from plant lignans by intestinal bacteria [1]. Although
ingested in lower quantities than isoflavones and lignans, prenylflavonoids from beer and coumestans
from soy are also regarded as polyphenols with estrogenic activity.

Figure 1. Classification and examples of the most common dietary phytoestrogens. Images are the
chemical structures of genistein, coumestrol, and enterodiol.

The intake of phytoestrogens has increased due to the widespread use of soy products for human
consumption and as cattle food [2]. In Europe, the lowest average intake of phytoestrogens occurs in
Mediterranean countries, whereas consumption in Northern countries is 0.76 mg/day [3]. The highest
soy-derived isoflavone intakes worldwide are still in China and Japan, where the population consumes
an average of 15–50 mg per day, compared to only about 2 mg per day in Western countries [4,5].
The promising health effects of soy have driven some people in developed countries to consume it as
an alternative to meat or dairy products.

Dietary phytoestrogens are digested in the small intestine, where they are poorly absorbed.
Those that reach the liver are conjugated and circulate in the plasma until excretion in urine. Thos that
are not absorbed are metabolized by the gut microbiota into lower weight compounds [1]. The diversity
of food matrices (from pure compounds to complex foods) used in clinical studies could also lead to
different results although interindividual variability seems more determinant. It has been demonstrated
that phytoestrogen extraction from complex food matrices, such as those with high content of sugars
and proteins, is more difficult in in vitro studies; however, no clear differences regarding food matrices
were observed in humans [6]. Nevertheless, results using pure compounds must be extrapolated
carefully because not only is the matrix different, but also the concentration, which is higher in
pure extracts.

Results from human studies suggest that phytoestrogens may lower the risk of osteoporosis,
some cardiometabolic diseases, cognitive dysfunction, breast and prostate cancer, and menopausal
symptoms by modulating the endocrine system (Figure 2). However, some authors describe phytoestrogens
as endocrine disruptors and believe their beneficial effects have been overestimated [2,5,7]. This ambiguity
could be partially due to the variability of published studies, as the beneficial or harmful effects of
phytoestrogens depend on the exposure (type, amount consumed, and bioavailability), ethnicity,
hormonal status (age and sex and physiological condition), and health status of the consumer [2,5,7].
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Figure 2. Summary of potential health outcomes of phytoestrogens through the modulation of the
endocrine system in (a) thyroids, (b) liver, (c) ovaries, (d) bones, (e) hypothalamic–pituitary–gonadal
axis, (f) pancreas, (g) fat tissue, (h) prostate. FSH: follicle-stimulating hormone; GnRH: gonadotropin-
releasing hormone; IGF-1: insulin growth factor 1; LH: luteinizing hormone; OC: osteocalcin;
PE: phytoestrogens; PSA: prostate-specific antigen; SHBG: stimulating hormone-binding globulin;
T3: triiodothyronine; T4: thyroxine; TPO: thyroperoxidase.

A plausible mechanism of action for phytoestrogens is estrogen receptor (ER) binding. The effects
of isoflavones, which have a five-fold greater affinity for β-ER than α-ER [8], on the endocrine system
may be through modulation of the hypothalamic-pituitary axis [9]. However, not all the biological
effects of phytoestrogens involve estrogen receptors. They can also activate serotonergic and insulin-like
growth factor (IGF) receptors 1, induce free radical binding and modify tyrosine kinases, cycle adenosine
monophosphate (cAMP), phosphatidylinositol-3 kinase (PI3K)/Akt, mitogen-activated protein (MAP)
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kinases, transcription of nuclear factor-kappa β (NF-Kβ), as well as promote DNA methylation and
affect histone and RNA expression. In addition, phytoestrogens can act as intracellular regulators
of the cell cycle and apoptosis. Thus, due to their antioxidant, antiproliferative, antimutagenic,
and antiangiogenic roles, phytoestrogens can improve health [10]. In addition, some authors observed
that estrogen and androgen seem to be involved in breast and prostate cancer regulating proliferative
and migratory signaling, such as Src/PI3K. Hormonal therapy response may vary depend on interactions
between estrogen or androgen receptors and proteins, according to hormone levels [11–13].

This integrative review aims to synthesize the results obtained by human studies and assess the
potential hormone-related health effects of dietary phytoestrogens throughout the human lifespan.

2. Effects of Phytoestrogen Intake on Sex Hormones

The anti-estrogenic activity of phytoestrogens is due to their structural similarity with 17-β-
estradiol (E2), the main female sex hormone [5]. As well as interacting with ERs, phytoestrogens can
affect the secretion of gonadotropin-releasing hormone (GnRH) [14]. Phytoestrogens could disrupt the
endocrine system by interfering with the hypothalamic–pituitary–gonadal axis, which controls estrogen
secretion. The hypothalamus releases GnRH and stimulates the pituitary to produce follicle-stimulating
hormone (FSH) and luteinizing hormone (LH), gonadotropins that promote the secretion of estrogen,
progesterone, and testosterone by the ovaries or testes. Low estrogen levels are a signal for the
hypothalamus to release GnRH, whereas high levels provide a negative feedback [15]. Therefore,
the presence of exogenous compounds structurally similar to E2 may interfere with this system.

Some studies have focused on how phytoestrogen affects urinary estrogen metabolites, some of
which may be involved in the development of breast cancer. In particular, the ratio of 2-hydroxyestrone
(2-OH-E1) to 16α-hydroxyestrone (16α-OH-E1) (2:16α-OH-E1) is considered a useful biomarker of
estrogen-related cancer risk. A major 2:16α-OH-E1 ratio is related to lower risk of breast cancer.
Previously, it was observed that a higher concentration of 16α-OH-E1 was associated with breast and
endometrial cancer, while an increase of metabolite 2-OH-E1 seems to inhibit the carcinogenesis [16].

Phytoestrogens have also been reported to affect sex hormones through ER-independent
mechanisms of action, such as by altering hormone-binding globulin (SHBG) levels. Circulating
estrogens and androgens are mostly bound to albumin and SHBG, with only a small fraction remaining
free. As estrogens and androgens are only biologically active in their free form, SHBG affects steroidal
activity. In vitro studies have shown that isoflavonoids stimulate the synthesis of SHBG by liver cancer
cells [17], but available data from human studies are inconclusive [18,19]. In addition, phytoestrogens
inhibit aromatase and other enzymes involved in the synthesis of steroid hormones [20].

Preclinical studies have suggested that phytoestrogens influence sexual function and the incidence
of cancer associated with the reproductive system such as ovarian and breast cancer [21], but the results
of cross-sectional studies and clinical trials are conflicting [22,23]. In addition to factors such as dose,
type, and bioavailability, the effects of phytoestrogens on sexual function could also depend on the life
stage of the consumer, as explained below.

2.1. Pregnancy

The results of a longitudinal study that measured E2, estriol (E3), testosterone, and isoflavones
in urine and serum from 194 pregnant women weakly support the initial hypothesis that genistein
and daidzein would reduce levels of E2 and testosterone at the 10th week of gestation. Additionally,
sex hormones quantified in umbilical cord serum were not related to isoflavones (genistein, daidzein,
and equol) measured at delivery [24].

2.2. Children

Dietary phytoestrogens seem to be transferred from maternal blood to the fetus, but there is
no evidence that they alter sex hormones in infants [25–27]. Although isoflavone bioavailability in
this sensitive period may be higher than in adults [28], no estrogenic effects were observed in infants
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fed with a soy formula [29–31]. Nevertheless, a cross-sectional study carried out in children aged
3–6 years reported an increase of androgens in girls and a decrease of estrogens in boys consuming
higher amounts of soy and isoflavones [25]. In a crossover trial conducted in girls aged 8–14 years,
the consumption of a high-soy diet for 8 weeks significantly increased dehydroepiandrosterone (DHEA)
concentrations but not other sexual hormones. Although the level of all sex hormone metabolites
excreted was very low, positive correlations with the intervention were found, being higher for total
androgens than for estrogens and pregnanediol [32].

2.3. Men

A cross-sectional study in randomly selected Japanese men found a negative association between
soy product consumption and E2 serum concentrations, but no link was observed with peripheral
concentrations of androgen hormones [33]. In a randomized clinical study in Japanese healthy male
volunteers consuming 60 mg per day of soy isoflavones, no changes in serum levels of E2 and total
testosterone were observed compared to the baseline at the end of the 3-month intervention. However,
serum levels of SHBG increased and free testosterone and dihydrotestosterone decreased [34].

There is weak evidence that phytoestrogens contribute to reducing the risk of prostate cancer
(PCa). Several observational studies have found a negative association between the consumption of
phytoestrogens (soy and its isoflavones) and the levels of prostate-specific antigen (PSA) in blood [35].
PSA, a protein produced by the prostate gland, is used as a marker to detect PCa, although its levels
also increase with benign prostate hypertrophy. In a randomized controlled trial, a reduction in PSA
levels was observed in men with PCa after consuming soy isoflavones for a mean of 23 days [36].
However, longer studies (minimum 3 weeks and maximum 12 months) did not find beneficial effects
on PSA levels after a soy isoflavone intervention [37–40], nor were changes in PSA plasma levels
observed in PCa patients that consumed rye bran bread for 3 weeks [41].

There is a relationship between sex hormones and the pathogenesis of PCa. High levels of
androgens, which promote prostate cell growth, may contribute to the risk of PCa in some men.
Some epidemiological studies suggest that low levels of testosterone are associated with a lower risk of
PCa [42,43]. A meta-analysis of 32 studies published in 2010 by Hamilton-Reeves et al. reported that
the consumption of isoflavones had no significant effect on circulating testosterone or free testosterone
levels in men [44], in agreement with other clinical trials evaluating phytoestrogen intake in PCa
patients [37,39–41]. Nor have effects on dihydrotestosterone been described [36,40]. However, in an
open-labeled, non-randomized clinical trial of men with higher levels of PSA, free testosterone was
depleted after 12 months of daily consumption of 141 mg of isoflavones in soy milk [38].

Recent studies have pointed to a protective role of estrogens in PCa development and progression,
alone or in synergy with androgens [45]. Several studies have focused on the beneficial effect of
soy isoflavones, specifically genistein and daidzein, as these components can act as weak estrogens.
A 6-month randomized controlled study evaluating the effects of isoflavone on men at high risk of
developing advanced PCa found an increase in concentrations of the estrogen hormones estrone
(E1), E2, 2-hydroxi-estradiol (2-OH-E2), and 16α-OH-E1. An increase in the 2:16α-OH-E1 ratio was
also reported, which is related to a reduced risk of estrogen-mediated cancer. No differences were
observed for 2-methoxyestradiol (2-ME2), 1-methoxyestrone (2-ME1), E3 and 2-OH-E1 [46]. Conversely,
Bylund A. et al. reported that levels of E2, FSH, and LH in PCa patients remained unaltered after a
3-week rye bran bread intervention [41].

2.4. Premenopausal Women

In agreement with the potential anti-estrogenic effect of phytoestrogens, some authors have
observed a significant decrease in estrogen levels after the consumption of soy products [18,22,47–49].
In a randomized controlled cross-over trial conducted in 12 healthy premenopausal women,
those consuming a high-soy diet for three menstrual cycles had lower urinary concentrations of
total estrogens (E1, E2, E3), and some metabolites compared to individuals on a low-soy diet [22].
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Although significant correlations were obtained between serum levels of unconjugated estrogens,
and urinary conjugated and unconjugated estrogen metabolites, the large intra-subject variability
in urinary estrogen levels limits its use as a biomarker [50]. Similarly, a fall in the circulating levels
of E2 after the consumption of a soy-rich diet has been reported [47–49]. In a cross-sectional study,
Kapiszewska M. et al. found an association between low salivary E2 concentrations and the intake
of black tea (only or plus green tea), catechins, theaflavins, and epigallocatechin gallate (EGCG),
being more pronounced in premenopausal women living in urban areas than in those living in
rural areas [51]. As well as a decline in estrogens, a significant decrease in progesterone levels
after phytoestrogen consumption has been observed [47–49,52]. Conversely, other clinical trials and
observational studies do not report any modifications of sex hormones attributed to the consumption
of dietary soy-isoflavones [14,19,23,53–58].

It has been proposed that changes in estrogen levels induced by dietary phytoestrogens could
depend on the individual capacity to produce equol [59,60], mainly the S-equol enantiomer, due to its
high affinity for β-ER [61]. Accordingly, Duncan et al. reported that premenopausal equol excretors
had a lower risk of breast cancer compared to non-excretors [60].

In summary, it is still uncertain if a phytoestrogen-rich diet triggers an imbalance of estrogen and
progesterone concentrations. In randomized controlled crossover trials, no significant changes were
observed in the progesterone/E2 ratio in women who consumed a soy diet for two menstrual cycles [56],
whereas the ratio increased after the intake of 10 g/day of flaxseeds for three menstrual cycles [62].

The status of sex hormones can also be an indicator of breast cancer risk. Although measuring
estrogen and progesterone concentrations in nipple aspirate fluid may be better than using serum
samples to detect dietary-associated changes in the breast, the correlation between dietary phytoestrogen
and estrogens was poor in both matrices [58]. On the other hand, the scant evidence for an increase in the
2:16α-OH-E1 ratio after the consumption of soy and flaxseed suggests such high-phytoestrogen foods
may have a protective role against breast cancer [22,48,63]. In the same vein, Xu et al. observed a decrease
in the ratio of genotoxic metabolites (16α-OH-E1, 4-hydroxyestradiol (4-OH-E2), and 4-hydroxyestrone
(4-OE-E1)) and total estrogens [22]. However, no effects on biomarkers related to breast cancer risk
have been reported in other studies [23,56,59].

Inconclusive effects of phytoestrogen supplementation in the form of soy protein powder (low and
high doses) on the concentrations of FSH and LH have been observed. Both hormones decreased
after low- but not high-isoflavone diets [18], as well as after the consumption of soy products [52,64].
However, other studies found no significant changes in FSH and LH concentration after phytoestrogen
supplementation [14,23,48,49,53–55].

Most authors have not found any effects of a phytoestrogen-rich diet on circulating levels of
androgens [23,53,56,57,64,65]. Two clinical trials did report a decrease of DHEA-sulfate concentrations
in healthy premenopausal women after 1 to 3 months on a diet high in soy and soy products [18,47].
In contrast, in a randomized controlled clinical trial (RCT) conducted in healthy premenopausal women
consuming 10 g/day of flaxseeds for three menstrual cycles, an increase in serum levels of testosterone
in the mid-follicular phase was observed [62]. Overall, there is no solid evidence supporting the
influence of phytoestrogens on SHBG [19,23,49,52,53,55–57,62,64–66], although a weak increase has
been described [18,67,68].

A prolonged menstruation after regular intake of phytoestrogens has been reported [62,68],
but most studies indicate no significant changes in menstrual cycle length or concentration
of prolactin [18,23,53,56,57,62,65,66].

2.5. Postmenopausal Women

Menopausal transition is caused by the depletion of ovarian follicles and their responsiveness to the
pituitary gonadotropins FSH and LH. This results in low serum levels of the ovarian hormones estrogen
and progesterone, and also an increase in FSH concentrations due to the disruption in the negative
feedback regulating the hypothalamic–pituitary–gonadal axis [69]. These hormonal changes are
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responsible for several menopausal symptoms, such as vasomotor symptoms, hot flushes, and vaginal
dryness, as well as long-term disorders like osteoporosis, cardiovascular diseases, and breast cancer.

In postmenopausal women there is little evidence supporting the hypothesis that phytoestrogens
affect sex hormone levels. Numerous studies have reported that phytoestrogens—including isoflavones,
flavonoids, and lignans—do not affect estrogen or progesterone concentrations in postmenopausal
women [7,14,19,70–95]. However, other clinical studies did find that isoflavone administration produced
significant changes in E2 [96,97] or progesterone concentrations [98]. Two other postmenopausal
studies suggested that flaxseed lignans may reduce E2 and E1 sulfate [99] in healthy women, and E1
concentrations in obese and overweight women [100]. Tormala R. et al. (2008) also reported lower
E1 concentrations after soy protein supplementation in tibolone-using postmenopausal women who
were equol producers [101]. In one epidemiological study, the relationship between isoflavone intake
and peripheral E2 concentrations was assessed in postmenopausal women, and urinary excretion of
daidzein, genistein, and glycitein and serum levels of daidzein and glycitein were associated with
lower plasma E2 levels. Interestingly, these associations were stronger in 18 postmenopausal women
with the CC genotype for ESR1 Pvull polymorphism, suggesting that genes influence diet effects [102].

Phytoestrogen effects on urinary estrogen metabolites have been studied in order to assess their
potential protective role against breast cancer. One of the most recent studies reports an increase in the
2:16α-OH-E1 ratio after red clover-derived isoflavone supplementation in postmenopausal osteopenic
women [103]. These results are consistent with prior research that found an increase in the 2:16α-OH-E1
ratio after flaxseed supplementation [104,105]. Other studies, however, did not find any difference
in the ratio after phytoestrogen supplementation in postmenopausal women [81,95], and one even
reports a lower ratio [106].

Other hormones affected by the disruption of the hypothalamic–pituitary–gonadal axis are the
gonadotropins FSH and LH, which according to different clinical trials are not affected by phytoestrogen
supplementation [14,79,82,83,107–109]. Only Crisafulli A et al. found lower gonadotropin levels after
54 mg/day of genistein supplementation for 6 months in 60 postmenopausal women compared to the
control group [110].

Whereas some clinical studies found that isoflavone consumption increased SHBG levels in
postmenopausal women [18,71,96,110], others concluded the opposite. Thus, Wu A.H. et al. (2012)
and Uesugi S et al. report lower concentrations of SHBG in healthy postmenopausal women after
supplementation with EGCG or isoflavones [91,97], but most of the studies found no association
between SHBG levels and phytoestrogen intake [19,78,79,81,83,85,86,88,95,99,100,102,108,109,111–113].
Lastly, results from epidemiological studies support the hypothesis that some phytoestrogens may
have a positive influence on SHBG. Monroe K.R. et al. showed that plasma enterolactone levels were
associated with higher concentrations of SHBG in postmenopausal Latina women [114]. Low et al.
also reported higher concentrations of SHBG in postmenopausal women with higher urinary excretion
of lignans, but no association was found with the excretion of other phytoestrogens, such as isoflavones,
equol, or O-desmethylangolesin (O-DMA) [115].

To date, most of the few human studies evaluating phytoestrogen effects on androgens in
postmenopausal women have found no associations between phytoestrogen intake and androgen
peripheral concentrations [74,82,85,86,91,109,116]. Yet Basaria S. et al. reported a decrease in
testosterone levels after 12 weeks of isoflavone supplementation, results that were supported by Kapoor
R. et al. only in normal-weight postmenopausal women consuming pomegranate for 3 weeks [111,113].
Bioavailable testosterone remained unchanged in both trials. Furthermore, Wu W.H. et al. also reported
lower levels of DHEA-sulphate, an androgen precursor, in postmenopausal women after a 5-week
intervention with sesame lignans [81].

3. Effect of Phytoestrogen Intake on Thyroid Hormones

It is not clearly established if phytoestrogen consumption alters the hypothalamic–pituitary–
thyroid axis and triggers goitrogenic effects in humans [9,117]. A randomized, double-blind, and cross-
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over trial carried out in 60 patients with subclinical hypothyroidism and an adequate iodine intake
reported an advance to overt hypothyroidism in 10% of cases (6 females) after administering soy
protein with isoflavones for 8 weeks [118]. Nevertheless, soy isoflavones appear not to affect euthyroid
populations with an optimal iodine status [9,117]. Controversial results have been obtained by studies
in healthy humans, who did not experience anti-thyroid or any other effects after consuming dietary
phytoestrogens, particularly isoflavones. The evidence for the impact of phytoestrogens on thyroid
function according to the life stage is provided below.

3.1. Pregnant Women

A cross-sectional study found no association between soy consumption in early pregnancy and
the development of thyroid dysfunction or autoimmunity in 505 women living in areas with an optimal
intake of iodine [119]. However, further studies in countries with iodine deficiency are needed.

3.2. Children

A cross-sectional study in children aged 8–15 years in an iodine-deficient region of the Czech
Republic did not obtain conclusive results. Although levels of free thyroxine (free-T4) increased
after a higher intake of soy, a positive correlation was observed between serum daidzein levels
and thyroid stimulating hormone (TSH) [120]. In a retrospective study, children with congenital
hypothyroidism fed with soy formula had a higher concentration of TSH compared to those fed with
non-soy formula [121]. Nevertheless, a study in 12 hypercholesterolemic children consuming toffee
candies containing isoflavone extract for 8 weeks did not find any effect on TSH, triiodothyronine (T3),
or T4 levels [122].

3.3. Men

Two clinical trials showed that products with a high phytoestrogen content had anti-thyroid
effects in male populations [123,124]. Hampl R. et al. observed a significant increase of serum TSH
in young males after supplementation with 2 g/kg body weight/day of boiled unprocessed natural
soybeans for 7 days [123]. Similarly, significant changes in TSH (increasing) and free-T4 (decreasing)
were found in men with type-2 diabetes mellitus and compensated hypogonadism after consumption
of 15 g/day of soy protein isoflavones for 3 months [124].

3.4. Premenopausal Women

No significant changes in thyroid function were found in healthy and obese premenopausal
women consuming soy isoflavones for periods of 1 week to 6 months [53,123,125], but reduced free-T3
levels were found in healthy young females following a high-soy diet for three menstrual cycles [126].

3.5. Postmenopausal Women

A randomized, double-blind and parallel trial conducted in 120 postmenopausal women reported
a significant increase in TSH and a decrease of free-T4 after the intake of 66 mg/day of soy isoflavones
for 6 months [124]. Jayagopal V. et al. obtained similar results in a cross-over design trial involving
32 postmenopausal women with type-2 diabetes mellitus consuming twice the amount for half the
duration [109]. Another parallel RCT conducted by Mittal et al. in oophorectomized women showed a
decrease in free T3 after a 12-week intervention with 75 mg/day isoflavone [127]. Other authors found
no significant differences in the level of thyroid hormones, but other thyroid-related parameters such
as thyroxine-binding globulin (TBG) and the T3:T4 ratio were altered, indicating possible goitrogenic
activity derived from phytoestrogen consumption [18,108]. In addition, Sosvorová et al. observed the
presence of mono-iodinated derivatives of daidzein and genistein in urine after daily consumption
of isoflavonoids for 3 months, which could explain the entry of genistein and daidzein in human
thyroid follicles and thyroperoxidase modification [108]. However, other RCT observed no significant
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changes in thyroid function after isoflavone intake [84,128–130]. Nor was an effect reported in
longer studies (1 to 3 years of duration) after the administration of different doses of isoflavones
(2–200 mg/day) [74,93,131–133], possibly because adaptation to long-term changes in dietary isoflavone
intake triggers endocrine autoregulation [95].

4. Effect of Phytoestrogen Intake on Cardiometabolic Risk-Related Hormones

Cardiometabolic diseases encompass a set of dysfunctions affecting the cardiovascular system.
These are not limited to hard cardiovascular events such as coronary heart disease, myocardial infarction,
and stroke, but also include cardiovascular risk factors, namely obesity, insulin resistance, endothelial
dysfunction, atherosclerosis, lipid profile, or non-alcoholic fatty liver disease, among others [134].

Obesity is usually the first risk factor that triggers chronic low-grade inflammation, which plays a
crucial role in systemic metabolic dysfunction. Adipose tissue and adipocytes are dysfunctional
in obese individuals, causing the secretion of pro-inflammatory adipokines that contribute to
chronic inflammation and subsequently to the progression of cardiometabolic disorders like
insulin resistance [135–137].

Another condition that increases the odds of suffering cardiovascular diseases is type-2 diabetes
mellitus, which involves alterations in intestinal sensitivity to insulin and glucagon-like peptide-1
(GLP-1), as does its previous state, insulin resistance. GLP-1 has a variety of metabolic effects,
including the glucose-dependent stimulation of insulin secretion, and is also involved in cardiovascular
health [138]. Insulin, an anabolic hormone secreted in the pancreas, also regulates carbohydrate
metabolism, participates in the storage of free fatty acids in adipose tissue, and enhances protein
synthesis, increasing amino acid uptake by tissues [139].

Some authors have studied whether phytoestrogens can decrease the levels of pro-inflammatory
adipokines such as leptin and resistin or increase adiponectin, an anti-inflammatory hormone,
as well as regulate the secretion of insulin, glucagon, and ghrelin. Ghrelin, a recently discovered
hormone related to cardiovascular health, is involved in feeding behavior, energy homeostasis, and
carbohydrate metabolism. It therefore participates in body weight maintenance, which is crucial for
vascular health [140].

4.1. Pregnancy

Only one study has evaluated the relationship between phytoestrogens and cardiovascular
health during pregnancy. Shi et al. analyzed the association between urinary concentrations of
isoflavonoids and cardiometabolic risk markers using data from 299 pregnant women from the
NHANES cohort [141]. Those in the fourth quartile of isoflavones had lower levels of insulin and
insulin resistance compared to women in the first quartile. None of the individual isoflavonoids
(daidzein, equol, and O-desmethylangolensin) in urine were significantly associated with insulin levels.

4.2. Adults

To date, two American cross-sectional studies have examined the relationship between
phytoestrogens and cardiovascular-related hormones in healthy adults. In one, only lignan intake
seemed to be associated with lower fasting insulin in men [142], whereas the other study reported no
significant differences [143]. Ferguson et al. took a different approach, inducing transient endotoxemia
in young and healthy volunteers and then analyzing the ability of dietary phytoestrogens to reverse the
inflammatory response. They found a significant decrease of insulin sensitivity with the higher intake
of isoflavones. The participants were asked to follow a healthy diet but did not receive counseling
related to soy food intake. Moreover, similar trends were found in two independent cohorts (MECHE
and NHANES) [144].

Six RCTs have evaluated the effect of phytoestrogens on cardiovascular health. The participants
in four studies were at high cardiovascular risk [145–148], in one they were men with increased
risk of colorectal cancer [149], and in the other they were healthy men [150]. Interventions included
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isoflavones [149,150], soy nuts [145], daidzein [146], genistein [148], and S-equol [147] administered
for periods ranging from 4 weeks to 6 months. Three of the trials found no significant effects on
insulin, leptin, or adiponectin [145–147]. However, Amanat et al. report that a daily dose of 250 mg of
genistein administered to non-alcoholic fatty liver patients for 8 weeks reduced insulin levels [148].
Maskarinec et al. concluded that men who consumed soy early in life had higher levels of leptin,
although no association was observed with soy intake during adulthood [150]. Finally, the results
of the trial with subjects at high colorectal cancer risk suggested that isoflavones might reduce the
insulin-growth factor but only in equol producers [147].

4.3. Postmenopausal Women

Most studies on phytoestrogen intake and cardiometabolic hormones have evaluated insulin and
insulin resistance (HOMA-IR) in postmenopausal women. The largest observational study included
301 women from The Netherlands and used food frequency questionnaires to assess dietary isoflavone
and lignan intake. Individuals with a high lignan diet had lower blood pressure but no significant
associations with insulin were observed [151]. In another cross-sectional study women in the highest
quartile of lignan or enterolactone intake had better anthropometric profiles and insulin sensitivity [152].

Among published clinical trials, a research group from Italy has carried out several studies
monitoring cardiovascular risk factors in women receiving 54 mg of genistein. After a 6-month
intervention in 60 healthy women, a decrease in insulin and insulin resistance was observed [110].
Similar results were obtained after 12 and 24 months of intervention in a related study in 389 osteopenic
postmenopausal women, who received the same dose of genistein plus calcium and vitamin D [153],
the values remaining consistent after an extra year of follow-up in a sub-cohort [154]. Examining the
role of metabolic status, Villa et al. divided the intervention group into normo- and hyperinsulinemic
patients and found that genistein improved insulin sensitivity indexes only in in the latter [71]. Similarly,
women with metabolic syndrome who consumed 54 mg of genistein had lower levels of fasting insulin
and HOMA-IR, and higher levels of adiponectin than the placebo group [155,156]. More recently,
a research group from Iran assessed the effectiveness of 108 mg of genistein on different metabolic
factors in 54 women with type-2 diabetes mellitus in a 12-week intervention. As in the other studies,
genistein reduced insulin sensitivity [157].

Other RCTs have used soy isoflavones instead of genistein, administering daily doses of 40–160 mg,
far higher than the phytoestrogen intake reported in observational studies. For example, in one RCT the
mean daily isoflavone intake in the highest tertile was 11.4 mg [151] as opposed to a total mean intake
of 0.06 mg in an observational study [152]. Most of the trials with isoflavones have been performed
in healthy postmenopausal women for durations ranging from 8 weeks to 24 months. Generally,
the studied vascular-related hormones are leptin, adiponectin, and insulin, although in few cases,
ghrelin and resistin have also been evaluated. Results from these trials are ambiguous. Whereas most
report no significant changes in any of the aforementioned hormones [158–160], others have found
beneficial effects on insulin markers in the treatment group compared to the control [118,161–163], or a
significant increase in adiponectin peripheral levels [164]. Overall, we can conclude that phytoestrogen
therapy did not change hormone levels in obese postmenopausal women [70,165], whereas among
diabetic women in a randomized cross-over trial there was a significant decrease in insulin resistance
in the soy consumers compared to the placebo group [109].

5. Effect of Phytoestrogen Intake on Hormones Related to Stress Response

No significant changes in cortisol were observed in healthy women or in those at cardiometabolic
risk after consuming soy isoflavones for 2–6 months [18,23,53,95,126]. However, differences between
equol excretors and non-excretors have been described in premenopausal women, levels being lower
in those who produce this metabolite [60].
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6. Effect of Phytoestrogen Intake on Hormones Related to Bone Remodeling

Estrogen plays a key role in bone metabolism, contributing to bone mass acquisition in puberty
and helping to maintain normal bone density in adulthood [166]. Given that phytoestrogens are
structurally similar to estrogens, they can bind to ERs in bone and exert estrogenic actions [167].

Most studies examining the impact of phytoestrogens on bone health measure osteocalcin (OC),
a metabolic regulatory hormone secreted by osteoblasts, as it is a sensitive biomarker for bone
formation [168]. Parathyroid hormone (PTH), secreted by the parathyroid glands, plays an important
role in calcium and phosphate metabolism. As well as stimulating bone turnover, there is increasing
evidence that PTH may also promote bone formation [169].

6.1. Children

Early-life exposure to soy protein formula did not produce any change in OC and PTH in a clinical
study of 48 children [29]. Even though the available data suggest that phytoestrogen intake does not
affect bone-related hormones in early stages of life, more studies are needed to clarify this relationship.

6.2. Premenopausal Women

The reported effects of dietary phytoestrogen on bone health in premenopausal women are
inconsistent. Kwak H.S. et al. found an increase in serum OC after the administration of 120 mg/day
of soy-isoflavones for three menstrual cycles. They also observed that high genistein-excretors in
the soy group had higher concentrations of OC, suggesting that individual variation may affect
the metabolism and functions of isoflavones [54]. However, previous studies report unaltered OC
levels [170,171], indicating a need for more research on the phytoestrogen effects on bone metabolism
in premenopausal women.

6.3. Postmenopausal Women

After menopause, estrogen concentrations decrease dramatically, triggering a greater risk of
osteoporosis [172]. Phytoestrogens might improve bone health due to their estrogenic effects, and it
has been hypothesized that they could reduce the risk of osteoporosis. Chiechi L.M. et al. and
Scheiber M.D. et al. report an increase in OC concentrations in postmenopausal women who consumed
a soy-rich diet for 6 and 3 months, respectively. Although uncorroborated by the majority of studies,
these results indicate a stimulation of osteoblast activity and suggest that soy may have beneficial
effects on bone health [173,174]. It has been suggested that longer treatments may be necessary to
produce any change in bone metabolism, but to date neither shorter nor longer studies have reported
any alterations in OC related to phytoestrogen intake [74–77,96,97,107,170,175–179].

In contrast, beneficial effects on bone metabolism through mechanisms of action not involving
OC have been described in healthy postmenopausal women [77,97,175–179]. Lambert M.N.T. et al.
demonstrated that red clover-derived isoflavones combined with probiotics attenuated estrogen-
deficient bone mineral density loss and improved bone turnover even in postmenopausal women with
osteopenia [177]. Moreover, a recent meta-analysis and systematic review of RCT with perimenopausal
and postmenopausal women concluded that isoflavones can be effective in preserving bone mineral
density and attenuating accelerated bone resorption [103]. A possible explanation for these contrasting
results could be that estrogens are predominantly antiresorptive agents, so the beneficial effects of
phytoestrogens may arise from decreased bone resorption by osteoclasts rather than increased bone
formation by osteoblasts.

Lastly, administration of isoflavones or genistein alone for 1 to 24 months did not alter PTH in
postmenopausal women [78,92,180–183]. Only a cross-sectional study carried out with Chinese women
found that postmenopausal women with a high intake of isoflavone had lower serum PTH levels [184].
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7. Effect of Phytoestrogen Intake on Insulin-Like Growth Factors

Insulin growth factor 1 (IGF-1) is part of the growth hormone (GH)—IGF-1 axis and is mostly
produced in the liver in response to GH stimulation. Among many other functions, IGF-1 binds its
receptor on osteoblasts and enhances bone formation, so any changes in this hormone will have an
impact on bone health [185]. Consequently, some studies have used IGF-1 and its binding proteins
IGFBP-1 and IGFBP-3 as bone turnover biomarkers.

In addition, several epidemiological studies have shown that higher levels of IGF-1 are associated
with an increased risk of different types of cancer. IGF-1 exerts its actions by binding to the IGF-1
receptor, which is expressed in most tissues of the body and stimulates cell proliferation (Cohen DH
2012). Apart from higher levels of IGF-1, several cancers also overexpress its receptor IGF-1R, which has
a negative impact on their progression. IGF-2 also appears to be associated with gastrointestinal and
gynecological tumors [186].

It has been hypothesized that phytoestrogens may interfere with the IGF system through
their effects on steroid hormone physiology or by disrupting GH and IGF signaling [187]. However,
the limited evidence in humans is inconclusive, as studies have found both positive and negative results.

7.1. Premenopausal Women

To date, only two RCTs have evaluated phytoestrogen effects on IGF-1 and its binding proteins in
premenopausal women. In the first study, groups of 14 women consumed soy protein isolates providing
8 mg (control), 65 mg (low dose), or 130 mg (high dose) of isoflavones daily for three menstrual cycles.
The low dose significantly increased IGF-1 concentrations compared to the high dose only in the
periovulatory phase of the menstrual cycle, although no value was significantly different compared
to the control group. A similar result was obtained with IGFBP-3; its concentrations were increased
by the low dose diet compared with the high dose in the early follicular phase, but they did not
differ from those of the control group [170]. The other study assessed the effects of red clover-derived
isoflavone supplementation on IGF-1, IGFBP-1, and IGFBP-3 and its role in breast cancer prevention.
This one-month intervention resulted in a non-significant reduction in IGF-1, but this was likely due to
differences in IGF-1 levels at baseline between the placebo and the control group. Interestingly, the IGF
status was found to be influenced by the stage of the menstrual cycle [188].

Epidemiological data does not support a phytoestrogen effect on IGF levels either. A Japanese
cross-sectional study reported that there was no correlation between soy products and isoflavone
intake and serum IGF-1 and IGFBP-3 in 261 premenopausal women [189]. Another observational
study in women living in Japan and Hawaii also failed to find an association between tofu intake and
IGF-1, IGFBP-3, and IGF-1 molar ratio in premenopausal women [190].

7.2. Postmenopausal Women

Most clinical studies on IGFs in postmenopausal women have failed to find a protective effect of
phytoestrogens against osteoporosis, breast cancer, or colorectal cancer. One of the most recent found
no impact on IGF-1 in women with osteopenia after a 24-month intervention [183], which is consistent
with other studies reporting that isoflavone supplementation did not alter the IGF system [170,188,191].
Similar results have been obtained for lignan consumption. After administering flaxseed lignans for
3 months, Lucas E.A. et al. found that IGF-I and IGFBP-3 levels were unaltered [88]. An RCT in which
103 postmenopausal women consumed 400 or 800 mg of EGCG for 2 months found no significant
changes in IGF-1 or IGFBP-3, although the latter tended to increase in both groups [91].

In contrast with these results, a study comparing the effects of soy protein and milk-based protein
reported that both supplements increased IGF-1 levels. Further stratification showed that soy protein
had a more pronounced effect on women who were not on hormone replacement therapy [192].
A cross-sectional study found an association between phytoestrogens and growth factors, specifically
an inverse association between tofu intake and IGF-1 levels and the molar ratio in postmenopausal
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women, whereas no changes were observed in those who had never used hormone replacement
therapy [190]. However, a similar observational study performed in participants of the Singapore
Chinese Health Study did not find any association between soy intake and the IGF-1, IGFBP-3, and IGF
molar ratio [193].

7.3. Men

It is well established that higher circulating IGF-1 levels are associated with an increased risk of
PCa [194], and most studies assessing phytoestrogen effects on adult men have consequently focused
on PCa patients. In one of two clinical trials with PCa patients, no changes in IGF-1 or IGFBP-3 were
observed after a 3–6-month intervention consisting of 200 mg/day of soy isoflavones [37] and in the
other Bylund A. et al. (2003) also found that IGF-1 levels remained unaltered after the administration
of rye bran bread for 3 weeks [41]. Conversely, a cross-sectional study with 312 men reported a positive
association between soy intake and the IGF-1, IGFBP-3, and IGF molar ratio [193].

8. Conclusions

This review has summarized the results of studies on the effects of dietary phytoestrogens
on endocrine regulation in humans. Although preclinical studies (in vitro and in animal models)
show phytoestrogens to be potentially estrogenic compounds, triggering anti-estrogenic effects in the
organism, the results of epidemiological studies are ambiguous.

The impact of phytoestrogens can vary according to the life stage (Figure 3). There is particular
concern about how they may affect pregnant women, as this has been poorly studied. Soy isoflavones
appear not to have any influence on sex and thyroid hormones, bone remodeling and IGF. However,
a study focused on cardiometabolic risk reported a decrease in the level of insulin and insulin resistance
in pregnant women consuming higher amounts of isoflavones. Although phytoestrogens transfer from
maternal blood to the fetus, no effects have been observed in early life. Nor have endocrine changes
been found in infants fed with soy formula, except in a retrospective study carried out in the first year
of life of infants with congenital hypothyroidism, which reported an increase of TSH but no conclusive
effects on thyroid function. Nevertheless, consumption of phytoestrogens in conditions of insufficient
iodine and hypothyroidism may negatively affect thyroid function and favor endocrine imbalance,
although such effects have not been observed in euthyroid individuals living in areas with enough
supply of iodine. In later stages of childhood, an increase of androgens and decrease of estrogens
associated with dietary phytoestrogens have been observed in girls and boys, respectively.

In adulthood, endocrine changes arising from phytoestrogen consumption are unclear, although
goitrogenic activity has been observed in men. Effects on sex hormones and IGFs in men are ambiguous,
as studies report contradictory results. PCa risk in patients with PCa was unaltered, whereas equol
producers with colorectal cancer risk showed a decrease of IGF. Results regarding cardiometabolic
risk-related hormones are inconclusive in healthy subjects. Although higher levels of leptin have been
reported in early life, no association has been identified in adulthood. However, a reduction in insulin
levels was found in patients with non-alcoholic fatty liver.

In premenopausal women, usually studied separately from postmenopausal women, uncertain
results have been obtained regarding sex hormones, breast cancer protection, and bone remodeling.
Nor has evidence been provided for phytoestrogens affecting IGF levels. Whereas no significant
changes in thyroid function were observed, a decrease of free-T3 was found in healthy young
females. Among stress response-related hormones, no significant changes in cortisol are described
in healthy women or in those at cardiometabolic risk, but a lower production of cortisol is reported
in equol-excretors. In postmenopause, the results reported for sex hormones are also ambiguous.
However, possible goitrogenic activity derived from phytoestrogen consumption opens up a path
for future research. Apart from that, an ameliorative effect has been observed in the cardiometabolic
profile of hyperinsulinemic patients, individuals with metabolic syndrome and diabetes. Regarding
bone remodeling, the effects of phytoestrogens on OC concentrations are unclear, and their beneficial
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impact may arise instead from reducing bone resorption by osteoclasts. The results obtained for PHT
and IGF are unconvincing, precluding the drawing of any conclusions.

In general, the available evidence for an association between dietary phytoestrogens and endocrine
biomarkers is inconclusive. The disparity in results may be due to differences in the type and
concentration of the compounds administered and the variety of matrices, which could influence
phytoestrogen bioavailability and consequently the effect on hormonal function. Also, while most
studies analyze circulating hormones, others report the urinary excretion of metabolites. There is a
clear need for further carefully designed studies to elucidate the effects of phytoestrogen consumption
on the endocrine system.

 
Figure 3. Summary of the effects of dietary phytoestrogens at different life stages. NAFLD: non-alcoholic
fatty liver disease.

9. Future Directions

Based on the available literature, we can conclude that intake of phytoestrogens does have some
physiological effects in humans related to hormone regulation, but like hormones, the benefits depend
on the stage of life. Some factors such as dose and type of compounds, as well as matrices englobing
these phytoestroestrogens (food, capsule, etc.) affect their bioavailability and, therefore, the observed
results. Most of the research is focused on postmenopausal women and only some have explored the
effects during pregnancy and early stages of life. For instance, the effect of phytoestrogen intake on
pubertal development has been poorly studied and could lead to interesting results. In order to do
that, well-designed intervention trials are key to shed some light on this topic, especially regarding
associations that are controversial.
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Abstract: The prevention and treatment of obesity is primary based on the follow-up of a healthy
lifestyle, which includes a healthy diet with an important presence of bioactive compounds such
as polyphenols. For many years, the health benefits of polyphenols have been attributed to their
anti-oxidant capacity as free radical scavengers. More recently it has been described that polyphenols
activate other cell-signaling pathways that are not related to ROS production but rather involved
in metabolic regulation. In this review, we have summarized the current knowledge in this field
by focusing on the metabolic effects of flavonoids. Flavonoids are widely distributed in the plant
kingdom where they are used for growing and defensing. They are structurally characterized by two
benzene rings and a heterocyclic pyrone ring and based on the oxidation and saturation status of the
heterocyclic ring flavonoids are grouped in seven different subclasses. The present work is focused
on describing the molecular mechanisms underlying the metabolic impact of flavonoids in obesity
and obesity-related diseases. We described the effects of each group of flavonoids in liver, white and
brown adipose tissue and central nervous system and the metabolic and signaling pathways involved
on them.

Keywords: non-alcoholic fatty liver disease; obesity; flavonoids; lipid metabolism; metabolic
regulation; adipose tissue; brain

1. Introduction

Overnutrition and unhealthy diets together with physical inactivity cause an impairment in the
metabolic homeostasis that lead to the development of pathologies such as obesity, type 2 diabetes,
cardiovascular diseases (CVD) and more recently this kind of lifestyle has also been linked to
neuroinflammation and neurodegenerative diseases [1–5].

The metabolic syndrome (MetS) is the medical term used to define the concomitance in
an individual of some of the following alterations: hyperglycemia and/or insulin resistance,
arterial hypertension, dyslipidemia and central or abdominal obesity [6]. It is currently one of
the main public health problems worldwide and its incidence increases significantly each year,
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affecting almost 25% of the adult population today and has been directly associated to a greater risk of
suffering from CVD or type 2 diabetes among others [3].

Obesity is one of the most important trigger for many of the other alterations include in the MetS.
Obesity is essentially caused by an imbalance between energy intake and energy expenditure that
initially causes an expansion of the white adipose tissue (WAT) to store the overfeed as triglycerides (TG).
Some evidences indicate that at some point, WAT fails to adequately keep the surplus of nutrients and
together with an insufficient differentiation of new adipocytes lead to an off-WAT accumulation of
lipids in peripheral relevant organs. This ectopic accumulation of lipids causes lipotoxicity that may
be, at least in part, responsible of the metabolic obesity-related metabolic dysfunctions [7]. It seems
obvious that defects in WAT functionality together with peripheral lipotoxicity are the key points
in the onset of metabolic syndrome (MetS) [8]. Looking for a way to restore lipid homeostasis and
reduce lipotoxicity but also to diminish adipose tissue inflammation and macrophage infiltration many
research groups are focused on identifying specific dietary patterns or foods capable to counteract
these effects to finally revert obesity and its comorbidities.

Furthermore, it has been described that long-term hyperglycemia and diabetes complications
induce impairments in the hippocampal synaptic plasticity as well as cognitive deficits [9] and increase
the risk for Alzheimer disease [10,11] and depressive illness [12]. On the other side, diet-induced
hypothalamic inflammation and mitochondrial dysfunction result in the onset and development of
obesity and related metabolic diseases. It has been shown that, in rats, high fat diet (HFD) induces
metabolic inflammation in the central nervous system (CNS), particularity in the hypothalamus [13].

The prevention of MetS and obesity is primary based on the follow-up of a healthy lifestyle,
which includes, among other recommendations, a healthy diet. In this context, the Mediterranean
Diet (DietMEd) has shown beneficial effects on the prevention and treatment of MetS and obesity by
reducing chronic low-grade inflammation, improving endothelial function and reducing cardiovascular
risk [14–16]. The study of Prevention with Mediterranean Diet (Predimed) has shown that high
adherence to this nutritional profile is effective in the primary and secondary prevention of CVD,
diabetes and obesity [17–24]. DietMed is characterized by a high consumption of foods rich in bioactive
compounds such as polyphenols to whose have been attributed a large part of the health effects of this
diet [18,23,25–28].

In this review, we have summarized the current knowledge on the metabolic effects of a specific
group of polyphenols, the flavonoids, and the molecular mechanisms underlying these effects.

Concretely, the main goal of the present work is to describe the molecular mechanisms underlying
the anti-obesity effects of flavonoids in three target organs/tissues: liver, adipose tissues (WAT and
brown adipose tissue (BAT)) and central nervous system (CNS).

We choose a high variety of obesity models, sources and doses of flavonoids to identify the metabolic
and signaling pathways involved in the effects of each subclass of flavonoids (anthocyanins, flavanols,
flavanones, flavonols, isoflavones, flavones and chalcones) in these tissues/organs. Only studies in
humans and experimental approaches whit animal models from the last years have been included,
thus avoiding cell culture experimental approaches except when relevant.

2. Polyphenols and Metabolism

Polyphenols are the most abundant phytochemicals in nature. They are widely distributed
in fruits, vegetables, and highly present in foods like legumes, cocoa, some cereals as well as in some
beverages, such as tea, coffee and wine [29]. Polyphenols are not essential nutrients for humans but
research in nutrition, including epidemiological studies, randomized controlled trials, in vivo and
in vitro assays with animal models and cell lines, has shown that long-term and acute intakes can have
beneficial effects on weight management and chronic diseases such as CVD, obesity, type 2 diabetes,
the onset and development of some cancers and cognitive function [13,30–37].

The effects of polyphenols are directly related to their bioavailability. It is assumed that just
the 5%-10% of the total dietary polyphenol intake is absorbed directly through the stomach and/or
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small intestine, the rest reaches the colon where they are transformed by the microbiota [38–40].
After being absorbed, polyphenols undergo phase I and II metabolism (sulfation, glucuronidation,
methylation, and glycine conjugation) in the liver [29]. Polyphenol metabolites derived from liver
metabolism may interact, among others, with adipose tissue, pancreas, muscle, and liver, where they
exert their bioactivity.

Polyphenols have been divided in two main families: flavonoids and non-flavonoids, that are
subdivided into several subclasses. For many years, the health benefits of polyphenols have been
attributed to their anti-oxidant capacity as free radical scavengers. More recently it has been described
that polyphenols activate other cell-signaling pathways that are not related to ROS production but
rather involved in metabolic regulation [23,41].

Flavonoids

Flavonoids are widely distributed in the plant kingdom when are used for vegetables for growing
and defensing. They are structurally characterized by two benzene rings and a heterocyclic pyrone
ring and based on the oxidation and saturation status of the heterocyclic ring flavonoids are grouped
in seven different subfamilies (Table 1).

Table 1. Flavonoids subclasses: compounds, representative food sources and chemical structures.

Compounds
Representative Food

Source
Subclass Chemical Structure

Cyanidin
Delphinidin
Malvidin
Peonidin

 
Anthocyanins

 

(+)-Catechin
(−)-Epicatechin
(−)-Epigallocatechin
(−)-Epigallocatechin gallate
Procyanidin dimer B2

 
Flavanols

Hesperetin
Hesperidin
Naringenin
Naringin
Eriodyctiol

 
Flavanones

 

Kaempferol
Myricetin
Quercetin
Isoquercetin

 
Flavonols

 

Daidzein
Genistein   

Isoflavones
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Table 1. Cont.

Compounds
Representative Food

Source
Subclass Chemical Structure

pigenin
Chrysin
Luteolin
Baicalin
Vitexin
Nobiletin

 
Flavones

 

Butein
Licochalcone
Isoliquiritigenin
Xanthohumol   

Chalcones

 

Flavonoids are abundant in food and beverages highly consumed by human population
including fruits, vegetables, tea, cocoa or wine [42] and in global are the bioactive compounds
more largely associated with a reduced risk of all-cause mortality, type 2 diabetes [43–46], CVD [36,47],
obesity and its comorbidities such as non-alcoholic fatty liver disease (NAFLD) [48–50] and more
recently they have been described as potential therapeutic agents against cognitive pathologies such as
Alzheimer’s disease (AD) [42,51,52] or cerebrovascular alterations [47].

The molecular mechanisms underlying the beneficial effects of flavonoids have been widely
studied and, in many cases, involved the activation of the AMP-activated protein kinase (AMPK).
AMPK is a key enzyme for the control of lipid metabolism and adipogenesis. AMPK phosphorylation
and activation promote catabolic processes such as FAO, glucose uptake, or glycolysis as well as
inhibits anabolic pathways such as fatty acid synthesis or gluconeogenesis [53].

3. Anthocyanins

Anthocyanins are natural pigments and are responsible for the red-blue color of several flowers,
fruits (mainly berries and grapes), roots, seeds (beans) but also of some leaves and cereal grains where
they are found in low concentrations. Cyanidin, delphinidin, malvidin and their derivates are the most
commonly studied anthocyanins [29,42,54–56].

Anthocyanins have shown antioxidant and anti-inflammatory properties but also positive effects
in obesity and its comorbidities [57–60]. Several studies have demonstrated that the intake of
anthocyanins by itself or of anthocyanins-rich foods such as berries is able to prevent CVD [61],
to reduce body fat accumulation, to improve glucose tolerance/insulin sensitivity, to diminish the levels
of fasting glucose, to control body weight in humans and rodents [57,59,62–72] and to increase energy
expenditure and fatty acid oxidation (FAO) in mice and humans [59,73–76]. Globally, anthocyanins
and anthocyanins-rich foods are able to improve metabolic homeostasis. More recently, anthocyanins
have also revealed promising effects on cognitive function [51,77–79].

Part of the anthocyanins metabolic effects occur by regulating adipogenesis, increasing FAO, lipolysis,
thermogenesis and mitochondrial biogenesis, regulating satiety and reducing lipogenesis in different
tissues and organs and enhancing energy expenditure and body weight progression [74–76,80–83] Dietary
supplementation with anthocyanins improves the lipid profile by favorably controlling the circulating
levels of TG, total cholesterol, LDL-cholesterol and HDL-cholesterol [84].

3.1. Anthocyanins Improve the Metabolic Hemostasis in Obesity: The Liver Response

Non-alcoholic fatty liver disease (NAFLD) is characterized by an excessive accumulation of lipids
in the livers. Its onset is closely related to obesity where an imbalance between fatty acids input and
output causes initially a hepatic steatosis that can progress to NAFLD, non-alcoholic steatohepatitis

154



Nutrients 2020, 12, 2393

(NASH), fibrosis, cirrhosis and in some cases hepatocarcinoma. Anthocyanins and anthocyanins-rich
foods extracts or juices have demonstrated in several studies their ability to reduce the hepatic
content of TG and lipids [85,86] and their capacity to modulate hepatic metabolism to protect against
NAFLD [62,87–89]. Although in most of the published approaches performed with rodent models
of obesity or NAFLD, anthocyanins or anthocyanin-rich fruits or extracts significatively reduced the
hepatic lipid content and ameliorated the hepatic steatosis profile of these animals [88,90–92] some
ineffective approaches have also been described [93–95].

The beneficial effects of anthocyanins in the liver have been linked to the activation of the AMPK,
the upregulation of glycolytic and FAO genes and the downregulation of the gluconeogenic and
lipogenic genes among others [70–72,96,97].

Mulberry anthocyanin extract administration to type 2 diabetic mice increased the activity
of AMPK/peroxisome proliferator-activated receptor gamma coactivator 1 alfa (PGC1α)/p38
mitogen-activated protein kinase (MAPK) and reduced the activity of the acetyl-CoA carboxylase
enzyme (ACC), a rate-limiting enzyme of fatty acid synthesis, and of the mammalian target of rapamycin
(mTOR) that is involved in protein synthesis regulation and insulin signaling [96]. Similar effects were
described in HFD-fed hamsters, where Mulberry water extracts exerted anti-obesity effects by inhibiting
lipogenesis (downregulation of fatty acid synthase (FASN) and 3-hydroxy-3-methylglutaryl-coenzyme
A (HMG-CoA) reductase) and upregulating PPARα and CPT1A [81]. On its side, honeyberry
(Lonicera caerulea) extract (HBE) also decreased lipid accumulation in the liver of HFD-obese mice.
HBE downregulated the hepatic expression of lipogenic genes such as sterol regulatory element-binding
protein-1 (Srebp-1c), CCAAT/enhancer-binding protein alpha (C/ebpα), Pparγ, and Fasn as well as upregulated
the mRNA and protein levels of CPT1a and PPARα, thus enhancing FAO. As mulberry anthocyanin
extract, HBE treatment also increased the phosphorylation of AMPK and ACC thus activating and
inhibiting these enzymes respectively [98]. On the other hand, in NAFLD-induced rats, blackberry
extracts improved insulin sensitivity and dyslipidemia, ameliorated triglyceride and lipid peroxide
accumulation and suppressed the mRNA expression of genes involved in fatty-acid synthesis (Fasn
and Srebp-1c) [88]. Finally, purple sweet potato reduced the protein levels of FASN and of the cluster of
differentiation 36 (CD36), inactivated the C/EBPβ, restored AMPK activity and increased the protein
levels of CPT1a in livers of HFD-fed mice, thus indicating decreased lipogenesis and fatty acid uptake
and enhanced FAO [62].

Regarding glucose metabolism, protein-bound anthocyanin compounds of purple sweet potato
ameliorate hyperglycemia in obese and diabetic mice by regulating hepatic glucose metabolism.
Anthocyanin compounds of purple sweet potato induced the hepatic protein levels of p-AMPK, glucose
transporter type 2 (GLUT2), insulin receptor α (IRα), glucokinase (GK), as well as the expression
of phosphofructokinase (Pfk) and pyruvate kinase (Pk), while gluconeogenic genes, glucose-6-phosphatase
(G6Pase) and phosphoenolpyruvate carboxykinase (Pepck) were downregulated [99]. Further, Saskatoon
berry normalized liver expression of Gk and glycogen phosphorylase and increased G6Ppase in diet-induced
MetS rats, thus suggesting that Saskatoon berry regulated glycolysis, gluconeogenesis and glycogenesis
to improve MetS [100].

Although most of the experimental approaches have been done using anthocyanins-rich extracts,
pure compounds have been also analyzed. Cyanidin-3-glucoside (C3G) administration to C57BL/6J
obese mice fed a HFD and db/db mice diminished the triglyceride hepatic content and steatosis [73,101],
through the blockade of the c-Jun N-terminal kinase activation (JNK) and the promotion of
the phosphorylation and nuclear exclusion of the transcription factor Forkhead box protein O1
(FoxO1) [101].

All these data confirm the impact of anthocyanins and even in a more significative way of
the anthocyanin-rich foods on metabolism. These effects can be added to their anti-inflammatory,
antiapoptotic, pro-autophagic and antioxidant properties in steatotic livers [59,62,102–104].
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3.2. Anthocyanins in Adipose Tissue: The Activation of BAT and the Browning of WAT

The impairment of adipose tissue function is strongly associated with the development of obesity
and insulin resistance (IR). The activation of BAT and the browning in WAT are considered potential
strategies to counteract the metabolic alterations linked to the obese phenotype. Both actions are
mechanisms to increase the energy expenditure (EE) through the induction of lipolysis, FAO and
thermogenesis and consequently efficient ways to reduce the ectopic lipid accumulation and the
lipotoxicity [105–108].

Part of the beneficial effects of anthocyanins on diet-induced obesity are due to their impact
on adipose depots. Anthocyanidins regulate lipolysis, FAO, lipogenesis and adipose tissue
development [76,109–111]. They affected the adipokines secretion [112], modified the adipocytes-gene
expression [33,113,114]. Moreover, anthocyanins are able to improve WAT functionality, to induce
browning in WAT [33,57,82,115] or to increase the BAT mass or its activity [57,109,115], thus regulating
energy expenditure [59,73]. Moreover, in WAT, anthocyanins ameliorate the obesity-associated
inflammation [57,59,116].

In WAT, an anthocyanin-rich bilberry extract ameliorated hyperglycemia and insulin sensitivity
through the activation of AMPK that resulted in an increase of the glucose transporter 4 (GLUT4) [72].
On its side, C3G-enriched Aronia melanocarpa extract reduced food intake and WAT weight in HFD-fed
mice but also suppressed adipogenesis. These animals showed a downregulating in the expression
levels of C/ebpα, Srebp1c, Acc, ATP-citrate lyase, Pgc1α, Fasn, and adipocyte protein 2 (Ap2) as well
as in the circulating levels of leptin [111]. In the same way, in HFD-induced obese mice model,
the dietary supplementation with maqui (Aristotelia chilensis) improved the body weight gain and
glucose metabolism at least in part by modifying the expression of the carbohydrate responsive element
binding protein β (Chrebpβ), the fibroblast growth factor 21 (Fgf21) and adiponectin as well as of the lipogenic
and FAO genes [82]. Globally, the maqui supplementation induced the browning of the subcutaneous
WAT (scWAT) [82].

The induction of browning is a common phenotype in obese rodent models treated with
anthocyanins or anthocyanins-rich foods. The thermogenic and mitochondrial markers were also
increased in the inguinal WAT (iWAT) of high fat-high fructose (HF/HFD)-fed mice treated with C3G,
thus indicating the browning of this adipose tissue depot and suggesting an increased heat production
and energy expenditure (EE) [117]. In db/db mice, C3G and vanillic acid exerted similar effects:
increased EE, limited weight gain and upregulated expression of Ucp1 and other thermogenic and
mitochondrial markers, thus indicating the induction of brown-like adipocytes development in the
scWAT [73] or iWAT [115]. Freeze dried raspberry decreased WAT hypertrophy induced by HFD and
promoted the browning of WAT as it is showed by a higher expression of beige markers such as Ucp1,
PR-Domain zinc finger protein 16 (Prdm16), Cytochrome C, Cell death inducing DFFA like effector A (Cidea),
and Fatty acid elongase 3(Elovl3), elevated levels of PGC-1α and Fibronectin type III domain-containing
protein 5 (FNDC5)/irisin, and an activation of the AMPK/Sirtuin 1 (SIRT1) pathway [33]. AMPK and
Sirt1 are important sensors of the energy status that together with PGC-1α regulate energy homeostasis
and stimulate FNDC5/irisin expression, thus inducing beige adipogenesis [118]. The regulation of
adipogenesis through the AMPK/SIRT1 pathway has also been described in HFD fed mice treated with
maize extract rich in ferulic acid and anthocyanins [119].

In WAT, anthocyanins and anthocyanin-rich foods also improve the inflammatory profile.
The administration of a black soybean testa extracts (BBT) to diet-induced obese mice decreased
fat accumulation, and the expression of Acc and C/ebpα and increased the levels of lipolysis
proteins such as lipoprotein lipase (LPL), hormone-sensitive lipase (HSL) in mesenteric fat but
also showed anti-inflammatory effects [109]. Similar effects were observed in humans where the
administration of BBT to overweight or obese individuals decreased the abdominal fat measured as
waist and hip circumference and improved the lipid profile [110]. The anti-inflammatory effects have
been also achieved with sweet cherry anthocyanins and blueberry (Vaccinium ashei) anthocyanins.
These anthocyanins reduced the body weight gain, the size of adipocytes and the leptin secretion
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in HFD-fed mice but also expression of Il-6 and Tnfa genes, thus indicating an amelioration of the
deleterious effects of a HFD [114,120].

Besides their effects on WAT, anthocyanins and anthocyanins-rich food also impact on BAT where
they promote its activity. In high fructose/HFD-fed animals, besides inducing the browning of WAT,
C3G attenuated the development of obesity by promoting the tremorgenic capacity of BAT. C3G
upregulated the expression of thermogenic markers such as Ucp1, induced the mitochondrial biogenesis
and function and finally increased the EE [117]. In db/db mice, C3G and vanillic improved cold
tolerance and enhanced BAT activity and induced mitochondrial biogenesis. In BAT, anthocyanin and
anthocyanin-rich foods upregulated the expression of thermogenic markers (Ucp1, Prdm16, Cidea . . . ),
lipid metabolism (Cpt1a, Hsl, adipose triglyceride lipase (Atgl)), mitochondrial markers (mitochondrial
transcription factor A (Tfam), Nuclear Respiratory Factor 1 and 2 (Nrf1 and Nrf2) . . . ) and transcriptional
regulators or coactivators of these processes (Pparα, Pgc1β, Pgc1α . . . ) [73,115].

3.3. In the Central Nervous System (CNS) Anthocyanins Have Been Related to Neuroprotective Effects as Well
as in Feeding Behavior

The neuroprotective activity of anthocyanins has been widely evidenced in several epidemiological
studies and their potential for the prevention of many neurodegenerative diseases such as Parkinson’s
disease (PD) and Alzheimer’s disease (AD) has been suggested [77,78]. The neuroprotective effects
of anthocyanins and C3G correlate with the regulation of molecules upstream of nitric oxide
(NO) production, neuroinflammatory response and oxidative stress [79,121–123].

It has been demonstrated that C3G and malvidin 3-O-glucoside (M3G) inhibited the
hyperphosphorylation of Tau protein in Alzheimer’s disease [124] and berries supplementation have
shown neurocognitive benefits in older adults at risk for dementia with mild cognitive impairment [125].
Recent studies highlighted an anti-depressive effect of a maqui-berry extract in a mouse model of a
post-stroke depression. In this case the maqui effects were associated to its antioxidant capacity [126].
Otherwise, anthocyanins extracted from dried fruits of Lycium ruthenicum Murr have demonstrated a
protective role in cerebral ischemia/reperfusion injury in rats [127] by inhibiting cell apoptosis and
reducing edema and inflammation.

Besides their role in neuroprotection, anthocyanins modulate the feeding behavior. In rats,
anthocyanins from black soybean increase the expression of the gamma-aminobutyric acid B1 receptor
(GABAB1R) and decrease the expression of neuropeptide Y (NPY) in the hypothalamus, thus modulating
the food intake behavior/body weight control. The upregulation of GABABR1 is followed by a decrease
of the activated protein kinase A (PKA) and the phosphorylated cAMP-response element binding
protein (CREB), both located downstream of GABAR1 [83]. In a similar way, the administration of an
anthocyanin-rich black soybean testa (Glycine max (L.) Merr.) to diet-induced obese mice decreased
food intake [109].

4. Flavanols

Flavanols are present in cocoa, tea, red wine, beer and several fruits such as grapes,
apricots, apples where they are responsible for their astringency [128]. Flavanols exist as
monomers named catechins or as polymers named proanthocyanins. The monomeric forms
include: catechin (−)-epicatechin (EC), (−)-epigallocatechin gallate (EGCG), (−)-epigallocatechin (EGC),
and (−)-epicatechin gallate (ECG). The proanthocyanins, also known as tannins, are more complex
structures (dimers, oligomers, and polymers of catechins) and can be transformed to anthocyanins [29].
Like other flavonoids, flavanols are absorbed between the small intestine and the colon depending on
their physicochemical properties and structure [129].

Flavanols possess a health claim related to their role in maintaining the elasticity of blood vessels
that was approved in 2014 by the European Food Safety Authority (EFSA) [130].

In humans and animal models, flavanols or flavanols-rich foods (mainly, cocoa or tea derivates)
have demonstrated the ability to reduce body weight, decrease waist circumference and fat percentages,
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improve glucose metabolism in individuals with type 2 diabetes, obesity or MetS and increase energy
expenditure [75,131–139]. One of the most described molecular mechanism underlying theses effects
are the activation of the AMPK enzyme [140].

Due to the high amount of publications including flavanols and metabolism we just included a
representative group of the most recently published and the ones that deepen more on the molecular
mechanisms underlying the beneficial effects of flavanols.

4.1. Flavanols Improve Hepatic Steatosis and Glucose/Lipid Metabolism in Obesity Models

In humans and several rodent models of obesity, flavanols have been able to improve blood lipid
profile and protect liver from excessive fat deposition and hepatic steatosis [136,141–146]. These effects
have been related mostly with an activation of the AMPK and the protein kinase B (PKB/Akt)
pathways that finally lead to the suppression of lipogenesis by modulating the expression of Srebp1c,
cAMP-response element-binding protein regulated transcription coactivator 2 (Crtc2), and stearyl coenzyme A
dehydrogenase-1 (Scdh1) or the activity of ACC, the inhibition of gluconeogenesis by affecting the levels
of PepcK and G6pase and the increment of FAO by increasing the Cpt1a levels. Moreover, flavanols
are able to improve cholesterol homeostasis through the regulation of several enzymes from the
cholesterol synthesis and bile acids metabolism apart from the modulation of the mRNA expression of
apolipoprotein B100 and ATP-binding cassette transporter A1. Most of the approaches included have
been done using tea extracts or cocoa flavanols but other extracts with a more diverse composition of
flavonoids have been also described in this section [137,143,147–151].

Theabrownin from Pu-erh tea in combination with swinging improved serum lipid profile and
prevent development of obesity and insulin resistance in rats fed a high-fat-sugar-salt diet and subjected
to a 30-min daily swinging. A transcriptomic analysis in the liver indicated that theabrownin together
with exercise activated circadian rhythm, PKA, AMPK, and insulin signaling pathway, increased
the levels of cAMP and accelerated the consumption of sugar and fat [142]. Similar results were
obtained with HFD-fed mice supplemented with Yunkang green tea and subjected to treadmill
exercise. These animals showed a reduction in the body weight gain and liver weight, a lower level of
blood glucose, serum total cholesterol (TC), TG, insulin and ALT and an improvement in the fatty liver
and hepatic pro-inflammatory profile compared to HFD group. Supplemented and exercised-animals
showed a downregulation of the lipid synthesis genes (Srebp1c, Fasn, Acc), and an improvement of the
hepatic insulin signaling [143].

Furthermore, in obese Zucker rats fed with a HFD and treated with green tea polyphenols
a significant reduction on fasting insulin, glucose and lipids and an improvement of the NAFLD
were observed. Livers of treated rats had lower levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), of inflammatory markers and of TG content and exhibited less lipid droplets.
These improvements have been related to an activation of the AMPK pathway and the inhibition
of the hepatic lipogenesis (higher levels of the inactive p-ACC and lower levels of SREBP1c) [152].
These effects on lipid metabolism were also observed after the administration of Benifuuki (a tea that
contains methylated catechins such as epigallocatechin-3-O-(3-O-methyl) gallate (EGCG3′’Me) to high
fat/high sucrose diet-fed mice. Benifuuki treatment lowered the levels of TG and NEFA in serum and
liver and reduced the expression of hepatic lipogenic genes (Srebp-1c, Acc1, Fasn and Stearoyl-CoA
desaturase 1(Scd1)) [153]. In parallel the use of Euterpe oleracea Mart.-derived polyphenols, known by
the popular name of açai and rich in catechin and polymeric proanthocyanins, when administered to
HFD-fed mice [154] or a pistachio-diet supplementation to diet-induce obese mice exhibited similar
impact on lipid metabolism and gene expression modulation [150].

Finally, Oliogonol, a flavanol-rich lychee fruit extract, significantly reduced hepatic lipid content
(less lipid droplets and ballooning by downregulating the Pparγ and, Srebp1c mRNA levels [155]
probably via the inhibition of the mTOR activity promoted by the activation of the AMPK enzyme [156].
Moreover, oligonol improved hepatic insulin sensitivity by reducing the phosphorylation of glycogen
synthase kinase 3a (GSK3a) and the phosphatase and tension homologue (PTEN) in HFD-induced
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obese mice [155] as well as inhibiting the mTOR/S6K cascade. The activation of the mTOR/S6K
phosphorylates and desensitizes the insulin receptor substrate 1 (IRS1) [157]. In a similar way,
GC-(4→8)-GCG, a proanthocyanidin dimer from Camellia ptilophylla improved hepatic steatosis and
hyperlipidemia in HFD-induced obese mice [158].

Besides on hepatic lipogenesis, tea extracts also impact in FAO. The administration of tea water
extracts from green tea, yellow tea, white tea, black tea, raw pu-erh tea and oolong tea decreased TG and
total cholesterol levels in serum and liver as well as the hepatic lipid content. Supplemented animals
displayed less lipid droplets, the activation of the AMPK and the upregulation of the Cpt1a together
with the inhibition of the FASN enzyme. These treatments also reduced the inflammation profile linked
to HFD [149]. Similar results were obtained with grape seed procyanidin B2 (GSPB2) and a polyphenol
extract from Solanum nigrum that contains among other different catechins. In db/db mice, GSPB2
decreased body weight and improved the lipid profile in serum (TG, total cholesterol and free fatty
acids (FFA)) but also reduced hepatic lipid droplets and TG accumulation. The proposed mechanism
implied the AMPK activation, the ACC phosphorylation and Cpt1a overexpression, thus inhibiting FA
synthesis and increasing FAO [159]. In a similar way, the Solanum nigrum polyphenol extract inhibited
lipogenesis and enhanced FAO (upregulation of Cpt1a and Pparα) through the AMPK cascade [151].

In different animal models of obesity and insulin resistance, EGCG has shown the capacity
to improve glucose homeostasis, to inhibit gluconeogenesis, FA and cholesterol synthesis and to
increase FAO [147,148]. In HFD and STZ-induced type 2 diabetes, EGCG downregulated Pepck and
G6Pase and inhibited SREBP1c, FASN and ACC1. The mechanism underlying these effects is not
yet well understood but it has been suggested that EGCG would activate the PXR/CAR-mediated
phase II metabolism that through a direct or indirect mechanism would suppress gluconeogenesis
and lipogenesis [147]. Moreover, in HFD Wistar rats, EGCG diminished the liver weight, the hepatic
hyperlipidemia, animals showed less lipid droplets, reduced serum levels of ALT and AST, TG,
total cholesterol and better profile of LDL/HDL but also an ameliorated oxidative stress. In this case,
EGCG activated SIRT1, FoXO1 and regulate SREBP2 activity to suppress hepatic cholesterol synthesis.
These data point out the downregulation of SREBP2 expression under the SIRT1/FOXO1 signaling
pathway as a mechanism to reduce the cholesterol content [148]. Furthermore, EGCG also decreased
bile acid reabsorption, which decreased the intestinal absorption of lipids [160]. In the same way,
EC administered to a high-fat high cholesterol diet rats reduced serum levels of total cholesterol,
LDL and TG while increased HDL [161]. Moreover, EC intake also reduced serum levels of ALT and
AST enzymes, the lipid peroxidation and the pro-inflammatory cytokines levels, thus indicating an
improvement in the liver functionality. The proposed mechanism of EC included the downregulation
of the nuclear receptor liver-X-receptor (LXR), the FASN enzyme and the SIRT1 protein but also the
blockade of the Insig-1-SREBP-SCAP pathway that drives the SREBP2 maturation [161].

4.2. Flavanols in Adipose Tissue: Less Adiposity and More Energy Expenditure: The Browning Effect

In humans, some studies described the capacity of green tea to reduce body weight and abdominal
fat accumulation [162,163], influence on the body fat mass index, waist circumference, total fat mass and
energy expenditure through the induction of browning or BAT activity [164–166] but also to regulate
ghrelin secretion and adiponectin levels, to control appetite and decrease nutrient absorption [135,167].

In rodents, the administration of grape seed-derived proanthocyanins to Wistar rats reduced
the body weight by limiting food intake and activating EE in scWAT [168] and it has been widely
described that in rodent models of obesity, flavanols are able to affect the lipid metabolism of WAT
and BAT. Global effects of flavanols in adipose tissues lead to a decrease in adiposity, specially of the
WAT depots and in adipocyte size by reducing adipogenesis, the release of adipokines such as leptin
and resistin, the modulation of lipid metabolism and the induction of browning [153,155,158,169–174].
In BAT, flavanols caused the activation of thermogenesis and FAO [172–176].

As has been mentioned before, in WAT, flavanols modified lipid metabolism. EGCG reduced
the expression of genes related with de novo lipogenesis (Acc1, Fasn, Scd1, C/ebpβ, Pparγ and Srebp1c),
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increased the expression of genes involved in lipolysis (Hsl) and lipid oxidization (Pparα, Acetyl-CoA
oxidase (Acox)2, and medium-chain acyl-CoA dehydrogenase (Mcad)) in epididymal (eWAT) and
scWAT and highly upregulated the expression of delta-9 desaturase, the enzyme responsible to convert
saturated fatty acids to monounsaturated [177]. The activation of the AMPK in HFD-EGGC-treated
mice indicated that at least in part the changes in lipid metabolism observed were due to the AMPK
phosphorylation [177]. In scWAT, although EGCG increased lipolysis (Hsl) and FAO (Cpt1a) [168,178],
some lipogenic genes (Acc1, Fasn, Scd1, Pparγ, and Srebp1) has been detected upregulated at the mRNA
level but no at protein level [178]. These data suggested that EGCG might have different effects in
scWAT and eWAT. Finally, pistachio-diet supplementation to diet-induce obese mice also ameliorated
the HFD-induced expression of Srebp1c, Pparγ, and Fatp [150].

Besides its effects in the liver, the GC-(4→8)-GCG inhibited the expansion of all WAT depots
in HFD fed mice. Adipocytes from eWAT were smaller and some of the main adipocyte-associated
transcription markers were downregulated (Srebp1c, C/ebpα and Pparγ), thus indicating a better
WAT functionality [158]. The GC-(4→8)-GCG-supplemented mice showed an upregulation of the
adiponectin and a downregulation of the leptin mRNA levels as well as an improved inflammatory
profile with less macrophage infiltration [158].

Regarding the browning effect of flavanols it has been published that EC increased mitochondrial
biogenesis, fatty acid metabolism and upregulated the expression of BAT-specific markers (Prdm16, Dio2,
Ucp1 and Ucp2) in WAT in a way that depends on phosphorylation and deacetylation cascades [170].
The authors demonstrated that EC supplementation upregulated the mitochondrial related proteins
p-SIRT1, SIRT1, SIRT3, PGC1α, PPARγ, TFAM, NRF1, NRF2, complex II, IV and V and mitofilin [170].
In a similar way, a polyphenolic extract from green tea leaves (GTE) ameliorated the body weight
gain caused by a HFD with no changes in calorie intake but reducing the adiposity and the adipocyte
size in WAT and BAT. GTE supplementation induced BAT markers in scWAT (higher mRNA levels
of Pgc1α, Cbp/p300-interacting transactivator 1 (Cited1) and Prdm16 and of UCP1 protein) and reduced
HFD-induced whitening in BAT (lower expression of adipogenic markers C/ebpα and Ap2 and
upregulation of Pgc1α and vascular endothelial growth factor-A(165) (Vegfa165)) [171]. These animals
also showed an improvement in the inflammatory profile in scWAT and BAT. Finally, a Grape pomace
extract (GPE) showed the capacity to induce browning (upregulation of Pgc1α, Pparγ, Prdm16 and
Ucp1) in the eWAT of HFD-fed rats [179,180].

Besides tea extracts also cacao components are able to induce browning and BAT activation.
Concretely, theobromine alleviated diet-induced obesity in mice by inducing a brown-like phenotype
in the iWAT and activated lipolysis and thermogenesis in BAT. In HFD fed mice theobromine inhibited
phosphodiesterase-4 (PDE4D) activity in adipose tissue, thus increasing β3-adrenergic receptor (AR)
signaling pathway and EE [172]. The inhibition of PDE increases the cellular levels of cAMP levels
thus activating the β-AR cascade and finally PKA and UCP1 activity [181].

The capacity of flavanols on activating BAT has been described even with a single dose of a flavanol
mixture that included catechins and B type procyanidins or by administering individual components
by itself [182]. In these animals, Ucp1 mRNA expression in BAT and levels of catecholamines in
plasma were significantly increased via SNS stimulation but with varying efficacy depending on
the stereochemical structure of flavanols [182]. It should be noted that prolonged ingestion of
a catechin-rich beverage increased the BAT density with a decrease in extramyocellular lipids in
humans [183]. EGCG-supplemented diet-induced obese mice exhibited higher body temperature and
more mitochondrial DNA (mtDNA) content in BAT together with an upregulation of the genes related
to fatty acid metabolism, thermogenesis and mitochondrial biogenesis (Ucp1, Ucp2, Prdm16, Cpt1β,
Pgc-1α, Nrf1, and Tfam) [184,185] and a downregulation of Acc. These effects have been related to an
increased activity of the AMPK in BAT [184].

Thermogenesis can also be induced by a polyphenol-rich green tea extract (PGTE) through a
mechanism that depends on adiponectin signaling. The treatment with this extract reversed part
of the obesity phenotype in WT mice but no in adiponectin KO mice (AdipoKO). PGTE treatment

160



Nutrients 2020, 12, 2393

increased EE, BAT thermogenesis, and promoted browning phenotype in the scWAT of WT mice but
these effects were blunted in AdipoKO mice [176].

Some data regarding BAT activation by catechins in humans have also described. Different
approaches have been done to demonstrate the effects of green tea extract and caffeine over
thermogenesis and body weight [186,187]. Short- and long-term effects have been studied with
different results and effectiveness but suggesting that catechins and caffeine may act synergistically to
control body weight and induce thermogenesis [175,188]. It has been proposed that the thermogenic
response to green tea extracts or its components would be mediated, in BAT, by the direct stimulation
of the β-adrenergic receptor (β-AR) cascade through the inhibition of the enzyme catechol-O-methyl
transferase (COMT), which degrades catecholamines. On its side, caffeine inhibited PDE, thus inducing
a sustained activation of the PKA and its downstream cascade [175].

4.3. Flavanols Consumption Induces Energy Expenditure in Peripheral Organs through the Sympathetic
Nervous System Activation

Part of the anti-obesity effects of flavanols have been also related to their influence on sympathetic
nervous system (SNS) activity. The SNS activation by green tea catechins (GTC) has been associated
to their capacity to inhibit COMT. The inhibition of COMT leads to a prolonged activation of the
sympathetically-response and of the β-adrenergic cascade that produces cAMP and the activation of
the PKA. Caffeine, in turn, is able to inhibit the PDE activity which drives to a sustained activation
of the PKA and its downstream response [175]. Then, both effects act synergistically to increase EE,
lipolysis and FAO as has been described in the above sections. Some other mechanisms to describe
the anti-obesity effects of flavanols include the modulation of food intake. It has been demonstrated
that grape-seed proanthocyanins extract (GSPE) reduced food intake in rats fed a cafeteria diet.
These animals showed an activation of the STAT3 protein which upregulated the pro-opiomelanocortin
(Pomc) expression, thus improving the leptin resistance [189].

Moreover, GSPE supplementation reduced the neuroinflammation and increased the expression of
SIRT1 [189]. Flavanols has been described as active molecules against diet-induced neuroinflammation.
The induction of neuroinflammation and cognitive impairment in rats by feeding them with a high
salt and cholesterol diet (HSCD) could be in part reversed by the treatment with different doses of an
enriched-tannins fraction of the Indian fruit Emblica officinalis. Treatment with this tannin-enriched
gooseberry reversed the HSCD-induced behavioral and memory disturbances, neuronal cell death and
reduced the levels of cognitive impairment markers. [190]. In the same way, it has been published that,
in mice, EGCG attenuated the neuronal damage and insulin resistance caused by a high fat/high fructose
diet (HF/HFD). In this case, EGCG upregulated the IRS-1/AKT and the extracellular-signal-regulated
kinase (ERK)/CREB/Brain-derived neurotrophic factor (BDNF) signaling pathways. In longer nutritional
interventions with the HF/HFD, EGCG was capable to inhibit the MAPK and NF-κB pathways, as well
as the expression of inflammatory mediators, such as TNF-α to reverse the neuroinflammation [191].
Similar results were obtained with EGCG-HFD dietary supplementation. The authors demonstrated
that EGCG ameliorated the HFD-induced obesity in part by attenuating hypothalamic inflammation
through the inhibition of NF-kB and Signal transducer and activator of transcription 3 (STAT3)
phosphorylation, as well as the expression and release of inflammatory cytokines, such as TNF-a, IL-6,
and IL-1b [185].

Finally, EGCG alleviated part of the cognitive deficits in a mixed model of familial Alzheimer’s
disease (AD) and type 2 diabetes mellitus (T2DM). The AD mice model APP/PS1 fed with a HFD
showed an improvement in peripheral parameters such as insulin sensitivity but also in central memory
deficits when treated with EGCG. Synaptic markers and CREB phosphorylation were increased because
of an amelioration in the unfolded protein response (UPR) activity via a downregulation of the
activation factor 4 (ATF4) levels. Moreover, EGCG decreased brain amyloid β (Aβ) production and
plaque burden by increasing the levels of α-secretase (ADAM10) and reduced the neuroinflammation
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in these animals [192]. Finally, green tea extracts can modulate the redox status of the CNS in obese
and lean rats [193].

5. Flavanones

Flavanones are a subfamily of flavonoids widely distributed in citrus fruits such as grape,
tomatoes, and oranges and are the responsible of the bitter taste of their peel and of their juice.
As other flavonoids, flavanones show strong health benefits due to its antioxidant activity but
also exhibit antiviral, antimicrobial, antiatherogenic, anti-inflammatory antidiabetic and anti-obesity
properties [45,48,75,194,195]. Flavanones are mainly found as aglycones or as glycosylated
derivatives [196]. The most studied flavanones are hesperidin, naringenin but also eriodyctiol,
isosakuranetin and taxifolin.

Hesperidin and its aglycone, hesperetin are found in citrus fruits, such as limes and
lemons, tomatoes and cherries and have demonstrated antidiabetic, neuroprotective, antiallergic,
anti-inflammatory anticarcinogenic besides their well-established antioxidant capacity [45,197]
Naringenin and its aglycone naringin are found to be more abundant in citrus fruits such as
grapefruit orange, lemon but also in tomatoes. Naringenin and derivates have been associated with
beneficial effects in cardiovascular diseases, osteoporosis, cancer and have showed anti-inflammatory,
antiatherogenic, lipid-lowering, neuroprotective, nephroprotective, hepatoprotective and antidiabetic
properties [198,199].

5.1. Flavanones-Dietary Supplementation Ameliorates the NAFLD in Humans

Frequently, liver diseases are initiated by oxidative stress, inflammation and lipid accumulation
that lead to an excessive production of extracellular matrix followed by a progression to fibrosis,
cirrhosis and hepatocellular carcinoma [200]. In the last years, several studies have demonstrated the
capacity of different flavanones to ameliorate liver diseases.

To analyze the positives effects of flavanones in liver different approaches have been used.
Some authors worked with hepatic chemical-induced damage being the most used the streptozotocin
injection to mice or rats [199,201]. Other authors induced liver damage with diet [199] or worked
with genetically obese models. Although flavanones demonstrated positive effects in the different
approaches, in this review we focused on the experimental approaches where the liver disease has
been induced by diet or where genetically obese-models has been used. Experiments with naringenin,
hesperidin and eriodyctiol has been done to evaluate the impact of this flavanones’ consumption in
NAFLD or liver steatosis.

Naringenin has showed the capacity to restore the activities of liver hexokinase, PK, G6Pase and
Fructose 1,6-bisphosphatase from rats fed a high fructose diet to levels similar to healthy non-diabetic
animals [202]. In this animal model, naringenin also enhanced liver protein tyrosine kinase (PTK),
while reduced protein tyrosine phosphatase (PTP) activity [202]. In addition, administration of
naringenin to HF/HSD-fed rats increased the protein levels of PPARα, CPT1a and UCP2 [203]. In a
similar way, naringenin increased FAO and the AMPK activity in HFD fed mice where ameliorated the
metabolic alterations caused by diet [204]. Similar results were obtained in high-fat/high-cholesterol
(HFHC) fed Ldlr -/- mice. In lean Ldlr -/- mice, naringenin induced weight loss and reduce calorie intake,
enhanced EE and increased hepatic FAO by upregulating Pgc1α, Cpt1a and Hsl, thus indicating that
naringenin is also effective in non-obese models [195]. In HFD fed Ldlr -/-, naringenin increased FAO
and reduced lipogenesis. Hepatic Srebp1c and Acox1 mRNA levels were downregulated, while Fgf21,
Pgc1α, and Cpt1a were upregulated by naringenin [205]. Later on, it was published that naringenin
prevented obesity, hepatic steatosis, and glucose intolerance in an FGF21-independent way [206].
More recently, it has been described that in obese-mice naringin decreased hepatic liver content (TG
and total cholesterol) and activated the AMPK enzyme resulting in reduced expression and protein
levels of liver SREBP1C, SREBP2, but increased LDLR. Moreover, these mice showed reduced plasma
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levels of proprotein convertase subtilisin/kexin type 9 (PCSK9), leptin, insulin, and LDL-C compared
to obese non-treated mice [207].

Besides naringenin, naringin and hesperidin effects in liver have also been evaluated. Hesperidin
and naringin supplementation in db/db and ob/ob mice regulated hepatic gluconeogenesis and glycolysis,
as well as lipid metabolism [208]. Hesperidin stimulated PPARγ, increased the hepatic GK activity
and glycogen concentration and reduced the hepatic levels of Glut2 as well as increased the expression
of Glut4 in WAT [46,208,209]. Moreover, hesperidin prevented hepatic steatosis in western diet-fed rats
by preventing the upregulation of lipogenesis-related genes Srebf1, and Scd1 caused by Western diet
and the downregulation of Pparα and Cpt1a expression and CPT1a protein levels [210]. Most of these
effects were blunted when hesperidin is combined with capsaicin [210].

In diet-induced obese mice treated with neohesperidin the expression and secretion of FGF21
and the activity of the AMPK/SIRT1/PGC-1α axis were improved [211]. Treatment with neohesperidin
improved the steatotic state (less and smaller lipid droplets), reversed the downregulation of hepatic
Pparα levels while increased the levels of the hepatic Fgf21 expression and its plasma levels. Finally,
neohesperidin treatment phosphorylated AMPK, resulting in a rise of the HFD-downregulated proteins
SIRT1 and PGC1α [211]. On its side, eriodyctiol has also demonstrated effects on diet-induced obesity.
Diet-induced obese mice supplemented with eriodyctiol showed a reduction of hepatic TG, fatty acids
and the size and number of lipid droplets accompanied with an increased fecal excretion of cholesterol
and fatty acids [212]. It is worth to mention that eriodyctiol decreased the enzymatic activity of malic
enzyme (ME), FASN, phosphatide phosphohydrolase (PAP) and downregulated the expression of
Srepb1c, Acc and Fasn [212]. These data indicate that eriodyctiol improved the hepatic steatosis caused
by a HFD by decreasing hepatic lipogenesis and increasing the hepatic FAO. On the other hand,
alpinetin, an O-methylated flavanone, improved HFD-induced NAFLD via ameliorating oxidative
stress, inflammatory response and lipid metabolism. Alpinetin decreased Scd1, Fasn, Srebp1c, Lxrα,
Elovl2 and Irs1 expressions, and increased PPARα levels [213].

In humans a randomized placebo-controlled, double-blind clinical trial with NAFLD patients
shown the effect of hesperidin supplementation [214]. Patients who follow healthy lifestyle habits and
supplemented their diet with hesperidin have a significant reduction of ALT, glutamyl-transferase,
total cholesterol, hepatic steatosis, C reactive protein and TNFα, proving the scope of hesperidin [214].
One of the possible mechanisms underlying the effects of flavanones on metabolism goes through the
FGF21 and AMPK/Sirt1/PGC1α signaling axis.

5.2. Flavanones Induce Browning in Adipose Tissue

As other flavonoids, flavanones can also modulate lipid metabolism in adipose tissue as well as
induce browning in WAT, and activate in BAT [166] as well as reduce the characteristic obese-macrophage
infiltration in adipose tissue [215].

In HFD fed mice, hesperetin supplementation on its side showed metabolic health effects in
adipose tissue, concretely is able to reduce mesenteric adipose weight and decrease leptin levels [216].
In this case, lipid metabolism was not changed nor in liver nor in WAT. On the other hand, a characteristic
of obesity is the recruitment of immune cells by adipose tissue that leads to metabolic disorders such
as insulin resistance. In a short-term HFD mice model, naringenin can suppress neutrophil and
macrophage infiltration into adipose tissue [215]. Concretely it can inhibit the expression of several
chemokines like MCP-1 and MCP-3 [217]. Eriodyctiol (ED) supplementation on its side lowered the
adiposity in diet-induced obese mice by regulating gene expression. ED-supplemented mice showed
reduced weight of all the WAT depots but also a downregulated expression of adipocyte genes involved
in lipid uptake (Cd36, and Lpl) and lipogenesis (Srebp1, Acc, and Scd1), an upregulation of the Ucp1,
with no changes in FAO genes such as Adrb3, Cpt2, Pgc1α, Pgc1β, and Cox8b genes [212].

Another beneficial effect of flavanones in adipose tissue is related to EE and thermogenesis.
It has been demonstrated that in human white adipocytes and in scWAT a treatment with naringenin
increased the expression of genes associated with thermogenesis and FAO, including Atgl and Ucp1 as
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well as Pgc1α and Pgc1β that can mediate the PPARδ-dependent transcriptional responses involved in
mitochondrial biogenesis and uncoupling phenotype. Moreover, naringenin administration increased
the expression of insulin sensitivity-related proteins such as Glut4, adiponectin, and Chrebp [218].
These data indicate that naringenin may promote the conversion of human WAT to a brown/beige
adipose tissue. Similarly, in HFD-obese mouse model, the induction of brown-like adipocyte
formation on WAT was described by supplementing the diet with a flavanones-rich extract from
Citrus reticulata [219]. The main phytochemical components of a water extraction of Citrus reticulata
in were synephrine, narirutin, hesperidin, nobiletin, and tangeretin. Among flavanones, citrus also
contain synephrine that is an alkaloid which binds to β3AR in adipose tissue promoting lipolysis
and thermogenesis [220]. Dietary supplementation with this citrus extract reduced body weight
gain, epididymal fat weight, fasting blood glucose, serum levels of TG and total cholesterol,
and lipid accumulation in liver and WAT as well as activated FAO and induced the browning
phenotype [219]. These animals showed increased levels of Ucp1 in the iWAT and an upregulation of
Prdm16, transmembrane protein 26 (Tmem26), cluster of differentiation 137 (CD137), and Cidea [219].

In the same way it has been published that hesperidin induced browning in retroperitoneal WAT
(rWAT) but not in iWAT of Western diet-fed rats. Hesperidin decreased the size of adipocytes and
induced the formation of multilocular and positive-UCP1 and CIDEA brown-like adipocytes. Besides
the induction browning, hesperidin also enhanced the expression of Ucp1 in BAT [221]. In contrast,
it has been recently published a study where not hesperidin but its monoglycosyl has the capacity
to induce brown-like adipocyte formation in HFD-fed mice [222]. In this case, α-monoglucosyl
hesperidin increased EE and reduced body fat accumulation by stimulating the browning phenotype
in the iWAT. iWAT adipocytes of supplemented mice exhibited a multilocular phenotype and were
UCP1-positive cells. The iWAT of these animals also showed increased levels of COXIV. No effects
were observed in BAT nor in other WAT depots [222].

In a human randomized double-blind placebo-controlled trial with moderate high BMI subjects,
it’s shown that glycosylated hesperidin decreased significantly abdominal and subcutaneous fat area
when is supplemented with caffeine [223].

5.3. Flavanones Are Neuroprotective against Several CNS Injuries

There is low information about the effects of flavanones on CNS to combat obesity. It has been
demonstrated that quercetin, naringenin and berberine can modulate glucose homeostasis in the brain
of STZ-induced diabetic rats through the regulation of glucose transporters and other key components
of insulin signaling pathway [224].

Most of the studies that show the neuroprotective role of flavanones have been performed
using animal with CNS-induced injuries. In a rat model of global cerebral ischemia reperfusion (I/R),
pinocembrin (a honey flavanone) exerted antioxidant, anti-inflammatory and anti-apoptotic effects. [225]
as well as inhibited autophagy on the hippocampus [226]. Moreover, naringenin and eriodyctiol exert
effects in ischemic stroke, promoting cortical cell proliferation, inhibiting apoptosis and reducing
oxidative stress in rodent models [227,228]. In a similar way, the induction of neurotoxicity by
lipopolysaccharide (LPS) administration in mice can be ameliorated by the coadministration of
hesperetin or naringenin that reduced the expression of inflammatory cytokines, attenuated the
generation of reactive oxygen species/lipid peroxidation and enhanced the antioxidant capacity in
CNS [229,230]. Furthermore, hesperetin enhanced synaptic integrity, cognition and memory processes
by increasing the levels p-CREB, postsynaptic density protein-95 (PSD-95) and syntaxin proteins [229]
and naringenin decreased the acetylcholinesterase (AChe) activity [230]. Other mental stresses such as
social defeat stress, depression and autistic-like behaviors can also be counteract with flavanones in
rodent models [231–233]. Hesperidin and naringenin have demonstrated positive effects by increasing
the resilience through a reduction in the levels of interleukins and corticosterone thus suppressing the
chronic inflammation caused by kynurenine pathway related to depression [234] and inhibiting the
AChe activity, the oxidative stress as well as neuroinflammation [235].
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6. Flavonols

Flavonols are widely distributed in plants and are present as minor compound in many
polyphenol-rich foods. Their synthesis is stimulated by light and they accumulate in the skin
of fruits and vegetables being absent in the flesh. The main dietetic flavonols are quercetin, kaempferol,
isorhamnetin, fisetin, and myricetin [48,236,237].

Quercetin is found in capers, lovage (Levisticum officinale) apples, seeds of tomatoes, berries,
red onions, grapes, cherries, broccoli, pepper, coriander, citrus fruits, fennel, flowers, leaves pepper
and teas (Camellia sinensis) and it is the skeleton of other flavonoids, such as hesperidin, naringenin,
and rutin. Rutin, rutoside or sophorin are the glycosylated form of quercetin and can be extracted
from buckwheat, oranges, grapes, lemons, limes, peaches, and berries [238]. Kaempferol is abundant
in apples, grapes, onions, tomatoes, teas, potatoes, beans, broccoli, spinaches, and some edible berries.
Isorhamnetin is commonly found in medicinal plants such as ginko (Ginkgo biloba), sea-buckthorn
(Hippophae rhamnoides) and Oenanthe javanica. Myricetin is found in teas, wines, berries, fruits and
vegetables. Fisetin is abundant in apples, grapes, persimmon, cucumber, onions and strawberries.
Finally, morin is present in Prunus dulcis, Chlorophora tinctoria L., and fruits such as guava and figs [45].

As other groups of flavonoids, flavonols have shown healthy effects. They exhibit anticarcinogenic,
anti-inflammatory, and antioxidant activities but also anti-obesity and antidiabetic properties in animal
models and in humans where flavonols consumption has been associated to a lower risk of type 2
diabetes [43,236–243]. Some flavonols inhibited carbohydrate absorption thus lowering postprandial
blood glucose mainly through the inhibition of the α-glucosidase activity but also by inhibiting
glucose transporters (GLUT2, SGLT1) or other enzymes such as maltase or saccharase [236]. Finally, a
combination of quercetin and resveratrol have shown the capacity to reduce obesity in HFD-fed rats by
modulating gut microbiota [244].

Due to the high number of publications and previous reviews [45,48,238], in the present work
only the most recent data have been included.

6.1. Flavonols Exert Beneficial Effects on Lipid Steatosis by Regulating Lipid Metabolism, Inflammation and
Oxidative Stress

Quercetin enhanced hepatic insulin sensitivity and reduced liver fat content and ameliorated
hepatic steatosis [245]. Quercetin diminished the mRNA and protein levels of CD36 and MSR1,
upregulated the levels of LC3II and downregulated p62 and mTOR thus suggesting an autophagy
lysosomal degradation as the potential hepatoprotective mechanism of quercetin [245]. From another
point of view the effects and mechanisms of quercetin against NAFLD were analyzed through a
metabolomic approach [246]. Treatment with quercetin decreased AST and ALT levels in serum and
reduced lipid droplets and hepatocyte swelling in rats fed a high fat/high sucrose diet. A metabolomic
analysis indicated that quercetin modified fatty acid- inflammation- and oxidative stress-related
metabolites among others. In this case, the effects of quercetin were more evident in 30-day NAFLD
induction than in 50 days, thus indicating that dietary quercetin may be beneficial in early stages of
NAFLD development [246]. Besides the effects of quercetin alone there are several studies where
quercetin is used in combination with other compounds. The beneficial effects of quercetin in
NAFLD development increased synergistically when quercetin is administered within benifuuki, a
tea that contains EGCG. Both compounds administered to rats fed high fat/high cholesterol diet were
more effective to downregulate Fasn and Scd1 showing higher effects on their lipid-lowering effects
alone [247]. In a similar way, the combination of quercetin with resveratrol ameliorated fatty liver in
rats by improving the antioxidant capacity of the liver [248]. Finally, a combination of borage seed oil
(as a source of linoleic (18:2n-6; LA) and gamma-linolenic (18:3n-6; GLA) acids and quercetin improved
liver steatosis in obese rats [249].

On its side, isoquercetin (IQ), a glucoside derivative of quercetin has demonstrated beneficial effects
in NAFLD by improving hepatic lipid accumulation via an AMPK dependent way in HFD-induced
NAFLD rats [250]. Concretely, IQ treatment enhanced the phosphorylation of AMPK and ACC and
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reversed the downregulation of liver kinase β1 (LKβ1) and Calcium/calmodulin-dependent protein
kinase kinase-1 (CaMKK1) caused by HFD. The activation of AMPK modulated the expression of
lipogenic and lipolytic genes, such as Fasn, Srebp1c, Pparγ and Cpt1a. Moreover, IQ supplementation
upregulated PPARα and downregulated nuclear factor-kB (NF-kB) protein levels [250].

As quercetin, kaempferol is also able to reduce lipid accumulation in liver of obese rodent models.
In dyslipidemia-induced mice, kaempferol inhibited PKB (Akt) and SREBP-1 activities and blocked
the Akt/mTOR pathway, thus inducing hepatic autophagy and decreasing hepatic lipid content [251].
Similarly, in ApoE deficient mice fed with a HFD, kaempferol attenuated metabolic syndrome via
interacting with LXR receptors and inhibiting posttranslational activation of SREBP-1. Both effects
contributed to the reduction of plasma and serum TG [252].

Other flavonols with positive effect in the liver are fisetin, dihydromyricetin or rutin. Obese rats fed
with a high fat/high sucrose diet and supplemented with fisetin showed a decreased in body weight and
hepatic lipid content as well as an improvement in the lipid profile (low levels of TG, total cholesterol,
LDL) and liver functionality (reduced levels of ALT and AST). The hepatic nuclear receptor 4α
(HNF4α) has been pointed out as the key factor in the hepatic effects of fisetin. Fisetin upregulated
Hnf4a gene expression, increased nuclear lipin-1 levels. Moreover, fisetin promoted FAO, diminished
FASN activity, enhanced hepatic antioxidant capacity and decreased the hepatic poly (ADP-ribose)
polymerase 1 (PARP1) activity, a DNA repair enzyme, and thioredoxin-interacting protein (TXNIP)
that is important for maintaining the redox status [253]. Through the regulation of SIRT3 signaling,
dihydromyricetin have showed the ability to ameliorate NAFLD in HFD-fed mice. Dihydromyricetin
increased Sirt3 expression via activation of the AMPK/PGC1α/estrogen-related receptor α (ERRα)
cascade thus improving mitochondrial capacity and restored redox homeostasis [254]. In a similar way,
rutin lowered TG content and the abundance of lipid droplets in NAFLD-induced HFD fed mice.
Rutin treatment restored the expression of Pparα and Cpt1a and Cpt2, while downregulated Srebp-1c,
diglyceride acyltransferase 1 and 2 (Dgat-1 and 2 and Acc. These effects enhanced FAO and diminished
lipid synthesis. In addition, rutin repressed the autophagy in the liver [255]. On its side, the rutin
derivate, troxerutin (TRX), has also demonstrated effectiveness against metabolic disorders in a rat
model of hereditary hypertriglyceridemia (HHTg) non-obese model of MetS [256]. The treatment
with TRX lowered the levels of hepatic cholesterol and reduced the expression of cholesterol and lipid
synthesis genes (Hydroxymethylglutaryl-CoA reductase (Hmgcr), Srebp2 and Scd1) as well as decreased
lipoperoxidation and increased the activity of antioxidant enzymes [256]. Moreover, these animals
exhibited higher levels of adiponectin in serum [256].

Besides the effects of flavonols by itself, favonols-rich extracts have also been tested in fatty
liver-associated diseases. A Sicyos angulatus extract that contains kaempferol as the main flavonol
administered to a HFD-induced obese mice lowered plasma levels of ALT and AST and the hepatic lipid
content. The Sicyos angulatus extract impacted on lipid metabolism by repressing the expression of genes
related to fatty acid and TG synthesis (Acc1, Fasn Scd1 and Dgat) and of the key transcription factors that
regulate lipogenesis (Srebp-1c and Pparγ) [257]. Another source of kaempferol, quercetin and derivates
is Sanglan Tea (SLT), a Chinese medicine-based formulation consumed for the effective management
of obesity-associated complications. It has been demonstrated that dietary SLT supplementation
prevented body weight gain and fatty liver and ameliorated insulin resistance in HFD-induced
obese mice. SLT improved the serum lipid profile (lower levels of TG, Total cholesterol and LDL)
and reduced the ALT and AST circulating levels. The liver of these animals displayed less lipid
droplets and a downregulation of the lipogenic genes (Lxrα, Fasn, Acacb, Srebf-1, and Scd1) and the
adipogenesis-related genes (Pparγ, C/ebpα and Ap2) that are induced under HFD [258].

In a similar way, the flower of Prunus persica commonly known as peach blossom has demonstrated
that capacity to reduce body weight, abdominal fat mass, serum glucose, ALT, AST, and liver
and spleen weights compared to a HFD fed mice. This flower is rich in flavonoids and phenolic
phytochemicals with chlorogenic acid, kaempferol, quercetin and its derivatives as its major compounds.
The supplementation with this flower suppressed hepatic expression of lipogenic genes (Scd1, Scd2,
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Fasn) and increased the mRNA levels of FAO genes (Cpt1a), thus modifying he lipid metabolism in
HFD-fed mice [259]. Furthermore, a mulberry leaf powder also showed effects on liver gene expression
in a mice model of hepatic steatosis induced by a western diet. Liver weight, plasma TG and liver
enzymes ALT and AST were reduced in treated-animals. A global hepatic gene expression analysis
revealed that supplemented mice displayed a downregulation in inflammation-related genes and an
upregulation in liver regeneration-related genes [260]. Finally, a 70% ethanol extract from leaves of
Moringa oleifera (MO) that contains different flavonols and flavones such as quercetin and kaempferol
and their derivates. reduced glucose and insulin but also the total cholesterol, TG and LDL serum and
increased the HDL in high-fat diet obese rats as well as downregulated hepatic expression of Fasn and
Hmgcr [261].

Through a network pharmacological approach Nie et al. [262] highlighted that Chaihu shugan
powder (CSP) may exert its beneficial effects against NAFLD through the interaction of its main
compounds with nuclear receptors. Through a molecular docking approach, they screened
PPARγ, FXR, PPARα, RARα and PPARδ and quercetin, kaempferol, naringenin, isorhamnetin and
nobiletin interactions. To confirm the results of docking, an in vivo approach was done using
NAFLD-induced rats. The NAFLD-induced rats treated with CSP exhibited ameliorated effects in
body weight, hepatic histopathology and serum and liver lipids. Moreover, the mRNA levels of Pparγ,
FXR, Pparα and Rarαwere modified suggesting nuclear receptors regulation as a potential molecular
mechanism underlying the effects of CSP [262].

Adiponectin signaling and AMPK activation have been also pointed out as possible mechanisms
underlying the effects of flavonols in the liver. An extract of black soybean leaves (EBL), which
mainly contains quercetin glycosides and isorhamnetin glycosides was administered to HFD-fed mice.
EBL supplementation reduced body weight, fasting glucose, TG, total cholesterol and non-esterified
fatty acid levels as well as hepatic steatosis. EBL supplementation increased the levels of adiponectin and
the expression of adiponectin-receptors in the liver (AdipoR1 and AdipoR2) thus restoring adiponectin
signaling pathway [263]. Downstream of the adiponectin signaling there is the activation of AMPK
and FAO, the suppression of fatty acid synthesis and the improvement of insulin signaling [264].
Moreover, the mRNA levels of Pgc1, Pparα, Pparδ, Pparγ, Acc, Fasn, Cpt1a, Glut2, FoxO1 and Irs1 were
partially or totally normalized in HFD-EBL-supplemented animals [263].

Finally, it has been described that part of the mechanisms involving the hepatic beneficial effects
of flavonols may be mediated by gut microbiota. An experimental approach of gut microbiota
transplantation revealed a gut–liver axis where the Akkermansia genus have a key role on the quercetin
protecting effects against obesity-associated NAFLD development. [247]. In a similar way, kaempferol
blunted part of the effects of HFD in gut microbiota diversity. HFD fed mice displayed a reduced
microbial diversity that it is mostly reversed by kaempferol [265]. Furthermore, IQ combined with
inulin attenuated weight gain, improved glucose tolerance and insulin sensitivity and reduced lipid
accumulation in the liver, adipocyte hypertrophy in WAT and diminished the circulating levels of
leptin in HFD-fed mice probably through the modulation of gut microbiota [266].

6.2. Flavonols Impact on WAT Where They Modulate Lipid Metabolism and Induce Browning

Several studies with animal models showed that flavonols can protect mice or rats from HFD obesity
by reducing body weight gain and lipid accumulation in WAT via reducing inflammation, modifying
lipid metabolism, increasing EE, inducing browning of WAT and activating BAT [174,242,267–269].

Quercetin and quercetin-rich red onion (ROE) ameliorated diet-induced WAT expansion and
inflammation in HFD-fed mice [270]. Quercetin and ROE ameliorated adipocyte size and number
compared to HFD fed mice in WAT depots and induced a multilocular phenotype typical of BAT [270].
Moreover, quercetin and ROE diminished the HFD-increased levels of leptin. Besides its impact on
adipose tissue phenotype, quercetin and ROE supplementation also attenuated the inflammatory profile
induced by HFD in WAT [270]. Similarly, a quercetin-rich supplement administered to diet-induced
obese rats decreased body fat and adipocyte size of the perirenal WAT as well as increased adiponectin
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circulating levels [271]. Quercetin-rich supplement attenuated the upregulation of genes related to
lipid synthesis such as Acc, Fasn, HMG-CoA reductase, Lpl, Ap2, and Fatty acid transporter protein 1
(Fatp1) caused by HFD; and upregulated the HFD-downregulated genes such as Atgl, Hsl, Ampk, Acox,
Pparα, and Cpt1a [271]. In diet-induced obese mice quercetin administration decreased plasma TG
levels without affecting food intake, body composition, or EE [272]. Quercetin enhanced the uptake
of [3H]-oleate derived from labeled lipoprotein-like particles in the scWAT [272]. On the other side
Perdicaro et al. demonstrated that quercetin attenuated adipose tissue hypertrophy, reduced the
adipocyte size but activated the adipogenesis in HFD-fed rats. Quercetin supplemented rats showed
increased levels of angiogenic (Vascular endothelial growth factor 1 and 2 (Vegf1, Vegf2) and adipogenic
(Pparg and C/ebpa) markers but also mitigated inflammation, and reticulum stress [273].

Together with their capacity to modulate lipid metabolism, flavonols are also able to induce
browning in WAT depots. Quercetin treatment increased the expression of Ucp1, Pgc1α and Elovl3 in
WAT [272,274]. In a similar way, the administration of onion peel extract (rich in quercetin) to HFD-fed
mice upregulated markers of BAT (Prdm16, Pgc1α, Ucp1, Fgf21, Cidea) in perirenal and scWAT [275].
It has been described that the induction of browning was mediated at least in part through the activation
of the AMPK and the SIRT1 or via sympathetic stimulation. The quercetin-supplemented HFD-fed mice
displayed higher levels of plasma norepinephrine and of PKA protein levels in scWAT [274]. Besides the
activation of PKA signaling, it has been described that quercetin also increased SIRT1 protein levels and
pAMPK in visceral WAT [276]. Although most of the studies showed positive effects of quercetin, this
flavonol did not induce significant effects on the adipose tissue weights of rats fed an obesogenic diet
except when combined with resveratrol (RSV). The treatment with quercetin and RSV but not with just
quercetin or RSV promoted multilocular UCP1-positive adipocytes that also displayed increased levels
of browning markers (Cidea, bone morphogenic protein 4 (Bmp4), Homeobox C9 (Hoxc9), Solute Carrier
Family 27 Member 1 (Slc27a1), Tmem26 and proton/amino acid symporter (Pat2)) and genes related to
catabolic pathways (Atgl and ATP synthase subunit delta (Atp5d)) in perirenal WAT. Regarding BAT,
the supplementation with RSV and quercetin upregulated Cidea and Ucp1 expression, thus indicating
more thermogenic capacity in this tissue [277].

It is worth to mention that quercetin effectiveness is specie dependent. Studies in rats usually
showed more effects than in mice whilst in humans the results are still unclear. In rodent models the
levels of quercetin reached after its administration are higher than in humans [269]. Similar to quercetin,
isoquercetin (IQ), a quercetin glycoside with greater bioavailability than quercetin, also exerts positive
effects in WAT. In normal diet-fed mice IQ supplementation decreased WAT weight and increased
pAMPK levels in WAT as well as in liver and muscle. Moreover, IQ reduced the expression of Pparγ,
C/ebpα, C/ebpβ and Srebp1 whilst increased the expression of Ucp2, Pgc1α, Prdm16, Sirt1 and Cpt1a
in WAT, suggesting less adipogenesis, enhanced FAO and browning [278].

On its side, rutin administration to db/db mice and diet-induced mice reduced body weight gain
and improved adiposity (smaller lipid droplets) mainly by increasing EE [279]. These animals exhibited
higher core temperature when submitted to a cold environment indicating enhanced BAT activity.
Rutin-treated animals overexpressed BAT markers (Ucp1, Cidea, Prdm16), FAO-related genes (Cpt1a,
Mcad, Pparα and Pgc1α), mitochondrial biogenic transcription factors (tfam, Nrf1, Nrf2) and more
copies of mitochondrial DNA in BAT [279]. Besides BAT, rutin also affected scWAT, where induces
browning (upregulation of BAT-specific genes, including Ucp1, Pgc1α, Pgc1β, Cpt1a, Pparα, Tfam,
Nrf1 and Nrf2...) [279]. The molecular mechanism underlying these effects may go through the
Sirt1 activation. It has been demonstrated that rutin was able to directly bind to Sirt1 protein and
activate the SIRT/PGC1α/NRF2/Tfam signaling pathway [279]. On the other hand, rutin combined
with exercise (treadmill running) in diet-induced obese mice increased the mRNA levels of adiponectin,
the protein levels of PPARγ, the binding immunoglobulin protein (BIP), and the phosphorylated form
of c-Jun terminal quinase (JNK) and reduced disulfide-bond A oxidoreductase-like protein (DsbA-L).
These profile indicated an improvement on the ER stress and on adipose tissue functionality [280].
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When instead of flavonols, plant extracts were used similar effects were observed. A 70% ethanol
extract of Moringa oleifera (MO) that mainly contains quercetin, kaempferol and their derivates induced
the expression of Glut4, adiponectin, omentin and upregulated Pparα and melanocortin-4 receptor (MC4R)
on the WAT of diet-induced obese rats. [261]. Cuscuta pedicellata and some of its isolated compounds,
including kaempferol, quercetin and some derivates were suggested to have an anti-obesity effect in
HFD-fed rats. Supplemented animals showed a reduction in HOMA-IR and oxidative stress as well as
exhibited an upregulation of Ucp1 and Cpt1a expression in BAT [281]. Finally, through a high-throughput
metabolomic approach it has been described that the consumption of a hawthorn ethanol extract that
contains chlorogenic acid, hyperoside, isoquercetin, rutin, vitexin, quercetin, and apigenin affected
several metabolic pathways including: fatty acid biosynthesis, galactose metabolism, biosynthesis of
unsaturated fatty acids, arginine and proline metabolism, alanine, aspartate and glutamate metabolism,
glycerolipid metabolism and steroid biosynthesis [282].

6.3. Flavonols: Neuroprotection in Neurodegenerative Diseases

Flavonols have shown neuroprotective effects in neurodegenerative diseases. Quercetin, rutin
and some other flavonols have exhibited positive effects against pathologies such as Alzheimer’s
Disease (AD), Parkinson’s disease, Huntington’s Disease, multiple sclerosis, brain ischemic injury,
epilepsy neurotoxins but also for aging cognitive alterations [238,283–288]. Furthermore, flavonols
have also demonstrated beneficial effects in the CNS alterations caused by HFD.

It is well-known that HFD induces oxidative stress in brain that may lead to
neurodegenerative diseases. In HFD-fed mice, quercetin ameliorated the cognitive and memory
impairment and enhanced the expression of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K),
PKB/Akt, Creb, and brain-derived neurotrophic factor (Bdnf) [289]. In a similar way, in HFD-fed mice,
Acer okamotoanum and its main bioactive compound isoquercitin improved cognitive function by
inhibiting the ROS production, the lipid peroxidation and nitric oxide formation, thus reducing oxidative
stress [290]. Furthermore, it has been described that obesity induces hypothalamic inflammation and
activates microglia. In diet-induced obese mice, quercetin supplementation reduced the levels of
inflammatory cytokines and microglia activation markers in the hypothalamus [291]. Quercetin has
also showed positive effects in streptozotocin (STZ)-induced AD rats where improved memory
impairment and the anxiogenic-like behavior induced by STZ. In these rats, quercetin prevented
the acetylcholinesterase (AChE) overactivity and the increased malondialdehyde levels caused by
STZ [292]. Finally, quercetin showed capacity to modulate several kinases signaling cascades involved
in synaptic plasticity such as the PI3K/Akt, protein kinase C (PKC) and mitogen-activated protein
kinase (MAPK) [293].

7. Isoflavones

Isoflavones, also known as phytoestrogens, are flavonoids with a limited distribution in
plant kingdom. They are found in leguminous plants such as soybean, kudzu, red clover, fava beans,
alfalfa, chickpeas or peanuts but also soy-based foods (tofu, soymilk, miso . . . ) and some pants such
the Puerariae genus [42,294]. Genistein and daidzein are the most representative dietary isoflavones.

Although there are several human clinical studies studying soy isoflavone consumption and diabetes
the data obtained are not conclusive. Some evidence suggests that long-term intake of isoflavones
may improve insulin resistance in type 2 diabetic patients and have anti-obesity effects [295–299].
In animal studies, isoflavones have showed antidiabetic and anti-obesity activities [45,236,297,300].
The beneficial effects of isoflavones include the improvement of insulin sensitivity, lipid profile and
adiposity [45,49,301–303].

7.1. Isoflavones Reduced H Steatosis by Modulating Lipid Metabolism

Like many of the other flavonoids, isoflavones also exert an hepatoprotective action [49]. A recent
publication using data of the National Health and Nutrition Examination Survey from 1999 to 2010 in
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the USA describes an inverse correlation between urinary genistein levels and serum ALT levels in
males but not in females [304]. On the other hand, in NAFLD-rodent models, genistein supplementation
decreased fat accumulation, inflammation, hepatic steatosis and liver fibrosis in animal models and in
humans [302]. These effects on hepatic steatosis have been described both in short- and long-term
interventions [305].

One of the mechanisms proposed is the blockade of aldose reductase (AR)/polyol pathway. It has
been described that some isoflavones are AR inhibitors. The inhibition of the AR/polyol pathway
reduces fructose production and hepatic fat accumulation in high glucose diets as well as improved
PPARα activity and enhanced FAO, thus attenuating liver steatosis in HFD-obese models [306].
Moreover, the blockade of AR/polyol pathway reduced the CYP2E1-mediated oxidative stress [306].
Other mechanism suggested for isoflavones is the downregulation of PPARγ and fat-specific protein 27
(FSP27) together with a reduction of fatty acid synthesis and increased lipolysis [307]. This mechanism
was described in female rats fed with a 20% casein-diet and supplemented with soy isoflavones [307].

Effects via the activation of AMPK has been also described for genistein [308,309].
Hepatic activation of AMPK drives to an inhibition of cholesterol and fatty acid synthesis and
an enhancement of FAO [310]. In high fat/high sucrose-fed rats, genistein improved lipid metabolism
and ameliorated hepatic lipid accumulation. P-AMPK and p-ACC were increased while SREBP1 protein
levels were decreased. Moreover, genistein downregulated the expression of Fasn, glycerol-3-phosphate
acyltransferase (Gpat) as well as upregulated Pparα, Cpt1a and Acox [309]. A similar effect on NAFLD
has been described with Puerarin, a major bioactive isoflavone compound isolated from the roots of
the Pueraria lobata. Puerarin attenuated NAFLD development in high fat/high sucrose-fed mice via
the activation of the Poly(ADP-ribose) polymerase 1 (PARP-1)/PI3K/Akt signaling pathway and lately
the improvement of the mitochondrial function [311]. In HFD-obese mice, puerarin reduced TG, total
cholesterol and leptin serum levels as well as decreased the hepatic lipid content. Puerarin inactivated
FASN and activated AMPK, CPT and HSL as well as increased the protein levels of PPARγ. These data
indicated that puerarin regulated lipid metabolism by reducing lipid synthesis and enhancing lipid
consumption [312].

Positive effects on NAFLD has been also observed by combining soluble soybean polysaccharides
and genistein. This combination increased the bioavailability of genistein and administered to HFD-fed
mice prevented weight gain, oxidative stress inflammation and dyslipidemia. These effects on lipid
profile have been related to an activation of AMPK and PPARα/PPARγ pathways and changes in the
mRNA levels of Fasn, Acc, Srebp1c and adipose differentiation-related protein (Adrp) [313].

Besides genistein some of its derivatives are also active. Sophoricoside, a genistein derivate
isolated from the Sophora japonica L, has been tested in high fructose-fed mice. Administration of
sophoricoside diminished body and liver weight as well as reduced hepatic cholesterol and TG
and serum levels of ALT, AST and LDL whilst increased the levels of circulating HDL. Moreover,
the livers of treated-mice displayed a better inflammatory profile and an increased antioxidant
capacity [314]. Calycosin, an o-methylated isoflavone showed positive effects against NAFLD-induced
in HFD-fed mice. Calycosin improved insulin sensitivity, decreased the levels of ALT and AST and
increased the levels of adiponectin. In the liver, calycosin blocked gluconeogenesis and lipogenesis by
suppressing PEPCK G6Pase, SREBP1c and FASN, as well as induced the expression of Gsk3β, Glut4,
increased the phosphorylation of Irs1 and Irs2 and activated farnesoid X receptor (FXR) [315].

Similar to isolated compounds, soy isoflavones (that includes genistein, daidzein and glycitein) or
a soy protein preparation also reverted hepatic steatosis when administered to obese female Zucker or
HFD-obese rats. Soy isoflavones reduced hepatic lipid accumulation, improved serum levels of ALT
and downregulated Srebp1c and Fasn levels as well as increased the protein levels of PPARα indicating
less lipogenesis and more FAO [316]. In a similar way, the intake of soy protein with isoflavones
decreased the liver steatosis, reduced the levels of AST and ALT and increased the levels of leptin in
female Zucker obese rats [305].
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Apart from the effects of isoflavones on lipid metabolism they also exhibit anti-inflammatory
properties. Genistein protected against NAFLD by targeting the arachidonic acid cascade that is
responsible for the chronic inflammation [317]. Genistein supplementation to HFD-fed mice blocked
the synthesis of ciclooxigeanse-1 activity and thromboxane A2 [317]. Other mechanism to explain
the anti-inflammatory effect of genistein is the promotion of miR-451 [318]. In humans a randomized
controlled trial described that genistein supplementation improved the inflammatory state in NAFLD
patients [319].

7.2. Isoflavones Ameliorate the Weight Gain in Diet-Induced Obesity Models and Improve Lipid Metabolism in
Adipose Tissue

It has been widely described that isoflavones are able to control food satiety and appetite,
to ameliorate the body weight gain and fat accumulation in rodent models of obesity, to modulate
fatty acid metabolism and to induce browning and BAT activation which make its use in nutritional
interventions as a promising approach for weight management therapies [269]. Isoflavones reach
and affect adipose tissue as it was demonstrated through a whole-transcriptome microarray analysis
of the perigonadal WAT from mice fed either control diet or a soybean extract diet containing a
genistein/daidzein mix. This study described the impact of soy isoflavones on adipose tissue describing
437 downregulated genes and 546 upregulated [320].

In HFD-fed rats, soy isoflavones attenuated diet-induced obesity mainly by reducing the visceral
WAT depot (lower hypertrophy and less lipid accumulation). Soy isoflavones supplementation
downregulated fat synthesis (reduced SREBP1 protein levels) and upregulated lipolysis (increased
ATGL protein levels) in visceral WAT via the activation of AMPK and the inhibition of SREBP1 [321].
In a similar way, 6,8-diprenylgenistein (DPG), a major isoflavone of Cudrania tricuspidata fruits decreased
the body weight of HFD-induced obese mice at least in part by the suppression of de novo lipogenesis
via the AMPK activation [322]. This isoflavone reduced the expression of lipogenic genes by regulating
Pparγ and C/EBPα transcriptional activity as well as leptin and adiponectin levels. DPG also regulated
ACC and HMGCR [322].

Isoflavones are also present in fermented soy products. The heathy properties of these products
have been also evaluated. Fermented soybean meal (SBM) administered to HFD-fed rats showed
positive effects on the obese profile of these animals. The body weight gain, as well as weights of
abdominal and epididymal fat were reduced. Also, the lipid profile was improved. Supplemented
rats exhibited lower levels of TG, total cholesterol and LDL and higher levels of HDL compared to
HFD-non supplemented rats. Moreover, in WAT, there were a decrease on the hepatic lipogenesis
(downregulation of Fasn and Acc) and an increase on lipolysis (upregulation of Lpl) [323].

Besides their effects on lipid metabolism, isoflavones also induce browning and BAT
activation [166]. Genistein administration to HFD-fed mice reduced body weight gain and scWAT
mass and induced the expression of Ucp1 and Cidea in WAT, indicating a browning phenotype [324].
Genistein may induce the browning phenotype by a direct upregulation of Ucp1 expression or through
an indirect pathway that would imply irisin signaling. Irisin is a myokine that induces the expression
of Ucp1 and Tmem26 in preadipocytes [325]. This indirect mechanism describes an induction of
the PGC-1α/FNDC5 pathway in skeletal muscle that lead to an increase of irisin production and
secretion [325].

Formononetin and puerarin also modulate adipogenesis and thermogenesis. Formononetin
attenuated visceral fat accumulation and increased EE in HFD-fed mice [326,327]. In vitro,
this isoflavone downregulated Pparγ, C/ebpα and Srebp1 probably via AMPK/β-catenin signal
transduction pathway that drove its antiadipogenic effect [326]. Moreover, formononetin induced
Ucp1 expression in primary culture of mouse adipocytes [327]. In a similar way, Puerariae lobata
root extracts (PLR) activated browning in iWAT and regulated BAT activity [328]. PLR treatment
caused weight loss and improved glucose metabolism in diet-induced obese mice as well as increased
EE. In BAT, PLR upregulated Ucp1 expression (but no other thermogenic markers) and in iWAT
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induced the expression of BAT markers (Ucp1, Pparγ1, Pparγ2 and Pparα), thus indicating a brown-like
phenotype [328].

Several studies focused on describing the mechanisms underlying the isoflavones’ effects have
been performed in ovariectomized mice or rats. These models mimic menopausal stage in humans
and are useful to analyze the potential role of isoflavones to counteract the increase of the adipose
tissue that takes place during this period of life. In these rodent models, isoflavones exert positive
effects on body weight gain and food intake as well as in fat pats enlargement [297]. In HFD-fed
ovariectomized rats the administration of genistein decreased the body weight gain, improved insulin
sensitivity and reduced plasma TG and cholesterol [329]. In liver, genistein blocked the lipogenic
pathway by inhibiting p-ACC, SREBP-1, FASN and CD36 proteins. In retroperitoneal WAT, genistein
diminished adiposity and adipocyte hypertrophy, inflammatory phenotype and induced browning.
In iWAT, genistein-supplemented rats exhibited higher levels of UCP1, PRDM16, PGC-1α and
CIDEA proteins and Ppargc1a and Ucp-1 mRNAs [329]. Furthermore, isoflavones supplementation
can modulate the metabolic effects of estradiol treatments in ovariectomized rats [330]. Finally,
calycosin has demonstrated positive effects perivascular adipose tissue of obese mice. Through the
adiponectin/AMPK/ endothelial nitric oxide synthase (eNOS) pathway, calycosin is able to restore at
least in part the perivascular adipose tissue functionality [331].

7.3. Isoflavones Have Become Engaging Flavonoids in Neuronal Diseases due to Their Estrogenic-Like Structure
and Its High Antioxidant Capacity

Obesity is a risk factor for neurodegenerative diseases essentially because it causes the
neuroinflammation and oxidative stress. Isoflavones can ameliorate part of these effects as well
as affect food intake and feeding behavior.

It has been described that daidzein administered to HFD-fed rats reduced food intake and
attenuated body weight gain as well as improved glucose tolerance, adiponectin and leptin levels
and increased the 17b-estradiol. In rat hippocampus, daidzein enhanced cell proliferation and
reduced apoptosis and gliosis, thus exerting a neuroprotective effect against the brain injuries
caused by diet [332]. On the other side, doenjang, a Korean traditional fermented soybean pastry
alleviated hippocampal neuronal loss and enhanced cell proliferation in HFD-fed mice as well as
reduced oxidative stress markers (less oxidative metabolites and lower levels of oxidative stress- and
neuroinflammation-related genes). Dietary doenjang reduced Aβ and tau phosphorylation [333].
Furthermore, genistein has shown the capacity to improve metabolism and induce browning via
hypothalamus gene expression regulation. Through a transcriptome analysis it was identified that
the hypothalamic expression of urocortin 3 (Ucn3), decidual protein induced by progesterone (Depp), and
stanniocalcin1 (Stc1) correlated with the browning markers in WAT and with insulin sensitivity [324].

Regarding neurodegenerative diseases isoflavones have shown protective properties. An extract of
soybean isoflavone reduced the elevated oxidative stress parameters and reversed the overproduction
of Aβ in rats with colchicine-induced neuronal damage [334]. In the same way, daidzein alone or
mixed with genistein and glycitin isoflavones could reverse the cognitive impairments produced
by scopolamine injection by activating the cholinergic system and the BDNF/ERK/CREB signaling
pathway in mice [335,336], thus reinforcing the idea that soy isoflavones may be a good candidate for
the treatment of neurodegenerative diseases. Besides the BDNF/ERK/CREB signaling pathway, it has
been postulated that the Nrf2 signaling pathway can also be underlying the neuroprotective effects of
isoflavones [337].

8. Flavones

Flavones is one of the largest groups of flavonoids with a high degree of chemical diversity.
Some of the richest sources of flavones are parsley, celery, peppermint, and sage, which predominantly
contain apigenin and luteolin as well as maize and citrus fruits. In general, flavones are found as
glucosides in citrus fruits, vegetables, herbs and grains and although they represent a small fraction of
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the total flavonoid intake, they have shown health effects and anti-obesity properties [338,339]. As it is
going to described latter, most of the studies that investigate the beneficial effects of flavones use them
as aglycone and a scarce number of approaches deepen on the effects of flavones when consumed
within the whole food and a feasible doses or in combination with other bioactive compounds.

8.1. Flavones Improved Liver Steatosis and Hepatic Inflammation

Flavones such as apigenin, luteolin, baicalin, vitexin, nobiletin among others prevented NAFLD
and hepatic steatosis mainly by modulating lipid metabolism (increasing FAO and decreasing
lipogenesis) and reducing oxidative stress and inflammation [340–345].

As many other flavonoids, some flavones also exert their hepatic effects by activating the
AMPK enzyme. Vitexin, an apigenin flavone glucoside, for instance, when administered to HFD-fed
mice reduced body and liver weight, triglyceride and cholesterol content in serum and liver and
circulating levels of ALT and AST. Moreover, vitexin regulated lipid metabolism suppressing de novo
lipogenesis by downregulating the expression of Pparγ, C/ebpα, Srebp1c, Fasn, and Acc and enhancing
FAO and lipolysis by increasing the expression of Pparα, Cpt1a and Atgl) in an AMPK-dependent way
that has been suggested may be activated by the binding of vitexin to the Leptin receptor [345].

In a similar way, luteolin, the principal yellow dye compound from Reseda luteola,
or luteolin-enriched artichoke leaf extract alleviated hepatic alterations caused by a HFD by exerting
anti-inflammatory activities and modulating lipid metabolism. Luteolin treatment of HFD-fed mice
reduced hepatic lipotoxicity by improving the inflammatory profile, decreasing the extracellular matrix,
enhancing the antioxidant capacity of the liver and increasing the FFA flux between liver and WAT [346].
A crosstalk between adipose tissue and liver has been suggested to explain the effects of luteolin on
hepatic steatosis [347]. Moreover, luteolin and luteolin-enriched artichoke leaf extract administered
to HFD-fed mice prevented hepatic steatosis (less and smaller lipid droplets, lower levels of Cidea)
and insulin resistance by suppressing lipogenesis and gluconeogenesis (suppression of PEPCK and
G6Pase activities) and increasing FAO (more CPT1a activity and higher expression of Pparα, Pgc1α and
Pgc1β) [342]. The repression of hepatocyte nuclear factor 4a and of LXR/SREBP1c signaling pathway
has been described as putative molecular mechanisms for luteolin improvement of liver steatosis and
NAFLD [348,349].

Regarding the capacity of flavones to modulate FAO, it has been described through a quantitative
proteomic study that baicalin may act as an allosteric activator of CPT1a enzyme thus increasing the
FA entrance to the mitochondria to undergo the β-oxidation in the liver [343]. Moreover, baicalin
attenuated liver alterations by regulating the AMPK/ACC pathway in diet-induced obese mice [350].
Finally, baicalin is also a potent anti-inflammatory and antioxidant compound in a way that as other
flavones also implied the nuclear erythroid 2-related factor 2 (Nrf2) activity in a cholestatic mice
model [351].

It has been described that some flavones exert their hepatoprotective effects via the activation
of the Nrf2 transcription factor. Nrf2 is a positive regulator of the expression of genes involved in
the protection against oxidative stress as well as a negative regulator of genes that promote hepatic
steatosis [352,353]. In this context, apigenin and scutellarin exerted their hepatoprotective activity via
the activation of Nrf2. Scutellarin is a natural compound of Erigeron breviscapus (vant.) that in a HFD-fed
mice attenuated obesity. It repressed lipogenesis and promoted FAO and cholesterol output besides its
anti-inflammatory activity [340]. Moreover it has been described that scutellarin increased mRNA
and/or protein levels of PPARγ, PGC1α, Nrf2, haem oxygenase-1 (HO-1), glutathione S-transferase
(GST), NAD(P)H quinone dehydrogenase 1 (NQO1) and PI3K and AKT, whilst reduced nuclear
factor kappa B (NF-κB), Kelch-like ECH-associated protein 1 (Keap1) [354,355]. By contrast, apigenin
administration to HFD-fed mice inhibited the expression of PPARγ target genes via the translocation
to the nucleus and activation of the Nrf2 transcription factor that seems to block PPARγ activity.
Apigenin treatment downregulated the expression of genes related to lipid droplet formation (Cidea,
Plin2, fat storage inducing transmembrane protein 1 and 2 and) as well as genes involved in FA uptake
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(Fabp1 and Lpl), FAO (Cpt1a, Pdk4, Acox1, Acaa2) and lipogenesis (Fasn, Scd11, Acaca) [341]. On the
other side, apigenin may act as a PPARγ modulator in a mouse model of obesity where it activated
the p65/PPARγ complex translocation into the nucleus, thereby decreasing the NF-κB activation and
favoring the M2 macrophage polarization [356] or blocking NLRP3 inflammasome assembly and the
ROS production [357]. The capacity of flavones to modulate PPARγ activity and induce macrophage
polarization to M2 phenotype has also been described for Chrysin in a HFD-fed mice model [358].

Finally, wogonin have shown beneficial effects on the liver steatosis development in a mice
NAFLD model [359]. Concretely wogonin administration to HFD fed mice ameliorated the NAFLD
progression via enhancing the PPARα/Adiponectin receptor R2 (AdipoR2) pathway. Wogonin induced
the hepatic activity of PPARα and upregulated the levels of the AdipoR2. Moreover, wogonin also
reduced the inflammatory profile and alleviated the hepatic oxidative stress [359].

Besides their effects alone, the combination of flavones with other bioactive compounds or
polyphenols-rich extracts have also shown positive effects against hepatic steatosis [360].

8.2. Flavones Improved the Adipose Tissue Inflammation and Reduced the Macrophages Infiltration as Well as
Enhanced the Thermogenic Capacity

Although flavones have been widely studied for their antioxidant and anti-inflammatory
properties [338] their capacity to impact on adipose tissue metabolism and functionality cannot
be underestimated.

Besides its reduction of the inflammatory phenotype in adipose tissue, apigenin administration to
diet-induced obese mice ameliorated the body weight increment, reduced the visceral adiposity by
inhibiting the adipogenesis via a STAT3/CD36 signaling pathway [361], decreased leptin and increased
adiponectin [362] and induced energy expenditure mainly by promoting lipolysis and FAO as well as
browning of WAT [363]. In scWAT, apigenin-treated mice exhibited a downregulation of adipogenic
genes (Pparγ, Lpl and aP2) and of genes involved in lipogenesis (Fasn and Scd1) and a promotion of
lipolysis by increasing the mRNA levels of Atgl, Hsl, Forkhead box protein O1 (FoxO1) and Sirt1. In BAT
there is an increment of the p-AMPK and p-ACC levels, thus indicating that FAO is enhanced in
this fat depot after apigenin administration. Finally, apigenin activated the thermogenesis in BAT
(upregulation of Ucp1 and Pgc1α) and induced the browning phenotype in scWAT (upregulation of
Ucp1, Pgc1α, Tmem26, Cited1) [363]. Similar results were obtained with vitexin. Vitexin administration
reduced the adipocyte size of HFD-fed mice and increased the p-AMPK levels in eWAT followed by a
downregulation of C/EBPa and FASN protein levels [364].

In the case of nobiletin and luteolin, their administration to HFD-fed mice improved the
fibrotic and inflammatory profile in adipose tissue and reduced the macrophage infiltration and
polarization [344,346,365,366]; but in contrast with other flavones they increased the mRNA expression
of FAO- (Pparα, Cox8b, and Cpt1a) and lipogenic (Pparγ, Srebp1c, Fasn and Scd1) -related genes
simultaneously [342,344] as well as CPT1 and FASN activity [344] in WAT. The simultaneously
activation of both metabolic pathways in adipose tissues has been demonstrated as a way to maintain
thermogenesis in BAT [367,368] and as a marker of browning in WAT [82]. In the case of luteolin,
its administration either in HFD-fed or low-fat-fed mice activated browning and thermogenesis in mice
via the AMPK/PGC1α cascade. Under the AMPK/PGC1α signal, luteolin increased energy expenditure
in HFD-fed mice and upregulated the mRNA levels of Pgc1α, PPARα, Cidea and Sirt1 in BAT as well as
Ucp1 Pgc1α, Tmem26, Cidea, PPARα, Sirt1, Elovl3 and Cited1 in scWAT [369]. Moreover, the increased of
PPARγ protein levels in WAT has been linked to an alleviation of the hepatic lipotoxicity in HFD-fed
mice [347]. Similar effects were observed with baicalein that administered to HFD-fed mice decreased
pP38MAPK, pERK and PPARγ levels and increased pAKT, PGC1α and UCP1 as well as the presence
of GLUT4 in cell membranes of the eWAT. Globally, baicalein reversed the glucose intolerance and
insulin resistance produced by HFD [370].

174



Nutrients 2020, 12, 2393

Besides the effects of each compound by itself some flavones-rich extracts or foods or combinations
of different bioactive compounds have been evaluated regarding their potential therapeutic role against
obesity and its metabolic and inflammatory features [371,372].

8.3. Flavones and Obesity in the CNS: No Clear Evidences

There are few studies describing the potential role of flavones in obesity-related central alterations.
Just luteolin has been demonstrated a protective effect against HFD-induced cognitive effects in
obese mice. Luteolin administration alleviated neuroinflammation, oxidative stress and neuronal insulin
resistance as well as improved the Morris water maze (MWM) and step-through task and increased
the levels of BDNF [373]. Other effects of flavones described recently are anxiolytic-like activity [374],
neuroprotection against gamma-radiation [375] treatment of glioblastoma [376], amelioration of the
hypoxia-reoxygenation injury [377] or inhibition of the neuroinflammation caused by LPS [378].

9. Chalcones

Chalcones is a group of polyphenolic compounds with a broad structural diversity. Chalcones are
precursors of other flavonoids and responsible for the golden yellow pigments found in flowers, fruits,
vegetables, spices, teas and different plant tissues. Although their metabolism in the gastrointestinal
tract and their rate of absorption are not still completely known, chalcones have shown a wide
variety of biological activities. Several studies have demonstrated that, either from natural sources or
synthetic, chalcones can impact on glucose and lipid metabolism and their health benefits have been
studied in relation to type 2 diabetes [379]. Chalcones have shown hypoglycemic capacity, the ability
to modulate food intake and activate AMPK, as well as antioxidant, anti-inflammatory, anticancer,
anti-obesity, hepatoprotective and neuroprotective properties [380–392] Although there are no many
studies in humans the effects of chalcones in the obese phenotype in animal models are similar to the
ones described for other flavonoids, thus suggesting a potential therapeutic role of these group of
bioactive compounds.

9.1. The Hepatoprotective Role of Chalcones

Chalcones have hepatoprotective properties in NAFLD, alcoholic fatty liver, drug- and
toxicant-induced liver injury, and liver cancer [381]. It has been described that chalcones are able to
inhibit the synthesis of triglycerides and the lipogenesis, to increase FAO, and to modulate adiponectin
production and signaling.

Licochalcone F, a novel synthetic retrochalcone, has shown anti-inflammatory properties when
administered to diet-induced obese mice. Licochalcone F inhibited TNFa-induced NF-kB activation
and the mRNA expression of several pro-inflammatory markers. In the liver licochalcone F alleviated
hepatic steatosis, by decreasing lipid droplets and glycogen deposition [380]. On its side, Licochalcone A,
a chalcone isolated from Glycyrrhiza uralensis, administered to HFD-fed mice, reduced body weight,
decreased serum triglycerides, LDL free fatty acids and fasting blood glucose, ameliorated hepatic
steatosis, reduced lipid droplet accumulation [393]. In the liver, licochalcone A downregulated the
protein levels of SREBP1c, PPARγ, and FASN as well as increased the phosphorylation of HSL, ATGL
and ACC enzymes [393]. Moreover, licochalcone A increase the protein levels of CPT1A and stimulated
SIRT1 and AMPK activity [393]. Taken together, licochalcone A ameliorated obesity and NAFLD in
mice at least in part by reducing the fatty acid synthesis and increasing lipolysis and FAO via the
activation of the SIRT1/AMPK pathway.

In a mouse model of HFD-induced obesity, trans-chalcone reduced the ALT levels and increased
the HDL [394]. Similarly, in a mouse model of non-alcoholic steatohepatitis KK-Ay mice, xanthohumol,
the chalcone from beer hops (Humulus lupulus L.), diminished hepatic inflammation and prevented
from the expression of profibrogenic genes in the liver [395] as well as lowered hepatic fatty acid
synthesis through the downregulation of Srebp1c expression and promoted FAO by upregulating the
mRNA expression of Pparα in KK-Ay mice [396]. Moreover, in HFD-fed mice, xanthohumol prevented
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body weight gain; decreased glycemia, triglyceride and cholesterol, and improved insulin sensitivity.
Xanthohumol activated the hepatic and skeletal muscle AMPK, downregulated the expression of
Srebp1c and Fasn and inhibited the activity of ACC, thus reducing the lipogenic pathway [386,397].

According to these data, aspalathin a C-glucosyl dihydrochalcone present in rooibos tea from
Aspalathus linearis, also activated AMPK and reduced the expression of hepatic enzymes and
transcriptional regulators that are associated with either gluconeogenesis and/or lipogenesis (Acc, Fasn,
Scd) in diabetic ob/ob mice [388,398]. Furthermore, Aspalathin-enriched green rooibos extract (GRE)
improved hepatic insulin resistance via the regulation of the PI3K/AKT and AMPK Pathways [399].
In obese insulin resistant rats GRE upregulated the expression of Glut2, insulin receptor (Insr), Irs1 and
Irs2, as well as Cpt1a [399]. Finally, Isoliquiritigenin at a low dose ameliorated insulin resistance and
NAFLD in diet-induced obese mice. Isoliquiritigenin administration to HFD-fed mice decreased body
fat mass and plasma cholesterol as well as alleviated hepatic steatosis (smaller lipid droplets) with no
changes in TG and FFA serum levels [400]. It has been described that isoliquiritigenin suppressed the
expression of lipogenic genes (Fasn and Scd1) and increased FAO activity. Moreover, isoliquiritigenin
improved the insulin signaling in the liver and muscle [400].

Besides chalcones, chalcones-enriched products like Safflower yellow or ashitaba have
demonstrated hepatoprotective properties. In mice fed with HFD, Safflower yellow improved
lipid profile and alleviated fatty liver in a mechanism that has been associated to a reduction of the
biosynthesis of intracellular cholesterol. Safflower yellow significantly reduced the levels of total
cholesterol, triglycerides, LDL-cholesterol and the LDL/HDL ratio [401]. On its side, ashitaba (Angelica
keiskei) extract showed hepatoprotective activity in fructose-induced dyslipidemia due to increased
expression of FAO genes in the liver. Treatment with this extract upregulated the expression of the
Acox1, Mcad, ATP-binding membrane cassette transporter A1 (ABCA1) and apolipoprotein A1 (Apo-A1) [402].
In a similar way, this extract exerted hepatoprotective effects in HFD-fed mice. Ashitaba extract
reduced plasma levels of cholesterol, glucose, and insulin, lowered triglyceride and cholesterol content
in the liver, inhibited hepatic lipogenesis by downregulating Srebp1 and Fasn and activated FAO by
upregulating the expression of Cpt1A and Pparα [403]. The proposed mechanism underlying this
hepatic metabolic effects is an activation of the AMPK enzyme in the liver [403].

In some of the studies the hepatoprotective role of chalcones has been linked to the adiponectin
production. Concretely, trans-chalcone administration to high cholesterol diet-induced liver fibrosis
increased the serum levels of adiponectin and the hepatic antioxidant enzymes, thus alleviating liver
damage [404]. Similarly, xanthohumol and ashitaba extract or licochalcone A also increased the
adiponectin expression and secretion [393,403,405].

9.2. Chalcones in the Adipose Tissue, Upregulation of Adiponectin, Induction of Browning and Enhancement of
Energy Expenditure

As has been mentioned above, chalcones induce adiponectin expression and secretion but also
improve adipocytes function and reduce fat depots. Different molecular mechanisms underlying these
effects has been described.

The treatment of obese mice with licochalcone F to reduced adipocyte size and ameliorated
macrophage infiltration in WAT depots as well as enhanced Akt signaling and reduced p38 MAPK
pathway [380]. On its side, the administration of Licochalcone A, isoliquiritigenin or a Glycyrrhiza
uralensis extract containing licochalcone A, isoliquiritigenin, and liquiritigenin to diet-induced obese
mice reduced body weight gain and adipose tissues depots [393,400,406]. In this case, Licochalcone A
and Glycyrrhiza uralensis extract induced the browning phenotype in the iWAT this fat depot [393,406]
as it is demonstrated by the enhanced expression of brown fat markers such as Ucp1, Prdm16 and
Pgc1α [406]. By contrast, isoliquiritigenin elevated energy expenditure by increasing the expression of
thermogenic genes (Ucp1 and Prdm16) as well as Sirt1 that is linked to mitochondrial biogenesis [407]
in interscapular BAT [400].
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Finally, butein, besides its anti-inflammatory activity via the p38 MAPK/Nrf2/HO-1 pathway that
leads to a reduction of the adipocyte hypertrophy [408] is also capable to enhance energy expenditure
and increase thermogenesis. Butein induced the browning phenotype in the iWAT (upregulation of
Ucp1, Prdm16, cytochrome C oxidase 8b, and Cidea) and increased the UCP1 protein levels in BAT in
HFD-fed mice as well as in lean mice. The proposed molecular mechanism underlying these effects is
the induction of the PR domain containing 4 (Prdm4) and the activation of the PI3Kα/Akt1/PR domain
containing 4 (Prdm4) axis [409,410]. The browning effect of butein was not observed in other mice
models such as ThermoMouse strain nor in methionine- and choline-deficient diet-fed mice [411].
Butein actions have also been linked to its capacity to downregulate PPARγ expression [387,410].

Finally, chalcone-rich extracts such as Safflower yellow or Ashitaba extract have also demonstrated
effects in adipose tissues. Concretely, in mice fed with HFD, Safflower yellow administration
exerts anti-obesity and insulin-sensitizing effects by upregulating the expression of Pgc1α that may
indicate a browning phenotype of the scWAT as well as activating the protein levels of AKT and
GSK3β in visceral WAT [412]. On its side, Ashitaba extract suppressed the HF diet-induced body
weight gain and fat deposition in WAT, increased the adiponectin level and the phosphorylation
AMPK, inhibited lipogenesis by downregulating Pparγ, CCAAT/enhancer-binding protein α (C/ebpα) and
Srebp1 [403].

9.3. Chalcones in CNS: A Potential Neuroprotective Role

The antioxidant and anti-inflammatory properties of chalcones has been linked to some of
their neuroprotective effects [382,383,389] but no studies with obesity-related neuronal damage has
been found. Further studies are needed to identify the potential therapeutic role of chalcones on this
obesity side effect.

10. Concluding Remarks

Undoubtedly flavonoids are potential therapeutic agents against metabolic disorders such as
obesity, type 2 diabetes or NAFLD. Their impact in CNS, liver, and adipose tissue has been extensively
studied and the results let us to be optimistic. Several metabolic effects and signaling pathways have
been described underlying the anti-obesity effects of flavonoids specially in liver, EAT and BAT but
also in CNS. Globally theses effects go to control body weight, improve insulin sensitivity, reduce fat
accumulation in adipose tissues as well in ectopic depots and to increase energy expenditure (Figure 1).
Furthermore, the data presented in this review highlight that:

• Flavonoids are effective over a high variety of obesity and obesity-related diseases models.
• The anti-obesity effects of flavonoids are robust and consistent as they can be achieved using

different sources, ways of administration and doses.
• Most of the molecular mechanisms underlying the anti-obesity effects of flavonoids are shared for

the different subclasses of flavonoids (Tables 2 and 3).
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FLAVONOIDS

Figure 1. Summary of the metabolic and signaling pathways underlying the anti-obesity effects of
flavonoids. Molecular mechanisms underlying the beneficial effects of flavonoids have been widely
studied and, in many cases, involved the activation of the AMP-activated protein kinase (AMPK).
AMPK is a key enzyme for the control of lipid metabolism and adipogenesis. AMPK phosphorylation
and activation promote catabolic processes such as FAO, glucose uptake, or glycolysis as well as inhibits
anabolic pathways such as fatty acid synthesis or gluconeogenesis.

Even so more research is needed to confirm their therapeutically functionality in humans, the doses
and times needed for their effectiveness or the better combination of bioactive compounds. Nowadays
is still difficult to answer some crucial questions such as what is the effective dose of polyphenols; and
for how long do we need to intake them to get positive effects? It is obvious that differences among
experimental diets to induce fatty liver, dosages of bioactive compounds as well as the presence of other
food compounds or the use of isolated or extracted polyphenols could influence the outcomes obtained.
Furthermore, the use of flavonoids as a preventive or for treatment also show different results. Usually,
the doses used in published papers are much higher than the ones reached from fruits and vegetables
consumed as a whole.

The Predimed study determined that Spanish adults should intake around 820 ± 323 mg of
polyphones/day in a 2000 Kcal diet to get their beneficial effects [25,27] but probably these effects at
this dose are closely related to the MedDiet lifestyle. It is evident that, as MedDiet, some other dietary
patterns include high amounts of fruits, vegetables or polyphenols-rich beverages that make possible to
reach the optimal doses of polyphenols and by extension of flavonoids. Then, the question is: Are the
effects of polyphenols linked to the dietary pattern where they are included? Two recent systematic
reviews analyzed if there are enough evidence to define a health promoting polyphenol-rich dietary
pattern and concluded that the high variability in the experimental approaches and methods used to
evaluate polyphenols intake and health outcomes make difficult to stablish specific polyphenol intake
recommendations and to clarify whether total flavonoids or rather individual subclasses may exert
beneficial effects [30,36].

Moreover, low is known about the effects of combining different bioactive compounds from
different families. Are they going to have synergic, additive or antagonic effects? And not less
important is the need to identify the role of the food matrix on polyphenols and flavonoid effects.
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The bioavailability of polyphenols is low and not just their basic chemical structures (aglycons) are
key but also the attachment of additional groups. There are described around 8000 structures
of polyphenols with different physiological impact and several chemical structures, but all of
them with at least one a phenolic ring with one or more hydroxyl groups attached [38,413,414].
The polyphenols absorption in human body is dose- and type-dependent and their effects are related to
their bioavailability and pharmacokinetics. They show a low absorption rate and limited stability during
pass through the intestinal tract where microbiome may contribute to their absorption. Once absorbed,
polyphenols enter portal circulation and are metabolized in the liver. This first pass metabolism
modifies the polyphenol structure and in consequence its bioavailability and bioactivity [415,416].
Finally, the conjugate metabolites reach the bloodstream and the target tissues [415–418].

Several studies have demonstrated that the bioavailability and safety of polyphenols changed
when they are included in a food matrix [419–421]. Although most of the assays has been done
with in vitro models of digestion [422] it seems that the food matrices protect bioactive compounds
from intestinal degradation [420,423]. Finally, also cooking processes would have an impact in the
polyphenols content and bioavailability of some preparations [424–426]. On the other side, it has
been described that bioactive compounds with antioxidant properties are safe and beneficial but that
exogenous supplementation with isolated compounds can be toxic [427].

The role of intestinal digestion and microbiota impact on polyphenols’ effects must be also
considered. Besides their direct action in the liver, some flavonoids may exert their metabolic effects
through the gut microbiota modulation. An experimental approach with rabbits described that
procyanidin b2 may downregulated fatty acid synthesis genes and protected against obesity and
NAFLD by increasing the ratio of Bacteroidetes and Akkermansia [159]. Similar results were obtained
with green tea oolong tea and black tea water extracts that administered to HFD-fed mice improved the
glucose tolerance and reduced the weight gained caused by the HFD. Moreover, these animals showed
a better hepatic lipid profile and a reduced mass of the WAT. These effects were accompanied by a
reduction in plasma LPS, thus indicating less production and a significant increase in the production of
short-chain fatty acids (SCFAs). A metagenomic analysis indicated that the tea extracts changed the
gut microbiota’s composition [428]. In the same way also flavones ‘effects on obesity has been linked to
gut microbiota modifications [338]. Oral hydroxysafflor yellow A (HSYA) reversed the HFD-induced
gut microbiota dysbiosis and reduced the obese phenotype [429].

Author Contributions: V.S., H.S.-L., G.A. and J.R. performed the literature research and wrote the first draft of
the manuscript; P.F.M., D.H. and J.R. evaluated the information, reviewed and edited the manuscript to define its
last version. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Ministerio de Economía y Competitividad [grants AGL2017-82417-R
to PFM and DH, by the Generalitat de Catalunya [grants 2017SGR683, VS was supported by Conicyt’s fellowship
from the Government of Chile. The APC was funded by the University of Barcelona.

Acknowledgments: We acknowledge Jacques Truffert for the images used in Table 1 and Ursula Martínez-Garza
for the images used in Figure 1. Chemical structures of flavonoids’ subclasses from Table 1 have been done
with Chemdraw®.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Romieu, I.; Dossus, L.; Barquera, S.; Blottiere, H.M.; Franks, P.W.; Gunter, M.; Hwalla, N.; Hursting, S.D.;
Leitzmann, M.; Margetts, B.; et al. Energy balance and obesity: What are the main drivers?
Cancer Causes Control 2017, 28, 247–258. [PubMed]

2. Eckel, R.H.; Kahn, S.E.; Ferrannini, E.; Goldfine, A.B.; Nathan, D.M.; Schwartz, M.W.; Smith, R.J.;
Smith, S.R. Obesity and type 2 diabetes: What can be unified and what needs to be individualized?
J. Clin. Endocrinol. Metab. 2011, 96, 1654–1663. [CrossRef] [PubMed]

3. O’Neill, S.; O’Driscoll, L. Metabolic syndrome: A closer look at the growing epidemic and its associated
pathologies. Obes. Rev. 2015, 16, 1–12. [CrossRef] [PubMed]

181



Nutrients 2020, 12, 2393

4. Picone, P.; Di Carlo, M.; Nuzzo, D. Obesity and Alzheimer disease: Molecular bases. Eur. J. Neurosci. 2020,
1–7. [CrossRef]

5. Mazon, J.N.; de Mello, A.H.; Ferreira, G.K.; Rezin, G.T. The impact of obesity on neurodegenerative diseases.
Life Sci. 2017, 182, 22–28. [CrossRef] [PubMed]

6. Samson, S.L.; Garber, A.J. Metabolic syndrome. Endocrinol. Metab. Clin. N. Am. 2014, 43, 1–23. [CrossRef]
7. Peirce, V.; Carobbio, S.; Vidal-Puig, A. The different shades of fat. Nature 2014, 510, 76–83. [CrossRef]
8. Carobbio, S.; Pellegrinelli, V.; Vidal-Puig, A. Adipose Tissue Function and Expandability as Determinants of

Lipotoxicity and the Metabolic Syndrome. Adv. Exp. Med. Biol. 2017, 960, 161–196.
9. Reagan, L.P. Insulin signaling effects on memory and mood. Curr. Opin. Pharmacol. 2007, 7, 633–637.

[CrossRef]
10. Craft, S. Insulin Resistance and Alzheimers Disease Pathogenesis: Potential Mechanisms and Implications

for Treatment. Curr. Alzheimer Res. 2007, 4, 147–152. [CrossRef]
11. Pugazhenthi, S.; Qin, L.; Reddy, P.H. Common neurodegenerative pathways in obesity, diabetes, and

Alzheimer’s disease. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1037–1045. [CrossRef] [PubMed]
12. Lustman, P.J.; Clouse, R.E. Depression in diabetic patients: The relationship between mood and glycemic

control. J. Diabetes Complicat. 2005, 19, 113–122. [PubMed]
13. Samodien, E.; Johnson, R.; Pheiffer, C.; Mabasa, L.; Erasmus, M.; Louw, J.; Chellan, N. Diet-induced

hypothalamic dysfunction and metabolic disease, and the therapeutic potential of polyphenols. Mol. Metab.
2019, 27, 1–10. [CrossRef] [PubMed]

14. Serra-Majem, L.; Roman, B.; Estruch, R. Scientific evidence of interventions using the Mediterranean diet:
A systematic review. Nutr. Rev. 2006, 64, S27–S47. [CrossRef] [PubMed]

15. Bendall, C.L.; Mayr, H.L.; Opie, R.S.; Bes-Rastrollo, M.; Itsiopoulos, C.; Thomas, C.J. Central obesity and the
Mediterranean diet: A systematic review of intervention trials. Crit. Rev. Food Sci. Nutr. 2018, 58, 3070–3084.
[CrossRef]

16. Sofi, F.; Macchi, C.; Abbate, R.; Gensini, G.F.; Casini, A. Mediterranean diet and health. BioFactors 2013, 39,
335–342. [CrossRef]

17. Estruch, R.; Martinez-Gonzalez, M.A.; Corella, D.; Salas-Salvado, J.; Fito, M.; Chiva-Blanch, G.; Fiol, M.;
Gomez-Gracia, E.; Aros, F.; Lapetra, J.; et al. Effect of a high-fat Mediterranean diet on bodyweight and waist
circumference: A prespecified secondary outcomes analysis of the PREDIMED randomised controlled trial.
Lancet Diabetes Endocrinol. 2019, 7, e6–e17. [CrossRef]

18. Tresserra-Rimbau, A.; Guasch-Ferre, M.; Salas-Salvado, J.; Toledo, E.; Corella, D.; Castaner, O.; Guo, X.;
Gomez-Gracia, E.; Lapetra, J.; Aros, F.; et al. Intake of Total Polyphenols and Some Classes of Polyphenols Is
Inversely Associated with Diabetes in Elderly People at High Cardiovascular Disease Risk. J. Nutr. 2016, 146,
767–777.

19. Chiva-Blanch, G.; Badimon, L.; Estruch, R. Latest evidence of the effects of the Mediterranean diet in
prevention of cardiovascular disease. Curr. Atheroscler. Rep. 2014, 16, 446. [CrossRef]

20. Martínez-González, M.A.; Salas-Salvadó, J.; Estruch, R.; Corella, D.; Fitó, M.; Ros, E. Benefits of the
Mediterranean Diet: Insights from the PREDIMED Study. Prog. Cardiovasc. Dis. 2015, 58, 50–60. [CrossRef]

21. Casas, R.; Sacanella, E.; Urpi-Sarda, M.; Chiva-Blanch, G.; Ros, E.; Martinez-Gonzalez, M.-A.; Covas, M.-I.;
Salas-Salvado, J.; Fiol, M.; Aros, F.; et al. The effects of the mediterranean diet on biomarkers of vascular wall
inflammation and plaque vulnerability in subjects with high risk for cardiovascular disease. A randomized
trial. PLoS ONE 2014, 9, e100084. [CrossRef] [PubMed]

22. Amiot, M.J.; Riva, C.; Vinet, A. Effects of dietary polyphenols on metabolic syndrome features in humans:
A systematic review. Obes. Rev. 2016, 17, 573–586. [CrossRef] [PubMed]

23. Castro-Barquero, S.; Lamuela-Raventós, R.M.; Doménech, M.; Estruch, R. Relationship between
mediterranean dietary polyphenol intake and obesity. Nutrients 2018, 10, 1523. [CrossRef] [PubMed]

24. Schwingshackl, L.; Morze, J.; Hoffmann, G. Mediterranean diet and health status: Active ingredients and
pharmacological mechanisms. Br. J. Pharmacol. 2019, 177, 1241–1257. [CrossRef] [PubMed]

25. Tresserra-Rimbau, A.; Rimm, E.B.; Medina-Remón, A.; Martínez-González, M.A.; López-Sabater, M.C.;
Covas, M.I.; Corella, D.; Salas-Salvadó, J.; Gómez-Gracia, E.; Lapetra, J.; et al. Polyphenol intake and mortality
risk: A re-analysis of the PREDIMED trial. BMC Med. 2014, 12, 77. [CrossRef] [PubMed]

26. Tresserra-Rimbau, A.; Rimm, E.B.; Medina-Remón, A.; Martínez-González, M.A.; de la Torre, R.; Corella, D.;
Salas-Salvadó, J.; Gómez-Gracia, E.; Lapetra, J.; Arós, F.; et al. Inverse association between habitual polyphenol

182



Nutrients 2020, 12, 2393

intake and incidence of cardiovascular events in the PREDIMED study. Nutr. Metab. Cardiovasc. Dis. 2014,
24, 639–647. [CrossRef] [PubMed]

27. Tresserra-Rimbau, A.; Medina-Remón, A.; Pérez-Jiménez, J.; Martínez-González, M.A.; Covas, M.I.;
Corella, D.; Salas-Salvadó, J.; Gómez-Gracia, E.; Lapetra, J.; Arós, F.; et al. Dietary intake and major
food sources of polyphenols in a Spanish population at high cardiovascular risk: The PREDIMED study.
Nutr. Metab. Cardiovasc. Dis. 2013, 23, 953–959. [CrossRef]

28. Medina-Rem??n, A.; Tresserra-Rimbau, A.; Pons, A.; Tur, J.A.; Martorell, M.; Ros, E.; Buil-Cosiales, P.;
Sacanella, E.; Covas, M.I.; Corella, D.; et al. Effects of total dietary polyphenols on plasma nitric oxide
and blood pressure in a high cardiovascular risk cohort. The PREDIMED randomized trial. Nutr. Metab.
Cardiovasc. Dis. 2015, 25, 60–67. [CrossRef]

29. Manach, C.; Scalbert, A.; Morand, C.; Rémésy, C.; Jiménez, L. Polyphenols: Food sources and bioavailability.
Am. J. Clin. Nutr. 2004, 79, 727–747. [CrossRef]

30. Godos, J.; Vitale, M.; Micek, A.; Ray, S.; Martini, D.; Del Rio, D.; Riccardi, G.; Galvano, F.; Grosso, G.
Dietary Polyphenol Intake, Blood Pressure, and Hypertension: A Systematic Review and Meta-Analysis of
Observational Studies. Antioxidants 2019, 8, 152. [CrossRef]

31. Williamson, G. The role of polyphenols in modern nutrition. Nutr. Bull. 2017, 42, 226–235. [CrossRef]
[PubMed]

32. Vauzour, D.; Rodriguez-Mateos, A.; Corona, G.; Oruna-Concha, M.J.; Spencer, J.P.E. Polyphenols and human
health: Prevention of disease and mechanisms of action. Nutrients 2010, 2, 1106–1131. [CrossRef] [PubMed]

33. Xing, T.; Kang, Y.; Xu, X.; Wang, B.; Du, M.; Zhu, M.J. Raspberry Supplementation Improves Insulin Signaling
and Promotes Brown-Like Adipocyte Development in White Adipose Tissue of Obese Mice. Mol. Nutr.
Food Res. 2018, 62, 1701035. [CrossRef] [PubMed]

34. Saibandith, B.; Spencer, J.P.E.; Rowland, I.R.; Commane, D.M. Olive Polyphenols and the Metabolic Syndrome.
Molecules 2017, 22, 1082. [CrossRef]

35. Castelli, V.; Grassi, D.; Bocale, R.; d’Angelo, M.; Antonosante, A.; Cimini, A.; Ferri, C.; Desideri, G. Diet and
Brain Health: Which Role for Polyphenols? Curr. Pharm. Des. 2018, 24, 227–238. [CrossRef] [PubMed]

36. Del Bo’, C.; Bernardi, S.; Marino, M.; Porrini, M.; Tucci, M.; Guglielmetti, S.; Cherubini, A.; Carrieri, B.;
Kirkup, B.; Kroon, P.; et al. Systematic Review on Polyphenol Intake and Health Outcomes: Is there Sufficient
Evidence to Define a Health-Promoting Polyphenol-Rich Dietary Pattern? Nutrients 2019, 11, 1355.

37. Konstantinidi, M.; Koutelidakis, A.E. Functional Foods and Bioactive Compounds: A Review of Its Possible
Role on Weight Management and Obesity’s Metabolic Consequences. Medicines 2019, 6, 94. [CrossRef]

38. Bohn, T. Dietary factors affecting polyphenol bioavailability. Nutr. Rev. 2014, 72, 429–452. [CrossRef]
39. Lavefve, L.; Howard, L.R.; Carbonero, F. Berry polyphenols metabolism and impact on human gut microbiota

and health. Food Funct. 2020, 11, 45–65. [CrossRef]
40. Eker, M.E.; Aaby, K.; Budic-Leto, I.; Brncic, S.R.; El, S.N.; Karakaya, S.; Simsek, S.; Manach, C.; Wiczkowski, W.;

de Pascual-Teresa, S. A Review of Factors Affecting Anthocyanin Bioavailability: Possible Implications for
the Inter-Individual Variability. Foods 2019, 9, 2. [CrossRef]

41. Xiao, J.B.; Högger, P. Dietary polyphenols and type 2 diabetes: Current insights and future perspectives.
Curr. Med. Chem. 2015, 22, 23–38. [CrossRef] [PubMed]

42. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An overview. J. Nutr. Sci. 2016, 5, e47. [CrossRef]
[PubMed]

43. Caro-Ordieres, T.; Marín-Royo, G.; Opazo-Ríos, L.; Jiménez-Castilla, L.; Moreno, J.A.; Gómez-Guerrero, C.;
Egido, J. The Coming Age of Flavonoids in the Treatment of Diabetic Complications. J. Clin. Med. 2020, 9,
346. [CrossRef] [PubMed]

44. Xu, H.; Luo, J.; Huang, J.; Wen, Q. Flavonoids intake and risk of type 2 diabetes mellitus: A meta-analysis of
prospective cohort studies. Medicine 2018, 97, e0686. [CrossRef]

45. Al-Ishaq, R.K.; Abotaleb, M.; Kubatka, P.; Kajo, K.; Busselberg, D. Flavonoids and Their Anti-Diabetic Effects:
Cellular Mechanisms and Effects to Improve Blood Sugar Levels. Biomolecules 2019, 9, 430. [CrossRef]

46. Hussain, T.; Tan, B.; Murtaza, G.; Liu, G.; Rahu, N.; Saleem Kalhoro, M.; Hussain Kalhoro, D.; Adebowale, T.O.;
Usman Mazhar, M.; Rehman, Z.U.; et al. Flavonoids and type 2 diabetes: Evidence of efficacy in clinical
and animal studies and delivery strategies to enhance their therapeutic efficacy. Pharmacol. Res. 2020, 152,
104629. [CrossRef]

183



Nutrients 2020, 12, 2393

47. Rees, A.; Dodd, G.F.; Spencer, J.P.E. The effects of flavonoids on cardiovascular health: A review of human
intervention trials and implications for cerebrovascular function. Nutrients 2018, 10, 1852. [CrossRef]

48. Kawser Hossain, M.; Abdal Dayem, A.; Han, J.; Yin, Y.; Kim, K.; Kumar Saha, S.; Yang, G.-M.; Choi, H.Y.;
Cho, S.-G. Molecular Mechanisms of the Anti-Obesity and Anti-Diabetic Properties of Flavonoids. Int. J.
Mol. Sci. 2016, 17, 569. [CrossRef]

49. Shin, J.H.; Jung, J.H. Non-alcoholic fatty liver disease and flavonoids: Current perspectives. Clin. Res.
Hepatol. Gastroenterol. 2017, 41, 17–24. [CrossRef]

50. Salomone, F.; Godos, J.; Zelber-Sagi, S. Natural antioxidants for non-alcoholic fatty liver disease: Molecular
targets and clinical perspectives. Liver Int. 2016, 36, 5–20. [CrossRef]

51. Khan, M.S.; Ikram, M.; Park, J.S.; Park, T.J.; Kim, M.O. Gut Microbiota, Its Role in Induction of Alzheimer’s
Disease Pathology, and Possible Therapeutic Interventions: Special Focus on Anthocyanins. Cells 2020, 9,
853. [CrossRef]

52. Reddy, V.P.; Aryal, P.; Robinson, S.; Rafiu, R.; Obrenovich, M.; Perry, G. Polyphenols in Alzheimer’s Disease
and in the Gut–Brain Axis. Microorganisms 2020, 8, 199. [CrossRef] [PubMed]

53. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance.
Mol. Cell 2017, 66, 789–800. [CrossRef] [PubMed]

54. Petropoulos, S.A.; Sampaio, S.L.; Di Gioia, F.; Tzortzakis, N.; Rouphael, Y.; Kyriacou, M.C.; Ferreira, I.
Grown to be Blue-Antioxidant Properties and Health Effects of Colored Vegetables. Part I: Root Vegetables.
Antioxidants 2019, 8, 617. [CrossRef] [PubMed]

55. Di Gioia, F.; Tzortzakis, N.; Rouphael, Y.; Kyriacou, M.C.; Sampaio, S.L.; Ferreira, I.C.F.R.; Petropoulos, S.A.
Grown to be Blue-Antioxidant Properties and Health Effects of Colored Vegetables. Part II: Leafy, Fruit, and
Other Vegetables. Antioxidants 2020, 9, 97. [CrossRef] [PubMed]

56. Bendokas, V.; Skemiene, K.; Trumbeckaite, S.; Stanys, V.; Passamonti, S.; Borutaite, V.; Liobikas, J.
Anthocyanins: From plant pigments to health benefits at mitochondrial level. Crit. Rev. Food Sci. Nutr. 2019,
1–14. [CrossRef]

57. Gomes, J.V.P.; Rigolon, T.C.B.; da Silveira Souza, M.S.; Alvarez-Leite, J.I.; Della Lucia, C.M.; Martino, H.S.D.;
Rosa, C.D.O.B. Antiobesity effects of anthocyanins on mitochondrial biogenesis, inflammation, and oxidative
stress: A systematic review. Nutrition 2019, 66, 192–202. [CrossRef]

58. Bhaswant, M.; Shafie, S.R.; Mathai, M.L.; Mouatt, P.; Brown, L. Anthocyanins in chokeberry and purple
maize attenuate diet-induced metabolic syndrome in rats. Nutrition 2017, 41, 24–31. [CrossRef]

59. Wu, T.; Gao, Y.; Guo, X.; Zhang, M.; Gong, L. Blackberry and blueberry anthocyanin supplementation
counteract high-fat-diet-induced obesity by alleviating oxidative stress and inflammation and accelerating
energy expenditure. Oxid. Med. Cell. Longev. 2018, 2018, 4051232. [CrossRef]

60. Wu, T.; Yu, Z.; Tang, Q.; Song, H.; Gao, Z.; Chen, W.; Zheng, X. Honeysuckle anthocyanin supplementation
prevents diet-induced obesity in C57BL/6 mice. Food Funct. 2013, 4, 1654–1661. [CrossRef]

61. Huang, H.; Chen, G.; Liao, D.; Zhu, Y.; Xue, X. Effects of Berries Consumption on Cardiovascular Risk Factors:
A Meta-analysis with Trial Sequential Analysis of Randomized Controlled Trials. Sci. Rep. 2016, 6, 23625.
[CrossRef]

62. Wang, X.; Zhang, Z.F.; Zheng, G.H.; Wang, A.M.; Sun, C.H.; Qin, S.P.; Zhuang, J.; Lu, J.; Ma, D.F.; Zheng, Y.L.
Attenuation of hepatic steatosis by purple sweet potato colour is associated with blocking Src/ERK/C/EBPβ
signalling in high-fat-diet-treated mice. Appl. Physiol. Nutr. Metab. 2017, 42, 1082–1091. [CrossRef] [PubMed]

63. Tsuda, T. Recent Progress in Anti-Obesity and Anti-Diabetes Effect of Berries. Antioxidants 2016, 5, 13.
[CrossRef] [PubMed]

64. Calvano, A.; Izuora, K.; Oh, E.C.; Ebersole, J.L.; Lyons, T.J.; Basu, A. Dietary berries, insulin resistance and
type 2 diabetes: An overview of human feeding trials. Food Funct. 2019, 10, 6227–6243. [CrossRef] [PubMed]

65. de Pascual-Teresa, S.; Moreno, D.A.; García-Viguera, C. Flavanols and anthocyanins in cardiovascular health:
A review of current evidence. Int. J. Mol. Sci. 2010, 11, 1479–1703. [CrossRef]

66. He, J.; Giusti, M.M. Anthocyanins: Natural Colorants with Health-Promoting Properties. Annu. Rev. Food
Sci. Technol. 2010, 1, 163–187. [CrossRef]

67. Wood, E.; Hein, S.; Heiss, C.; Williams, C.; Rodriguez-Mateos, A. Blueberries and cardiovascular disease
prevention. Food Funct. 2019, 10, 7621–7633. [CrossRef]

184



Nutrients 2020, 12, 2393

68. Salamone, F.; Volti, G.L.; Titta, L.; Puzzo, L.; Barbagallo, I.; La Delia, F.; Zelber-Sagi, S.; Malaguarnera, M.;
Pelicci, P.G.; Giorgio, M.; et al. Moro orange juice prevents fatty liver in mice. World J. Gastroenterol. 2012, 18,
3862–3868. [CrossRef]

69. Esposito, D.; Damsud, T.; Wilson, M.; Grace, M.H.; Strauch, R.; Li, X.; Lila, M.A.; Komarnytsky, S. Black
Currant Anthocyanins Attenuate Weight Gain and Improve Glucose Metabolism in Diet-Induced Obese
Mice with Intact, but Not Disrupted, Gut Microbiome. J. Agric. Food Chem. 2015, 63, 6172–6180. [CrossRef]

70. Iizuka, Y.; Ozeki, A.; Tani, T.; Tsuda, T. Blackcurrant extract ameliorates hyperglycemia in type 2 diabetic
mice in association with increased basal secretion of glucagon-like peptide-1 and activation of AMP-activated
protein kinase. J. Nutr. Sci. Vitaminol. 2018, 64, 258–264. [CrossRef]

71. Choi, K.H.; Lee, H.A.; Park, M.H.; Han, J.-S. Mulberry (Morus alba L.) Fruit Extract Containing Anthocyanins
Improves Glycemic Control and Insulin Sensitivity via Activation of AMP-Activated Protein Kinase in
Diabetic C57BL/Ksj-db/db Mice. J. Med. Food 2016, 19, 737–745. [CrossRef]

72. Takikawa, M.; Inoue, S.; Horio, F.; Tsuda, T. Dietary Anthocyanin-Rich Bilberry Extract Ameliorates
Hyperglycemia and Insulin Sensitivity via Activation of AMP-Activated Protein Kinase in Diabetic Mice.
J. Nutr. 2010, 140, 527–533. [CrossRef]

73. You, Y.; Yuan, X.; Liu, X.; Liang, C.; Meng, M.; Huang, Y.; Han, X.; Guo, J.; Guo, Y.; Ren, C.; et al.
Cyanidin-3-glucoside increases whole body energy metabolism by upregulating brown adipose tissue
mitochondrial function. Mol. Nutr. Food Res. 2017, 61, 1700261. [CrossRef] [PubMed]

74. Nieman, D.C.; Simonson, A.; Sakaguchi, C.A.; Sha, W.; Blevins, T.; Hattabaugh, J.; Kohlmeier, M. Acute
Ingestion of a Mixed Flavonoid and Caffeine Supplement Increases Energy Expenditure and Fat Oxidation
in Adult Women: A Randomized, Crossover Clinical Trial. Nutrients 2019, 11, 2665. [CrossRef] [PubMed]

75. Rupasinghe, H.P.V.; Sekhon-Loodu, S.; Mantso, T.; Panayiotidis, M.I. Phytochemicals in regulating fatty
acid beta-oxidation: Potential underlying mechanisms and their involvement in obesity and weight loss.
Pharmacol. Ther. 2016, 165, 153–163. [CrossRef] [PubMed]

76. Solverson, P.M.; Rumpler, W.V.; Leger, J.L.; Redan, B.W.; Ferruzzi, M.G.; Baer, D.J.; Castonguay, T.W.;
Novotny, J.A. Blackberry Feeding Increases Fat Oxidation and Improves Insulin Sensitivity in Overweight
and Obese Males. Nutrients 2018, 10, 1048. [CrossRef] [PubMed]

77. Afzal, M.; Redha, A.; AlHasan, R. Anthocyanins Potentially Contribute to Defense against Alzheimer’s
Disease. Molecules 2019, 24, 4255. [CrossRef] [PubMed]

78. Burton-Freeman, B.M.; Sandhu, A.K.; Edirisinghe, I. Red Raspberries and Their Bioactive Polyphenols:
Cardiometabolic and Neuronal Health Links. Adv. Nutr. 2016, 7, 44–65. [CrossRef] [PubMed]

79. Zhang, J.; Wu, J.; Liu, F.; Tong, L.; Chen, Z.; Chen, J.; He, H.; Xu, R.; Ma, Y.; Huang, C. Neuroprotective
effects of anthocyanins and its major component cyanidin-3-O-glucoside (C3G) in the central nervous system:
An outlined review. Eur. J. Pharmacol. 2019, 858, 172500. [CrossRef]

80. Jiang, X.; Li, X.; Zhu, C.; Sun, J.; Tian, L.; Chen, W.; Bai, W. The target cells of anthocyanins in metabolic
syndrome. Crit. Rev. Food Sci. Nutr. 2019, 59, 921–946. [CrossRef]

81. Peng, C.-H.; Liu, L.-K.; Chuang, C.-M.; Chyau, C.-C.; Huang, C.-N.; Wang, C.-J. Mulberry Water Extracts
Possess an Anti-obesity Effect and Ability to Inhibit Hepatic Lipogenesis and Promote Lipolysis. J. Agric.
Food Chem. 2011, 59, 2663–2671. [CrossRef]

82. Sandoval, V.; Femenias, A.; Martinez-Garza, U.; Sanz-Lamora, H.; Castagnini, J.M.; Quifer-Rada, P.;
Lamuela-Raventos, R.M.; Marrero, P.F.; Haro, D.; Relat, J. Lyophilized Maqui (Aristotelia chilensis) Berry
Induces Browning in the Subcutaneous White Adipose Tissue and Ameliorates the Insulin Resistance in
High Fat Diet-Induced Obese Mice. Antioxidants 2019, 8, 360. [CrossRef] [PubMed]

83. Badshah, H.; Ullah, I.; Kim, S.E.; Kim, T.H.; Lee, H.Y.; Kim, M.O. Anthocyanins attenuate body weight gain
via modulating neuropeptide Y and GABAB1 receptor in rats hypothalamus. Neuropeptides 2013, 47, 347–353.
[CrossRef] [PubMed]

84. Alvarez-Suarez, J.M.; Giampieri, F.; Tulipani, S.; Casoli, T.; Di Stefano, G.; González-Paramás, A.M.;
Santos-Buelga, C.; Busco, F.; Quiles, J.L.; Cordero, M.D.; et al. One-month strawberry-rich anthocyanin
supplementation ameliorates cardiovascular risk, oxidative stress markers and platelet activation in humans.
J. Nutr. Biochem. 2014, 25, 289–294. [CrossRef] [PubMed]

85. Novotny, J.A.; Baer, D.J.; Khoo, C.; Gebauer, S.K.; Charron, C.S. Cranberry Juice Consumption Lowers
Markers of Cardiometabolic Risk, Including Blood Pressure and Circulating C-Reactive Protein, Triglyceride,
and Glucose Concentrations in Adults. J. Nutr. 2015, 145, 1185–1193. [CrossRef] [PubMed]

185



Nutrients 2020, 12, 2393

86. Yang, L.; Ling, W.; Yang, Y.; Chen, Y.; Tian, Z.; Du, Z.; Chen, J.; Xie, Y.; Liu, Z.; Yang, L. Role of Purified
Anthocyanins in Improving Cardiometabolic Risk Factors in Chinese Men and Women with Prediabetes or
Early Untreated Diabetes—A Randomized Controlled Trial. Nutrients 2017, 9, 1104. [CrossRef] [PubMed]

87. Valenti, L.; Riso, P.; Mazzocchi, A.; Porrini, M.; Fargion, S.; Agostoni, C. Dietary anthocyanins as nutritional
therapy for nonalcoholic fatty liver disease. Oxid. Med. Cell. Longev. 2013, 2013, 145421. [CrossRef]

88. Park, S.; Cho, S.M.; Jin, B.R.; Yang, H.J.; Yi, Q.J. Mixture of blackberry leaf and fruit extracts alleviates
non-alcoholic steatosis, enhances intestinal integrity, and increases Lactobacillus and Akkermansia in rats.
Exp. Biol. Med. 2019, 244, 1629–1641. [CrossRef]

89. Huang, T.-W.; Chang, C.-L.; Kao, E.-S.; Lin, J.-H. Effect of Hibiscus sabdariffa extract on high fat diet-induced
obesity and liver damage in hamsters. Food Nutr. Res. 2015, 59, 29018. [CrossRef]

90. Wu, T.; Qi, X.; Liu, Y.; Guo, J.; Zhu, R.; Chen, W.; Zheng, X.; Yu, T. Dietary supplementation with purified
mulberry (Morus australis Poir) anthocyanins suppresses body weight gain in high-fat diet fed C57BL/6
mice. Food Chem. 2013, 141, 482–487. [CrossRef]

91. Pei, L.; Wan, T.; Wang, S.; Ye, M.; Qiu, Y.; Jiang, R.; Pang, N.; Huang, Y.; Zhou, Y.; Jiang, X.; et al.
Cyanidin-3-O-β-glucoside regulates the activation and the secretion of adipokines from brown adipose
tissue and alleviates diet induced fatty liver. Biomed. Pharmacother. 2018, 105, 625–632. [CrossRef]

92. Franklin, R.; Bispo, R.F.M.; Sousa-Rodrigues, C.F.; Pires, L.A.S.; Fonseca, A.J.; Babinski, M.A. Grape
Leucoanthocyanidin Protects Liver Tissue in Albino Rabbits with Nonalcoholic Hepatic Steatosis.
Cells Tissues Organs 2018, 205, 129–136. [CrossRef] [PubMed]

93. Overall, J.; Bonney, S.A.; Wilson, M.; Beermann, A.; Grace, M.H.; Esposito, D.; Lila, M.A.; Komarnytsky, S.
Metabolic effects of berries with structurally diverse anthocyanins. Int. J. Mol. Sci. 2017, 18, 422. [CrossRef]
[PubMed]

94. van der Heijden, R.A.; Morrison, M.C.; Sheedfar, F.; Mulder, P.; Schreurs, M.; Hommelberg, P.P.H.;
Hofker, M.H.; Schalkwijk, C.; Kleemann, R.; Tietge, U.J.F.; et al. Effects of Anthocyanin and Flavanol
Compounds on Lipid Metabolism and Adipose Tissue Associated Systemic Inflammation in Diet-Induced
Obesity. Mediat. Inflamm. 2016, 2016, 2042107. [CrossRef] [PubMed]

95. Parra-Vargas, M.; Sandoval-Rodriguez, A.; Rodriguez-Echevarria, R.; Dominguez-Rosales, J.A.;
Santos-Garcia, A.; Armendariz-Borunda, J. Delphinidin Ameliorates Hepatic Triglyceride Accumulation in
Human HepG2 Cells, but Not in Diet-Induced Obese Mice. Nutrients 2018, 10, 1060. [CrossRef] [PubMed]

96. Yan, F.; Zheng, X. Anthocyanin-rich mulberry fruit improves insulin resistance and protects hepatocytes
against oxidative stress during hyperglycemia by regulating AMPK/ACC/mTOR pathway. J. Funct. Foods
2017, 30, 270–281. [CrossRef]

97. Chang, J.-J.; Hsu, M.-J.; Huang, H.-P.; Chung, D.-J.; Chang, Y.-C.; Wang, C.-J. Mulberry Anthocyanins Inhibit
Oleic Acid Induced Lipid Accumulation by Reduction of Lipogenesis and Promotion of Hepatic Lipid
Clearance. J. Agric. Food Chem. 2013, 61, 6069–6076. [CrossRef]

98. Park, M.; Yoo, J.-H.; Lee, Y.-S.; Lee, H.-J. Lonicera caerulea Extract Attenuates Non-Alcoholic Fatty Liver
Disease in Free Fatty Acid-Induced HepG2 Hepatocytes and in High Fat Diet-Fed Mice. Nutrients 2019, 11,
494. [CrossRef]

99. Jiang, T.; Shuai, X.; Li, J.; Yang, N.; Deng, L.; Li, S.; He, Y.; Guo, H.; Li, Y.; He, J. Protein-Bound Anthocyanin
Compounds of Purple Sweet Potato Ameliorate Hyperglycemia by Regulating Hepatic Glucose Metabolism
in High-Fat Diet/Streptozotocin-Induced Diabetic Mice. J. Agric. Food Chem. 2020, 68, 1596–1608. [CrossRef]

100. du Preez, R.; Wanyonyi, S.; Mouatt, P.; Panchal, S.K.; Brown, L. Saskatoon Berry Amelanchier alnifolia
Regulates Glucose Metabolism and Improves Cardiovascular and Liver Signs of Diet-Induced Metabolic
Syndrome in Rats. Nutrients 2020, 12, 931. [CrossRef]

101. Guo, H.; Xia, M.; Zou, T.; Ling, W.; Zhong, R.; Zhang, W. Cyanidin 3-glucoside attenuates obesity-associated
insulin resistance and hepatic steatosis in high-fat diet-fed and db/db mice via the transcription factor FoxO1.
J. Nutr. Biochem. 2012, 23, 349–360. [CrossRef] [PubMed]

102. Su, W.; Zhang, C.; Chen, F.; Sui, J.; Lu, J.; Wang, Q.; Shan, Q.; Zheng, G.; Lu, J.; Sun, C.; et al. Purple sweet
potato color protects against hepatocyte apoptosis through Sirt1 activation in high-fat-diet-treated mice.
Food Nutr. Res. 2020, 64. [CrossRef] [PubMed]

103. Li, A.; Xiao, R.; He, S.; An, X.; He, Y.; Wang, C.; Yin, S.; Wang, B.; Shi, X.; He, J. Research Advances
of Purple Sweet Potato Anthocyanins: Extraction, Identification, Stability, Bioactivity, Application, and
Biotransformation. Molecules 2019, 24, 3816. [CrossRef] [PubMed]

186



Nutrients 2020, 12, 2393

104. Chu, Q.; Zhang, S.; Chen, M.; Han, W.; Jia, R.; Chen, W.; Zheng, X. Cherry Anthocyanins Regulate NAFLD
by Promoting Autophagy Pathway. Oxid. Med. Cell. Longev. 2019, 2019, 4825949. [CrossRef]

105. Ishibashi, J.; Seale, P. Beige can be slimming. Science 2010, 328, 1113–1114. [CrossRef]
106. Bartelt, A.; Heeren, J. Adipose tissue browning and metabolic health. Nat. Rev. Endocrinol. 2014, 10, 24–36.

[CrossRef]
107. Barbatelli, G.; Murano, I.; Madsen, L.; Hao, Q.; Jimenez, M.; Kristiansen, K.; Giacobino, J.P.; De Matteis, R.;

Cinti, S. The emergence of cold-induced brown adipocytes in mouse white fat depots is determined
predominantly by white to brown adipocyte transdifferentiation. AJP Endocrinol. Metab. 2010, 298,
E1244–E1253. [CrossRef]

108. Whittle, A.; Relat-Pardo, J.; Vidal-Puig, A. Pharmacological strategies for targeting BAT thermogenesis.
Trends Pharmacol. Sci. 2013, 34, 347–355. [CrossRef]

109. Kim, S.Y.; Wi, H.-R.; Choi, S.; Ha, T.J.; Lee, B.W.; Lee, M. Inhibitory effect of anthocyanin-rich black
soybean testa (Glycine max (L.) Merr.) on the inflammation-induced adipogenesis in a DIO mouse model.
J. Funct. Foods 2015, 14, 623–633. [CrossRef]

110. Lee, M.; Sorn, S.R.; Park, Y.; Park, H.-K. Anthocyanin Rich-Black Soybean Testa Improved Visceral Fat and
Plasma Lipid Profiles in Overweight/Obese Korean Adults: A Randomized Controlled Trial. J. Med. Food
2016, 19, 995–1003. [CrossRef]

111. Lim, S.-M.; Lee, H.S.; Jung, J.I.; Kim, S.M.; Kim, N.Y.; Seo, T.S.; Bae, J.-S.; Kim, E.J.
Cyanidin-3-O-galactoside-enriched Aronia melanocarpa extract attenuates weight gain and adipogenic
pathways in high-fat diet-induced obese C57BL/6 mice. Nutrients 2019, 11, 1190. [CrossRef] [PubMed]

112. Tsuda, T.; Ueno, Y.; Aoki, H.; Koda, T.; Horio, F.; Takahashi, N.; Kawada, T.; Osawa, T. Anthocyanin enhances
adipocytokine secretion and adipocyte-specific gene expression in isolated rat adipocytes. Biochem. Biophys.
Res. Commun. 2004, 316, 149–157. [CrossRef] [PubMed]

113. Tsuda, T.; Ueno, Y.; Yoshikawa, T.; Kojo, H.; Osawa, T. Microarray profiling of gene expression in human
adipocytes in response to anthocyanins. Biochem. Pharmacol. 2006, 71, 1184–1197. [CrossRef] [PubMed]

114. Wu, T.; Jiang, Z.; Yin, J.; Long, H.; Zheng, X. Anti-obesity effects of artificial planting blueberry (Vaccinium
ashei) anthocyanin in high-fat diet-treated mice. Int. J. Food Sci. Nutr. 2016, 67, 257–264. [CrossRef] [PubMed]

115. Han, X.; Guo, J.; You, Y.; Yin, M.; Liang, J.; Ren, C.; Zhan, J.; Huang, W. Vanillic acid activates thermogenesis
in brown and white adipose tissue. Food Funct. 2018, 9, 4366–4375. [CrossRef] [PubMed]

116. Jayarathne, S.; Stull, A.J.; Park, O.-H.; Kim, J.H.; Thompson, L.; Moustaid-Moussa, N. Protective Effects of
Anthocyanins in Obesity-Associated Inflammation and Changes in Gut Microbiome. Mol. Nutr. Food Res.
2019, 63, e1900149. [CrossRef]

117. You, Y.; Han, X.; Guo, J.; Guo, Y.; Yin, M.; Liu, G.; Huang, W.; Zhan, J. Cyanidin-3-glucoside attenuates
high-fat and high-fructose diet-induced obesity by promoting the thermogenic capacity of brown adipose
tissue. J. Funct. Foods 2018, 41, 62–71. [CrossRef]

118. Rocha-Rodrigues, S.; Rodriguez, A.; Gouveia, A.M.; Goncalves, I.O.; Becerril, S.; Ramirez, B.; Beleza, J.;
Fruhbeck, G.; Ascensao, A.; Magalhaes, J. Effects of physical exercise on myokines expression and brown
adipose-like phenotype modulation in rats fed a high-fat diet. Life Sci. 2016, 165, 100–108. [CrossRef]

119. Luna-Vital, D.; Luzardo-Ocampo, I.; Cuellar-Nunez, M.L.; Loarca-Pina, G.; Gonzalez de Mejia, E. Maize
extract rich in ferulic acid and anthocyanins prevents high-fat-induced obesity in mice by modulating SIRT1,
AMPK and IL-6 associated metabolic and inflammatory pathways. J. Nutr. Biochem. 2020, 79, 108343.
[CrossRef]

120. Wu, T.; Tang, Q.; Yu, Z.; Gao, Z.; Hu, H.; Chen, W.; Zheng, X.; Yu, T. Inhibitory effects of sweet cherry
anthocyanins on the obesity development in C57BL/6 mice. Int. J. Food Sci. Nutr. 2014, 65, 351–359. [CrossRef]

121. Fan, D.; Alamri, Y.; Liu, K.; Macaskill, M.; Harris, P.; Brimble, M.; Dalrymple-Alford, J.; Prickett, T.; Menzies, O.;
Laurenson, A.; et al. Supplementation of blackcurrant anthocyanins increased cyclic glycine-proline in
the cerebrospinal fluid of parkinson patients: Potential treatment to improve insulin-like growth factor-1
function. Nutrients 2018, 10, 714. [CrossRef] [PubMed]

122. Rehman, S.U.; Shah, S.A.; Ali, T.; Chung, J., II; Kim, M.O. Anthocyanins Reversed D-Galactose-Induced
Oxidative Stress and Neuroinflammation Mediated Cognitive Impairment in Adult Rats. Mol. Neurobiol.
2017, 54, 255–271. [CrossRef] [PubMed]

187



Nutrients 2020, 12, 2393

123. Wei, J.; Zhang, G.; Zhang, X.; Xu, D.; Gao, J.; Fan, J.; Zhou, Z. Anthocyanins from Black Chokeberry
(Aroniamelanocarpa Elliot) Delayed Aging-Related Degenerative Changes of Brain. J. Agric. Food Chem.
2017, 65, 5973–5984. [CrossRef] [PubMed]

124. Li, D.; Wang, P.; Luo, Y.; Zhao, M.; Chen, F. Health benefits of anthocyanins and molecular mechanisms:
Update from recent decade. Crit. Rev. Food Sci. Nutr. 2017, 57, 1729–1741. [CrossRef] [PubMed]

125. Boespflug, E.L.; Eliassen, J.C.; Dudley, J.A.; Shidler, M.D.; Kalt, W.; Summer, S.S.; Stein, A.L.; Stover, A.N.;
Krikorian, R. Enhanced neural activation with blueberry supplementation in mild cognitive impairment.
Nutr. Neurosci. 2018, 21, 297–305. [CrossRef] [PubMed]

126. Di Lorenzo, A.; Sobolev, A.P.; Nabavi, S.F.; Sureda, A.; Moghaddam, A.H.; Khanjani, S.; Di Giovanni, C.;
Xiao, J.; Shirooie, S.; Tsetegho Sokeng, A.J.; et al. Antidepressive effects of a chemically characterized maqui
berry extract (Aristotelia chilensis (molina) stuntz) in a mouse model of Post-stroke depression. Food Chem.
Toxicol. 2019, 129, 434–443. [CrossRef]

127. Pan, Z.; Cui, M.; Dai, G.; Yuan, T.; Li, Y.; Ji, T.; Pan, Y. Protective Effect of Anthocyanin on Neurovascular
Unit in Cerebral Ischemia/Reperfusion Injury in Rats. Front. Neurosci. 2018, 12, 947. [CrossRef]

128. Rasmussen, S.E.; Frederiksen, H.; Struntze Krogholm, K.; Poulsen, L. Dietary proanthocyanidins: Occurrence,
dietary intake, bioavailability, and protection against cardiovascular disease. Mol. Nutr. Food Res. 2005, 49,
159–174. [CrossRef]

129. Kumar, S.; Pandey, A.K. Chemistry and biological activities of flavonoids: An overview. Sci. World J. 2013,
2013, 162750. [CrossRef]

130. Scientific Opinion on the modification of the authorisation of a health claim related to cocoa flavanols and
maintenance of normal endothelium-dependent vasodilation pursuant to Article 13(5) of Regulation (EC)
No 1924/2006 following a request in accordan. EFSA J. 2016, 12, 3654.

131. Yu, J.; Song, P.; Perry, R.; Penfold, C.; Cooper, A.R. The effectiveness of green tea or green tea extract on
insulin resistance and glycemic control in type 2 diabetes mellitus: A meta-analysis. Diabetes Metab. J. 2017,
41, 251–262. [CrossRef] [PubMed]

132. Li, X.; Wang, W.; Hou, L.; Wu, H.; Wu, Y.; Xu, R.; Xiao, Y.; Wang, X. Does tea extract supplementation benefit
metabolic syndrome and obesity? A systematic review and meta-analysis. Clin. Nutr. 2020, 39, 1049–1058.
[CrossRef] [PubMed]

133. Martin, M.A.; Goya, L.; Ramos, S. Protective effects of tea, red wine and cocoa in diabetes. Evidences from
human studies. Food Chem. Toxicol. 2017, 109, 302–314. [CrossRef] [PubMed]

134. Akhlaghi, M.; Ghobadi, S.; Mohammad Hosseini, M.; Gholami, Z.; Mohammadian, F. Flavanols are potential
anti-obesity agents, a systematic review and meta-analysis of controlled clinical trials. Nutr. Metab. Cardiovasc.
Dis. 2018, 28, 675–690. [CrossRef]

135. Lin, Y.; Shi, D.; Su, B.; Wei, J.; Gaman, M.-A.; Sedanur Macit, M.; Borges do Nascimento, I.J.; Guimaraes, N.S.
The effect of green tea supplementation on obesity: A systematic review and dose-response meta-analysis of
randomized controlled trials. Phytother. Res. 2020, 1–12. [CrossRef]

136. Payab, M.; Hasani-Ranjbar, S.; Shahbal, N.; Qorbani, M.; Aletaha, A.; Haghi-Aminjan, H.; Soltani, A.;
Khatami, F.; Nikfar, S.; Hassani, S.; et al. Effect of the herbal medicines in obesity and metabolic syndrome:
A systematic review and meta-analysis of clinical trials. Phytother. Res. 2020, 34, 526–545. [CrossRef]

137. Tang, G.-Y.; Meng, X.; Gan, R.-Y.; Zhao, C.-N.; Liu, Q.; Feng, Y.-B.; Li, S.; Wei, X.-L.; Atanasov, A.G.;
Corke, H.; et al. Health Functions and Related Molecular Mechanisms of Tea Components: An Update
Review. Int. J. Mol. Sci. 2019, 20, 6196. [CrossRef]

138. Oh, J.; Jo, S.-H.; Kim, J.S.; Ha, K.-S.; Lee, J.-Y.; Choi, H.-Y.; Yu, S.-Y.; Kwon, Y.-I.; Kim, Y.-C. Selected tea and
tea pomace extracts inhibit intestinal alpha-glucosidase activity in vitro and postprandial hyperglycemia
in vivo. Int. J. Mol. Sci. 2015, 16, 8811–8825. [CrossRef]

139. Ramos, S.; Martin, M.A.; Goya, L. Effects of Cocoa Antioxidants in Type 2 Diabetes Mellitus. Antioxidants
2017, 6, 84. [CrossRef]

140. Yang, C.S.; Zhang, J.; Zhang, L.; Huang, J.; Wang, Y. Mechanisms of body weight reduction and metabolic
syndrome alleviation by tea. Mol. Nutr. Food Res. 2016, 60, 160–174. [CrossRef]

141. Leon-Flores, P.; Najera, N.; Perez, E.; Pardo, B.; Jimenez, F.; Diaz-Chiguer, D.; Villarreal, F.; Hidalgo, I.;
Ceballos, G.; Meaney, E. Effects of Cacao By-Products and a Modest Weight Loss Intervention on the
Concentration of Serum Triglycerides in Overweight Subjects: Proof of Concept. J. Med. Food 2020, 23,
745–749. [CrossRef] [PubMed]

188



Nutrients 2020, 12, 2393

142. Wu, E.; Zhang, T.; Tan, C.; Peng, C.; Chisti, Y.; Wang, Q.; Gong, J. Theabrownin from Pu-erh tea together with
swinging exercise synergistically ameliorates obesity and insulin resistance in rats. Eur. J. Nutr. 2019, 59,
1937–1950. [CrossRef] [PubMed]

143. Zhang, Y.; Gu, M.; Wang, R.; Li, M.; Li, D.; Xie, Z. Dietary supplement of Yunkang 10 green tea and treadmill
exercise ameliorate high fat diet induced metabolic syndrome of C57BL/6 J mice. Nutr. Metab. 2020, 17, 14.

144. Pezeshki, A.; Safi, S.; Feizi, A.; Askari, G.; Karami, F. The Effect of Green Tea Extract Supplementation on
Liver Enzymes in Patients with Nonalcoholic Fatty Liver Disease. Int. J. Prev. Med. 2016, 7, 28.

145. Braud, L.; Battault, S.; Meyer, G.; Nascimento, A.; Gaillard, S.; de Sousa, G.; Rahmani, R.; Riva, C.; Armand, M.;
Maixent, J.-M.; et al. Antioxidant properties of tea blunt ROS-dependent lipogenesis: Beneficial effect on
hepatic steatosis in a high fat-high sucrose diet NAFLD obese rat model. J. Nutr. Biochem. 2017, 40, 95–104.
[CrossRef]

146. Venkatakrishnan, K.; Chiu, H.-F.; Cheng, J.-C.; Chang, Y.-H.; Lu, Y.-Y.; Han, Y.-C.; Shen, Y.-C.; Tsai, K.-S.;
Wang, C.-K. Comparative studies on the hypolipidemic, antioxidant and hepatoprotective activities of
catechin-enriched green and oolong tea in a double-blind clinical trial. Food Funct. 2018, 9, 1205–1213.
[CrossRef]

147. Li, X.; Li, S.; Chen, M.; Wang, J.; Xie, B.; Sun, Z. (-)-Epigallocatechin-3-gallate (EGCG) inhibits starch digestion
and improves glucose homeostasis through direct or indirect activation of PXR/CAR-mediated phase II
metabolism in diabetic mice. Food Funct. 2018, 9, 4651–4663. [CrossRef]

148. Li, Y.; Wu, S. Epigallocatechin gallate suppresses hepatic cholesterol synthesis by targeting SREBP-2 through
SIRT1/FOXO1 signaling pathway. Mol. Cell. Biochem. 2018, 448, 175–185. [CrossRef]

149. Liu, C.; Guo, Y.; Sun, L.; Lai, X.; Li, Q.; Zhang, W.; Xiang, L.; Sun, S.; Cao, F. Six types of tea reduce
high-fat-diet-induced fat accumulation in mice by increasing lipid metabolism and suppressing inflammation.
Food Funct. 2019, 10, 2061–2074. [CrossRef]

150. Terzo, S.; Caldara, G.F.; Ferrantelli, V.; Puleio, R.; Cassata, G.; Mulè, F.; Amato, A. Pistachio Consumption
Prevents and Improves Lipid Dysmetabolism by Reducing the Lipid Metabolizing Gene Expression in
Diet-Induced Obese Mice. Nutrients 2018, 10, 1857. [CrossRef]

151. Chang, J.-J.; Chung, D.-J.; Lee, Y.-J.; Wen, B.-H.; Jao, H.-Y.; Wang, C.-J. Solanum nigrum Polyphenol Extracts
Inhibit Hepatic Inflammation, Oxidative Stress, and Lipogenesis in High-Fat-Diet-Treated Mice. J. Agric.
Food Chem. 2017, 65, 9255–9265. [CrossRef] [PubMed]

152. Tan, Y.; Kim, J.; Cheng, J.; Ong, M.; Lao, W.G.; Jin, X.L.; Lin, Y.G.; Xiao, L.; Zhu, X.Q.; Qu, X.Q. Green tea
polyphenols ameliorate non-alcoholic fatty liver disease through upregulating AMPK activation in high fat
fed Zucker fatty rats. World J. Gastroenterol. 2017, 23, 3805–3814. [CrossRef] [PubMed]

153. Suzuki, T.; Kumazoe, M.; Kim, Y.; Yamashita, S.; Nakahara, K.; Tsukamoto, S.; Sasaki, M.; Hagihara, T.;
Tsurudome, Y.; Huang, Y.; et al. Green tea extract containing a highly absorbent catechin prevents diet-induced
lipid metabolism disorder. Sci. Rep. 2013, 3, 2749. [CrossRef] [PubMed]

154. de Oliveira, P.R.B.; da Costa, C.A.; de Bem, G.F.; Cordeiro, V.S.C.; Santos, I.B.; de Carvalho, L.C.R.M.;
da Conceição, E.P.S.; Lisboa, P.C.; Ognibene, D.T.; Sousa, P.J.C.; et al. Euterpe oleracea Mart.-Derived
Polyphenols Protect Mice from Diet-Induced Obesity and Fatty Liver by Regulating Hepatic Lipogenesis
and Cholesterol Excretion. PLoS ONE 2015, 10, e0143721. [CrossRef] [PubMed]

155. Liu, H.W.; Wei, C.C.; Chen, Y.J.; Chen, Y.A.; Chang, S.J. Flavanol-rich lychee fruit extract alleviates
diet-induced insulin resistance via suppressing mTOR/SREBP-1 mediated lipogenesis in liver and restoring
insulin signaling in skeletal muscle. Mol. Nutr. Food Res. 2016, 60, 2288–2296. [CrossRef] [PubMed]

156. Laplante, M.; Sabatini, D.M. An emerging role of mTOR in lipid biosynthesis. Curr. Biol. 2009, 19,
R1046–R1052. [CrossRef]

157. Um, S.H.; Frigerio, F.; Watanabe, M.; Picard, F.; Joaquin, M.; Sticker, M.; Fumagalli, S.; Allegrini, P.R.;
Kozma, S.C.; Auwerx, J.; et al. Absence of S6K1 protects against age- and diet-induced obesity while
enhancing insulin sensitivity. Nature 2004, 431, 200–205. [CrossRef]

158. Peng, J.; Jia, Y.; Hu, T.; Du, J.; Wang, Y.; Cheng, B.; Li, K. GC-(4–>8)-GCG, A Proanthocyanidin Dimer from
Camellia ptilophylla, Modulates Obesity and Adipose Tissue Inflammation in High-Fat Diet Induced Obese
Mice. Mol. Nutr. Food Res. 2019, 63, e1900082. [CrossRef]

159. Yin, M.; Zhang, P.; Yu, F.; Zhang, Z.; Cai, Q.; Lu, W.; Li, B.; Qin, W.; Cheng, M.; Wang, H.; et al. Grape seed
procyanidin B2 ameliorates hepatic lipid metabolism disorders in db/db mice. Mol. Med. Rep. 2017, 16,
2844–2850. [CrossRef]

189



Nutrients 2020, 12, 2393

160. Huang, J.; Feng, S.; Liu, A.; Dai, Z.; Wang, H.; Reuhl, K.; Lu, W.; Yang, C.S. Green Tea Polyphenol EGCG
Alleviates Metabolic Abnormality and Fatty Liver by Decreasing Bile Acid and Lipid Absorption in Mice.
Mol. Nutr. Food Res. 2018, 62, 1700696. [CrossRef]

161. Cheng, H.; Xu, N.; Zhao, W.; Su, J.; Liang, M.; Xie, Z.; Wu, X.; Li, Q. (-)-Epicatechin regulates blood lipids and
attenuates hepatic steatosis in rats fed high-fat diet. Mol. Nutr. Food Res. 2017, 61, 1–11. [CrossRef] [PubMed]

162. Chen, I.-J.; Liu, C.-Y.; Chiu, J.-P.; Hsu, C.-H. Therapeutic effect of high-dose green tea extract on weight
reduction: A randomized, double-blind, placebo-controlled clinical trial. Clin. Nutr. 2015, 35, 592–599.
[CrossRef] [PubMed]

163. Hibi, M.; Takase, H.; Iwasaki, M.; Osaki, N.; Katsuragi, Y. Efficacy of tea catechin-rich beverages to reduce
abdominal adiposity and metabolic syndrome risks in obese and overweight subjects: A pooled analysis of 6
human trials. Nutr. Res. 2018, 55, 1–10. [CrossRef] [PubMed]

164. Kapoor, M.P.; Sugita, M.; Fukuzawa, Y.; Okubo, T. Physiological effects of epigallocatechin-3-gallate (EGCG)
on energy expenditure for prospective fat oxidation in humans: A systematic review and meta-analysis.
J. Nutr. Biochem. 2017, 43, 1–10. [CrossRef] [PubMed]

165. Yoneshiro, T.; Aita, S.; Kawai, Y.; Iwanaga, T.; Saito, M. Nonpungent capsaicin analogs (capsinoids) increase
energy expenditure through the activation of brown adipose tissue in humans. Am. J. Clin. Nutr. 2012, 95,
845–850. [CrossRef] [PubMed]

166. Mele, L.; Bidault, G.; Mena, P.; Crozier, A.; Brighenti, F.; Vidal-Puig, A.; Del Rio, D. Dietary (Poly)phenols,
Brown Adipose Tissue Activation, and Energy Expenditure: A Narrative Review. Adv. Nutr. 2017, 8, 694–704.
[CrossRef]

167. Huang, J.; Wang, Y.; Xie, Z.; Zhou, Y.; Zhang, Y.; Wan, X. The anti-obesity effects of green tea in human
intervention and basic molecular studies. Eur. J. Clin. Nutr. 2014, 68, 1075–1087. [CrossRef]

168. Serrano, J.; Casanova-Marti, A.; Gual, A.; Perez-Vendrell, A.M.; Blay, M.T.; Terra, X.; Ardevol, A.; Pinent, M.
A specific dose of grape seed-derived proanthocyanidins to inhibit body weight gain limits food intake and
increases energy expenditure in rats. Eur. J. Nutr. 2017, 56, 1629–1636. [CrossRef]

169. Yamashita, Y.; Wang, L.; Wang, L.; Tanaka, Y.; Zhang, T.; Ashida, H. Oolong, black and pu-erh tea suppresses
adiposity in mice via activation of AMP-activated protein kinase. Food Funct. 2014, 5, 2420–2429. [CrossRef]

170. Varela, C.E.; Rodriguez, A.; Romero-Valdovinos, M.; Mendoza-Lorenzo, P.; Mansour, C.; Ceballos, G.;
Villarreal, F.; Ramirez-Sanchez, I. Browning effects of (-)-epicatechin on adipocytes and white adipose tissue.
Eur. J. Pharmacol. 2017, 811, 48–59. [CrossRef]

171. Neyrinck, A.M.; Bindels, L.B.; Geurts, L.; Van Hul, M.; Cani, P.D.; Delzenne, N.M. A polyphenolic extract
from green tea leaves activates fat browning in high-fat-diet-induced obese mice. J. Nutr. Biochem. 2017, 49,
15–21. [CrossRef] [PubMed]

172. Jang, M.H.; Mukherjee, S.; Choi, M.J.; Kang, N.H.; Pham, H.G.; Yun, J.W. Theobromine alleviates diet-induced
obesity in mice via phosphodiesterase-4 inhibition. Eur. J. Nutr. 2020. [CrossRef] [PubMed]

173. Okla, M.; Kim, J.; Koehler, K.; Chung, S. Dietary Factors Promoting Brown and Beige Fat Development and
Thermogenesis. Adv. Nutr. 2017, 8, 473–483. [CrossRef] [PubMed]

174. Silvester, A.J.; Aseer, K.R.; Yun, J.W. Dietary polyphenols and their roles in fat browning. J. Nutr. Biochem.
2019, 64, 1–12. [CrossRef] [PubMed]

175. Saito, M.; Matsushita, M.; Yoneshiro, T.; Okamatsu-Ogura, Y. Brown Adipose Tissue, Diet-Induced
Thermogenesis, and Thermogenic Food Ingredients: From Mice to Men. Front. Endocrinol. 2020, 11,
222. [CrossRef]

176. Bolin, A.P.; Sousa-Filho, C.P.B.; Marinovic, M.P.; Rodrigues, A.C.; Otton, R. Polyphenol-rich green tea extract
induces thermogenesis in mice by a mechanism dependent on adiponectin signaling. J. Nutr. Biochem. 2020,
78, 108322. [CrossRef]

177. Li, F.; Gao, C.; Yan, P.; Zhang, M.; Wang, Y.; Hu, Y.; Wu, X.; Wang, X.; Sheng, J. EGCG reduces obesity and
white adipose tissue gain partly through AMPK activation in mice. Front. Pharmacol. 2018, 9, 1–9. [CrossRef]

178. Wang, Q.; Liu, S.; Zhai, A.; Zhang, B.; Tian, G. AMPK-Mediated Regulation of Lipid Metabolism by
Phosphorylation. Biol. Pharm. Bull. 2018, 41, 985–993. [CrossRef]

179. Rodriguez Lanzi, C.; Perdicaro, D.J.; Landa, M.S.; Fontana, A.; Antoniolli, A.; Miatello, R.M.; Oteiza, P.I.;
Vazquez Prieto, M.A. Grape pomace extract induced beige cells in white adipose tissue from rats and in
3T3-L1 adipocytes. J. Nutr. Biochem. 2018, 56, 224–233. [CrossRef]

190



Nutrients 2020, 12, 2393

180. Rodriguez Lanzi, C.; Perdicaro, D.J.; Gambarte Tudela, J.; Muscia, V.; Fontana, A.R.; Oteiza, P.I.;
Vazquez Prieto, M.A. Grape pomace extract supplementation activates FNDC5/irisin in muscle and promotes
white adipose browning in rats fed a high-fat diet. Food Funct. 2020, 11, 1537–1546. [CrossRef]

181. Jang, M.H.; Kang, N.H.; Mukherjee, S.; Yun, J.W. Theobromine, a Methylxanthine in Cocoa Bean,
Stimulates Thermogenesis by Inducing White Fat Browning and Activating Brown Adipocytes.
Biotechnol. Bioprocess Eng. 2018, 23, 617–626. [CrossRef]

182. Nakagawa, Y.; Ishimura, K.; Oya, S.; Kamino, M.; Fujii, Y.; Nanba, F.; Toda, T.; Ishii, T.; Adachi, T.; Suhara, Y.;
et al. Comparison of the sympathetic stimulatory abilities of B-type procyanidins based on induction of
uncoupling protein-1 in brown adipose tissue (BAT) and increased plasma catecholamine (CA) in mice. PLoS
ONE 2018, 13, e0201203. [CrossRef] [PubMed]

183. Nirengi, S.; Amagasa, S.; Homma, T.; Yoneshiro, T.; Matsumiya, S.; Kurosawa, Y.; Sakane, N.; Ebi, K.; Saito, M.;
Hamaoka, T. Daily ingestion of catechin-rich beverage increases brown adipose tissue density and decreases
extramyocellular lipids in healthy young women. Springerplus 2016, 5, 1363. [CrossRef] [PubMed]

184. Lee, M.-S.; Shin, Y.; Jung, S.; Kim, Y. Effects of epigallocatechin-3-gallate on thermogenesis and mitochondrial
biogenesis in brown adipose tissues of diet-induced obese mice. Food Nutr. Res. 2017, 61, 1325307. [CrossRef]

185. Zhou, J.; Mao, L.; Xu, P.; Wang, Y. Effects of (−)-epigallocatechin gallate (EGCG) on energy expenditure
and microglia-mediated hypothalamic inflammation in mice fed a high-fat diet. Nutrients 2018, 10, 1681.
[CrossRef]

186. Hursel, R.; Westerterp-Plantenga, M.S. Catechin- and caffeine-rich teas for control of body weight in humans.
Am. J. Clin. Nutr. 2013, 98, 1682S–1693S. [CrossRef]

187. Dulloo, A.G.; Seydoux, J.; Girardier, L.; Chantre, P.; Vandermander, J. Green tea and thermogenesis:
Interactions between catechin-polyphenols, caffeine and sympathetic activity. Int. J. Obes. Relat. Metab.
Disord. J. Int. Assoc. Study Obes. 2000, 24, 252–258. [CrossRef]

188. Yoneshiro, T.; Matsushita, M.; Hibi, M.; Tone, H.; Takeshita, M.; Yasunaga, K.; Katsuragi, Y.; Kameya, T.;
Sugie, H.; Saito, M. Tea catechin and caffeine activate brown adipose tissue and increase cold-induced
thermogenic capacity in humans. Am. J. Clin. Nutr. 2017, 105, 873–881. [CrossRef]

189. Ibars, M.; Ardid-Ruiz, A.; Suárez, M.; Muguerza, B.; Bladé, C.; Aragonès, G. Proanthocyanidins potentiate
hypothalamic leptin/STAT3 signalling and Pomc gene expression in rats with diet-induced obesity. Int. J. Obes.
2017, 41, 129–136. [CrossRef]

190. Husain, I.; Akhtar, M.; Shaharyar, M.; Islamuddin, M.; Abdin, M.Z.; Akhtar, M.J.; Najmi, A.K. High-salt-
and cholesterol diet-associated cognitive impairment attenuated by tannins-enriched fraction of Emblica
officinalis via inhibiting NF-kB pathway. Inflammopharmacology 2018, 26, 147–156. [CrossRef]

191. Mi, Y.; Qi, G.; Fan, R.; Qiao, Q.; Sun, Y.; Gao, Y.; Liu, X. EGCG ameliorates high-fat- and high-fructose-induced
cognitive defects by regulating the IRS/AKT and ERK/CREB/BDNF signaling pathways in the CNS. FASEB J.
2017, 31, 4998–5011. [CrossRef]

192. Ettcheto, M.; Cano, A.; Manzine, P.R.; Busquets, O.; Verdaguer, E.; Castro-Torres, R.D.; Garcia, M.L.;
Beas-Zarate, C.; Olloquequi, J.; Auladell, C.; et al. Epigallocatechin-3-Gallate (EGCG) Improves Cognitive
Deficits Aggravated by an Obesogenic Diet Through Modulation of Unfolded Protein Response in
APPswe/PS1dE9 Mice. Mol. Neurobiol. 2020, 57, 1814–1827. [CrossRef] [PubMed]

193. Macedo, R.C.; Bondan, E.F.; Otton, R. Redox status on different regions of the central nervous system of
obese and lean rats treated with green tea extract. Nutr. Neurosci. 2019, 22, 119–131. [CrossRef] [PubMed]

194. Xiong, H.; Wang, J.; Ran, Q.; Lou, G.; Peng, C.; Gan, Q.; Hu, J.; Sun, J.; Yao, R.; Huang, Q. Hesperidin:
A Therapeutic Agent For Obesity. Drug Des. Devel. Ther. 2019, 13, 3855–3866. [CrossRef] [PubMed]

195. Burke, A.C.; Telford, D.E.; Edwards, J.Y.; Sutherland, B.G.; Sawyez, C.G.; Huff, M.W. Naringenin
Supplementation to a Chow Diet Enhances Energy Expenditure and Fatty Acid Oxidation, and Reduces
Adiposity in Lean, Pair-Fed Ldlr −/−Mice. Mol. Nutr. Food Res. 2019, 63, 1–9. [CrossRef] [PubMed]

196. Barreca, D.; Gattuso, G.; Bellocco, E.; Calderaro, A.; Trombetta, D.; Smeriglio, A.; Laganà, G.; Daglia, M.;
Meneghini, S.; Nabavi, S.M. Flavanones: Citrus phytochemical with health-promoting properties. BioFactors
2017, 43, 495–506. [CrossRef]

197. Li, C.; Schluesener, H. Health-promoting effects of the citrus flavanone hesperidin. Crit. Rev. Food Sci. Nutr.
2017, 57, 613–631. [CrossRef]

198. Patel, K.; Singh, G.K.; Patel, D.K. A Review on Pharmacological and Analytical Aspects of Naringenin.
Chin. J. Integr. Med. 2018, 24, 551–560. [CrossRef]

191



Nutrients 2020, 12, 2393

199. Den Hartogh, D.J.; Tsiani, E. Antidiabetic Properties of Naringenin: A Citrus Fruit Polyphenol. Biomolecules
2019, 9, 99. [CrossRef]

200. Hernández-Aquino, E.; Muriel, P. Beneficial effects of naringenin in liver diseases: Molecular mechanisms.
World J. Gastroenterol. 2018, 24, 1679–1707. [CrossRef]

201. Shirani, K.; Yousefsani, B.S.; Shirani, M.; Karimi, G. Protective effects of naringin against drugs and chemical
toxins induced hepatotoxicity: A review. Phytother. Res. 2020. [CrossRef] [PubMed]

202. Kannappan, S.; Anuradha, C.V. Naringenin enhances insulin-stimulated tyrosine phosphorylation and
improves the cellular actions of insulin in a dietary model of metabolic syndrome. Eur. J. Nutr. 2010, 49,
101–109. [CrossRef] [PubMed]

203. Cho, K.W.; Kim, Y.O.; Andrade, J.E.; Burgess, J.R.; Kim, Y.-C. Dietary naringenin increases hepatic peroxisome
proliferators-activated receptor alpha protein expression and decreases plasma triglyceride and adiposity in
rats. Eur. J. Nutr. 2011, 50, 81–88. [CrossRef] [PubMed]

204. Pu, P.; Gao, D.-M.; Mohamed, S.; Chen, J.; Zhang, J.; Zhou, X.-Y.; Zhou, N.-J.; Xie, J.; Jiang, H. Naringin
ameliorates metabolic syndrome by activating AMP-activated protein kinase in mice fed a high-fat diet.
Arch. Biochem. Biophys. 2012, 518, 61–70. [CrossRef]

205. Assini, J.M.; Mulvihill, E.E.; Sutherland, B.G.; Telford, D.E.; Sawyez, C.G.; Felder, S.L.; Chhoker, S.;
Edwards, J.Y.; Gros, R.; Huff, M.W. Naringenin prevents cholesterol-induced systemic inflammation,
metabolic dysregulation, and atherosclerosis in Ldlr(-)/(-) mice. J. Lipid Res. 2013, 54, 711–724. [CrossRef]

206. Assini, J.M.; Mulvihill, E.E.; Burke, A.C.; Sutherland, B.G.; Telford, D.E.; Chhoker, S.S.; Sawyez, C.G.;
Drangova, M.; Adams, A.C.; Kharitonenkov, A.; et al. Naringenin prevents obesity, hepatic steatosis,
and glucose intolerance in male mice independent of fibroblast growth factor 21. Endocrinology 2015, 156,
2087–2102. [CrossRef]

207. Sui, G.-G.; Xiao, H.-B.; Lu, X.-Y.; Sun, Z.-L. Naringin Activates AMPK Resulting in Altered Expression of
SREBPs, PCSK9, and LDLR to Reduce Body Weight in Obese C57BL/6J Mice. J. Agric. Food Chem. 2018, 66,
8983–8990. [CrossRef]

208. Jung, U.J.; Lee, M.-K.; Jeong, K.-S.; Choi, M.-S. The hypoglycemic effects of hesperidin and naringin are partly
mediated by hepatic glucose-regulating enzymes in C57BL/KsJ-db/db mice. J. Nutr. 2004, 134, 2499–2503.
[CrossRef]

209. Jung, U.J.; Lee, M.-K.; Park, Y.B.; Kang, M.A.; Choi, M.-S. Effect of citrus flavonoids on lipid metabolism
and glucose-regulating enzyme mRNA levels in type-2 diabetic mice. Int. J. Biochem. Cell Biol. 2006, 38,
1134–1145. [CrossRef]

210. Mosqueda-Solis, A.; Sanchez, J.; Reynes, B.; Palou, M.; Portillo, M.P.; Palou, A.; Pico, C. Hesperidin and
capsaicin, but not the combination, prevent hepatic steatosis and other metabolic syndrome-related alterations
in western diet-fed rats. Sci. Rep. 2018, 8, 15100. [CrossRef]

211. Wu, H.; Liu, Y.; Chen, X.; Zhu, D.; Ma, J.; Yan, Y.; Si, M.; Li, X.; Sun, C.; Yang, B.; et al. Neohesperidin
exerts lipid-regulating effects in vitro and in vivo via fibroblast growth factor 21 and AMP-activated protein
kinase/sirtuin type 1/peroxisome proliferator-activated receptor gamma coactivator 1α signaling axis.
Pharmacology 2017, 100, 115–126. [CrossRef] [PubMed]

212. Kwon, E.Y.; Choi, M.S. Dietary eriodictyol alleviates adiposity, hepatic steatosis, insulin resistance,
and inflammation in diet-induced obese mice. Int. J. Mol. Sci. 2019, 20, 1227. [CrossRef] [PubMed]

213. Zhou, Y.; Ding, Y.-L.; Zhang, J.-L.; Zhang, P.; Wang, J.-Q.; Li, Z.-H. Alpinetin improved high fat diet-induced
non-alcoholic fatty liver disease (NAFLD) through improving oxidative stress, inflammatory response and
lipid metabolism. Biomed. Pharmacother. 2018, 97, 1397–1408. [CrossRef] [PubMed]

214. Cheraghpour, M.; Imani, H.; Ommi, S.; Alavian, S.M.; Karimi-Shahrbabak, E.; Hedayati, M.; Yari, Z.;
Hekmatdoost, A. Hesperidin improves hepatic steatosis, hepatic enzymes, and metabolic and inflammatory
parameters in patients with nonalcoholic fatty liver disease: A randomized, placebo-controlled, double-blind
clinical trial. Phyther. Res. 2019, 33, 2118–2125. [CrossRef]

215. Yoshida, H.; Watanabe, H.; Ishida, A.; Watanabe, W.; Narumi, K.; Atsumi, T.; Sugita, C.; Kurokawa, M.
Naringenin suppresses macrophage infiltration into adipose tissue in an early phase of high-fat diet-induced
obesity. Biochem. Biophys. Res. Commun. 2014, 454, 95–101. [CrossRef]

216. Hoek-van den Hil, E.F.; van Schothorst, E.M.; van der Stelt, I.; Swarts, H.J.M.; van Vliet, M.; Amolo, T.;
Vervoort, J.J.M.; Venema, D.; Hollman, P.C.H.; Rietjens, I.M.C.M.; et al. Direct comparison of metabolic health

192



Nutrients 2020, 12, 2393

effects of the flavonoids quercetin, hesperetin, epicatechin, apigenin and anthocyanins in high-fat-diet-fed
mice. Genes Nutr. 2015, 10, 1–13. [CrossRef]

217. Tsuhako, R.; Yoshida, H.; Sugita, C.; Kurokawa, M. Naringenin suppresses neutrophil infiltration into adipose
tissue in high-fat diet-induced obese mice. J. Nat. Med. 2020, 74, 229–237. [CrossRef]

218. Rebello, C.J.; Greenway, F.L.; Lau, F.H.; Lin, Y.; Stephens, J.M.; Johnson, W.D.; Coulter, A.A. Naringenin
Promotes Thermogenic Gene Expression in Human White Adipose Tissue. Obesity 2019, 27, 103–111.
[CrossRef]

219. Chou, Y.C.; Ho, C.T.; Pan, M.H. Immature citrus reticulata extract promotes browning of beige adipocytes in
high-fat diet-induced C57BL/6 mice. J. Agric. Food Chem. 2018, 66, 9697–9703. [CrossRef]

220. Stohs, S.J.; Badmaev, V. A Review of Natural Stimulant and Non-stimulant Thermogenic Agents. Phytother. Res.
2016, 30, 732–740. [CrossRef]

221. Mosqueda-Solís, A.; Sánchez, J.; Portillo, M.P.; Palou, A.; Picó, C. Combination of capsaicin and hesperidin
reduces the effectiveness of each compound to decrease the adipocyte size and to induce browning features
in adipose tissue of western diet fed rats. J. Agric. Food Chem. 2018, 66, 9679–9689. [CrossRef] [PubMed]

222. Nishikawa, S.; Hyodo, T.; Nagao, T.; Nakanishi, A.; Tandia, M.; Tsuda, T. α-Monoglucosyl Hesperidin but Not
Hesperidin Induces Brown-Like Adipocyte Formation and Suppresses White Adipose Tissue Accumulation
in Mice. J. Agric. Food Chem. 2019, 67, 1948–1954. [CrossRef] [PubMed]

223. Ohara, T.; Muroyama, K.; Yamamoto, Y.; Murosaki, S. Oral intake of a combination of glucosyl hesperidin
and caffeine elicits an anti-obesity effect in healthy, moderately obese subjects: A randomized double-blind
placebo-controlled trial. Nutr. J. 2016, 15, 1–11. [CrossRef] [PubMed]

224. Sandeep, M.S.; Nandini, C.D. Influence of quercetin, naringenin and berberine on glucose transporters and
insulin signalling molecules in brain of streptozotocin-induced diabetic rats. Biomed. Pharmacother. 2017, 94,
605–611.

225. Saad, M.A.; Abdel Salam, R.M.; Kenawy, S.A.; Attia, A.S. Pinocembrin attenuates hippocampal inflammation,
oxidative perturbations and apoptosis in a rat model of global cerebral ischemia reperfusion. Pharmacol. Rep.
2015, 67, 115–122. [CrossRef] [PubMed]

226. Tao, J.; Shen, C.; Sun, Y.; Chen, W.; Yan, G. Neuroprotective effects of pinocembrin on
ischemia/reperfusion-induced brain injury by inhibiting autophagy. Biomed. Pharmacother. 2018, 106,
1003–1010. [CrossRef] [PubMed]

227. Wang, K.; Chen, Z.; Huang, J.; Huang, L.; Luo, N.; Liang, X.; Liang, M.; Xie, W. Naringenin prevents ischaemic
stroke damage via anti-apoptotic and anti-oxidant effects. Clin. Exp. Pharmacol. Physiol. 2017, 44, 862–871.
[CrossRef]

228. De Lima, N.M.R.; Ferreira, E.D.O.; Fernandes, M.Y.S.D.; Lima, F.A.V.; Neves, K.R.T.; Do Carmo, M.R.S.; De
Andrade, G.M. Neuroinflammatory response to experimental stroke is inhibited by boldine. Behav. Pharmacol.
2016, 28, 223–227. [CrossRef]

229. Muhammad, T.; Ikram, M.; Ullah, R.; Rehman, S.U.; Kim, M.O. Hesperetin, a citrus flavonoid, attenuates
LPS-induced neuroinflammation, apoptosis and memory impairments by modulating TLR4/NF-κB signaling.
Nutrients 2019, 11, 648. [CrossRef]

230. Afshin-Majd, S.; Motevalizadeh, S.-A.; Khajevand-Khazaei, M.-R.; Roghani, M.; Baluchnejadmojarad, T.;
Rohani, M.; Ziaee, P. Naringenin ameliorates learning and memory impairment following systemic
lipopolysaccharide challenge in the rat. Eur. J. Pharmacol. 2018, 826, 114–122.

231. Khalaj, R.; Hajizadeh Moghaddam, A.; Zare, M. Hesperetin and it nanocrystals ameliorate social behavior
deficits and oxido-inflammatory stress in rat model of autism. Int. J. Dev. Neurosci. 2018, 69, 80–87. [CrossRef]
[PubMed]

232. Kosari-Nasab, M.; Shokouhi, G.; Ghorbanihaghjo, A.; Abbasi, M.M.; Salari, A.A. Hesperidin attenuates
depression-related symptoms in mice with mild traumatic brain injury. Life Sci. 2018, 213, 198–205. [CrossRef]
[PubMed]

233. Fu, H.; Liu, L.; Tong, Y.; Li, Y.; Zhang, X.; Gao, X.; Yong, J.; Zhao, J.; Xiao, D.; Wen, K.; et al. The antidepressant
effects of hesperidin on chronic unpredictable mild stress-induced mice. Eur. J. Pharmacol. 2019, 853, 236–246.
[CrossRef] [PubMed]

234. Sato, M.; Okuno, A.; Suzuki, K.; Ohsawa, N.; Inoue, E.; Miyaguchi, Y.; Toyoda, A. Dietary intake of the citrus
flavonoid hesperidin affects stress-resilience and brain kynurenine levels in a subchronic and mild social
defeat stress model in mice. Biosci. Biotechnol. Biochem. 2019, 83, 1756–1765. [CrossRef] [PubMed]

193



Nutrients 2020, 12, 2393

235. Umukoro, S.; Kalejaye, H.A.; Ben-Azu, B.; Ajayi, A.M. Naringenin attenuates behavioral derangements
induced by social defeat stress in mice via inhibition of acetylcholinesterase activity, oxidative stress and
release of pro-inflammatory cytokines. Biomed. Pharmacother. 2018, 105, 714–723. [CrossRef]

236. Alkhalidy, H.; Wang, Y.; Liu, D. Dietary flavonoids in the prevention of T2D: An overview. Nutrients 2018,
10, 438. [CrossRef]

237. Dabeek, W.M.; Marra, M.V. Dietary quercetin and kaempferol: Bioavailability and potential
cardiovascular-related bioactivity in humans. Nutrients 2019, 11, 2288. [CrossRef]

238. Batiha, G.E.-S.; Beshbishy, A.M.; Ikram, M.; Mulla, Z.S.; El-Hack, M.E.A.; Taha, A.E.; Algammal, A.M.;
Elewa, Y.H.A. The Pharmacological Activity, Biochemical Properties, and Pharmacokinetics of the Major
Natural Polyphenolic Flavonoid: Quercetin. Foods 2020, 9, 374. [CrossRef]

239. Hoek-van den Hil, E.F.; van Schothorst, E.M.; van der Stelt, I.; Swarts, H.J.M.; Venema, D.; Sailer, M.;
Vervoort, J.J.M.; Hollman, P.C.H.; Rietjens, I.M.; Keijer, J. Quercetin decreases high-fat diet induced body
weight gain and accumulation of hepatic and circulating lipids in mice. Genes Nutr. 2014, 9, 418. [CrossRef]

240. Zamora-Ros, R.; Forouhi, N.G.; Sharp, S.J.; Gonzalez, C.A.; Buijsse, B.; Guevara, M.; van der Schouw, Y.T.;
Amiano, P.; Boeing, H.; Bredsdorff, L.; et al. Dietary intakes of individual flavanols and flavonols are inversely
associated with incident type 2 diabetes in European populations. J. Nutr. 2014, 144, 335–343. [CrossRef]

241. Eid, H.M.; Haddad, P.S. The Antidiabetic Potential of Quercetin: Underlying Mechanisms. Curr. Med. Chem.
2017, 24, 355–364. [CrossRef] [PubMed]

242. Carrasco-Pozo, C.; Cires, M.J.; Gotteland, M. Quercetin and Epigallocatechin Gallate in the Prevention
and Treatment of Obesity: From Molecular to Clinical Studies. J. Med. Food 2019, 22, 753–770. [CrossRef]
[PubMed]

243. Bule, M.; Abdurahman, A.; Nikfar, S.; Abdollahi, M.; Amini, M. Antidiabetic effect of quercetin: A systematic
review and meta-analysis of animal studies. Food Chem. Toxicol. 2019, 125, 494–502. [CrossRef]

244. Zhao, L.; Zhang, Q.; Ma, W.; Tian, F.; Shen, H.; Zhou, M. A combination of quercetin and resveratrol reduces
obesity in high-fat diet-fed rats by modulation of gut microbiota. Food Funct. 2017, 8, 4644–4656. [CrossRef]

245. Liu, L.; Gao, C.; Yao, P.; Gong, Z. Quercetin Alleviates High-Fat Diet-Induced Oxidized Low-Density
Lipoprotein Accumulation in the Liver: Implication for Autophagy Regulation. Biomed Res. Int. 2015, 2015,
607531. [CrossRef] [PubMed]

246. Xu, Y.; Han, J.; Dong, J.; Fan, X.; Cai, Y.; Li, J.; Wang, T.; Zhou, J.; Shang, J. Metabolomics Characterizes the
Effects and Mechanisms of Quercetin in Nonalcoholic Fatty Liver Disease Development. Int. J. Mol. Sci.
2019, 20, 1220. [CrossRef]

247. Porras, D.; Nistal, E.; Martinez-Florez, S.; Olcoz, J.L.; Jover, R.; Jorquera, F.; Gonzalez-Gallego, J.;
Garcia-Mediavilla, M.V.; Sanchez-Campos, S. Functional Interactions between Gut Microbiota Transplantation,
Quercetin, and High-Fat Diet Determine Non-Alcoholic Fatty Liver Disease Development in Germ-Free
Mice. Mol. Nutr. Food Res. 2019, 63, e1800930. [CrossRef]

248. Rubio-Ruiz, M.E.; Guarner-Lans, V.; Cano-Martinez, A.; Diaz-Diaz, E.; Manzano-Pech, L.; Gamas-Magana, A.;
Castrejon-Tellez, V.; Tapia-Cortina, C.; Perez-Torres, I. Resveratrol and Quercetin Administration Improves
Antioxidant DEFENSES and reduces Fatty Liver in Metabolic Syndrome Rats. Molecules 2019, 24, 1297.
[CrossRef]

249. Aranaz, P.; Zabala, M.; Romo-Hualde, A.; Navarro-Herrera, D.; Lopez-Yoldi, M.; Vizmanos, J.L.; Martinez, J.A.;
Milagro, F.I.; Gonzalez-Navarro, C.J. A combination of borage seed oil and quercetin reduces fat accumulation
and improves insulin sensitivity in obese rats. Food Funct. 2020. [CrossRef]

250. Qin, G.; Ma, J.; Huang, Q.; Yin, H.; Han, J.; Li, M.; Deng, Y.; Wang, B.; Hassan, W.; Shang, J. Isoquercetin
Improves Hepatic Lipid Accumulation by Activating AMPK Pathway and Suppressing TGF-beta Signaling
on an HFD-Induced Nonalcoholic Fatty Liver Disease Rat Model. Int. J. Mol. Sci. 2018, 19, 4126. [CrossRef]

251. Hoang, M.-H.; Jia, Y.; Lee, J.H.; Kim, Y.; Lee, S.-J. Kaempferol reduces hepatic triglyceride accumulation by
inhibiting Akt. J. Food Biochem. 2019, 43, e13034. [CrossRef] [PubMed]

252. Hoang, M.H.; Jia, Y.; Mok, B.; Jun, H.J.; Hwang, K.Y.; Lee, S.J. Kaempferol ameliorates symptoms of metabolic
syndrome by regulating activities of liver X receptor-β. J. Nutr. Biochem. 2015, 26, 868–875. [CrossRef]
[PubMed]

253. Gaballah, H.H.; El-Horany, H.E.; Helal, D.S. Mitigative effects of the bioactive flavonol fisetin on
high-fat/high-sucrose induced nonalcoholic fatty liver disease in rats. J. Cell. Biochem. 2019, 120, 12762–12774.
[CrossRef] [PubMed]

194



Nutrients 2020, 12, 2393

254. Zeng, X.; Yang, J.; Hu, O.; Huang, J.; Ran, L.; Chen, M.; Zhang, Y.; Zhou, X.; Zhu, J.; Zhang, Q.; et al.
Dihydromyricetin Ameliorates Nonalcoholic Fatty Liver Disease by Improving Mitochondrial Respiratory
Capacity and Redox Homeostasis Through Modulation of SIRT3 Signaling. Antioxid. Redox Signal. 2019, 30,
163–183. [CrossRef]

255. Liu, Q.; Pan, R.; Ding, L.; Zhang, F.; Hu, L.; Ding, B.; Zhu, L.; Xia, Y.; Dou, X. Rutin exhibits hepatoprotective
effects in a mouse model of non-alcoholic fatty liver disease by reducing hepatic lipid levels and mitigating
lipid-induced oxidative injuries. Int. Immunopharmacol. 2017, 49, 132–141. [CrossRef]

256. Malinska, H.; Huttl, M.; Oliyarnyk, O.; Markova, I.; Poruba, M.; Racova, Z.; Kazdova, L.; Vecera, R. Beneficial
effects of troxerutin on metabolic disorders in non-obese model of metabolic syndrome. PLoS ONE 2019, 14,
e0220377. [CrossRef]

257. An, J.-P.; Choi, J.H.; Huh, J.; Lee, H.J.; Han, S.; Noh, J.-R.; Kim, Y.-H.; Lee, C.-H.; Oh, W.-K. Anti-hepatic
steatosis activity of Sicyos angulatus extract in high-fat diet-fed mice and chemical profiling study using
UHPLC-qTOF-MS/MS spectrometry. Phytomedicine 2019, 63, 152999. [CrossRef]

258. Guruvaiah, P.; Guo, H.; Li, D.; Xie, Z. Preventive Effect of Flavonol Derivatives Abundant Sanglan Tea
on Long-Term High-Fat-Diet-Induced Obesity Complications in C57BL/6 Mice. Nutrients 2018, 10, 1276.
[CrossRef]

259. Song, J.; Kim, Y.-S.; Kim, L.; Park, H.J.; Lee, D.; Kim, H. Anti-Obesity Effects of the Flower of Prunus persica
in High-Fat Diet-Induced Obese Mice. Nutrients 2019, 11, 2176. [CrossRef]

260. Omatsu, K.-I.; Nakata, A.; Sato, K.; Mihara, Y.; Takaguri, A.; Nagashima, T.; Wakame, K. Global Liver Gene
Expression Analysis on a Murine Hepatic Steatosis Model Treated with Mulberry (Morus alba L.) Leaf Powder.
Anticancer Res. 2018, 38, 4305–4311.

261. Ezzat, S.M.; El Bishbishy, M.H.; Aborehab, N.M.; Salama, M.M.; Hasheesh, A.; Motaal, A.A.; Rashad, H.;
Metwally, F.M. Upregulation of MC4R and PPAR-α expression mediates the anti-obesity activity of Moringa
oleifera Lam. in high-fat diet-induced obesity in rats. J. Ethnopharmacol. 2020, 251, 112541. [CrossRef]
[PubMed]

262. Nie, H.; Deng, Y.; Zheng, C.; Pan, M.; Xie, J.; Zhang, Y.; Yang, Q. A network pharmacology-based approach
to explore the effects of Chaihu Shugan powder on a non-alcoholic fatty liver rat model through nuclear
receptors. J. Cell. Mol. Med. 2020, 24, 5168–5184. [CrossRef] [PubMed]

263. Li, H.; Kim, U.-H.; Yoon, J.-H.; Ji, H.-S.; Park, H.-M.; Park, H.-Y.; Jeong, T.-S. Suppression of Hyperglycemia
and Hepatic Steatosis by Black-Soybean-Leaf Extract via Enhanced Adiponectin-Receptor Signaling and
AMPK Activation. J. Agric. Food Chem. 2019, 67, 90–101. [CrossRef] [PubMed]

264. Yamauchi, T.; Iwabu, M.; Okada-Iwabu, M.; Kadowaki, T. Adiponectin receptors: A review of their structure,
function and how they work. Best Pract. Res. Clin. Endocrinol. Metab. 2014, 28, 15–23. [CrossRef]

265. Wang, T.; Wu, Q.; Zhao, T. Preventive Effects of Kaempferol on High-Fat Diet-Induced Obesity Complications
in C57BL/6 Mice. Biomed Res. Int. 2020, 2020, 4532482. [CrossRef]

266. Tan, S.; Caparros-Martin, J.A.; Matthews, V.B.; Koch, H.; O’Gara, F.; Croft, K.D.; Ward, N.C. Isoquercetin and
inulin synergistically modulate the gut microbiome to prevent development of the metabolic syndrome in
mice fed a high fat diet. Sci. Rep. 2018, 8, 10100. [CrossRef]

267. Zhao, Y.; Chen, B.; Shen, J.; Wan, L.; Zhu, Y.; Yi, T.; Xiao, Z. The Beneficial Effects of Quercetin, Curcumin,
and Resveratrol in Obesity. Oxid. Med. Cell. Longev. 2017, 2017, 1459497. [CrossRef]

268. Li, H.; Qi, J.; Li, L. Phytochemicals as potential candidates to combat obesity via adipose non-shivering
thermogenesis. Pharmacol. Res. 2019, 147, 104393. [CrossRef]

269. Horvath, C.; Wolfrum, C. Feeding brown fat: Dietary phytochemicals targeting non-shivering thermogenesis
to control body weight. Proc. Nutr. Soc. 2020, 1–19. [CrossRef]

270. Forney, L.A.; Lenard, N.R.; Stewart, L.K.; Henagan, T.M. Dietary Quercetin Attenuates Adipose Tissue
Expansion and Inflammation and Alters Adipocyte Morphology in a Tissue-Specific Manner. Int. J. Mol. Sci.
2018, 19, 895. [CrossRef]

271. Ting, Y.; Chang, W.-T.; Shiau, D.-K.; Chou, P.-H.; Wu, M.-F.; Hsu, C.-L. Antiobesity Efficacy of Quercetin-Rich
Supplement on Diet-Induced Obese Rats: Effects on Body Composition, Serum Lipid Profile, and Gene
Expression. J. Agric. Food Chem. 2018, 66, 70–80. [CrossRef] [PubMed]

272. Kuipers, E.N.; van Dam, A.D.; Held, N.M.; Mol, I.M.; Houtkooper, R.H.; Rensen, P.C.N.; Boon, M.R. Quercetin
Lowers Plasma Triglycerides Accompanied by White Adipose Tissue Browning in Diet-Induced Obese Mice.
Int. J. Mol. Sci. 2018, 19, 1786. [CrossRef] [PubMed]

195



Nutrients 2020, 12, 2393

273. Perdicaro, D.J.; Rodriguez Lanzi, C.; Gambarte Tudela, J.; Miatello, R.M.; Oteiza, P.I.; Vazquez Prieto, M.A.
Quercetin attenuates adipose hypertrophy, in part through activation of adipogenesis in rats fed a high-fat diet.
J. Nutr. Biochem. 2020, 79, 108352. [CrossRef]

274. Choi, H.; Kim, C.-S.; Yu, R. Quercetin Upregulates Uncoupling Protein 1 in White/Brown Adipose Tissues
through Sympathetic Stimulation. J. Obes. Metab. Syndr. 2018, 27, 102–109. [CrossRef] [PubMed]

275. Lee, S.G.; Parks, J.S.; Kang, H.W. Quercetin, a functional compound of onion peel, remodels white adipocytes
to brown-like adipocytes. J. Nutr. Biochem. 2017, 42, 62–71. [CrossRef]

276. Dong, J.; Zhang, X.; Zhang, L.; Bian, H.-X.; Xu, N.; Bao, B.; Liu, J. Quercetin reduces obesity-associated
ATM infiltration and inflammation in mice: A mechanism including AMPKα1/SIRT1. J. Lipid Res. 2014, 55,
363–374. [CrossRef]

277. Arias, N.; Picó, C.; Teresa Macarulla, M.; Oliver, P.; Miranda, J.; Palou, A.; Portillo, M.P. A combination of
resveratrol and quercetin induces browning in white adipose tissue of rats fed an obesogenic diet. Obesity
2017, 25, 111–121. [CrossRef]

278. Jiang, H.; Yoshioka, Y.; Yuan, S.; Horiuchi, Y.; Yamashita, Y.; Croft, K.D.; Ashida, H. Enzymatically modified
isoquercitrin promotes energy metabolism through activating AMPKα in male C57BL/6 mice. Food Funct.
2019, 10, 5188–5202. [CrossRef]

279. Yuan, X.; Wei, G.; You, Y.; Huang, Y.; Lee, H.J.; Dong, M.; Lin, J.; Hu, T.; Zhang, H.; Zhang, C.; et al.
Rutin ameliorates obesity through brown fat activation. FASEB J. 2017, 31, 333–345. [CrossRef]

280. Chen, N.; Lei, T.; Xin, L.; Zhou, L.; Cheng, J.; Qin, L.; Han, S.; Wan, Z. Depot-specific effects of treadmill
running and rutin on white adipose tissue function in diet-induced obese mice. J. Physiol. Biochem. 2016, 72,
453–467. [CrossRef]

281. Mehanna, E.T.; El-Sayed, N.M.; Ibrahim, A.K.; Ahmed, S.A.; Abo-Elmatty, D.M. Isolated compounds from
Cuscuta pedicellata ameliorate oxidative stress and upregulate expression of some energy regulatory genes
in high fat diet induced obesity in rats. Biomed. Pharmacother. 2018, 108, 1253–1258. [CrossRef] [PubMed]

282. Hu, C.; Zhang, Y.; Liu, G.; Liu, Y.; Wang, J.; Sun, B. Untargeted Metabolite Profiling of Adipose Tissue in
Hyperlipidemia Rats Exposed to Hawthorn Ethanol Extracts. J. Food Sci. 2019, 84, 717–725. [CrossRef]
[PubMed]

283. Suganthy, N.; Devi, K.P.; Nabavi, S.F.; Braidy, N.; Nabavi, S.M. Bioactive effects of quercetin in the central
nervous system: Focusing on the mechanisms of actions. Biomed. Pharmacother. 2016, 84, 892–908. [CrossRef]
[PubMed]

284. Babaei, F.; Mirzababaei, M.; Nassiri-Asl, M. Quercetin in Food: Possible Mechanisms of Its Effect on Memory.
J. Food Sci. 2018, 83, 2280–2287. [CrossRef]

285. Li, Y.; Tian, Q.; Li, Z.; Dang, M.; Lin, Y.; Hou, X. Activation of Nrf2 signaling by sitagliptin and quercetin
combination against β-amyloid induced Alzheimer’s disease in rats. Drug Dev. Res. 2019, 80, 837–845.
[CrossRef]

286. Paula, P.-C.; Angelica Maria, S.-G.; Luis, C.-H.; Gloria Patricia, C.-G. Preventive Effect of Quercetin in a Triple
Transgenic Alzheimer’s Disease Mice Model. Molecules 2019, 24, 2287. [CrossRef]

287. Hayakawa, M.; Itoh, M.; Ohta, K.; Li, S.; Ueda, M.; Wang, M.; Nishida, E.; Islam, S.; Suzuki, C.; Ohzawa, K.;
et al. Quercetin reduces eIF2α phosphorylation by GADD34 induction. Neurobiol. Aging 2015, 36, 2509–2518.
[CrossRef]

288. Budzynska, B.; Faggio, C.; Kruk-Slomka, M.; Samec, D.; Nabavi, S.F.; Sureda, A.; Devi, K.P.; Nabavi, S.M.
Rutin as Neuroprotective Agent: From Bench to Bedside. Curr. Med. Chem. 2019, 26, 5152–5164. [CrossRef]

289. Xia, S.-F.; Xie, Z.-X.; Qiao, Y.; Li, L.-R.; Cheng, X.-R.; Tang, X.; Shi, Y.-H.; Le, G.-W. Differential effects of
quercetin on hippocampus-dependent learning and memory in mice fed with different diets related with
oxidative stress. Physiol. Behav. 2015, 138, 325–331. [CrossRef]

290. Kim, J.H.; Lee, S.; Cho, E.J. Acer okamotoanum and isoquercitrin improve cognitive function via attenuation
of oxidative stress in high fat diet- and amyloid beta-induced mice. Food Funct. 2019, 10, 6803–6814.
[CrossRef]

291. Yang, J.; Kim, C.-S.; Tu, T.H.; Kim, M.-S.; Goto, T.; Kawada, T.; Choi, M.-S.; Park, T.; Sung, M.-K.; Yun, J.W.;
et al. Quercetin Protects Obesity-Induced Hypothalamic Inflammation by Reducing Microglia-Mediated
Inflammatory Responses via HO-1 Induction. Nutrients 2017, 9, 650. [CrossRef] [PubMed]

292. Maciel, R.M.; Carvalho, F.B.; Olabiyi, A.A.; Schmatz, R.; Gutierres, J.M.; Stefanello, N.; Zanini, D.; Rosa, M.M.;
Andrade, C.M.; Rubin, M.A.; et al. Neuroprotective effects of quercetin on memory and anxiogenic-like

196



Nutrients 2020, 12, 2393

behavior in diabetic rats: Role of ectonucleotidases and acetylcholinesterase activities. Biomed. Pharmacother.
2016, 84, 559–568. [CrossRef] [PubMed]

293. Dajas, F.; Juan Andres, A.-C.; Florencia, A.; Carolina, E.; Felicia, R.-M. Neuroprotective Actions of Flavones
and Flavonols: Mechanisms and Relationship to Flavonoid Structural Features. Cent. Nerv. Syst. Agents
Med. Chem. 2013, 13, 30–35. [CrossRef] [PubMed]

294. McCue, P.; Shetty, K. Health benefits of soy isoflavonoids and strategies for enhancement: A review. Crit. Rev.
Food Sci. Nutr. 2004, 44, 361–367. [CrossRef]

295. Dixon, R.A.; Pasinetti, G.M. Flavonoids and isoflavonoids: From plant biology to agriculture and neuroscience.
Plant Physiol. 2010, 154, 453–457. [CrossRef]

296. Curtis, P.J.; Sampson, M.; Potter, J.; Dhatariya, K.; Kroon, P.A.; Cassidy, A. Chronic ingestion of flavan-3-ols
and isoflavones improves insulin sensitivity and lipoprotein status and attenuates estimated 10-year CVD
risk in medicated postmenopausal women with type 2 diabetes: A 1-year, double-blind, randomized,
controlled trial. Diabetes Care 2012, 35, 226–232. [CrossRef]

297. Wang, S.; Wang, Y.; Pan, M.-H.; Ho, C.-T. Anti-obesity molecular mechanism of soy isoflavones: Weaving the
way to new therapeutic routes. Food Funct. 2017, 8, 3831–3846. [CrossRef]

298. Cao, H.; Ou, J.; Chen, L.; Zhang, Y.; Szkudelski, T.; Delmas, D.; Daglia, M.; Xiao, J. Dietary polyphenols and
type 2 diabetes: Human Study and Clinical Trial. Crit. Rev. Food Sci. Nutr. 2019, 59, 3371–3379. [CrossRef]

299. Akhlaghi, M.; Zare, M.; Nouripour, F. Effect of Soy and Soy Isoflavones on Obesity-Related Anthropometric
Measures: A Systematic Review and Meta-analysis of Randomized Controlled Clinical Trials. Adv. Nutr.
2017, 8, 705–717. [CrossRef]

300. Zhou, Y.-X.; Zhang, H.; Peng, C. Puerarin: A review of pharmacological effects. Phytother. Res. 2014, 28,
961–975. [CrossRef]

301. Ganai, A.A.; Farooqi, H. Bioactivity of genistein: A review of in vitro and in vivo studies. Biomed. Pharmacother.
2015, 76, 30–38. [CrossRef] [PubMed]

302. Xin, X.; Chen, C.; Hu, Y.Y.; Feng, Q. Protective effect of genistein on nonalcoholic fatty liver disease (NAFLD).
Biomed. Pharmacother. 2019, 117, 109047. [CrossRef] [PubMed]

303. Rockwood, S.; Mason, D.; Lord, R.; Lamar, P.; Prozialeck, W.; Al-Nakkash, L. Genistein diet improves
body weight, serum glucose and triglyceride levels in both male and female ob/ob mice. Diabetes. Metab.
Syndr. Obes. 2019, 12, 2011–2021. [CrossRef] [PubMed]

304. Marcelo, C.; Warwick, M.; Marcelo, C.; Malik, M.; Qayyum, R. The relationship between urinary genistein
levels and serum alanine aminotransferase levels in adults in the USA: National Health and Nutrition
Examination Survey 1999–2010. Eur. J. Gastroenterol. Hepatol. 2018, 30, 904–909. [CrossRef]

305. Hakkak, R.; Gauss, C.H.; Bell, A.; Korourian, S. Short-term soy protein isolate feeding prevents liver steatosis
and reduces serum ALT and AST levels in obese female zucker rats. Biomedicines 2018, 6, 55. [CrossRef]

306. Qiu, L.-X.; Chen, T. Novel insights into the mechanisms whereby isoflavones protect against fatty liver disease.
World J. Gastroenterol. 2015, 21, 1099–1107. [CrossRef]

307. Xiao, C.W.; Wood, C.M.; Weber, D.; Aziz, S.A.; Mehta, R.; Griffin, P.; Cockell, K.A. Dietary supplementation
with soy isoflavones or replacement with soy proteins prevents hepatic lipid droplet accumulation and alters
expression of genes involved in lipid metabolism in rats. Genes Nutr. 2014, 9, 373. [CrossRef]

308. Arunkumar, E.; Karthik, D.; Anuradha, C.V. Genistein sensitizes hepatic insulin signaling and modulates
lipid regulatory genes through p70 ribosomal S6 kinase-1 inhibition in high-fat-high-fructose diet-fed mice.
Pharm. Biol. 2013, 51, 815–824. [CrossRef]

309. Liu, H.; Zhong, H.; Yin, Y.; Jiang, Z. Genistein has beneficial effects on hepatic steatosis in high fat-high
sucrose diet-treated rats. Biomed. Pharmacother. 2017, 91, 964–969. [CrossRef]

310. Lyons, C.L.; Roche, H.M. Nutritional Modulation of AMPK-Impact upon Metabolic-Inflammation. Int. J.
Mol. Sci. 2018, 19, 3092. [CrossRef]

311. Wang, S.; Yang, F.-J.; Shang, L.-C.; Zhang, Y.-H.; Zhou, Y.; Shi, X.-L. Puerarin protects against high-fat
high-sucrose diet-induced non-alcoholic fatty liver disease by modulating PARP-1/PI3K/AKT signaling
pathway and facilitating mitochondrial homeostasis. Phytother. Res. 2019, 33, 2347–2359. [CrossRef]
[PubMed]

312. Zheng, G.; Lin, L.; Zhong, S.; Zhang, Q.; Li, D. Effects of puerarin on lipid accumulation and metabolism in
high-fat diet-fed mice. PLoS ONE 2015, 10, e0122925. [CrossRef] [PubMed]

197



Nutrients 2020, 12, 2393

313. Lu, Y.; Zhao, A.; Wu, Y.; Zhao, Y.; Yang, X. Soybean soluble polysaccharides enhance bioavailability
of genistein and its prevention against obesity and metabolic syndrome of mice with chronic high fat
consumption. Food Funct. 2019, 10, 4153–4165. [CrossRef] [PubMed]

314. Li, W.; Lu, Y. Hepatoprotective Effects of Sophoricoside against Fructose-Induced Liver Injury via Regulating
Lipid Metabolism, Oxidation, and Inflammation in Mice. J. Food Sci. 2018, 83, 552–558. [CrossRef] [PubMed]

315. Duan, X.; Meng, Q.; Wang, C.; Liu, Z.; Sun, H.; Huo, X.; Sun, P.; Ma, X.; Peng, J.; Liu, K. Effects of calycosin
against high-fat diet-induced nonalcoholic fatty liver disease in mice. J. Gastroenterol. Hepatol. 2018, 33,
533–542. [CrossRef] [PubMed]

316. Liu, H.; Zhong, H.; Leng, L.; Jiang, Z. Effects of soy isoflavone on hepatic steatosis in high fat-induced rats.
J. Clin. Biochem. Nutr. 2017, 61, 85–90. [CrossRef]

317. Wang, W.; Chen, J.; Mao, J.; Li, H.; Wang, M.; Zhang, H.; Li, H.; Chen, W. Genistein Ameliorates Non-alcoholic
Fatty Liver Disease by Targeting the Thromboxane A2 Pathway. J. Agric. Food Chem. 2018, 66, 5853–5859.
[CrossRef]

318. Gan, M.; Shen, L.; Fan, Y.; Tan, Y.; Zheng, T.; Tang, G.; Niu, L.; Zhao, Y.; Chen, L.; Jiang, D.; et al. MicroRNA-451
and Genistein Ameliorate Nonalcoholic Steatohepatitis in Mice. Int. J. Mol. Sci. 2019, 20, 6084. [CrossRef]

319. Amanat, S.; Eftekhari, M.H.; Fararouei, M.; Bagheri Lankarani, K.; Massoumi, S.J. Genistein supplementation
improves insulin resistance and inflammatory state in non-alcoholic fatty liver patients: A randomized,
controlled trial. Clin. Nutr. 2018, 37, 1210–1215. [CrossRef]

320. Giordano, E.; Dávalos, A.; Crespo, M.C.; Tomé-Carneiro, J.; Gómez-Coronado, D.; Visioli, F. Soy isoflavones
in nutritionally relevant amounts have varied nutrigenomic effects on adipose tissue. Molecules 2015, 20,
2310–2322. [CrossRef]

321. Tan, J.; Huang, C.; Luo, Q.; Liu, W.; Cheng, D.; Li, Y.; Xia, Y.; Li, C.; Tang, L.; Fang, J.; et al. Soy Isoflavones
Ameliorate Fatty Acid Metabolism of Visceral Adipose Tissue by Increasing the AMPK Activity in Male Rats
with Diet-Induced Obesity (DIO). Molecules 2019, 24, 2809. [CrossRef] [PubMed]

322. Jo, Y.H.; Choi, K.M.; Liu, Q.; Kim, S.B.; Ji, H.J.; Kim, M.; Shin, S.K.; Do, S.G.; Shin, E.; Jung, G.; et al.
Anti-obesity effect of 6,8-diprenylgenistein, an isoflavonoid of Cudrania tricuspidata fruits in high-fat
diet-induced obese mice. Nutrients 2015, 7, 10480–10490. [CrossRef] [PubMed]

323. Huang, C.-H.; Chen, C.-L.; Chang, S.-H.; Tsai, G.-J. Evaluation of Antiobesity Activity of Soybean Meal
Products Fermented by Lactobacillus plantarum FPS 2520 and Bacillus subtilis N1 in Rats Fed with
High-Fat Diet. J. Med. Food 2020, 23, 667–675. [CrossRef] [PubMed]

324. Zhou, L.; Xiao, X.; Zhang, Q.; Zheng, J.; Li, M.; Deng, M. A Possible Mechanism: Genistein Improves
Metabolism and Induces White Fat Browning through Modulating Hypothalamic Expression of Ucn3, Depp,
and Stc1. Front. Endocrinol. 2019, 10, 478. [CrossRef]

325. Palacios-González, B.; Vargas-Castillo, A.; Velázquez-Villegas, L.A.; Vasquez-Reyes, S.; López, P.;
Noriega, L.G.; Aleman, G.; Tovar-Palacio, C.; Torre-Villalvazo, I.; Yang, L.J.; et al. Genistein increases
the thermogenic program of subcutaneous WAT and increases energy expenditure in mice. J. Nutr. Biochem.
2019, 68, 59–68. [CrossRef]

326. Gautam, J.; Khedgikar, V.; Kushwaha, P.; Choudhary, D.; Nagar, G.K.; Dev, K.; Dixit, P.; Singh, D.; Maurya, R.;
Trivedi, R. Formononetin, an isoflavone, activates AMP-activated protein kinase β-catenin signalling to
inhibit adipogenesis and rescues C57BL/6 mice from high-fat diet-induced obesity and bone loss. Br. J. Nutr.
2017, 117, 645–661. [CrossRef]

327. Nie, T.; Zhao, S.; Mao, L.; Yang, Y.; Sun, W.; Lin, X.; Liu, S.; Li, K.; Sun, Y.; Li, P.; et al. The natural compound,
formononetin, extracted from Astragalus membranaceus increases adipocyte thermogenesis by modulating
PPARγ activity. Br. J. Pharmacol. 2018, 175, 1439–1450. [CrossRef]

328. Buhlmann, E.; Horváth, C.; Houriet, J.; Kiehlmann, E.; Radtke, J.; Marcourt, L.; Wolfender, J.-L.; Wolfrum, C.;
Schröder, S. Puerariae lobatae root extracts and the regulation of brown fat activity. Phytomedicine 2019, 64,
153075. [CrossRef]

329. Shen, H.-H.; Huang, S.-Y.; Kung, C.-W.; Chen, S.-Y.; Chen, Y.-F.; Cheng, P.-Y.; Lam, K.-K.; Lee, Y.-M. Genistein
ameliorated obesity accompanied with adipose tissue browning and attenuation of hepatic lipogenesis in
ovariectomized rats with high-fat diet. J. Nutr. Biochem. 2019, 67, 111–122. [CrossRef]

330. Russell, A.L.; Grimes, J.M.; Cruthirds, D.F.; Westerfield, J.; Wooten, L.; Keil, M.; Weiser, M.J.; Landauer, M.R.;
Handa, R.J.; Wu, T.J.; et al. Dietary Isoflavone-Dependent and Estradiol Replacement Effects on Body Weight
in the Ovariectomized (OVX) Rat. Horm. Metab. Res. 2017, 49, 457–465. [CrossRef]

198



Nutrients 2020, 12, 2393

331. Han, F.; Li, K.; Pan, R.; Xu, W.; Han, X.; Hou, N.; Sun, X. Calycosin directly improves perivascular adipose
tissue dysfunction by upregulating the adiponectin/AMPK/eNOS pathway in obese mice. Food Funct. 2018,
9, 2409–2415. [CrossRef] [PubMed]

332. Rivera, P.; Pérez-Martín, M.; Pavón, F.J.; Serrano, A.; Crespillo, A.; Cifuentes, M.; López-Ávalos, M.-D.;
Grondona, J.M.; Vida, M.; Fernández-Llebrez, P.; et al. Pharmacological administration of the isoflavone
daidzein enhances cell proliferation and reduces high fat diet-induced apoptosis and gliosis in the rat
hippocampus. PLoS ONE 2013, 8, e64750. [CrossRef] [PubMed]

333. Ko, J.W.; Chung, Y.-S.; Kwak, C.S.; Kwon, Y.H. Doenjang, A Korean Traditional Fermented Soybean Paste,
Ameliorates Neuroinflammation and Neurodegeneration in Mice Fed a High-Fat Diet. Nutrients 2019, 11,
1702. [CrossRef] [PubMed]

334. Essawy, A.E.; Abdou, H.M.; Ibrahim, H.M.; Bouthahab, N.M. Soybean isoflavone ameliorates cognitive
impairment, neuroinflammation, and amyloid β accumulation in a rat model of Alzheimer’s disease. Environ.
Sci. Pollut. Res. 2019, 26, 26060–26070. [CrossRef]

335. Ko, Y.H.; Kwon, S.H.; Ma, S.X.; Seo, J.Y.; Lee, B.R.; Kim, K.; Kim, S.Y.; Lee, S.Y.; Jang, C.G. The
memory-enhancing effects of 7,8,4′-trihydroxyisoflavone, a major metabolite of daidzein, are associated with
activation of the cholinergic system and BDNF signaling pathway in mice. Brain Res. Bull. 2018, 142, 197–206.
[CrossRef]

336. Lu, C.; Wang, Y.; Wang, D.; Zhang, L.; Lv, J.; Jiang, N.; Fan, B.; Liu, X.; Wang, F. Neuroprotective effects of soy
isoflavones on scopolamine-induced amnesia in mice. Nutrients 2018, 10, 853. [CrossRef]

337. Seo, J.Y.; Kim, B.R.; Oh, J.; Kim, J.S. Soybean-derived phytoalexins improve cognitive function through
activation of Nrf2/HO-1 signaling pathway. Int. J. Mol. Sci. 2018, 19, 268. [CrossRef]

338. Sudhakaran, M.; Doseff, A.I. The Targeted Impact of Flavones on Obesity-Induced Inflammation and the
Potential Synergistic Role in Cancer and the Gut Microbiota. Molecules 2020, 25, 2477. [CrossRef]

339. Jiang, N.; Doseff, A.I.; Grotewold, E. Flavones: From Biosynthesis to Health Benefits. Plants 2016, 5, 27.
[CrossRef]

340. Lin, Y.; Ren, N.; Li, S.; Chen, M.; Pu, P. Novel anti-obesity effect of scutellarein and potential underlying
mechanism of actions. Biomed. Pharmacother. 2019, 117, 109042. [CrossRef]

341. Feng, X.; Yu, W.; Li, X.; Zhou, F.; Zhang, W.; Shen, Q.; Li, J.; Zhang, C.; Shen, P. Apigenin, a modulator of
PPARγ, attenuates HFD-induced NAFLD by regulating hepatocyte lipid metabolism and oxidative stress
via Nrf2 activation. Biochem. Pharmacol. 2017, 136, 136–149. [CrossRef]

342. Kwon, E.-Y.; Kim, S.Y.; Choi, M.-S. Luteolin-Enriched Artichoke Leaf Extract Alleviates the Metabolic
Syndrome in Mice with High-Fat Diet-Induced Obesity. Nutrients 2018, 10, 979. [CrossRef]

343. Dai, J.; Liang, K.; Zhao, S.; Jia, W.; Liu, Y.; Wu, H.; Lv, J.; Cao, C.; Chen, T.; Zhuang, S.; et al. Chemoproteomics
reveals baicalin activates hepatic CPT1 to ameliorate diet-induced obesity and hepatic steatosis. Proc. Natl.
Acad. Sci. USA 2018, 115, E5896–E5905. [CrossRef]

344. Kim, Y.-J.; Choi, M.-S.; Woo, J.T.; Jeong, M.J.; Kim, S.R.; Jung, U.J. Long-term dietary supplementation with
low-dose nobiletin ameliorates hepatic steatosis, insulin resistance, and inflammation without altering fat
mass in diet-induced obesity. Mol. Nutr. Food Res. 2017, 61, 1600889. [CrossRef]

345. Inamdar, S.; Joshi, A.; Malik, S.; Boppana, R.; Ghaskadbi, S. Vitexin alleviates non-alcoholic fatty liver disease
by activating AMPK in high fat diet fed mice. Biochem. Biophys. Res. Commun. 2019, 519, 106–112. [CrossRef]

346. Kwon, E.-Y.; Choi, M.-S. Luteolin Targets the Toll-Like Receptor Signaling Pathway in Prevention of Hepatic
and Adipocyte Fibrosis and Insulin Resistance in Diet-Induced Obese Mice. Nutrients 2018, 10, 1415.
[CrossRef]

347. Kwon, E.-Y.; Jung, U.J.; Park, T.; Yun, J.W.; Choi, M.-S. Luteolin Attenuates Hepatic Steatosis and Insulin
Resistance Through the Interplay Between the Liver and Adipose Tissue in Mice with Diet-Induced Obesity.
Diabetes 2015, 64, 1658–1669. [CrossRef]

348. Li, J.; Inoue, J.; Choi, J.-M.; Nakamura, S.; Yan, Z.; Fushinobu, S.; Kamada, H.; Kato, H.; Hashidume, T.;
Shimizu, M.; et al. Identification of the Flavonoid Luteolin as a Repressor of the Transcription Factor
Hepatocyte Nuclear Factor 4α. J. Biol. Chem. 2015, 290, 24021–24035. [CrossRef]

349. Yin, Y.; Gao, L.; Lin, H.; Wu, Y.; Han, X.; Zhu, Y.; Li, J. Luteolin improves non-alcoholic fatty liver disease
in db/db mice by inhibition of liver X receptor activation to down-regulate expression of sterol regulatory
element binding protein 1c. Biochem. Biophys. Res. Commun. 2017, 482, 720–726. [CrossRef]

199



Nutrients 2020, 12, 2393

350. Xi, Y.; Wu, M.; Li, H.; Dong, S.; Luo, E.; Gu, M.; Shen, X.; Jiang, Y.; Liu, Y.; Liu, H. Baicalin Attenuates High Fat
Diet-Induced Obesity and Liver Dysfunction: Dose-Response and Potential Role of CaMKKβ/AMPK/ACC
Pathway. Cell. Physiol. Biochem. 2015, 35, 2349–2359. [CrossRef]

351. Shen, K.; Feng, X.; Pan, H.; Zhang, F.; Xie, H.; Zheng, S. Baicalin Ameliorates Experimental Liver Cholestasis
in Mice by Modulation of Oxidative Stress, Inflammation, and NRF2 Transcription Factor. Oxid. Med.
Cell. Longev. 2017, 2017, 6169128. [CrossRef]

352. Chambel, S.S.; Santos-Gonçalves, A.; Duarte, T.L. The Dual Role of Nrf2 in Nonalcoholic Fatty Liver Disease:
Regulation of Antioxidant Defenses and Hepatic Lipid Metabolism. Biomed Res. Int. 2015, 2015, 597134.
[CrossRef]

353. Xu, D.; Xu, M.; Jeong, S.; Qian, Y.; Wu, H.; Xia, Q.; Kong, X. The Role of Nrf2 in Liver Disease: Novel
Molecular Mechanisms and Therapeutic Approaches. Front. Pharmacol. 2019, 9, 1428. [CrossRef]

354. Zhang, X.; Ji, R.; Sun, H.; Peng, J.; Ma, X.; Wang, C.; Fu, Y.; Bao, L.; Jin, Y. Scutellarin ameliorates nonalcoholic
fatty liver disease through the PPARγ/PGC-1α-Nrf2 pathway. Free Radic. Res. 2018, 52, 198–211. [CrossRef]

355. Fan, H.; Ma, X.; Lin, P.; Kang, Q.; Zhao, Z.; Wang, L.; Sun, D.; Cheng, J.; Li, Y. Scutellarin Prevents Nonalcoholic
Fatty Liver Disease (NAFLD) and Hyperlipidemia via PI3K/AKT-Dependent Activation of Nuclear Factor
(Erythroid-Derived 2)-Like 2 (Nrf2) in Rats. Med. Sci. Monit. 2017, 23, 5599–5612. [CrossRef]

356. Feng, X.; Weng, D.; Zhou, F.; Owen, Y.D.; Qin, H.; Zhao, J.; Huang, Y.; Chen, J.; Fu, H.; Yang, N.; et al.
Activation of PPARγ by a Natural Flavonoid Modulator, Apigenin Ameliorates Obesity-Related Inflammation
Via Regulation of Macrophage Polarization. EBioMedicine 2016, 9, 61–76. [CrossRef]

357. Lv, Y.; Gao, X.; Luo, Y.; Fan, W.; Shen, T.; Ding, C.; Yao, M.; Song, S.; Yan, L. Apigenin ameliorates HFD-induced
NAFLD through regulation of the XO/NLRP3 pathways. J. Nutr. Biochem. 2019, 71, 110–121. [CrossRef]

358. Feng, X.; Qin, H.; Shi, Q.; Zhang, Y.; Zhou, F.; Wu, H.; Ding, S.; Niu, Z.; Lu, Y.; Shen, P. Chrysin attenuates
inflammation by regulating M1/M2 status via activating PPARγ. Biochem. Pharmacol. 2014, 89, 503–514.
[CrossRef]

359. Chen, J.; Liu, J.; Wang, Y.; Hu, X.; Zhou, F.; Hu, Y.; Yuan, Y.; Xu, Y. Wogonin mitigates nonalcoholic fatty liver
disease via enhancing PPARalpha/AdipoR2, in vivo and in vitro. Biomed. Pharmacother. 2017, 91, 621–631.
[CrossRef]

360. Pan, M.-H.; Yang, G.; Li, S.; Li, M.-Y.; Tsai, M.-L.; Wu, J.-C.; Badmaev, V.; Ho, C.-T.; Lai, C.-S. Combination of
citrus polymethoxyflavones, green tea polyphenols, and Lychee extracts suppresses obesity and hepatic
steatosis in high-fat diet induced obese mice. Mol. Nutr. Food Res. 2017, 61, 1601104. [CrossRef]

361. Su, T.; Huang, C.; Yang, C.; Jiang, T.; Su, J.; Chen, M.; Fatima, S.; Gong, R.; Hu, X.; Bian, Z.; et al. Apigenin
inhibits STAT3/CD36 signaling axis and reduces visceral obesity. Pharmacol. Res. 2020, 152, 104586. [CrossRef]

362. Zhang, J.; Zhao, L.; Cheng, Q.; Ji, B.; Yang, M.; Sanidad, K.Z.; Wang, C.; Zhou, F. Structurally Different
Flavonoid Subclasses Attenuate High-Fat and High-Fructose Diet Induced Metabolic Syndrome in Rats.
J. Agric. Food Chem. 2018, 66, 12412–12420. [CrossRef]

363. Sun, Y.-S.; Qu, W. Dietary Apigenin promotes lipid catabolism, thermogenesis, and browning in adipose
tissues of HFD-Fed mice. Food Chem. Toxicol. 2019, 133, 110780. [CrossRef]

364. Peng, Y.; Sun, Q.; Xu, W.; He, Y.; Jin, W.; Yuan, L.; Gao, R. Vitexin ameliorates high fat diet-induced obesity in
male C57BL/6J mice via the AMPKα-mediated pathway. Food Funct. 2019, 10, 1940–1947. [CrossRef]

365. Zhang, L.; Han, Y.-J.; Zhang, X.; Wang, X.; Bao, B.; Qu, W.; Liu, J. Luteolin reduces obesity-associated insulin
resistance in mice by activating AMPKα1 signalling in adipose tissue macrophages. Diabetologia 2016, 59,
2219–2228. [CrossRef]

366. Xu, N.; Zhang, L.; Dong, J.; Zhang, X.; Chen, Y.-G.; Bao, B.; Liu, J. Low-dose diet supplement of a natural
flavonoid, luteolin, ameliorates diet-induced obesity and insulin resistance in mice. Mol. Nutr. Food Res.
2014, 58, 1258–1268. [CrossRef]

367. Sanchez-Gurmaches, J.; Tang, Y.; Jespersen, N.Z.; Wallace, M.; Martinez Calejman, C.; Gujja, S.; Li, H.;
Edwards, Y.J.K.; Wolfrum, C.; Metallo, C.M.; et al. Brown Fat AKT2 Is a Cold-Induced Kinase that Stimulates
ChREBP-Mediated De Novo Lipogenesis to Optimize Fuel Storage and Thermogenesis. Cell Metab. 2018, 27,
195–209. [CrossRef]

368. Mottillo, E.P.; Balasubramanian, P.; Lee, Y.-H.; Weng, C.; Kershaw, E.E.; Granneman, J.G. Coupling of lipolysis
and de novo lipogenesis in brown, beige, and white adipose tissues during chronic β3-adrenergic receptor
activation. J. Lipid Res. 2014, 55, 2276–2286. [CrossRef]

200



Nutrients 2020, 12, 2393

369. Zhang, X.; Zhang, Q.-X.; Wang, X.; Zhang, L.; Qu, W.; Bao, B.; Liu, C.-A.; Liu, J. Dietary luteolin activates
browning and thermogenesis in mice through an AMPK/PGC1α pathway-mediated mechanism. Int. J. Obes.
2016, 40, 1841–1849. [CrossRef]

370. Min, W.; Wu, M.; Fang, P.; Yu, M.; Shi, M.; Zhang, Z.; Bo, P. Effect of Baicalein on GLUT4 Translocation in
Adipocytes of Diet-Induced Obese Mice. Cell. Physiol. Biochem. 2018, 50, 426–436. [CrossRef]

371. Jack, B.U.; Malherbe, C.J.; Mamushi, M.; Muller, C.J.F.; Joubert, E.; Louw, J.; Pheiffer, C. Adipose tissue as
a possible therapeutic target for polyphenols: A case for Cyclopia extracts as anti-obesity nutraceuticals.
Biomed. Pharmacother. 2019, 120, 109439. [CrossRef]

372. Pan, M.-H.; Li, M.-Y.; Tsai, M.-L.; Pan, C.-Y.; Badmaev, V.; Ho, C.-T.; Lai, C.-S. A mixture of citrus
polymethoxyflavones, green tea polyphenols and lychee extracts attenuates adipogenesis in 3T3-L1 adipocytes
and obesity-induced adipose inflammation in mice. Food Funct. 2019, 10, 7667–7677. [CrossRef]

373. Liu, Y.; Fu, X.; Lan, N.; Li, S.; Zhang, J.; Wang, S.; Li, C.; Shang, Y.; Huang, T.; Zhang, L. Luteolin protects
against high fat diet-induced cognitive deficits in obesity mice. Behav. Brain Res. 2014, 267, 178–188.
[CrossRef]

374. Shanmugasundaram, J.; Subramanian, V.; Nadipelly, J.; Kathirvelu, P.; Sayeli, V.; Cheriyan, B.V. Anxiolytic-like
activity of 5-methoxyflavone in mice with involvement of GABAergic and serotonergic systems—In vivo
and in silico evidences. Eur. Neuropsychopharmacol. 2020, 36, 100–110. [CrossRef]

375. Wang, L.; Li, C.; Sreeharsha, N.; Mishra, A.; Shrotriya, V.; Sharma, A. Neuroprotective effect of Wogonin on
Rat’s brain exposed to gamma irradiation. J. Photochem. Photobiol. B 2020, 204, 111775. [CrossRef]

376. Wu, C.; Xu, Q.; Chen, X.; Liu, J. Delivery luteolin with folacin-modified nanoparticle for glioma therapy.
Int. J. Nanomed. 2019, 14, 7515–7531. [CrossRef]

377. Guo, Y.; Yu, X.-M.; Chen, S.; Wen, J.-Y.; Chen, Z.-W. Total flavones of Rhododendron simsii Planch flower
protect rat hippocampal neuron from hypoxia-reoxygenation injury via activation of BK(Ca) channel.
J. Pharm. Pharmacol. 2020, 72, 111–120. [CrossRef]

378. Yu, C.-I.; Cheng, C.-I.; Kang, Y.-F.; Chang, P.-C.; Lin, I.-P.; Kuo, Y.-H.; Jhou, A.-J.; Lin, M.-Y.; Chen, C.-Y.;
Lee, C.-H. Hispidulin Inhibits Neuroinflammation in Lipopolysaccharide-Activated BV2 Microglia and
Attenuates the Activation of Akt, NF-κB, and STAT3 Pathway. Neurotox. Res. 2020, 38, 163–174. [CrossRef]

379. Cazarolli, L.H.; Kappel, V.D.; Zanatta, A.P.; Suzuki, D.O.H.; Yunes, R.A.; Nunes, R.J.; Pizzolatti, M.G.;
Silva, F.R.M.B. Chapter 2—Natural and Synthetic Chalcones: Tools for the Study of Targets of Action—Insulin
Secretagogue or Insulin Mimetic? In Studies in Natural Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier:
Amsterdam, The Netherlands, 2013; Volume 39, pp. 47–89. ISBN 1572-5995.

380. Bak, E.-J.; Choi, K.-C.; Jang, S.; Woo, G.-H.; Yoon, H.-G.; Na, Y.; Yoo, Y.-J.; Lee, Y.; Jeong, Y.; Cha, J.-H.
Licochalcone F alleviates glucose tolerance and chronic inflammation in diet-induced obese mice through
Akt and p38 MAPK. Clin. Nutr. 2016, 35, 414–421. [CrossRef]

381. Karimi-Sales, E.; Mohaddes, G.; Alipour, M.R. Chalcones as putative hepatoprotective agents: Preclinical
evidence and molecular mechanisms. Pharmacol. Res. 2018, 129, 177–187. [CrossRef]

382. Iwasaki, M.; Izuo, N.; Izumi, Y.; Takada-Takatori, Y.; Akaike, A.; Kume, T. Protective Effect of Green
Perilla-Derived Chalcone Derivative DDC on Amyloid β Protein-Induced Neurotoxicity in Primary Cortical
Neurons. Biol. Pharm. Bull. 2019, 42, 1942–1946. [CrossRef] [PubMed]

383. Bai, P.; Wang, K.; Zhang, P.; Shi, J.; Cheng, X.; Zhang, Q.; Zheng, C.; Cheng, Y.; Yang, J.; Lu, X.; et al.
Development of chalcone-O-alkylamine derivatives as multifunctional agents against Alzheimer’s disease.
Eur. J. Med. Chem. 2019, 183, 111737. [CrossRef] [PubMed]

384. Padmavathi, G.; Roy, N.K.; Bordoloi, D.; Arfuso, F.; Mishra, S.; Sethi, G.; Bishayee, A.; Kunnumakkara, A.B.
Butein in health and disease: A comprehensive review. Phytomedicine 2017, 25, 118–127. [CrossRef] [PubMed]

385. Legette, L.L.; Moreno Luna, A.Y.; Reed, R.L.; Miranda, C.L.; Bobe, G.; Proteau, R.R.; Stevens, J.F. Xanthohumol
lowers body weight and fasting plasma glucose in obese male Zucker fa/fa rats. Phytochemistry 2013, 91,
236–241. [CrossRef]

386. Costa, R.; Rodrigues, I.; Guardão, L.; Rocha-Rodrigues, S.; Silva, C.; Magalhães, J.; Ferreira-de-Almeida, M.;
Negrão, R.; Soares, R. Xanthohumol and 8-prenylnaringenin ameliorate diabetic-related metabolic
dysfunctions in mice. J. Nutr. Biochem. 2017, 45, 39–47. [CrossRef]

387. Prabhu, D.S.; Rajeswari, V.D. PPAR-Gamma as putative gene target involved in Butein mediated anti-diabetic
effect. Mol. Biol. Rep. 2020. [CrossRef]

201



Nutrients 2020, 12, 2393

388. Johnson, R.; de Beer, D.; Dludla, P.V.; Ferreira, D.; Muller, C.J.; Joubert, E. Aspalathin from Rooibos
(Aspalathus linearis): A Bioactive C-glucosyl Dihydrochalcone with Potential to Target the Metabolic
Syndrome. Planta Med. 2018, 84, 568–583. [CrossRef]

389. Zhu, X.; Liu, J.; Chen, S.; Xue, J.; Huang, S.; Wang, Y.; Chen, O. Isoliquiritigenin attenuates
lipopolysaccharide-induced cognitive impairment through antioxidant and anti-inflammatory activity.
BMC Neurosci. 2019, 20, 41. [CrossRef]

390. Cardozo, C.M.L.; Inada, A.C.; Cardoso, C.A.L.; Filiú, W.F.D.O.; Farias, B.B.D.; Alves, F.M.; Tatara, M.B.;
Croda, J.H.R.; Guimarães, R.D.C.A.; Hiane, P.A.; et al. Effect of Supplementation with Hydroethanolic
Extract of Campomanesia xanthocarpa (Berg.) Leaves and Two Isolated Substances from the Extract on
Metabolic Parameters of Mice Fed a High-Fat Diet. Molecules 2020, 25, 2693. [CrossRef]

391. Hsieh, C.-T.; Chang, F.-R.; Tsai, Y.-H.; Wu, Y.-C.; Hsieh, T.-J. 2-Bromo-4′-methoxychalcone
and 2-Iodo-4′-methoxychalcone Prevent Progression of Hyperglycemia and Obesity via
5′-Adenosine-Monophosphate-Activated Protein Kinase in Diet-Induced Obese Mice. Int. J. Mol. Sci. 2018,
19, 2763. [CrossRef]

392. Iniguez, A.B.; Zhu, M.-J. Hop bioactive compounds in prevention of nutrition-related noncommunicable
diseases. Crit. Rev. Food Sci. Nutr. 2020, 1–14. [CrossRef] [PubMed]

393. Liou, C.-J.; Lee, Y.-K.; Ting, N.-C.; Chen, Y.-L.; Shen, S.-C.; Wu, S.-J.; Huang, W.-C. Protective Effects of
Licochalcone A Ameliorates Obesity and Non-Alcoholic Fatty Liver Disease Via Promotion of the Sirt-1/AMPK
Pathway in Mice Fed a High-Fat Diet. Cells 2019, 8, 447. [CrossRef] [PubMed]

394. Jalalvand, F.; Amoli, M.M.; Yaghmaei, P.; Kimiagar, M.; Ebrahim-Habibi, A. Acarbose versus trans-chalcone:
Comparing the effect of two glycosidase inhibitors on obese mice. Arch. Endocrinol. Metab. 2015, 59, 202–209.
[CrossRef] [PubMed]

395. Dorn, C.; Kraus, B.; Motyl, M.; Weiss, T.S.; Gehrig, M.; Schölmerich, J.; Heilmann, J.; Hellerbrand, C.
Xanthohumol, a chalcon derived from hops, inhibits hepatic inflammation and fibrosis. Mol. Nutr. Food Res.
2010, 54, S205–S213. [CrossRef]

396. Takahashi, K.; Osada, K. Effect of Dietary Purified Xanthohumol from Hop (Humulus lupulus L.) Pomace on
Adipose Tissue Mass, Fasting Blood Glucose Level, and Lipid Metabolism in KK-Ay Mice. J. Oleo Sci. 2017,
66, 531–541. [CrossRef]

397. Mahli, A.; Seitz, T.; Freese, K.; Frank, J.; Weiskirchen, R.; Abdel-Tawab, M.; Behnam, D.; Hellerbrand, C.
Therapeutic Application of Micellar Solubilized Xanthohumol in a Western-Type Diet-Induced Mouse Model
of Obesity, Diabetes and Non-Alcoholic Fatty Liver Disease. Cells 2019, 8, 359. [CrossRef]

398. Son, M.J.; Minakawa, M.; Miura, Y.; Yagasaki, K. Aspalathin improves hyperglycemia and glucose intolerance
in obese diabetic ob/ob mice. Eur. J. Nutr. 2013, 52, 1607–1619. [CrossRef]

399. Mazibuko-Mbeje, S.E.; Dludla, P.V.; Roux, C.; Johnson, R.; Ghoor, S.; Joubert, E.; Louw, J.; Opoku, A.R.;
Muller, C.J.F. Aspalathin-Enriched Green Rooibos Extract Reduces Hepatic Insulin Resistance by Modulating
PI3K/AKT and AMPK Pathways. Int. J. Mol. Sci. 2019, 20, 633. [CrossRef]

400. Lee, Y.; Kwon, E.-Y.; Choi, M.-S. Dietary Isoliquiritigenin at a Low Dose Ameliorates Insulin Resistance and
NAFLD in Diet-Induced Obesity in C57BL/6J Mice. Int. J. Mol. Sci. 2018, 19, 3281. [CrossRef]

401. Bao, L.D.; Wang, Y.; Ren, X.H.; Ma, R.L.; Lv, H.J.; Agula, B. Hypolipidemic effect of safflower yellow and
primary mechanism analysis. Genet. Mol. Res. 2015, 14, 6270–6278. [CrossRef]

402. Ohnogi, H.; Hayami, S.; Kudo, Y.; Deguchi, S.; Mizutani, S.; Enoki, T.; Tanimura, Y.; Aoi, W.; Naito, Y.;
Kato, I.; et al. Angelica keiskei Extract Improves Insulin Resistance and Hypertriglyceridemia in Rats Fed a
High-Fructose Drink. Biosci. Biotechnol. Biochem. 2012, 76, 928–932. [CrossRef] [PubMed]

403. Zhang, T.; Yamashita, Y.; Yasuda, M.; Yamamoto, N.; Ashida, H. Ashitaba (Angelica keiskei) extract prevents
adiposity in high-fat diet-fed C57BL/6 mice. Food Funct. 2015, 6, 135–145. [CrossRef] [PubMed]

404. Karkhaneh, L.; Yaghmaei, P.; Parivar, K.; Sadeghizadeh, M.; Ebrahim-Habibi, A. Effect of trans-chalcone on
atheroma plaque formation, liver fibrosis and adiponectin gene expression in cholesterol-fed NMRI mice.
Pharmacol. Reports 2016, 68, 720–727. [CrossRef]

405. Nozawa, H. Xanthohumol, the chalcone from beer hops (Humulus lupulus L.), is the ligand for farnesoid X
receptor and ameliorates lipid and glucose metabolism in KK-Ay mice. Biochem. Biophys. Res. Commun.
2005, 336, 754–761. [CrossRef] [PubMed]

202



Nutrients 2020, 12, 2393

406. Lee, H.E.; Yang, G.; Han, S.-H.; Lee, J.-H.; An, T.-J.; Jang, J.-K.; Lee, J.Y. Anti-obesity potential of Glycyrrhiza
uralensis and licochalcone A through induction of adipocyte browning. Biochem. Biophys. Res. Commun.
2018, 503, 2117–2123. [CrossRef]

407. Strycharz, J.; Rygielska, Z.; Swiderska, E.; Drzewoski, J.; Szemraj, J.; Szmigiero, L.; Sliwinska, A. SIRT1 as a
Therapeutic Target in Diabetic Complications. Curr. Med. Chem. 2018, 25, 1002–1035. [CrossRef]

408. Wang, Z.; Ka, S.-O.; Lee, Y.; Park, B.-H.; Bae, E.J. Butein induction of HO-1 by p38 MAPK/Nrf2 pathway
in adipocytes attenuates high-fat diet induced adipose hypertrophy in mice. Eur. J. Pharmacol. 2017, 799,
201–210. [CrossRef]

409. Song, N.-J.; Choi, S.; Rajbhandari, P.; Chang, S.-H.; Kim, S.; Vergnes, L.; Kwon, S.-M.; Yoon, J.-H.; Lee, S.;
Ku, J.-M.; et al. Prdm4 induction by the small molecule butein promotes white adipose tissue browning.
Nat. Chem. Biol. 2016, 12, 479–481. [CrossRef]

410. Song, N.-J.; Chang, S.-H.; Kim, S.; Panic, V.; Jang, B.-H.; Yun, U.J.; Choi, J.H.; Li, Z.; Park, K.-M.; Yoon, J.-H.;
et al. PI3Ka-Akt1-mediated Prdm4 induction in adipose tissue increases energy expenditure, inhibits weight
gain, and improves insulin resistance in diet-induced obese mice. Cell Death Dis. 2018, 9, 876. [CrossRef]

411. Hemmeryckx, B.; Vranckx, C.; Bauters, D.; Lijnen, H.R.; Scroyen, I. Does butein affect adipogenesis? Adipocyte
2019, 8, 209–222. [CrossRef]

412. Zhu, H.; Wang, X.; Pan, H.; Dai, Y.; Li, N.; Wang, L.; Yang, H.; Gong, F. The Mechanism by Which
Safflower Yellow Decreases Body Fat Mass and Improves Insulin Sensitivity in HFD-Induced Obese Mice.
Front. Pharmacol. 2016, 7, 127. [CrossRef]

413. Del Rio, D.; Rodriguez-Mateos, A.; Spencer, J.P.E.; Tognolini, M.; Borges, G.; Crozier, A. Dietary (poly)phenolics
in human health: Structures, bioavailability, and evidence of protective effects against chronic diseases.
Antioxid. Redox Signal. 2013, 18, 1818–1892. [CrossRef] [PubMed]

414. Cory, H.; Passarelli, S.; Szeto, J.; Tamez, M.; Mattei, J. The Role of Polyphenols in Human Health and Food
Systems: A Mini-Review. Front. Nutr. 2018, 5, 1–9. [CrossRef] [PubMed]

415. Kim, Y.A.; Keogh, J.B.; Clifton, P.M. Polyphenols and glycémie control. Nutrients 2016, 8, 17. [CrossRef]
[PubMed]

416. Schön, C.; Wacker, R.; Micka, A.; Steudle, J.; Lang, S.; Bonnländer, B. Bioavailability study of maqui berry
extract in healthy subjects. Nutrients 2018, 10, 1720. [CrossRef] [PubMed]

417. Monagas, M.; Urpi-Sarda, M.; Sánchez-Patán, F.; Llorach, R.; Garrido, I.; Gómez-Cordovés, C.;
Andres-Lacueva, C.; Bartolomé, B. Insights into the metabolism and microbial biotransformation of dietary
flavan-3-ols and the bioactivity of their metabolites. Food Funct. 2010, 1, 233–253. [CrossRef]

418. Cardona, F.; Andr??s-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortu??o, M.I. Benefits of polyphenols
on gut microbiota and implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef]

419. Mandalari, G.; Vardakou, M.; Faulks, R.; Bisignano, C.; Martorana, M.; Smeriglio, A.; Trombetta, D.
Food Matrix Effects of Polyphenol Bioaccessibility from Almond Skin during Simulated Human Digestion.
Nutrients 2016, 8, 568. [CrossRef]

420. Pineda-Vadillo, C.; Nau, F.; Dubiard, C.G.; Cheynier, V.; Meudec, E.; Sanz-Buenhombre, M.; Guadarrama, A.;
Tóth, T.; Csavajda, É.; Hingyi, H.; et al. In vitro digestion of dairy and egg products enriched with grape
extracts: Effect of the food matrix on polyphenol bioaccessibility and antioxidant activity. Food Res. Int. 2016,
88, 284–292. [CrossRef]

421. Dufour, C.; Loonis, M.; Delosière, M.; Buffière, C.; Hafnaoui, N.; Santé-Lhoutellier, V.; Rémond, D. The matrix
of fruit & vegetables modulates the gastrointestinal bioaccessibility of polyphenols and their impact on
dietary protein digestibility. Food Chem. 2018, 240, 314–322.

422. Wojtunik-Kulesza, K.; Oniszczuk, A.; Oniszczuk, T.; Combrzyński, M.; Nowakowska, D.; Matwijczuk, A.
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Abstract: Diet is one of the pillars in the prevention and management of diabetes mellitus. Particularly,
eating patterns characterized by a high consumption of foods such as fruits or vegetables and beverages
such as coffee and tea could influence the development and progression of type 2 diabetes. Flavonoids,
whose intake has been inversely associated with numerous negative health outcomes in the last few
years, are a common constituent of these food items. Therefore, they could contribute to the observed
positive effects of certain dietary habits in individuals with type 2 diabetes. Of all the different
flavonoid subclasses, flavan-3-ols are consumed the most in the European region. However, a large
proportion of the ingested flavan-3-ols is not absorbed. Therefore, the flavan-3-ols enter the large
intestine where they become available to the colonic bacteria and are metabolized by the microbiota.
For this reason, in addition to the parent compounds, the colonic metabolites of flavan-3-ols could
take part in the prevention and management of diabetes. The aim of this review is to present the
available literature on the effect of both the parent flavan-3-ol compounds found in different food
sources as well as the specific microbial metabolites of diabetes in order to better understand their
potential role in the prevention and treatment of the disease.

Keywords: polyphenol; diabetes; flavonoids; catechins

1. Introduction

Diabetes can be classified into type 1 diabetes (T1D), type 2 diabetes (T2D), and gestational diabetes
mellitus (GDM). Its prevalence has increased over the last decade, with 463 million people registered
as suffering from it in 2019 (9.3% of the global population) [1]. In the case of T2D, whose prevalence
constitutes around 90% of the total number of diabetes cases, its increase is directly related to ageing,
increased urbanization, and obesogenic environments [1]. A rising prevalence of T1D has also been
observed, but in this case the causes are not completely clear [2].

In general terms, glucose homeostasis involves glucose absorption in the intestine, glucose
uptake and metabolism by organs and tissues, and glucose hepatic production [3]. In T2D, peripheral
glucose uptake, mainly in muscle, is decreased. This, together with an increased endogenous glucose
production, leads to a hyperglycemic status. Moreover, lipolysis is increased and the resulting
free fatty acids (FFAs) and intermediary lipid metabolites all lead to a more pronounced glucose
output, decreased glucose utilization, and impaired activity of beta cells. Pancreatic beta cells are
stimulated to compensate the hyperglycemic state by secreting insulin, but this function deteriorates
over time. Glucagon secretion by pancreatic alpha cells is, moreover, impaired. A deterioration in the
incretin effect could be the cause of both the impaired insulin and glucagon secretion since there is an
inadequate release of, or response to, the gastrointestinal incretin hormones post-prandially. Moreover,
renal tubular glucose reabsorption is increased [3].

Due to the adverse effects that the most commonly used antidiabetic drugs can have [4], finding
natural substances for preventing or treating T2D has become an attractive potential alternative.
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Flavan-3-ols, the most commonly ingested flavonoids [5], have been related to different health
promoting outcomes such as the prevention of cardiovascular disease [6] and cancer [7]. Regarding
their effects on T2D, epidemiological data show that some foods rich in flavan-3-ols, such as green tea,
could lower the risk of the disease [8–10].

This review presents in vitro, in vivo, and clinical studies regarding the effects of flavan-3-ols on
diabetes both in their original form and their microbial metabolites in order to better comprehend the
underlying molecular mechanisms on diabetes prevention.

2. Search Criteria

A literature search was performed in Medline via PubMed for in vitro, in vivo, and human
intervention trials published between 2005 and 2019 investigating the protective role of flavan-3-ols
and their colonic metabolites on diabetes. Search terms included flavan-3-ol, flavanol, catechin,
epicatechin, epigallocatechin, gallocatechin, procyanidin, theaflavin, γ-valerolactone, valeric acid,
3,4-dihydroxyphenyl propionic acid, 3-hydroxyphenyl propionic acid, 3-hydroxyphenylacetic acid,
3,4-dihydoxyphenylacetic acid, homovanillic acid, protocatechuic acid, 3-hydroxybenzoic acid,
green tea, grape seed extract, cacao, diabetes, glucose, insulin, insulin resistance, beta cell, pancreas,
glucagon, incretin effect, and vasodilation. In vitro and in vivo studies included both diabetic models
and non-diabetic models. Only human trials with a study population presenting an impaired glucose
metabolism (type 1 or type 2 diabetes mellitus, gestational diabetes, or pre-diabetes) were considered.
The focus was on studies that primarily investigated effects on glucose metabolism.

3. Flavan-3-ols: Intake and Metabolism

Flavan-3-ols constitute a flavonoid subclass naturally present in food as monomers (catechin (C)
and epicatechin (EC)), oligomers, polymers (proanthocyanidins), and other derived compounds (such
as theaflavins and thearubigins) [11].

Monomeric forms of flavan-3-ols are commonly present in cocoa beans, nuts, and fruits
such as berries, stone fruits, apples, and pears [12]. Cocoa, berries, and nuts are also rich in
proanthocyanidins [12]. Green tea is rich in gallocatechins while fermented black and oolong teas are
sources of theaflavins and thearubigins [13].

The mean flavan-3-ol intake seems to range between 77 mg/day and 182 mg/day depending on
the region, representing a much higher intake than that of other polyphenols [5]. Although the intake
of flavan-3-ols is the highest among other polyphenols, the amount as well as the subtype ingested
differ among countries. For example, the UK was shown to be the country with the highest total
flavan-3-ol consumption in Europe, which is probably due to the widespread and high consumption of
tea [14]. Therefore, monomer (especially epigallocatechin-3-gallate (EGCG)) and theaflavin (TF) intake
were the highest in the UK [5,14]. Nevertheless, proanthocyanidin intake was statistically higher in
Mediterranean countries, with the main sources there being stone and pome fruits [5,14].

After ingestion, the monomeric forms of the flavan-3-ols are absorbed directly in the small
intestine by passive diffusion before undergoing reactions lead by the phase II enzymes [11].
These enzymatic reactions, which first take place in the enterocyte and later in the liver, are performed
by uridine-5’-diphosphate glucuronosyltransferases (UGT), catechol-O-methyltransferases (COMT),
and sulfotransferases (SULT). The conjugated metabolites (glucuronides, O-methyl-esters,
and sulphates, respectively) are then released [11]. The conjugated metabolites are water-soluble and
can circulate through the human body via the systemic blood stream or be removed from the body in
the urine and bile [11,15,16]. When the conjugated metabolites are eliminated via the bile, they can
be recycled because they can be transported to the duodenum, where they will undergo enzymatic
modifications and be reabsorbed [15].

The remaining unabsorbed ingested oligomeric and polymeric forms of flavan-3-ols, as well
as a fraction of the structures already absorbed in the small intestine, go to the colon [11]. There,
the microbiota can perform metabolic transformations of the flavan-3-ols aided by hydrolysis reactions
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(O-deglycosylation and ester hydrolysis), cleavage (C-ring cleavage, delactonization, demethylation),
and reductions (dehydroxylation and double bond reduction) [17,18]. Specific colonic metabolites
for flavan-3-ols are γ-valerolactones, while further phenolic compounds are also common after the
microbial catabolism of other flavonoids [11].

After absorption, flavan-3-ols’ colonic metabolites go through phase II metabolism in the liver
and their conjugated forms reach the organs and tissues, where they exert their potential positive
effects [11]. Since the microbial metabolites could be the active substances with beneficial physiological
effects in addition to their precursor compounds, flavan-3-ol-derived metabolites formed by the colonic
microbiota have been given significant attention [11].

4. Antidiabetic Effects of Flavan-3-ols: In Vitro and In Vivo Studies

Flavan-3-ols and their colonic metabolites can modulate the molecular mechanisms involved
in the pathogenesis of diabetes, including the glucose absorption rate in the gut, glucose peripheral
uptake, glucose secretion, the modulation of beta cell function, the modulation of insulin secretion,
and the modulation of the incretin effect (Figure 1).

Figure 1. Potential molecular mechanisms underlying the antidiabetic properties of flavan-3-ols. ↑:
increase; ↓: decrease; Akt: protein kinase B; AMPK: 5’ adenosine monophosphate-activated protein
kinase; G-6-Pase: glucose-6-phosphatase; GLUT4: glucose transporter type 4; GS: glycogen synthase;
GSK3: glycogen synthase kinase 3; hIAPP: human islet amyloid polypeptide; IKK: IκB kinase; IR: insulin
receptor; IRS-1: insulin receptor substrate 1; JNK: c-Jun N-terminal kinases; mRNA: messenger RNA;
PEPCK: phosphoenolpyruvate carboxykinase; PI3K: phosphoinositide 3-kinase; PKC: protein kinase C;
PPARγ: peroxisome proliferator-activated receptor-γ; PTP1B: protein-tyrosine phosphatase 1B.

4.1. Glucose Absorption in the Gut

The first factor contributing to the postprandial glycemic level in the plasma is the absorption of
glucose in the gastrointestinal tract. This process is regulated by key enzymes such as α-glucosidase,
which releases glucose from complex carbohydrates. Inhibition of α-glucosidase activity by
a green tea water extract, a green tea polyphenol mixture, and EGCG has been shown to be
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stronger than by acarbose (half maximal inhibitory concentration (IC50) values were 4.421 ± 0.018,
10.019 ± 0.017, and 5.272 ± 0.009 μg/mL for flavan-3-ols, respectively, and 4822.783 ± 26.042 μg/mL for
acarbose) [19] (Table 1). In addition, grape seed extract (GSE) (86% gallic acid equivalents) inhibited
α-glucosidase activity (IC50 = 1.2 ± 0.2 μg/mL) more strongly than acarbose (IC50 = 91.0 ± 10.8 μg/mL),
and of the individual catechin 3-gallates, EGCG was the one with the strongest inhibitory effect
(IC50 = 0.3 ± 0.1 μg/mL) [20].
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Similarly, epicatechin-3-O-(3-O-methyl) gallate (ECG3”Me), epigallocatechin-3-O-(3-O-methyl)
gallate (EGCG3”Me), EGCG, and epicatechin-3-O-gallate (ECG) inhibited α-glucosidase, and in
this case EGCG3”Me had the strongest effect. Their IC50 values were 14.7, 8.1, 13.3, and 61.1 μM
respectively [21]. C was also shown to inhibitα-glucosidase stronger than acarbose (IC50 = 87.55 μg/mL
vs. 199.53 ± 1.12 μg/mL, respectively) [22].

Interestingly, isolated procyanidins B2, B5 (dimeric), and C1 (trimeric) also had stronger
α-glucosidase inhibitory activities than acarbose (IC50 = 4.7 ± 0.2, 5.5 ± 0.1, and 3.8 ± 0.2 μg/mL, versus
IC50 = 130.0 ± 20.0 μg/mL, respectively), suggesting that the inhibitory activity could be correlated to
the molecular weight of the compound [23].

For α-amylase, another digestive enzyme responsible for starch hydrolysis, GSE (86% gallic
acid equivalents) inhibited its activity (IC50 = 8.7 ± 0.8 μg/mL), with the same potency as acarbose
(IC50 = 6.9 ± 0.8 μg/mL) [20]. However, α-amylase was not strongly inhibited by tea extracts and
individual catechin 3-gallates [20].

These effects have also been observed in mice fed with proanthocyanidins with different degrees of
polymerization [52] (Table 2). Mice fed with proanthocyanidins with a high degree of polymerization
showed a stronger inhibition of α-amylase activity both in the small intestine and in the pancreas
than those fed with a low degree of polymerization proanthocyanidins. The rates of inhibition
compared to the control group were 41% in the small intestine and 45% in the pancreas for high
degree of polymerization proanthocyanidins, and 21% and 26% for low degree of polymerization
proanthocyanidins [52].
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4.2. Insulin Signaling Pathways and Glucose Peripheral Uptake

Due to the polar nature of glucose, its transport into the cell requires the use of transporter proteins
in the cell membrane. These glucose transporters have different tissue distributions and a specific
affinity for carbohydrates [69]. The insulin-regulatable glucose transporter type 4 (GLUT4) is found
in insulin-sensitive tissues: skeletal muscle, cardiomyocytes, and adipocytes. Under physiological
conditions, the insulin-mediated translocation of intracellular GLUT4 from the cytoplasm to the plasma
membrane results in the uptake of glucose. This process is influenced by phosphoinositide 3-kinase
(PI3K), protein kinase B (PKB or Akt), and protein kinase C zeta type (PKCζ). In short, insulin binding
to insulin receptor (IR) leads to the phosphorylation of the beta subunit which, at the same time,
phosphorylates the insulin receptor substrate (IRS). Upon tyrosine phosphorylation, which could be
inhibited by serine phosphorylation of insulin receptor substrate 1 (IRS-1), PI3K binds to IRS and
activates the Akt/PKB and the PKCζ cascades. Activated Akt induces glycogen synthesis via the
inhibition of glycogen synthase kinase (GSK-3). Eventually, the Rab GTPase-activating protein AS160
(Akt substrate of 160 kDa) is activated, leading to the translocation of GLUT4 to the plasma membrane
and glucose uptake [70].

When the translocation of intracellular GLUT4 to the plasma membrane is impaired, insulin
resistance (IRes) takes place. T2D develops when both IRes and defects in insulin secretion occur [3].

Since approximately 80% of insulin-stimulated glucose uptake in the postprandial state takes
place in the skeletal muscle, this tissue plays a key role in maintaining glucose homeostasis; therefore,
many studies have focused on the effect of flavan-3-ols on GLUT4 translocation in skeletal muscle.

In vitro, a cacao liquor procyanidin (CLP) extract (1–10 μg/mL), consisting of EC, C, and other
procyanidins, dose-dependently enhanced glucose uptake and promoted GLUT4 translocation to the
plasma membrane of L6 myotubes after 15 min of incubation [53].

A mixture of TF, theaflavin-3-gallate (TF-3-G), theaflavin-3′-gallate (TF-3′-G),
and theaflavin-3,3′-digallate (TFDG) (2.5–10 μg/mL, 24 h treatment) improved
IRes induced by palmitic acid in HepG2 cells, as measured by the increase in
2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) uptake using metformin as a
positive control [24]. Total GLUT4 and protein levels of GLUT4 bound to the membrane were increased
by theaflavins in a dose-dependent manner [24]. They reversed the reduction of the phosphorylation
level of Akt induced by palmitic acid and led to an increased phosphorylation of IRS-1 (Ser307) in
HepG2 cells [24].

Interestingly, Ojelabi et al. showed that EGCG and ECG dose-dependently inhibited sugar uptake
by glucose transporter type 1 (GLUT1), which was measured using 3-O-methylglucose uptake. It was
found that low concentrations of the flavan-3-ols activated sugar uptake, while higher concentrations
inhibited sugar uptake and noncompetitively inhibited sugar exit [25].

Glucose uptake in induced insulin-resistant 3T3-L1 adipocytes significantly increased after
incubation with EGCG at 5 μM. Moreover, EGCG dose-dependently reversed the dexamethasone (Dex)
and tumor necrosis factor (TNFα)-induced increase of c-Jun N-terminal kinases (JNK) phosphorylation
levels and promoted GLUT4 translocation (1 μM) [26].

In vivo studies showed similar results. KK-Ay mice, when supplemented with green tea catechins
(98% pure) at a low as well as at high concentrations (150 mg/kg/day and 300 mg/kg/day), showed a
reduced JNK phosphorylation in adipose tissues when compared to untreated animals and an increased
GLUT4 content in the plasma membrane [26].

Yamashita et al. administered a CLP extract as a single dose (250 mg/kg) to mice at the Institute of
Cancer Research (ICR). After carbohydrate ingestion, CLP suppressed the hyperglycemic response
and improved GLUT4 translocation in skeletal muscle [53]. In fact, the GLUT4 translocation was
approximately 3.9-fold higher in comparison with the control group, who were only administered
water and no glucose [53]. These results were further confirmed by a consecutive administration
of a CLP-supplemented (0.5%) diet to C57BL/6 mice for 7 days, which had the same effects on
skeletal muscle GLUT4 after glucose load [53]. Similarly, procyanidins (both low and high degree
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of polymerization, 10 mg/kg) from a CLP extract prevented hyperglycemia through the promotion
of GLUT4 translocation in the skeletal muscle of ICR mice [54]. This could be explained by the
significantly increased phosphorylation of 5’ adenosine monophosphate-activated protein kinase
(AMPK), ß-subunit of IR (IRβ), IRS-1, and PI3K by procyanidins with both low and high degrees of
polymerization [54].

After the oral administration of EC, procyanidin B2, procyanidin C1,
EC-(4β–6)-EC-(4β–8)-EC-(4β–8)-EC (PA4-1), and cinnamtannin A2 (PA4–2) (10 μg/kg) to ICR
mice, GLUT4 translocation in skeletal muscle significantly increased compared to in control mice [55].
Trimeric and tetrameric procyanidins significantly promoted phosphorylation of PI3K, and PA4-1 was
able to significantly induce phosphorylation of Akt1 at both serine 473 and threonine 308 [55]. The latter
compound was the only one able to significantly promote the phosphorylation of IRS-1 as well as
increase the insulin plasma level. Similarly, all compounds significantly induced phosphorylation of
AMPK [55].

In a model of T1D, streptozotocin (STZ)-induced rats were administered a green tea extract (GTE)
for 12 days composed of the following catechins: C, EC, (−)-gallocatechin (GC), (−)-epigallocatechin
(EGC), (−)-catechin gallate (CG), ECG, (−)-gallocatechin gallate (GCG), EGCG, and caffeine [56].
After an oral glucose tolerance test (OGTT), high blood glucose induced by STZ was significantly
reduced with the GTE treatment when compared to the control group. When the possible mechanisms
were investigated, the authors found that the GTE treatment increased the translocation of GLUT4 in
the skeletal muscle to a normal level when compared to untreated rats. In contrast, the level of the
IRß was not changed. These results imply that the green tea improved hyperglycemia in T1D rats
without having an influence on insulin secretion from pancreatic beta cells, by promoting GLUT4
translocation in skeletal muscle. In addition to these findings, the degree of protein glycation induced
by STZ measured by fructosamine and glycated hemoglobin (HbA1c) significantly decreased after
the treatment with the GTE. This result suggests not only a protective role of green tea against the
manifestation of diabetic complications but also an ability to improve those already presenting [56].

In a parallel experiment, an OGTT in KK-Ay mice was also performed, but in this case, mice were
treated with GTE for 63 days (one group) or for 42 days directly after the appearance of hyperglycemia
(another group). The authors found that the blood glucose after green tea intake was significantly
lower when compared to the control and GLUT4 translocation in the skeletal muscle was significantly
increased when compared to the control, but the level of IRß remained unaltered [56]. Another result
from this experiment is the significant reduction of protein glycation and triacylglycerol by green
tea [56].

In a study from Cremonini et al., EC supplementation (20 mg/kg) in high-fat-diet-induced obese
and diabetic C57BL/6 mice improved insulin sensitivity and glucose homeostasis when compared to
non-supplemented and control mice. The impairment of the insulin signaling cascade in the liver and the
adipose tissue induced by the high-fat diet was prevented and the upregulation/activation of proteins
which inhibit the insulin pathway (IκB kinase (IKK), protein kinase C (PKC), JNK, and protein-tyrosine
phosphatase 1B (PTP1B)) was prevented [57].

Bettaieb et al. found that the supplementation of the diet of high-fructose-fed rats with EC
(20 mg/kg) for 8 weeks mitigated the IRes induced by the high fructose concentrations, and it
reversed both the impaired activation of the insulin signaling cascade (IR, IRS-1, Akt, and extracellular
signal–regulated kinases 1/2 (ERK1/2)) as well as the upregulation of negative regulators (PKC, IKK,
JNK, and PTP1B) in the liver and adipose tissue [58].

Glucose uptake has been shown to be promoted not only by the flavan-3-ols in their original form
but also by some of their microbial metabolites. Specifically, 5-(3,5-dihydroxyphenyl)-γ-valerolactone
promoted GLUT4 translocation in L6 skeletal muscle cells and soleus muscle by phosphorylation of the
AMP-activated protein kinase (AMPK) signaling pathway both in vitro and in vivo at concentrations
of 1–3 μM and 32 mg/kg, respectively [27]. At 32 mg/kg it caused suppression of hyperglycemia after
an OGTT, while a higher dosage of 64 mg/kg only influenced AMPK phosphorylation [27].
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Other microbial metabolites unspecific to flavan-3-ols have also been shown to modulate molecular
mechanisms related to diabetes. Scazzocchio et al. investigated whether protocatechuic acid exerted
an effect on glucose transport in adipocytes [28]. Incubation of the metabolite at 100 μM for 18 h with
human and murine adipocytes treated with oxidized low density lipoprotein (oxLDL) significantly
improved glucose uptake, GLUT4 translocation, and adiponectin secretion. These effects were
observed after stimulation with insulin and also without it [28]. Glucose uptake was significantly
and dose-dependently enhanced in non-oxLDL-treated human and murine adipocytes without the
presence of insulin up to 40% and 60%, respectively [28]. These results indicate an insulin-like activity.
A reversion of the oxLDL-induced diminishment of mRNA expression and activity of the peroxisome
proliferator-activated receptor-γ (PPARγ) was also observed, and its inhibition impeded both the
adiponectin and GLUT4 upregulation suggesting its implication in the insulin-like activity [28].

Both EC at 10 μM and 2,3-dihydroxybenzoic acid (2,3-DHB) at 20 μM increased IR and IRS-1
tyrosine phosphorylated and total protein levels in rat renal NRK-52E cells. In addition, phosphorylated
levels of Akt and GSK-3 increased and those of glycogen synthase (GS) decreased [29]. Similarly,
after treatment of renal tubular NRK-52E cells with high glucose levels and either EC at 5–20 μM or
3,4-dihydroxyphenylacetic-acid (3,4-DHPA) at 10–20 μM, the induced impairment of glucose uptake
was restored. At 10 μM, EC and 3,4-DHPA increased tyrosine phosphorylated levels and total levels
of IR, reversed the inhibition of the PI3K/Akt pathway involved in the insulin signaling cascade,
and prevented the high-glucose-induced downregulation of AMPK phosphorylation [30].

4.3. Beta Cell Viability and Function

In the situation of IRes, pancreatic beta cells try to maintain glucose levels by enhancing insulin
production and increasing islet size and beta cell mass. However, an increased insulin response does
not mean that beta cells are functioning normally. In fact, beta cells in this situation are kept under a
high workload which, when maintained over time, results in functional exhaustion, dedifferentiation,
and eventually beta cell death [71]. Apoptosis of beta cells is mainly induced by glucotoxicity,
lipotoxicity, and deposits of islet amyloid polypeptide (IAPP) [72,73].

Glucose-stimulated insulin secretion (GSIS) in the beta cell line INS-1D after treatment with
catechins was studied by Kaneko et al. [31]. Both EGCG at 10 μM as well as GCG at 30 μM significantly
inhibited the GSIS. Furthermore, at 100 μM they almost eliminated GSIS. EC and C did not modify
GSIS at concentrations up to 100 μM. At 10 μM, EGC nearly eliminated GSIS, while GC and ECG
partially inhibited it. CG did not alter GSIS at concentrations up to 100 μM. Apart from this, EGCG,
and not EC, inhibited the variation of intracellular Ca2+ concentration. These results suggest that,
at concentrations higher than physiological levels, some catechins have an inhibitory effect on GSIS,
which is induced by the structure-dependent inhibition of voltage-dependent Ca2+-channels [31].

Supporting these results, a treatment with EC at a physiological dose of 0.3 μmol/L but not at
30 μmol/L improved GSIS of saturated fatty acid (SFA)-impaired INS-1 cells [32]. This was thought to be
due to a modulation of the cell secretory capacity via the activation of the Ca2+/calmodulin-dependent
protein kinase II (CaMKII) pathway and possibly through the GPR40 receptor [32].

In humans and animals, beta cell functionality can be measured by several methods. Some of
the most commonly used methods include the homeostasis model assessment (HOMA), OGTT or
intravenous glucose tolerance tests and the hyperglycemic clamp procedure [74]. The ability of
flavan-3-ols to affect these has been as well assessed. In a study from Othman et al., treatment of
diabetic rats with EGCG (2 mg/kg) every other day over one month significantly decreased the HOMA
of insulin resistance (HOMA-IR) value and increased insulin levels when compared to untreated
diabetic rats [59].

In a model where male Wistar rats were contrived to be obese through a cafeteria diet, a 21-day
treatment with grape seed procyanidin extract (GSPE) at 25 mg/kg (defined composition) improved
IRes measured by HOMA-IR [60]. The HOMA of beta cell function (HOMA-β) index also decreased.
Insulin gene expression in the pancreas tended to decrease in treated rats, and a significant decrease in
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the expression of carboxypeptidase E (Cpe) was also shown [60]. On the other hand, treatment with
GSPE enhanced the increase in the Bcl-2-associated X protein (Bax) levels induced by the cafeteria diet,
which suggests an increased apoptosis in the pancreas in contrast to results from other studies [60].

Gan et al. suggested that EGCG dose-dependently improved IRes in high-fat diet non-alcoholic
fatty liver disease (NAFLD) mice by enhancing the insulin clearance of the hepatic insulin degrading
enzyme (IDE) [61]. In this study, NAFLD mice were administered 10, 20, and 40 mg/kg EGCG
intraperitoneally. Hyperglycemia, hyperinsulinemia, and IRes observed in mice fed a high-fat diet
without EGCG were reversed by the polyphenol [61].

Insulin deficiency and IRes have been described in ß-thalassemia patients with iron overload,
which is probably a secondary effect of a diminished pancreatic beta cell function. The incubation of
iron-loaded rat insulinoma pancreatic β-cells with a GTE (2.29 μg EGCG equivalent) increased insulin
secretion levels 2.5-fold and decreased cellular levels of iron and reactive oxygen species (ROS) [33].

The effect of flavan-3-ols directly on beta cell viability was also assessed. Cinnamtannin B1,
procyanidin C1, and cinnamtannin D1 from cinnamon extracts were shown to dose-dependently
protect INS-1 cells from palmitic acid and H2O2-induced reduction in terms of cell viability [34].
At 25 μmol/L, they enhanced insulin secretion in lipotoxic INS-1 cells [34]. However, the flavan-3-ols
EC and procyanidin B2 had no significant effects [34].

In db/dayb mice, treatment with EGCG (10 g/kg diet, 1% (w/w)) for 10 weeks improved glucose
tolerance and additionally increased GSIS similarly to rosiglitazone, although no significant effect was
found in IRes (HOMA-IR and quantitative insulin sensitivity check index (QUICKI)). This effect may
be mediated by changes in pancreatic islets, since the number and size of pancreatic islets increased,
together with a reduction of islet endoplasmic reticulum stress markers ex vivo [62].

The literature suggests that human islet amyloid polypeptide (hIAPP) fibril formation contributes
to T2D by causing beta cell dysfunction and apoptosis. For this reason, the inhibition of the formation
of toxic hIAPP oligomers and fibrils may be a good therapeutic strategy for the management of
T2D. Some authors have therefore tried to elucidate the role of flavan-3-ols in the prevention of their
formation. In hemizygous non-diabetic hIAPP transgenic mice treated with EGCG (0.4 mg/mL) for
three weeks, EGCG reduced amyloid fiber intensity suggesting a beneficial effect on pancreatic amyloid
fibrils in vivo [63]. However, there was no effect on diabetic hIAPP transgenic mice. This, therefore,
suggests that EGCG would be effective as an early therapeutic method.

Mo et al. went further and examined the molecular process by which EGCG could inhibit
hIAPP aggregation [35]. The authors found that in vitro EGCG could block the inter-peptide
hydrophobic/aromatic interactions responsible for inter-peptideβ-sheet formation and the intra-peptide
interaction related to ß-hairpin formation. Thus, the three-stranded β-sheet structures were removed
and loosely packed coil-rich conformations were formed. This EGCG-induced conformational
shift of the hIAPP dimer was related to hydrophobic, aromatic stacking, cation-π, and H-bonding
interactions [35].

Adding to these results, Meng et al. proved that EGCG inhibited in vitro amyloid formation
by IAPP and disaggregated IAPP amyloid fibrils. At the same time, EGCG protected cultured rat
INS-1 cells against IAPP-induced toxicity at 30 μM [36]. EGCG (2–32 μM) was also shown to inhibit
the nucleation and fibrillation of hIAPP by forming hIAPP amorphous aggregates instead of ordered
fibrils [37]. Moreover, a complex of Al(III)/EGCG was able to inhibit hIAPP fibrillation more effectively
than the flavan-3-ol alone [37].

T-cell-mediated destruction of pancreatic beta cells leads to insulin deficiency in T1D. In addition,
inflammation is known to play a role in the pathogenesis of T1D [3]. In this regard, EGCG prevented
the onset of T1D in non-obese diabetic (NOD) mice when administered at 0.05% in drinking water
(60–90 mg/kg body weight (b.w.), equivalent to 4.5–6.8 g/day by a 75 kg person) for 32 weeks [64].
Compared to control mice, plasma insulin levels were higher, HbA1c concentrations were lower,
and circulating anti-inflammatory cytokine interleukin 10 (IL-10) levels were increased. However,
no effect on pancreatic insulitis was observed. When human pancreatic islets were incubated with
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inflammatory cytokines, addition of EGCG (1 and 10 μM) promoted islet viability [64]. Similarly,
the administration of EC at 0.5% in drinking water (equivalent to an intake of 250 g dark chocolate
containing 6% EC) for 32 weeks also delayed the development of T1D [65]. Importantly, pancreatic
islet mass was preserved and the lymphatic infiltration into islets was lower meaning an improvement
in the insulitis. Anti-inflammatory cytokine IL-10 levels increased [65]. HbA1c concentrations were,
in this case, significantly lower and plasma insulin levels were significantly higher in mice treated with
EC than in untreated mice [65].

The effect of low molecular weight phenolics produced after colonic metabolism of flavan-3-ols
on beta cell functionality and viability has also been assessed. Fernández-Millán et al. found
out a significant increase in GSIS in INS-1E pancreatic beta cells and isolated rat islets after
treatment with 3,4-DHPA and 3-hydroxyphenyl propionic acid (3-HPP) at low concentrations (5
and 1 μM, respectively) [38]. Under oxidative stress induced by tert-butyl hydroperoxide (t-BOOH),
both metabolites restored GSIS to control levels and significantly decreased cell death [38]. PKC and
ERK could play a role in producing the observed effect, since their phosphorylation levels increased
after treatment [38].

3,4-DHPA (250μM) could also prevent the diminished insulin secretion induced by high cholesterol
on Min6 pancreatic beta cells [39]. Moreover, it dose-dependently prevented cholesterol-induced
cytotoxicity and apoptosis. Oxidative stress and mitochondrial dysfunction were also prevented [39].

5-Phenylvaleric acid, hippuric acid and homovanillic acid improved GSIS in beta cells more
effectively than EC at concentrations up to 100 μM [40]. In addition to stimulating beta cell function,
the microbial metabolites enhanced glucose utilization in skeletal muscle [40].

4.4. Endogenous Glucose Production

The liver’s inability to perceive insulin signals directly after glucose ingestion leads to the
continuing production of glucose and, therefore, importantly contributes to a hyperglycemic status [3].
The maintained glucose output by the liver can be a consequence of two processes: gluconeogenesis and
glycogenolysis [3]. However, the latter has a less important role in the increased glucose production
of T2D patients [75]. The mechanisms responsible for the increase in hepatic gluconeogenesis
include hyperglucagonemia, higher circulating levels of gluconeogenic precursors (lactate, alanine,
and glycerol), elevated FFA oxidation, enhanced sensitivity to glucagon, and reduced sensitivity to
insulin [3].

Increased activity of insulin-influenced phosphoenolpyruvate carboxykinase 1 (PCK1) and
glucose-6-phosphatase (G-6-Pase) seems to contribute to the accelerated rate of hepatic glucose
production [3]. In this sense, studies have shown how flavan-3-ols affect the expression of key
regulators of the gluconeogenesis pathway.

Waltner-Law et al. studied the effects of green tea compounds on insulin signaling pathways,
gene expression, and glucose production [41]. The authors found that EGCG had insulin-like activities
in hepatoma cells. At 25μM, EGCG reduced glucose production to basal levels in a similar way to insulin
(10 nM) and these effects were already significant at lower concentrations (12.5 μM). When studying the
impact of the flavan-3-ol on the expression of genes encoding gluconeogenic enzymes, EGCG reduced
phosphoenolpyruvate carboxykinase (PEPCK) mRNA in a dose-dependent manner (12.5–100 μM)
and both PEPCK mRNA and G-6-Pase in a phosphoinositide 3-kinase (PI3K)-dependent manner [41].
In addition, 50 μM EGCG could activate PI3K within 10 min, similar to insulin (10 nM), but the
activation of other kinases such as PKB and p70s6k was much slower and not significant. The authors
suggested that EGCG has a similar mechanism to insulin in reducing glucose production and expressing
the PEPCK and G-6-Pase genes by modulation of the redox state of the cell [41].

Smaller amounts of EGCG (0.25–1 μM) suppressed gluconeogenesis in mouse cyclic adenosine
monophosphate dexamethasone (cAMP-Dex)-stimulated hepatocytes and blocked the expression of
the PEPCK and G-6-Pase genes [42]. However, no effect on the stimulation of tyrosine phosphorylation
of IRS-1 or Akt, nor an influence of the PI3K inhibitor LY294002, was found suggesting an
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independent mechanism to the insulin signaling pathway [42]. The other known suppressor of
hepatic gluconeogenesis, apart from the insulin signaling, is AMPK. In this case, EGCG increased the
AMPK and acetyl-CoA carboxylase (ACC) phosphorylation in a time- and dose-dependent manner,
and the suppression of AMPK resulted in the reversion of the effect of EGCG on the expression of the
PEPCK and G-6-Pase genes in a calcium/calmodulin-dependent protein kinase kinase (CaMKK)- and
ROS-dependent manner [42].

Yadollah et al. showed that 40 μM EGCG significantly reduced the expression of PEPCK and
G-6-Pase in insulin-resistant HepG2 cells by 53% and 67%, respectively [43]. This effect was similar
to that of 10 μM pioglitazone, which is a medication used to treat T2D. A combination of EGCG and
pioglitazone induced a stronger reduction in the expression of PEPCK and G-6-Pase. The authors also
proved that glucose production in HepG2 cells was significantly reduced by 50% by EGCG, by 55% by
pioglitazone, and by 69% by a combination of both EGCG and pioglitazone [43].

Aside from the liver, the kidneys are also involved in glucose homeostasis and gluconeogenesis.
EC (5–20 μM) and 2,3-DHB (20 μM) reduced cellular glucose uptake in rat renal NRK-52E cells similarly
to the sodium-glucose cotransporter-2 (SGLT-2) antagonist phlorizin, leaving the expression of SGLT-2
and glucose transporter type 2 (GLUT2) unaltered [29]. A reduction in glucose production and PEPCK
levels was also observed [29]. Moreover, the authors showed that Akt was involved in the modulation
of both PEPCK levels and glucose production in NRK-52E cells [29].

Treatment of renal tubular NRK-52E cells with EC (10–20 μM) and 3,4-DHPA (10 μM) separately
alleviated the alterations in glucose production and the upregulation of PEPCK induced by high
glucose [30]. However, the protective effect disappeared when Akt and AMPK were inhibited.
Therefore, both Akt and AMPK seem to be key molecules in the modulation of the glucose homeostasis
and the preservation of renal tubular functionality [30].

4.5. Incretin Effect

Incretin hormones include glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1). They are gut peptides secreted after the intake of nutrients, such as glucose, and are
responsible for the incretin effect, which is the increased stimulation of insulin secretion by oral glucose
rather than by intravenous glucose infusion. This effect is impaired in patients with T2D due to
the reduced insulinotropic effect of GIP and GLP-1 [76]. In addition to the insulinotropic activity,
the incretin hormones work together to regulate glucagon secretion: GIP stimulates glucagon secretion
while GLP-1 inhibits glucagon secretion by alpha cells. In diabetic patients, glucagon secretion is
altered since it is not inhibited in hyperglycemic conditions [70].

Yamashita et al. studied if isolated dimeric, trimeric, and tetrameric procyanidins from cacao
liquor administered as a single-dose (10 μg/kg) in mice could influence GLP-1 and insulin levels in
plasma [66]. The tetrameric procyanidin cinnamtannin A2 was the only compound able to increase
the plasma insulin level without a glucose load as well as significantly increase the GLP-1 secretion
levels in plasma 60 min after oral administration [66]. In vitro experiments revealed an increased
phosphorylation of proteins IRß and IRS-1 in the soleus muscle as a result of the action of insulin.
Procyanidins (low and high degree of polymerization, 10 mg/kg) from a CLP-rich extract increased
GLP-1 secretion with or without glucose load in mice [54].

González-Abuín et al. evaluated the modulation of the mechanisms that have an influence on
GLP-1 secretion in STC-1 cells by GSPE [44]. The authors found out that 0.05 mg/L GSPE induced
depolarization, while 50 mg/L induced hyperpolarization in enteroendocrine cells [44]. This high extract
concentration suppressed GLP-1 secretion by around 40%. Under nutrient-stimulated conditions,
50 mg/L GSPE reduced the membrane depolarization induced by nutrients and reduced GLP-1 secretion
by 20% in glucose- and proline-stimulated cells. These results indicate the importance of the GSPE
concentration in depolarization and GLP-1 secretion by STC-1 cells, as well as the influence that
nutrients have on GLP-1 secretion by enteroendocrine cells [44].
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Glycogen synthesis is also one of the functions of incretin hormones. Its secretion rate in muscle
is controlled by GS, which is also enhanced by insulin. Therefore, this stimulates a cascade of
phosphorylation-dephosphorylation reactions [3]. Glycogen synthase phosphatase (PP1) is activated
by the phosphorylation of serine phosphorylation site 1 in the regulatory subunit (G) of PP1 by insulin
and this phosphorylation is catalyzed by insulin-stimulated protein kinase 1 (ISPK-1). Phosphorylation
of site 2 by cAMP-dependent kinase (PKA) leads, on the contrary, to its inactivation [3].

Some authors have studied how flavan-3-ols influence glycogen synthesis. Kim et al. showed
that green tea polyphenols consisting of 68% EGCG were able to enhance glycogen synthesis by up
to a factor of 2 (10 μM) in high glucose treated HepG2 cells under 100 nM insulin stimulation [45].
The molecular mechanism can involve the regulation of enzymes such as glycogen synthase kinase
3-beta (GSK3ß) and GS since expression of phospho-GSK3β (Ser9) and phospho-GS (Ser461) were
enhanced by EGCG [45].

4.6. Other Mechanisms

The production of cellular oxidants may affect insulin sensitivity via the negative regulation of
insulin signaling pathways (JNK, IKK), the promotion of sustained chronic inflammation, and oxidative
stress. Flavan-3-ols are known to have antioxidative functions, and these could exert a protective
effect against diabetes and its complications via controlling the oxidative stress. Cinnamtannin B1,
procyanidin C1, and cinnamtannin D1 (12.5–50μmol/L) from cinnamon extracts inhibited H2O2-induced
ROS generation as well as increased cell viability of INS-1 cells [34]. Similarly, under t-BOOH-induced
oxidative stress, the microbial metabolites 3,4-DHPA and 3-HPP (5 and 1 μM, respectively) significantly
decreased rat pancreatic beta cell death and ROS and carbonyl group production [38]. While EC at
a low dose of 0.3 μmol/L, but not at a higher dose of 30 μmol/L, improved GSIS of SFA-impaired
INS-1 cells, only the highest dose of EC significantly reduced ROS after treatment with H2O2 and high
glucose [32].

Bettaieb et al. found that the supplementation of high-fructose-fed rats with EC (20 mg/kg) for
8 weeks, mitigated the IRes induced by high fructose concentrations. EC supplementation (20 mg/kg)
in high-fructose-fed rats showed an ability to inhibit the expression and activity of NADPH oxidase
and the activation of redox-sensitive signals [58].

Treatment of STZ-induced diabetic rats with C (20 and 40 mg/kg/day) significantly decreased
glucose levels, while superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase (GST)
levels increased in a concentration-dependent manner, especially after treatment with 80 mg/kg/day [67].

Haidari et al. showed that a GTE given to STZ-induced diabetic rats at 200 mg/kg for 4 weeks,
significantly decreased their serum glucose levels as well as the serum and hepatic malondialdehyde
(MDA) concentration when compared to the diabetic control group. Total antioxidant capacity (TAC)
was significantly increased after treatment [68].

Plasma glucose levels could also be controlled by the modulation of lipid digestion and the
reduction of hyperlipidemia [77]. C treatment of STZ-induced diabetic rats dose-dependently
decreased the serum levels of total cholesterol (TC), triglycerides, LDL, apoprotein B, and glucose
levels, while it increased the serum levels of high density lipoprotein (HDL) and apoprotein A-I
(20–80 mg/kg) [67]. EGCG dose-dependently reversed increased serum lipid levels including TC,
TG, and LDL, and increased HDL in high-fat diet NAFLD mice compared with control mice [61].
EC (20 mg/kg body weight) prevented the high-fat-diet-induced increase in plasma TG and FFA in
C57BL/6 mice [57]. Treatment of HepG2 cells with 100 nM insulin and 0.1–10 μM EGCG reduced
lipogenesis to 65% compared to cells treated with insulin alone through increased expressions of
phosphor-AMPKα and phosphor-ACC [45].

Inflammation contributes to impaired glucose management by adipocytes, hepatocytes, and muscle
cells and interferes with insulin production and insulin signaling [78]. TNFα plays an important role
in the activation of signaling cascades in adipocytes related to inflammation and IRes. In this context,
EC (0.5–10 μM) has been shown to dose-dependently reduce TNFα-mediated JNK, ERK1/2, and p-38
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phosphorylation, and nuclear AP-1-DNA binding in 3T3-L1 adipocytes [46]. It also inhibited the
activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling cascade
preventing the p65 nuclear transport and nuclear NF-κB-DNA binding. Moreover, EC reversed the
TNFα-mediated downregulation of PPARγ expression and reduced nuclear DNA binding. The altered
transcription of genes involved in inflammation and insulin signaling (monocyte chemoattractant
protein 1 (MCP-1), IL-6, TNFα, resistin and protein-tyrosine phosphatase 1B) mediated by TNFα was
inhibited by EC [46].

EC supplementation (20 mg/kg) in high-fructose-fed rats inhibited the expression of NF-κB
regulated pro-inflammatory cytokines and chemokines [58].

The colonic metabolites of flavan-3-ols have also been shown to exert beneficial effects in diabetes
other than those directly related to glycemia. One of them is the positive effect on vascular function,
which is known to be directly linked to diabetes [79]. As reported in several studies, low molecular
weight phenolics such as 2,3-dihydroxybenzoic acid (2,3-DHB), 3-HPP, and 3,4-DHPA could exert
vasodilatory activities by stimulating NO production [47–49]. Apart from this, dihydroferulic acid,
3-hydroxyphenylacetic acid (3-HPA), 3,4-DHPA, and homovanillic acid could reduce the formation of
advanced glycation end-products (AGEs) [50,51], which are thought to be linked to the development
of diabetes and insulin resistance and to the occurrence of diabetic complications [80].

5. Antidiabetic Effects of Flavan-3-ols: Clinical Intervention Trials

Some authors have studied the effect of the supplementation of pure flavan-3-ols on antidiabetic
effects in order to exclude potential interactions with other compounds and with other flavonoids
present in flavan-3-ol-rich food. Zhang et al. investigated the effects of a daily intake of EGCG
(500 mg/day) in women with a diagnosed GDM at the beginning of the third quarter of pregnancy
(29 weeks). HOMA-IR, HOMA-β fasting blood glucose and insulin levels decreased whereas the
insulin sensitivity as measured by QUICKI increased due to the intervention. Furthermore, neonatal
complications at birth, such as low birth weight or hypoglycemia, were significantly reduced in the
intervention group [81] (Table 3).
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Hsu et al. found no statistical differences in several parameters (fasting glucose, insulin, HOMA-IR,
HbA1c, lipoproteins, hormones (leptin, ghrelin, adiponectin), blood pressure, anthropometrics) between
a decaffeinated GTE-supplemented group (3 × 500 mg/day; 856 mg EGCG) of T2D obese patients and
the placebo group. However, 16 weeks of treatment led to a significant reduction of HbA1c, HOMA-IR
index and the insulin level from the baseline to the end of the treatment (within-group changes) [84].

A randomized controlled trial (RCT) assessed the effect of a daily consumption of 100 g of
flavanol-rich dark chocolate (FRC; 1008 mg total phenols and 36.12 g C) for 15 days on IRes and
showed a significant reduction of HOMA-IR, an enhancement of the insulin sensitivity and an increase
in the beta cell activity in hypertensive individuals with impaired glucose tolerance [82]. Furthermore,
the consumption of FRC decreased TC and LDL when compared to the baseline values and the
control, but it did not affect HDL and TG. High-sensitivity C-reactive protein (hsCRP) did not change
either [82]. Similarly, the daily consumption of 27 g FRC (850 mg flavan-3-ols and 90 mg EC) and
100 mg isoflavones for one year reduced HOMA-IR, LDL, and the TC:HDL ratio and increased QUICKI
and the HDL:LDL ratio in postmenopausal women with T2D. These metabolic improvements resulted
in a lower 10-year total coronary heart disease (CHD) risk compared to the control [83].

A clinical trial investigating the effects of the daily intake of green tea (340 mL) and GTE (582.8 mg
catechins/day) for 12 weeks showed an increased insulin level and an increase in the adiponectin
level (only within-group changes) in subjects with T2D. Furthermore, there was a reduction of FFA
compared to the baseline and a decrease of the TC level when compared to the control. Fasting blood
glucose and HbA1c remained unchanged [85].

The daily supplementation with a GTE (one packet/day; 544 mg polyphenols, 456 mg C) for two
months improved the HbA1c value in individuals with glucose abnormalities when compared to the
baseline. No other parameters of glucose metabolism (fasting blood glucose, insulin, HOMA-IR) or
lipid metabolism (TC, LDL, HDL, TG) were affected by the intervention [86]. Furthermore, the daily
intake of a GTE powder did not improve the hsCRP level [86]. In individuals with borderline T2D or
T2D, GTE (544 mg polyphenols, 456 mg C) decreased the IRes, as measured by HOMA-IR, the fasting
blood glucose, the insulin levels and the HbA1c when compared to the baseline. No significant
differences between the intervention and the control were observed [87].

However, not all studies showed unambiguous protective effects against diabetes. A daily intake
of 9 g green tea in 900 mL hot water for four weeks did not affect the IRes, the fasting blood glucose
or the insulin concentration in subjects suffering from T2D. Furthermore, no beneficial effects on
the lipid metabolism, hsCRP or IL-6 were shown [88]. Similarly, daily supplementation of GSE
(2 × 300 mg/day) for four weeks did not improve the IRes [89]. Fasting blood glucose, insulin level,
and HOMA-IR remained unchanged in individuals with T2D and a high cardiovascular risk. Moreover,
the supplementation did not result in an improved lipoprotein status apart from a decrease in TC level.
However, the regular intake of the GSE significantly decreased fructosamine concentration, decreased
hsCRP, and increased the reduced glutathione (GSH) compared to the baseline value. Total antioxidant
status (TAOS) and the concentration of oxidized glutathione (GSSG) remained unchanged [89].

A daily intake of 2.5 g cacao powder (ACTICOA TM; 207.5 mg flavanols) for 12 weeks did not
enhance the glucose or lipid metabolism in T2D hypertensive patients [90]. The consumption of two
cacao beverages per day (2 × 28 g cacao powder/day) containing 180 mg, 400 mg or 900 mg flavanols on
five consecutive days did not affect fasting and postprandial glucose parameters in obese individuals
who were at risk of IRes either. However, hsCRP, 8-isoprostane, and IL-6 decreased as the dose of
flavanols increased. These effects were only significant when compared to the baseline values but not
when compared to the control [91].

Acute cacao studies also showed no distinct improvement of postprandial glycemia and the
insulin response in participants with T2D. The acute supplementation of a cacao beverage (960 mg
polyphenols; 480 mg flavanols) with a high-fat fast-food-style breakfast (766 kcal, 50 g fat) elicited a
higher insulin response and a decreased IRes, as measured by HOMA-IR. HDL increased while the
concentration of TC, LDL, TG, and hsCRP remained unchanged [92]. No effects could be observed after
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an acute supplementation of 2.5 g cacao powder (ACTICOATM; 40.4 mg EC) with a diabetic-suitable
breakfast in hypertensive, overweight or obese subjects with T2D [93].

6. Concluding Remarks

Increasing evidence suggests that flavan-3-ols are responsible for the protective role of certain
foods, such as green tea, against diabetes. Possible molecular mechanisms by which they could prevent
or treat diabetes include the promotion of beta cell functionality and viability, the amelioration of
glucose transport in muscle and adipose tissue by the promotion of the insulin signaling pathway,
the enhancement of the incretin effect, and the decrease of endogenous glucose production.

Microbial metabolites of flavan-3-ols are suggested to be the actual active form by which
these compounds exert their potential health benefits, such as the antidiabetic effect. However,
the evidence regarding this is still scarce and only few studies assessed the effects of flavan-3-ol specific
microbial metabolites.

One of the determinants of the possible antidiabetic effect of flavan-3-ols seems to be their
concentration. In this regard, when interpreting the results of in vitro studies, it is necessary to
consider not only the bioavailability of the compounds investigated but also their physiological plasma
concentration after absorption. Some of the studies used higher concentrations than those found in
human plasma after ingestion. Conjugated flavan-3-ols have been detected in plasma in low nanomolar
ranges [94,95]. Their colonic metabolites phenyl-γ-valerolactones and phenylvaleric acids have been
detected in plasma at concentrations under 1 μM [95–99]. The lower weight phenolics are usually found
in plasma at concentrations lower than 0.5 μM [96–99], although phenylacetic acid, protocatechuic
acid, and hippuric acid were also detected at concentrations ≈ 40 μmol/L [96–100].

Although many studies used physiological concentrations of the compound and microbial
metabolites, some tested higher concentrations and suggested that, in some cases, supraphysiological
ranges could induce an opposite response to that from lower ranges. A careful evaluation of the
flavan-3-ol dose would, therefore, be needed when used as nutraceutical.

Under physiological concentrations, flavan-3-ols and their microbial metabolites exert different
biological activities at varying concentrations. The concentration needed to exert a specific function
by a particular compound might not be the same than the one needed to exert another biological
activity. For example, 3,4-DHPA IC50 on vasodilation is lower than on AGEs formation [101,102].
In the prevention and management of diabetes, low concentrations of flavan-3-ols and their microbial
metabolites could influence determined molecular mechanisms while higher concentrations could be
needed to positively influence other mechanisms, as shown in many of the presented studies.

Although increasing evidence supports the stated mechanisms of action, the results of many
studies are inconclusive, with some of them exhibiting contradictory outcomes or even negative effects.
Possible reasons for the varying results could be not only the different compound concentrations
used, but also the different methodologies used in each study. As for the in vitro and animal studies,
a variety of models for diabetes was used. In the literature described in this review, the most frequent
in vitro techniques used insulin-secreting cell line INS-1 and pancreatic beta cell lines, and they also
included in vitro studies on glucose uptake mainly in skeletal muscle cells but also in 3T3-L1 adipocytes.
In addition, assays on α-amylase inhibition and inhibition of α-glucosidase activity were performed.
In vivo studies included spontaneous diabetic obese animal models, mice genetically predisposed to
obesity and T2D, and others used chemicals to induce the disease, mainly streptozotocin. However,
not all models were specific for diabetes mellitus. Therefore, although many of these studies showed
positive effects on diabetic parameters, concluding that they are beneficial for the treatment of diabetes
mellitus would not be appropriate. For the proper elucidation of the effect of a substance regarding
diabetes management suitable models are required. For this reason, more in vitro and animal studies
using the adequate models for the disease should be performed.

Moreover, it is worth mentioning that some of the used treatment samples often include other
bioactive components. Therefore, the flavan-3-ol fraction does not always represent the exclusive
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component present in the sample, which must be taken into account when attributing positive effects
to these compounds.

In the case of human clinical trials, the compliance of the patients to the treatment was not measured
in all cases and the diet during the intervention was not always recorded. In addition, other confounders,
such as body composition, were often insufficiently registered. Therefore, these factors could have
influenced the studies’ results. Moreover, not only the concentration of the flavan-3-ols might be a
determinant of the possible antidiabetic effect, but also, the duration of the intervention could be a
determinant. Further methodological weaknesses in some of the human trials presented are the absence
of a wash-out phase, or not choosing the dietary restrictions of the control groups appropriately.

It is known that the individual gut microbiota composition has an influence on both the
bioavailability and the metabolization of flavan-3-ols [3]. However, none of the included clinical
trials investigated the bioavailability and the metabolization of the ingested flavan-3-ols in the study
population. Therefore, no conclusion can be reached about whether there is a positive association
between the blood concentration of the flavan-3-ols or their metabolites, the administered dose, and the
putative effect. That is, it is not possible to know to what extent different metabolic effects are related
to a different bioavailability and metabolization of the flavan-3-ols by individuals. In order to better
understand the effects of flavan-3-ols and their metabolites on the prevention and management
of diabetes, it is relevant to record not only metabolic parameters after treatment but also the
pharmacokinetics of these substances.

For all these reasons, the use of homogeneous and more appropriate methods is essential for the
clarification of flavan-3-ol’s antidiabetic effect and mechanisms of action.
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