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Abstract: Diets high in bioactive compounds, such as polyphenols, have been used to mitigate
metabolic syndrome (MetS). Polyphenols are a large group of naturally occurring bioactive com-
pounds, classified into two main classes: non-flavonoids and flavonoids. Flavonoids are distributed
in foods, such as fruits, vegetables, tea, red wine, and cocoa. Studies have already demonstrated
the benefits of flavonoids on the cardiovascular and nervous systems, as well as cancer cells. The
present review summarizes the results of clinical studies that evaluated the effects of flavonoids on
the components of the MetS and associated complications when offered as supplements over the long
term. The results show that flavonoids can significantly modulate several metabolic parameters, such
as lipid profile, blood pressure, and blood glucose. Only theaflavin and catechin were unable to affect
metabolic parameters. Moreover, only body weight and body mass index were unaltered. Thus, the
evidence presented in this systematic review offers bases in support of a flavonoid supplementation,
held for at least 3 weeks, as a strategy to improve several metabolic parameters and, consequently,
reduce the risk of diseases associated with MetS. This fact becomes stronger due to the rare side
effects reported with flavonoids.
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1. Introduction

Metabolic syndrome (MetS) is a condition characterized by metabolic changes that
are associated with an increased risk of developing cardiovascular disease (CVD) and
diabetes [1,2]. Its prevalence in the world is around 20 to 25% in the adult population and
depends on several parameters, such as age, sex, ethnicity, and socioeconomic status [3-5].
Ajoint interim statement published in 2009 by several associations, including the National
Heart, Lung, and Blood Institute, the American Heart Association, and the World Heart
Federation, introduced the criteria needed to define MetS [2]. Rather than focusing on
just one criterion, they defined that individuals must have changes in at least three of
the five risk factors, which include: abdominal obesity (waist circumference of >102 cm
for men and >88 cm for women), elevated triglycerides (TG) (>150 mg/dL), reduced
high-density lipoprotein cholesterol (HDL-c) (<40 mg/dL in men <50 mg/dL in women or
treated for dyslipidemia), elevated blood pressure (>130 mmHg systolic blood pressure
or >85 mmHg diastolic blood pressure or treated for hypertension), and elevated fasting
glucose (>100 mg/dL or treated for hyperglycemia) [2].

In fact, abdominal obesity is the main factor of the MetS because it is associated with
a complex neuroendocrine alteration [6]. The comorbidities associated to MetS are also
the main death causes around the world according to World Health Organization state-
ments [7]. Therefore, developing strategies to treat them are a major concern to scientific
community. In addition to MetS drug treatment, physical activity, and dietary modifications
remain the best alternatives for treatment [4]. A recent review published by Paley and
Johnson (2018) stated that ‘exercise is a medicine in its own right” and that evidence points
to reduction in abdominal obesity after regular and consistent practice [8]. Diets high in
bioactive compounds, such as Mediterranean diet, have also been used successfully to treat
MetS [9]. This type of diet is rich in polyphenols, suggested as a promising agent in the
management of MetS [10,11]. Polyphenols are a large group of bioactive plant compounds
(over 8000) and have two main classes called non-flavonoids and flavonoids [4,12]. The non-
flavonoids compounds include phenolic acids, stilbenes, and lignans, and the flavonoids
compounds include flavonols, anthocyanidins, anthocyanins, isoflavones, flavones, fla-
vanols (or cathechins), flavanones, and flavanonols [13] (Figure 1).
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Figure 1. Structures and classification of the polyphenols and the main flavonoids.
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The flavonoids are widely distributed in foods, such as fruits (especially citrus), vegeta-
bles, tea, red wine, cocoa, and grains. They are responsible to provide flavor and color [14].
Increasing interest in studying these compounds has grown due their potential health
benefits in most of the diseases with high prevalence in the world, such as diabetes, hy-
pertension, and cancer. Several studies have shown the benefits of these substances on the
cardiovascular system, on the nervous system, and on cancer cells, and it is believed that
this is due to their antioxidative, anti-inflammatory, anti-mutagenic, and anti-carcinogenic
properties, in addition to the modulation of enzymes functions [14-17]. Epidemiological
studies already link increased consumption of flavonoid-rich foods with reduced car-
diovascular morbidity and mortality [18,19]. Although there are reviews evaluating the
effects of such compounds on the metabolic syndrome, the studies evaluated the effects
of polyphenols in general or a specific type, such as resveratrol, and generally included
foods, extracts, and supplements [4,20]. Thus, the present review aimed to specifically
evaluate the effects of flavonoids on the components of the MetS in humans when offered
exclusively as supplements over the long term, in addition to tracing the mechanisms of
effects for each flavonoid subtype.

2. Methods
2.1. Systematic Review Reporting and Protocol Registration

This systematic review complies with preferred report items for systematic reviews and
meta-analysis (PRISMA) [21]. Our review was carried out using a protocol published the
international prospective register of systematic reviews (PROSPERO) database (registration
number CRD42022304507).

2.2. Search Strategy

The literature search was conducted from January to February 2022 in the following
databases: Medline/PubMed (1966-2022), SCOPUS (1969-2022), EMBASE (1947-2022), and
Web of Science (1900-2022). It was carried out in electronic databases by two independent
reviewers (Gouveia H. J. C. B. and Urquiza-Martinez M. V.) based on a predefined protocol.
The search strategy was composed of terms relating to describing the intervention and
outcomes. The guiding question was composed of the points of PICO, which consist of
population: humans reproducing any of the MetS signs and symptoms; intervention: treat-
ment with flavonoids; comparison: a control group treated with placebo; and outcomes:
reported results on abdominal obesity (waist circumference (WC)), body weight (BW),
body mass index (BMI), levels of blood glucose (BG), total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), triglycerides
(TG), blood pressure, and/or insulin resistance (IR). The primary outcomes were random-
ized controlled clinical trials using pure flavonoids with a control group, which evaluated
metabolic outcomes, such as BW, BMI, WC, systolic blood pressure (SBP), diastolic blood
pressure (DBP), LDL-c, HDL-c, TG, TC, BG, blood insulin, and IR. The secondary out-
comes comprised metabolic parameters associated with oxidative/antioxidant status and
chronic inflammation.

Combination of medical subject headings (MeSH) descriptors and keywords were
included in the search: flavonoids (MeSH) OR flavones (MeSH) OR flavonols (MeSH)
OR isoflavones (MeSH) OR flavanones (MeSH) OR anthocyanins (MeSH) OR favanols
(non-MeSH) AND metabolic syndrome (MeSH) OR biomarkers (MeSH) OR metabolic
parameters (non-MeSH) OR body weight (MeSH) OR waist circumference (MeSH) OR
cholesterol (MeSH) OR triglycerides (MeSH) OR systolic blood pressure (non-MeSH) OR
HDL (non-MeSH) OR abdominal obesity (non-MeSH). Database-specific filters for clinical
trial or randomized controlled trial were used. A third reviewer (Costa-de-Santana, B. J. R.)
was consulted, when needed as a mediator, for the definition of inclusion or exclusion of
items when there was no agreement between reviewers.
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2.3. Inclusion Criteria

To select the articles for this systematic review, the screening of studies was performed
in two phases. In phase 1, screening of studies was performed by reading the title and
abstract of original papers. Then, in phase 2, the full texts of the studies were considered.
The following inclusion criteria were applied: randomized controlled clinical trials with
a pure flavonoid intervention, which reported results related to MetS. Additionally, the
following exclusion criteria were adopted: articles not found in full version; those articles
that use exclusively animals or in vitro techniques; food or beverages directly as the source
of flavonoids or co-intervention with other substances; studies with subjects who had an
illness, such as diabetes, non-alcoholic fatty liver disease, cancer, arthritis; articles that did
not report results of our interest. For search and selection of articles, there was no year of
publication restrictions, as well as no restriction of the article’s language.

2.4. Data Extraction

Data extraction was performed by two researchers using a piloted form. The following
details were extracted from each study: article name, authors, year of publication, and
journal of publication. The flavonoid (any of the variations) present in the treatment was
extracted. The characteristics of subjects used in the studies were extracted: range of age,
health status, and gender. The following information regarding the characteristics of the
intervention was addressed: type of flavonoid; route of administration, dose/concentration
used, and duration of treatment. Finally, we analyzed the effects of the treatment with
flavonoids on BW, BMI, abdominal obesity (WC), blood pressure, and metabolic parameters
(BG, insulin and IR, LDL-c, HDL-c, TC, and TG).

2.5. Analysis of Risk of Bias

The risk of bias was carried out using the Cochrane ROB tool for human studies, one for
cluster randomized trials (parallel groups) and the other for crossover trials (individually
randomized) [22]. These tools evaluate five domains: randomization process; deviations
from the intended interventions (for parallel groups) or bias arising from period and
carryover effects (for crossover trials); missing outcome data; measurement of the outcome;
and selection of the reported result (mostly for parallel groups) [22]. We synthesized
the information in summary tables, in a figure and in a descriptive summary, enabling
comparison of results. The Review Manager Software Package Version 5.4.1 (The Cochrane
Collaboration, London, UK, 2020) was used to create figures of risk bias summary.

3. Results
3.1. Search Results

After a first search with the combinations of descriptors selected, 2950 articles were
identified through an electronic database. After the exclusion of the 974 duplicate articles,
and the analysis of the 1976 titles and abstracts, 74 articles were remaining to a full assess-
ment for eligibility. Finally, 45 articles were excluded, and 29 articles were included in the
final analysis. All the studies were published in English. Figure 2 shows the flowchart of
the research that shows how this selection was performed.

3.2. Assessment of Quality of Studies

The risk of bias was carried out using the Cochrane ROB tool for human studies, one for
cluster randomized trials (parallel groups) and the other for crossover trials (individually
randomized). All of them had random sequence allocation and no baseline differences
that could suggest a problem with the randomization process. Except for one study [24],
all the other studies were double-blind, and only two crossover studies did not report
whether there was sufficient time for any carryover effects to have disappeared before
outcome assessment in the second period [25,26]. All studies compared data from treated
subjects with placebo data for all outcomes. In general, these studies did not show biases
that warrant further discussion (Figures 3 and 4).
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Reason 4. Outcome of interest not reported (n = 4)
Reason 5. Individuals without alterations in biochemical parame-
ters or with metabolic diseases (n = 26)

Studies included in review
(n=29)

Reports of included studies
(n=0)

Figure 2. PRISMA flow diagram of study selection process. From: [23].

Randomisation process

Bias arising from period and carryover effects
Deviations from the intended interventions
Missing outcome data

Measurement of the outcome

Selection of the reported result

26% 50% 75%  100%

[l Low risk of bias [ Junciear risk of bias

[l High risk of bias

Figure 3. Risk of bias graph: review authors’ judgements about each risk of bias item presented as

percentages across all included cluster randomized trials (parallel groups).
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Deviations from the intended interventions

Randomisation process

Missing outcome data

Measurement of the outcome

Selection of the reported result

1
L}

0% 25% 50% 75%

100%

- Low risk of bias

D Unclearrisk of hias

[l High risk of bias

Figure 4. Risk of bias graph: review authors’ judgements about each risk of bias item presented as
percentages across all included crossover trials (individually randomized).

3.3. Clinical and Methodological Characteristics

All studies are randomized controlled trials, however, eighteen are randomized trials
(parallel groups) and the other eleven are crossover trials (individually randomized). The
studies evaluated subjects with dyslipidemia or pre-dyslipidemia [27-31], hypercholes-
terolemia or hypertriglyceridemia [25,32-35], prehypertension [36—40], prediabetes [24,41],
being overweight or obese [42-47], and metabolic syndrome [26,44,48-51] (Tables 1 and 2).

Table 1. Characteristics of the included studies and participants.

Authors

Type Population Gender Age

40 mg (n = 45), 80 mg (n = 42), 176 total, 26.1% males

Xu et al., 2021 [27] Paralell 320 mg (n = 43), and 73.9% females 5741 £7.95
placebo (1 = 46)
Zhu et al., 2011 [25] Crossover I?j;)cg;% ((7117755))’ 1421?;2?;2'?;@321:8 40-65
Zhu et al., 2014 [52] Paralell a“tﬁgccﬁfl(‘: (=”6j)61)' 112;;;18 /4?e/m I;izlses 55.1+ 5.4
Zhao et al., 2021 [28] Paralell ome (;23 fﬁ(ioﬂge»)(,n — l?ng)%f9%2'};)/;’ngzlses 57.45 + 0.86
placebo (n = 46)
Tomned g Aemim0en dwdaemle gy
Has;%ligr[l;?t al., Crossover Anﬁgigﬁgi{:inl;)u)’ 27 males 41 +£3
Has;zlllgr[lg 66]3,[ al, Crossover Anﬁzzzsgi&s =(n1;)14), 27 males 35-51
T e
Zhu et al., 2013 [32] Paralell Am;‘lzgggigf z(”7;)73 ) 1‘2&??&;2?; 1;‘121:5 40-65
Yang et al., 2020 [24] Paralell (r? : EL}E)(;,C;TQSESOI);?SE:S;ZS 111?22"%%,}:?3;:;21:5 612 % 6.9 placebo,

(n = 36) 60.8 & 7.9 anthocyanin
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Table 1. Cont.
Authors Type Population Gender Age
Anthocyanins (n =73), 146 total, 41.8% males
Zhang et al., 2016 [34] Paralell placebo (1 = 73) and 58.2% females 40-65
. Hesperidin (n = 12), 24 total, 62.5% males
Rizza et al., 2011 [48] Crossover placebo (1 = 12) and 37 5% females 51.66 £+ 1.52
. Hesperidin (n = 25), 49 total, 51% males and
Yari et al., 2020 [50] Paralell placebo (1 = 24) 49% fomales 4519 £ 11.11
Morand et al Control drink + hesperidin
2011 [42] M Crossover (n = 8), control drink + placebo 24 males 56 £1
(n=8)
Hesperidin (n = 34), 68 total, 42.6% males
Salden et al., 2016 [38] Paralell placebo (1 = 34) and 57 4% females 53 + 14
. Placebo (n = 22), Hesperidin 44 total, 47.8% males 46.41 4+ 11.10 control,
Yari etal., 2021 [49] Paralell (n=22) and 52.2% females 4582 & 11.69 hesperidin
Ohara et al., 2016 [35] Paralell Placebo (1 = 15), G-Hesperidin 74 total, 50% males and 4912 + 1.4
(n=15) 50% females
Quercetin (n = 93), placebo 93 total, 45.1% males
Egert et al., 2009 [43] Crossover (n =93) and 54.9% females 45.1 +10.53
apoE3 Quercetin (n = 86), E4 93 total, 45.1% males
Egert etal,, 2010 [51] Crossover Quercetin (86), placebo (1 = 86) and 54.9% females 455 945
Pfeuffer et al., apoE3/3 (n =19), apoE4 49 total, 51% males and
2013 [26] Crossover (n = 30) 49% females 594£09
Dower et al., Epicatechin (1 = 11), Quercetin 37 total, 67.6% males
2015 [39] Crossover (n = 14), placebo (n = 12) and 32.4% females 66.4+79
Epicatechin (n = 32), 32 total, 62.5% males
Esser et al., 2018 [40] Crossover placebo (1 = 32) and 37.5% females 65.8+79
. Epicatechin (n = 24), 47 total, 53.2% males 36 + 12 males,
Kirch et al,, 2018 [44] Crossover placebo (n = 23) and 46.8% females 35 £ 16 females
C};e:)t;elze[:;]al., Paralell EGCG (n =15), placebo (n=15) 30, gender no specified older than 18 years
_ _ 50.57 £ 56.48 placebo
Brown et al., 2009 [46] Paralell EGCG (n = 46), placebo (n = 42) 88 males 5015 4+ 6.43 EGCG
Guevara-Cruz et al., Genistein (n = 22), - 43.0 £ 2.28 placebo
2020 [47] Paralell placebo (1 = 23) 45, gender no specified ) '\ 1 9 Genistein
Hodgson et al., Paralell Isoflavonoid group (n =30), 59 total, 78% males and 57.0 placebo and
1998 [30] placebo group (n = 29) 22% females 54.3 Isoflav.
. Theaflavins (n = 34), o
Trautwein et al., Paralell Theaflavins + Catechin (1 = 31) 99 total, 6? 7% males 48.1 t+ 6.1
2010 [31] and 34.3% females
and placebo (1 = 34)
Ribeiro et al., Paralell (2n 09 r2n7§§ (goz 26)’(%10(3 I;Sg) 103 total, 46.7% males 49+ 10
2019 [41] arale = =/), 500 mg U = 29), and 52.4% females

placebo (1 = 25)
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Table 2. Characteristics of the interventions of the included studies.
Authors Condition Flavonoid Dosis Duration
Xu et al., 2021 [27] Dyslipidemia Anthocyanin 40, 80 or 320 mg/day 12 weeks
Zhu et al., 2011 [25] Hypercholesterolemia Anthocyanin 320 mg/day 12 weeks
Zhu et al., 2014 [52] Hypercholesterolemia Anthocyanin 320 mg/day 24 weeks
Zhao et al., 2021 [28] Dyslipidemia Anthocyanin 40, 80 or 320 mg/day 12 weeks
Pro-trombotic
Thompson et al., 2017 [53] overweight and Anthocyanin 320 mg/day 4 weeks
obese individuals
Hassellund et al., 2013 [37] Prehypertension Anthocyanin 640 mg/day 4 weeks
Hassellund et al., 2012 [36] Prehypertension Anthocyanin 640 mg/day 4 weeks
Qin, et al., 2009 [29] Dyslipidemia Anthocyanin 320 mg/day 12 weeks
Zhu et al., 2013 [32] Hypercholesterolemia Anthocyanin 320 mg/day 24 weeks
Yang et al., 2020 [24] Prediabetes Anthocyanin 320 mg/day 12 weeks
Zhang et al., 2016 [34] Hypercholesterolemia Anthocyanin 320 mg/day 24 weeks
Rizza et al., 2011 [48] Metabolic Syndrome Hesperidin 500 mg/day 3 weeks
Yari et al., 2020 [50] Metabolic Syndrome Hesperidin 1000 mg/day 12 weeks
Morand et al., 2011 [42] Obesisty Hesperidin 146 mg/day 4 weeks
Salden et al., 2016 [38] Overwelgh.t Hesperidin 450 mg/day 6 weeks
prehypertensive
Yari et al., 2021 [49] Metabolic Syndrome Hesperidin 1000 mg/day 12 weeks
Overweight and .
Ohara et al., 2016 [35] hypertriglyceridemia Glucosyl hesperidin 500 mg/day 12 weeks
Egert et al., 2009 [43] Overweight or obesity Quercetin 150 mg/day 6 weeks
Egert et al., 2010 [51] Metabolic Syndrome Quercetin 150 mg/day 6 weeks
Pfeuffer et al., 2013 [26] APOE genotype Quercetin 150 mg/day 8 weeks
N\ T . epicatechin (100 mg/day)
Dower et al., 2015 [39] Prehypertension ) Eplcatecbm ot or quercetin-3-glucoside 4 weeks
Quercetin
(160 mg/day)
Esser et al., 2018 [40] Prehypertension (-)-Epicatechin 100 mg/day 4 weeks
. Overweight or obesity . .
Kirch et al., 2018 [44] and MetS (-)-Epicatechin 25 mg/day 2 weeks
Chatree et al., 2021 [45] Obesity Epigallocatechin gallate 300 mg/day 8 weeks
Brown et al., 2009 [46] Overweight or obesity Epigallocatechin gallate 800 mg/day 8 weeks
Guevara-Cruz et al., Obesity and C
2020 [47] insulin resistance Genistein 50 mg/day 8 weeks
Hodgson et al., 1998 [30] Predyslipidemia Isoﬂavonqlds., mainly 55 mg/day 8 weeks
genistein
Trautwein et al., 2010 [31] Dyslipidemia Theaflavin and catechin 75 mg theaﬂavms. and 11 weeks
149.4 mg catechins
70% eriocitrin,
Ribeiro et al., 2019 [41] Prediabetes 5% hesperidin, 4% naringin, 200, 400 or 800 mg/day 12 weeks

3.4. Intervention

Eleven studies have been conducted with anthocyanin. In these studies, the
dose used ranged from 40 to 640 mg per day, and the duration ranged from 2 to
24 weeks [24,25,27-29,32,34,36,37,52,53]. Six studies used hesperidin. The dosage ranged
from 146 to 1000 mg per day, lasting from 3 to 12 weeks [35,38,42,48-50]. Four studies
were conducted with quercetin. The amount used varied little, from 150 to 160 mg per
day, lasting 4 to 8 weeks [26,39,43,51]. Two studies selected epicatechin. Lasting 2 to
4 weeks, doses ranged from 25 to 100 mg per day [39,40,44]. Two studies used epigallo-
catechin gallate (EGCG), both 8 weeks long and with doses ranging from 300 to 800 mg
per day [45,46]. Two other studies utilized genistein, one alone and one as the major
isoflavonoid. Both studies were carried out for 8 weeks, and the dose used for both was
50 mg per day [30,47]. A study was conducted with theaflavin and catechin, 75 and
149.4 mg, respectively, for 11 weeks [31]. The last study was conducted mainly with erioc-
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itrin (70%), an eriodictyol glycoside, with doses ranging from 200 to 800 mg per day and
a duration of 12 weeks [41] (Table 2).

3.5. Outcomes
3.5.1. Anthocyanin-Associated Outcomes

Anthocyanin was used by 11 articles [24,25,27-29,32,34,36,37,52,53]. The first was
conducted by Qin et al. (2009) with 120 dyslipidemic participants aged 40-65 years who
received 120 mg/day of anthocyanin or placebo to assess modifications in lipid profile.
In the intervention group there was an increase in HDL-c (+13.7%, p < 0.001 vs. placebo)
and a reduction in LDL-c (—13.6%, p < 0.001), but there were no differences in BW, BMI,
WC, SBP, DBP, TC, TG, and glucose [29]. Hassellund et al. (2012 and 2013) conducted
two crossover studies for 4 weeks with prehypertensive men aged 35 to 51 years who re-
ceived 640 mg/day of anthocyanins or placebo [36,37]. The first aimed to assess changes in
blood pressure and stress reactivity [36]. Although during the stress test there was a trend
towards a reduction in resting supine BP (—6 mmHg), the authors concluded that antho-
cyanin was not able to significantly alter any parameter when compared to placebo [36].
The second evaluated the effects on cardiovascular risk factors and inflammation [37].
Although there were no changes in levels of TC; LDL-c; HDL-c; TG; insulin; inflammatory
markers, such as tumor necrosis factor alpha (TNF-«x), high-sensitivity C-reactive pro-
tein (hs-CRP), and interleukin-6 (IL-6); and markers of oxidative stress, supplementation
caused a significant increase in HDL-c (+0.06 mmol/L, p = 0.043 vs. placebo). On the other
hand, anthocyanin caused a slight increase in BG (+0.14, p = 0.024 vs. placebo) and the von
Willebrand factor, a marker of endothelial dysfunction (+5%, p = 0.007 vs. placebo) [37].
Three other articles were conducted by Zhu et al. (2011, 2013 and 2014) in subjects
with hypercholesterolemia aged 40-65 years who received 320 mg/day of anthocyanin or
placebo for 12 [25] or 24 weeks [32,53]. Assessing the endothelial function of 146 subjects,
Zhu et al. (2011) reported significant increases in the flow-mediated dilation (FMD) (28.4%,
p = 0.006 vs. placebo) and HDL-c (+5.8 mg/dL, p = 0.010 vs. placebo), as well as decreases
in the serum soluble vascular adhesion molecule-1 (sVCAM-1) and LDL-c (—13.5 mg/dL,
p = 0.015 vs. placebo) [25]. The researchers decided to evaluate, in the same participants,
the anti-inflammatory effects of anthocyanin. Anthocyanin consumption significantly
decreased the levels of serum hs-CRP (—21.6%, p = 0.001 vs. placebo), sVCAM-1 (—12.3%,
p = 0.005 vs. placebo), and plasma IL-1b (—12.8%, p = 0.019 vs. placebo). They also found
a significant difference in the LDL-c (—10.4%, p = 0.030 vs. baseline) and HDL-c (+14.0%,
p = 0.036 vs. baseline). No significant differences were observed in the levels of TC and
TG [32]. The third one, evaluating 122 subjects also observed significant reduction in LDL-c
(—=9.72%, p < 0.05 vs. placebo) and increase in HDL-c (+11.39%, p < 0.05 vs. placebo). How-
ever, no differences were observed in TC, triglyceride, glucose, or insulin values [53].
Zhang et al. (2016) evaluated 146 subjects with hypercholesterolemia aged 40-65 years
who received 320 mg/day of anthocyanin or placebo for 24 weeks [34]. When compared to
the placebo group, individuals who received anthocyanin showed a significant increase
in HDL-c (+14%, p = 0.036) and reduction in LDL-c (—10.4%, p = 0.030), hs-CRP (—21.6%,
p =0.001), IL-1p (—12.8%, p = 0.019), and sP-selectin (—5.9%, p = 0.027). There were no
changes in the levels of TC, TG, and TNF-« [34]. One year later, researchers evaluated the
ability of anthocyanin supplementation to alleviate thrombogenesis in overweight and
obese individuals (28-50 years old) for 4 weeks [52]. With the exception of the results asso-
ciated with thrombogenesis and platelet activation, such as a reduction in ADP-induced
monocyte-platelet aggregate formation by 29% (p < 0.05 vs. placebo), there were no dif-
ferences in glucose, HDL-c, LDL-c, triglyceride, and hs-CRP levels [52]. In their turn,
Yang et al. (2020) evaluated 90 prediabetic individuals with a mean age of 60 years who
received 320 mg/day of anthocyanin or placebo for 12 weeks [24]. No parameters were
significantly changed in the subjects (LDL-c, HDL-c, TC, TG, glucose, or insulin). Despite
having evaluated pre and post values, the authors only presented the initial values for
BW, BMI, WC, SBP, and DBP [24]. Two studies by Xu et al. (2021) and Zhao et al. (2021)
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performed the intervention with different doses of anthocyanin (40, 80 or 320 mg/day)
in subjects with dyslipidemia with a mean age of 57 years for 12 weeks [27,28]. Xu et al.
(2021) reported significant modifications when compared to placebo in subjects receiving
320 mg anthocyanin in cholesterol efflux capacity (+35%, p = 0.004 with 320 mg), HDL-c
(+0.07 mmol/L, p = 0.003 with 320 mg), and ApoA-I (+0.07 g/L with 320 mg, p = 0.008),
while there was a reduction in all these parameters in the placebo group. There were
no differences in anthropometric parameters, such as BW, BMI, and WC, in addition to
blood pressure, glucose, and IR. The authors concluded that doses of 80 or 320 mg can
improve HDL-c levels and the consequent induction of cholesterol efflux capacity in a dose
dependent manner [27]. Zhao et al. (2021) evaluated 169 subjects and like Xu et al. (2021)
also reported increased HDL-c (+0.01 £ 0.06 mmol/L, p = 0.039), ApoA-I (+0.06 + 0.08 g/L,
p = 0.037), and cholesterol efflux capacity (0.25 & 0.56%, p = 0.004) in subjects receiving
320 mg anthocyanin when compared to placebo. In addition, the authors reported reduced
plasma ceramides, namely Cer 16:0 and Cer 24:0, were associated in a dose dependent
manner with a reduction in non-HDL-c (p = 0.040), ApoB (p = 0.031), and TC (p = 0.026)
also in the subjects who received 320 mg [28] (Tables 3 and 4).

Table 3. Effects of flavonoids on components of metabolic syndrome (primary outcomes).

Flavonoid

BW BMI WC SBP DBP LDL-c HDL-c TG TC BG IR

Anthocyanin

Qin et al., 2009 [29]

Hassellund et al., 2012 [36]

Hassellund et al., 2013 [37]

Zhu et al., 2011 [25]

Zhu et al., 2013 [32]

Zhu et al., 2014 [52]

Zhang et al., 2016 [34]

Thompson et al., 2017 [53]

Yang et al., 2020 [24]

Xu et al., 2021 [27]

Zhao et al., 2021 [28]
Hesperidin

Morand et al., 2011 [42]

Rizza et al., 2011 [48]

Salden et al., 2016 [38]

Ohara et al., 2016 [35]

Yari et al., 2020 [50]

Yari et al., 2021 [49]
Quercetin

Egert et al., 2009 [43]

Egert et al., 2010 [51]

Pfeuffer et al., 2013 [26]

Dower et al., 2015 [39]
Epicatechin

Dower et al., 2015 [39]

Esser et al., 2018 [40]

Kirch et al., 2018 [44]
Epigallocatechin G.

Brown et al., 2009 [46]

Chatree et al., 2021 [45]
Genistein

Hodgson et al., 1998 [30]

Guevara-Cruz et al., 2020 [47]

Theaflavins and Catechin
Trautwein et al., 2010 [31]
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Ribeiro et al., 2019 [41]
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11, significant augmentation or diminution; NA, not assayed; =, no change; BW, body weight; BMI, body mass
index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; BG, blood glucose;
LDL-c and HDL-c, low and high density lipoprotein cholesterol; TG, triglycerides; TC, total cholesterol; IR,
insulin resistance.
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Table 4. Effects of flavonoids on secondary outcomes.
Flavonoid TNF-a and hs-CRP Others Markers
Anthocyanin
. J mass and activity CETP, and 1 cellular
Qin et al., 2009 [29] NA cholesterol efflux
Hassellund et al., 2012 [36] NA No Change's in leyels of ren'm, aldosterone, or
angiotensin-converting enzyme
Hassellund et al., 2013 [37] No changes in TNF-« and hs-CRP 1 von Willebrand factor
J FMD, cGMP and adhesion molecules, such as
Zhu et al., 2011 [25] NA SVCAM-1
Zhu et al., 2013 [32] No changes in TNF-«, | hs-CRP } sVCAM-1 and IL-1f3
1 cholesterol efflux capacity and
Zhu et al., 2014 [52] NA HDL-PONT activity
Zhang et al., 2016 [34] No changes in TNF-«, | hs-CRP J IL-1p and sP-selectin
Thompson et al., 2017 [53] No changes in hs-CRP | (ADP)-induced platelet a'ctlvatlon, PAC-1
and p-selectin
Yang et al., 2020 [24] NA No changes in adiponectin levels
Xu et al., 2021 [27] NA 1 cholesterol efflux capacity and ApoA-I
Zhao et al., 2021 [28] NA 1 cholesterol efflux capacity, ApoA-I and Apo B

Hesperidin
Morand et al., 2011 [42]
Rizza et al., 2011 [48]
Salden et al., 2016 [38]

Ohara et al., 2016 [35]

Yari et al., 2020 [50]

Yari et al., 2021 [49]
Quercetin

Egert et al., 2009 [43]

Egert et al., 2010 [51]

Pfeuffer et al., 2013 [26]

Dower et al., 2015 [39]
Epicatechin

Dower et al., 2015 [39]

Esser et al., 2018 [40]

Kirch et al., 2018 [44]
Epigallocatechin G.

Brown et al., 2009 [46]

Chatree et al., 2021 [45]
Genistein

Hodgson et al., 1998 [30]

Guevara-Cruz et al., 2020 [47]

Theaflavins and Catechin

Trautwein et al., 2010 [31]
Eriocitrin, Hesperidin, Naringin,
and Didymin

Ribeiro et al., 2019 [41]

No changes in hs-CRP
1 hs-CRP
NA

NA
J} TNF-« and hs-CRP
NA
No changes in TNF-« and hs-CRP
J TNF-a, no changes in hs-CRP
TTNF-«, no changes in hs-CRP
NA
NA

J TNF upstream regulator
NA

NA
NA

NA
| hs-CRP

NA

} TNF-« and hs-CRP

1 endothelium-dependent vasodilation and
} interleukin-6
1T FMD, | apoB, and | sE-selectin
No changes in FMD, | adhesion molecules such
as sVCAM-1 and sICAM-1
No changes in abdominal fat area (visceral
and subcutaneous)

NA
NA

1 ox-LDL, | pulse pressure
J ox-LDL
No changes in s-E-Selectin, s-VCAM, s-ICAM,
ox-LDL, and hs-CRP
No changes in FMD or EID

No changes in FMD or EID
J IL8-CXCR1/2 and AMB2_neutrophil genes
No changes in ox-LDL

1 mood (hedonic tone)
1 serum kisspeptin

No changes in lipoprotein (a) concentrations
J metabolic endotoxemia, 1 skeletal muscle fatty

acid oxidation

NA

J C-peptide and Interleukin-6,
1 antioxidant capacity

11, Significant augmentation or diminution; NA, not assayed; hs-CRP, highly sensitive C-reactive protein; TNF,
tumour necrosis factor; FMD, flow-mediated dilatation; cGMP, cyclic guanosine 3’,5’-monophosphate; sVCAM
and VCAM, vascular cell adhesion molecule; IL, interleukin; ICAM, intercellular adhesion molecule; PAC-1,
procaspase-activating compound; Apo, apolipoprotein; EID, endothelium-independent dilation; ox-LDL, oxidized
low-density lipoprotein; CETP, cholesteryl ester transfer protein.
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3.5.2. Hesperidin-Associated Outcomes

Six studies selected hesperidin as an intervention [35,38,42,48-50]. The first study was
conducted with 24 subjects with overweight and moderate hyperlipidemia (age 50-65 years),
who for 4 weeks (separated by a 3 weeks washout period) consumed 292 mg/day
of hesperidin or placebo [42]. There was no change in anthropometric variables or
in the plasma concentrations of glucose and insulin, TG, TC, LDL-c, HDL-c, or in in-
flammatory markers, such as hs-CRP and IL-6. However, the authors reported signifi-
cantly reduced DBP, but not SBP, after hesperidin supplementation (—5.3 + 2.0 mmHg,
p = 0.023 vs. placebo), and acutely increased the endothelium-dependent vasodilation
(+48.65 + 25.54%, p < 0.05 vs. placebo) [42]. In the same year, a study published by
Rizza et al. (2011) evaluated the effects of 500 mg/day of hesperidin for 2 periods of 3 weeks
separated by a 3 days washout period in 28 subjects (21 and 65 years) with metabolic
syndrome [48]. The intervention caused an increase in FMD (+2.47, p = 0.02 vs. placebo), al-
though there were no changes in SBP and DBP. In addition, there was a significant reduction in
TC (—11.4 mg/dL, p = 0.03 vs. placebo), ApoB (—4.79 mg/dL, p = 0.04 vs. placebo), and hs-
CRP (—0.68 mg/L, p = 0.01 vs. placebo), increased HDL-c (+1.3 mg/dL, p = 0.05 vs. placebo),
and a tendency to increase the quantitative insulin sensitivity check index (QUICKI) (+0.003,
p = 0.06 vs. placebo). However, hesperidin did not alter WC, body mass index (BMI), and
other markers, such as TG, BG, insulin, and LDL-c [48]. From the supplementation of
450 mg/day of hesperidin or placebo, Salden et al. (2016) evaluated endothelial dys-
function in 65 overweight individuals (age 53 £ 14) for 6 weeks [38]. There were no
changes in FMD, TC, TG, LDL-c, HDL-c, BG, and insulin; however, the authors reported
a trend of reduction (p between 0.05 and 0.10) of adhesion molecules, such as sVCAM-1
(p = 0.052 vs. placebo), intercellular adhesion molecule 1 (SICAM-1) (p = 0.056 vs. placebo),
and sP-selectin (p = 0.086 vs. placebo), as well as SBP (—5 mmHg, p = 0.095 vs. placebo)
and DBP (-2 mmHg, p = 0.095 vs. placebo) after the six weeks of intervention. In
subjects with FMD >3%, supplementation caused a significant reduction in sVCAM-1
(p = 0.03 vs. placebo) and sSICAM-1 (p = 0.017 vs. placebo) [38]. Ohara et al. (2016) aimed to
evaluate the anti-obesity effect of G-hesperidin or placebo on body fat and serum TG [35].
To do this, they studied 75 healthy subjects (2065 years) with moderately high body mass
index (BMI) and serum TG who received 500 mg/day of G-hesperidin for 12 weeks. There
were no differences in BW, BMI, WC, TG, and HDL-c. On the other hand, supplementation
was able to reduce TC at week 4 (—12.5 = 17 mg/dL, p < 0.05 vs. baseline) and LDL-c at the
end of the study (—10.6 £ 14.0, p < 0.05 vs. baseline) [35]. Lastly, two studies by Yari et al.
(2020 and 2021) studied the effects of hesperidin in individuals with metabolic syndrome.
In the first one, 49 patients with MetS (27-70 years) received either 1000 mg/day hesperidin
or placebo for 12 weeks [50]. They evaluated anthropometric parameters, dietary intake,
physical activity, lipid profile, glucose homeostasis parameter, TNF-«, and hs-CRP. Hes-
peridin decreased fasting glucose (—13.32 mg/dL, p = 0.043), TG (—49.09 mg/dL, p = 0.049),
SBP (—2.68 mmHg, p = 0.048), and TNF-« (—4.44 pg/mL, p = 0.009) and increased QUICKI
(+0.02, p < 0.001) when compared to placebo. Evaluating pre and post values, Hesperidin
was able to reduce the serum levels of glucose (p < 0.001), insulin (p < 0.001), the homeosta-
sis model assessment of insulin resistance (HOMA-IR) (—0.70, p < 0.001) TG (p = 0.002),
TC (p < 0.001), LDL-c (p = 0.010), TNF-x (p < 0.001) and hs-CRP (p = 0.008). Overall, the
remission of metabolic syndrome in patients treated with hesperidin was almost twice that
of the placebo (64% vs. 33%, p = 0.046) [50]. In the second one, evaluating 98 subjects with
metabolic syndrome (age ~34-58 years) for 12 weeks who received 1 g/day of hesperidin,
they reported significant reduction in SBP (—5.68 mmHg, p = 0.041), and serum concentra-
tions of triglyceride (—50.06, p = 0.033) when compared to placebo. There was a reduction
in DBP pre and post in the group receiving hesperidin (p < 0.05), which was not observed
in the placebo group. The reduction caused by supplementation of the prevalence of
metabolic syndrome was 54.5%, not significant when compared to placebo (—36%). There
was no change in BW, BMI, HDL-c, LDL-c, BG and insulin, HOMA-IR, and QUICKI [49]
(Tables 3 and 4).
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3.5.3. Quercetin-Associated Outcomes

Four studies used quercetin as an intervention [26,39,43,51]. The first study evaluated
the effect of a quercetin supplementation on blood pressure, lipid metabolism, the markers
of oxidative stress, inflammation, and body composition in 93 overweight-obese volunteers
aged 25-65 years with metabolic syndrome traits [43]. The concentrations of fasting plasma
quercetin increased from 71 to 269 nmol/L (349%, p < 0.001) during supplementation, which
was different compared to placebo values. The authors reported a significant reduction in
SBP (—2.6 mmHg in the entire study group, p < 0.01 vs. baseline; —2.9 mmHg in the hyper-
tensive subjects, p < 0.01 vs. baseline; —3.7 mmHg in the younger adults aged 25-50 years,
p < 0.001 vs. placebo), in addition to oxidized low-density lipoprotein (ox-LDL) (p < 0.001).
The supplementation did not significantly affect BW, WC, fat mass, or fat-free mass in the
entire study group but decreased the fat mass in women (—0.57 kg, p < 0.05). The concentra-
tions of TC, TG, BG, LDL-c, TNF-«, hs-CRP, or uric acid were not influenced, but there was
a reduction in HDL-c (—0.07 mmol/L, p < 0.001 vs. placebo) [43]. The second study evalu-
ated the same individuals, but they were classified according to apolipoprotein (apo) E geno-
type into apoE2 (discontinued for low numbers of subjects), apoE3, and apoE4. They also re-
ceived a dose of 150 mg/day of quercetin or placebo for 2 treatment periods lasting 6 weeks
separated by a 5 weeks washout period. The authors reported significant increases in
quercetin concentration in subjects in the apoE3 (65.6 to 262.7, +378%, p < 0.001 vs. placebo)
and apoE4 (89.4 to 293.4, +345%, p < 0.001 vs. placebo) groups, with no difference between
them. Anthropometric parameters were not influenced by quercetin, such as BW, WC,
fat mass, and fat-free mass, as well as some biochemical parameters, such as TC, TG,
BG, hs-CRP, and uric acid. Conversely, significant reductions in SBP (—3.4 & 9.8 mmHg,
p <0.01 vs. baseline) but not in DBP were observed in the apoE3 group. Significant reduc-
tions were also observed in LDL-c (—0.16 mmol/L, p < 0.05 vs. baseline in apoE3), ox-LDL
(—186,5ug/L, p < 0.001 vs. baseline in apoE3, —169,8 ug/L, p < 0.01 vs. placebo in apoE4),
TNF-« (—0.22 ng/L, p < 0.01 vs. baseline in apoE3, —0.33 ng/L, p < 0.01 vs. baseline in
apoE4), and HDL-c (—0.13 mmol/L, p < 0.01 vs. baseline in apoE4) [51]. The results of
these studies indicate that quercetin may reduce the risk for CVD by reducing blood pres-
sure, TNF-«, and ox-LDL. In a similar study, also dividing participants according to apoE
genotype, Pfeuffer et al. (2013) evaluated endothelial function, anthropometry, metabolic,
and inflammatory parameters of 49 subjects (age 59.4 + 0.9) with apoE3 or apoE4 after
150 mg/day quercetin or placebo for 2 treatment periods lasting 8 weeks separated by
a 3 weeks washout period [26]. Similar to the previous studies, quercetin reduced SBP,
but only postprandial SBP (—5.73 mmHg, p < 0.05 in apoE3 and in apoE4 vs. placebo).
Fasting SBP and DBP were not altered. Unlike previous studies, quercetin decreased WC
(—0.63 cm, p < 0.01 in apoE3 and in apoE4 vs. placebo), increased plasma HDL-c levels
(+0.06 mmol/L, p < 0.05 in apoE3 and in apoE4 vs. placebo) and reduced postprandial
triglyceride concentrations in the first 4 h, but not 8 h (—11%, p < 0.05 in apoE3 and in
apoE4 vs. placebo). BG and insulin levels were not altered. However, quercetin caused
a slight increase in TNF-« levels (+11 pg/mL, p < 0.05 in apoE3 and in apoE4 vs. placebo).
Other inflammatory markers, such as hs-CRP and ox-LDL, were not altered [26]. Lastly, the
only study that did not observe any effect associated with quercetin supplementation was
conducted by Dower et al. (2015). Of the four studies, this was the one that performed the
supplementation for the shortest time (2 treatment periods lasting 4 weeks separated by
4 weeks washout period). The authors evaluated CVD risk factors in 37 apparently healthy
men and women aged 40-80 years with a SBP between 125 and 160 mm after 160 mg/day
quercetin or placebo. Quercetin supplementation was unable to alter SBP, DBP, BG, IR,
HDL-c, LDL-, or TG, despite significant increases in plasma concentrations after 4 weeks
(381 £ 205 nmol/L to 707 &+ 517 nmol/L, p < 0.001), which was not observed in the control
group (393 £ 217 nmol/L, no changes) [39] (Tables 3 and 4).
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3.5.4. Epicatechin-Associated Outcomes

Three studies evaluated the effects of epicatechin [39,40,44]. Dower et al. (2015) evalu-
ated CVD risk factors in 37 apparently healthy men and women aged 40-80 years with SBP
between 125 and 160 mm after 100 mg/day epicatechin or placebo (2 treatment periods
lasting 4 weeks separated by 4 weeks washout period). Although the plasma concentration
was not detected in fasting samples, 2 h after a supplementation the epicatechin concen-
trations were 1950 & 2070 nmol /L. The authors reported significant reductions in mean
fasting plasma insulin (—1.46 mU/L, p = 0.03 vs. placebo), which, consequently, resulted
in a significant decrease in HOMA-IR (—0.38, p = 0.04 vs. placebo). However, epicate-
chin had no effect on any other cardiometabolic health markers, including SBP, DBP, BG,
HDL-c, LDL-c, TC, or TG [39]. Esser et al. (2018) evaluated 32 (pre)hypertensive subjects
aged 30-80 years that received 2 crossover interventions for 4 weeks with epicatechin
(100 mg/day) or placebo with a 4 weeks washout period. The subjects showed significant
reduction in plasma glucose (—0.06 & 0.38 mmol/L, p = 0.03 vs. placebo), plasma insulin
(—0.80 £ 2.21, p = 0.02 vs. placebo), HOMA-IR (—0.23 % 0.66, p = 0.03 vs. placebo), and
HOMA-B (—5.1 £ 17.6, p = 0.03 vs. placebo). On the other hand, epicatechin did not cause
modifications in SBP, DBP, and BW. The inflammation was assessed from gene expression.
The authors reported that epicatechin downregulated gene sets involved in inflammation
(IL8-CXCR1/2 and AMB2_neutrophil), besides inhibiting upstream regulators involved
in inflammation, such as nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-«B) (inflammatory type molecules), TNFa and IL-13 (cytokine), although the differ-
ence in upstream regulators was not significant when compared to placebo [40]. Thus,
the results of the studies indicate that epicatechin may contribute to CVD risk reduction
by decreasing IR. As observed with quercetin supplementation, the only study that did
not observe differences after epicatechin supplementation performed the supplementation
for the shortest period (2 weeks) and supplemented at the lowest dose (25 mg/day) [44].
They evaluated 48 overweight-to-obese subjects with signs of metabolic syndrome for
2 treatment periods lasting 2 weeks separated by 2 weeks washout period. Neither of
the next parameters were influenced by supplementation, including blood pressure, BG,
insulin, HOMA-IR, TG, LDL-c, HDL-c, ox-LDL, BW, WC fat mass, and fat distribution [44]
(Tables 3 and 4).

3.5.5. Epigallocatechin Gallate-Associated Outcomes

Two studies performed the intervention with EGCC [45,46]. Brown et al. (2009),
studied overweight or obese male subjects aged 40-65 years who received 800 mg/day
of EGCC or placebo for 8 weeks. They assessed oral glucose tolerance and metabolic risk
factors, such as BMI, WC, body fat, blood pressure, TC, LDL-c, HDL-c, and TG. Although
EGCC was able to reduce DBP (—2.68 mmHg, p = 0.014 vs. placebo), no other parameters
were influenced by supplementation [46]. Similarly, Chatree et al. (2021) also reported
that EGCC reduced SBP (—6.92 mmHg, p = 0.036 vs. baseline) and DBP (—2.00 mmHg,
p = 0.044 vs. baseline). In addition, there was a significant reduction in plasma triglyceride
levels (—29.58 mg/dL, p < 0.05 vs. baseline). No other anthropometric (BW, WC, and BMI)
or biochemical (BG, insulin, HOMA-IR, TC, HDL-c and LDL-c) parameters were changed.
They studied obese subjects who were older than 18 years, and who received 150 mg/day
of EGCC or placebo for 8 weeks [45] (Tables 3 and 4).

3.5.6. Genistein-Associated Outcomes

Two studies evaluated the effects of genistein [30,47]. The first evaluated lipid concen-
trations in 45 men and women who received 55 mg isoflavonoids, predominantly genistein
(mean age 57 years) or placebo (mean age 54.3 years) for 8 weeks [30]. Despite the higher
urinary excretion of genistein in the group receiving the supplement when compared to
placebo (p < 0.0001), there was no change in lipid and lipoprotein concentrations (TC,
LDL-c, HDL-c, tryglicerides, and lipoprotein (a)) [30]. Using 50 mg/day of genistein or
placebo for 8 weeks in 45 obese subjects (2060 years) with a HOMA index greater than
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2.5, Guevara-Cruz et al. (2020) studied the gut microbiota and metabolic parameters, es-
pecially insulin sensitivity [47]. Although genistein supplementation did not alter BMI,
WC, body fat, BW, HDL-c, LDL-c, TG, SBP, DBP, and BG, it did reduce basal insulin (—24%,
p = 0.05 vs. placebo) and consequent HOMA-IR (—28%, p = 0.05 vs. placebo), in addition
to a trend of decrease in hs-CRP (p = 0.06 vs. placebo). After oral glucose tolerance test
(OGTT), a reduction in IR (—19.4%, p = 0.02 vs. baseline), and a tendency to increase
Matsuda index (p = 0.07 vs. baseline) were reported [47] (Tables 3 and 4).

3.5.7. Theaflavins and Catechin-Associated Outcomes

Trautwein et al. (2010) was the only study that evaluated the effects of theaflavins.
They studied the effects of ingesting a purified black tea theaflavins powder alone (77.5 mg)
or in combination with catechin (75.0 mg TFs + 149.4 mg catechins) on lowering serum total
and LDL-cholesterol in 102 subjects (18 and 65 years) with moderate hypercholesterolemia
(TC between 4.80 and 7.00 mmol/L, LDL-c between 2.50 and 4.90 mmol/L and fasting
TG < 4.50 mmol/L) for 11 weeks. The authors reported that no evaluated parameters (TC,
LDL-c, HDL-c, and TG) were influenced by the supplementation [31] (Tables 3 and 4).

3.5.8. Eriocitrin, Hesperidin, Naringin, and Didymin-Associated Outcomes

Another study evaluated the effects of citrus flavonoids [41]. The study evaluated the
effects of a supplement (Eriomin®) that contains, for the most part, (70%) eriocitrin (eriodic-
tyol glycoside) but also has 5% hesperidin, 4% naringin, and 1% didymin. The study was
conducted with 103 prediabetes patients (49 £ 10 years), who received placebo, 200, 400
or 800 mg of Eriomin for 12 weeks. The authors evaluated biochemical, metabolic, inflam-
matory, hepatic, renal, anthropometric markers, blood pressure, and dietary parameters.
The treatment with all doses of Eriomin was effective in reducing the following parameters:
BG (—6% with 200 mg, p < 0.01 vs. placebo; —5% with 400 mg, p < 0.01 vs. placebo; —4%
with 800 mg, p = 0.041 vs. placebo), IR (—8% with 200 mg, p = 0.037 vs. placebo; —7% with
400 mg, p = 0.043 vs. placebo; —6% with 800 mg, p = 0.042 vs. placebo), glucose intolerance
(=7% with 200 or 400 mg, p < 0.05 vs. placebo; —6% with 800 mg, p < 0.05 vs. placebo),
glycated hemoglobin (—2%, p < 0.05 vs. placebo), C-peptide (—5%, p < 0.001 vs. placebo),
hs-CRP (—12%, p < 0.05 vs. placebo), interleukin-6 (—13%, p = 0.034 vs. placebo), TNFo
(—=12%, p = 0.041 vs. placebo), SBP (—7%, p < 0.05 vs. placebo), and antioxidant capacity
(+6%, p = 0.031 vs. placebo). Anthropometric parameters were not altered by supplementa-
tion, such as BW, BM], lean mass, fat percentage, and hip—waist ratio, in addition to DBP,
TC, LDL-c, HDL-c, and TG [41] (Tables 3 and 4).

4. Discussion

In this review study, we aimed to evaluate the ability of flavonoids to affect metabolic
parameters that make up the metabolic syndrome, as well as associated parameters, such
as inflammation and oxidative stress. From the included studies, this review demon-
strated that flavonoids, when used alone as supplements, can significantly modify several
metabolic parameters, and consequently reduce the risk of diseases associated with MetS.
Of all the flavonoids studied, only theaflavin and catechin were unable to alter metabolic
parameters, but only one study was conducted with these compounds. Our conclusion was
based on a high number of articles (twenty-nine), all randomized controlled trials, of which
eighteen were randomized trials (parallel groups) and the other eleven were crossover
trials (individually randomized).

Overall, the following parameters were positively altered by flavonoid supplemen-
tation: SBP (57.1%), HDL-c (47.6%), IR (42.8%), LDL-c (40%), DBP (29.4%), TC (17.3%),
TG (16%), BG (14.2%), and WC (6.2%). Only BW and BMI were not changed from supple-
mentation. Regarding flavonoids, hesperidin was the one that changed parameters the
most, influencing 8 of the 11 evaluated (SBP, DBP, LDL-c, HDL-c, TG, TC, BG, and IR),
followed by quercetin (WC, SBP, LDL-c, HDL-c, and TG), anthocyanin (LDL-c, HDL-c, and
TC), epigallocatechin gallate (SBP, DBP, and TG), epicatechin (BG and IR), eriocitrin (SBP
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and BG), and genistein (IR). Importantly, HDL-c was negatively influenced in two studies
with quercetin, and BG in one study with anthocyanin. Regarding the two main secondary
parameters (TNF-a and hs-CRP), of the nine studies that evaluated TNF-«, a significant
reduction in this marker was found in four studies (44.4%, with hesperidin, quercetin, and
eriocitrin), however, one study reported an increase associated with quercetin supplementa-
tion. The hs-CRP was evaluated in twelve studies and five reported a significant reduction
(41.6%, with anthocyanin, hesperidin, genistein, and eriocitrin).

As seen previously, the MetS is a condition that is associated with an increased risk
of developing CVD due to changes in metabolic parameters, such as the lipid profile [1,2].
Changes in the lipid profile responsible for increased risk have long been described and are
mainly characterized by increased triglyceride and LDL-c levels, but later also associated
with reduced HDL-c levels [54-56]. Given that HDL-c concentrations are inversely associ-
ated with the risk of developing CVD independently of triglyceride and LDL-c levels, the
development of strategies aimed at increasing this lipoprotein are critical [55]. The main
function of HDL-c involves the reverse transport of cholesterol (RCT), that is, from tissues
to the liver [57]. In addition to promoting RCT, HDL-c is also reported to promote sys-
temic anti-inflammatory, antioxidant effects, and protect endothelial cell function [58-60].
According to the results found in different publications, the flavonoids anthocyanin, hes-
peridin, and quercetin caused changes in HDL-c and/or LDL-c levels, while anthocyanin,
hesperidin, quercetin, and epigallocatechin gallate were able to alter triglyceride and/or
TC levels.

It is important to note that these results are of clinical significance. For each 1% of
reduction in LDL or increase in HDL, the CVD event rate is reduced by nearly 1% [61].
The increase in HDL-c levels and reduction in LDL-c caused by anthocyanin in the study
conducted by Qin et al. (2009), for example, was 13.7% and 13.6% (27.3% reduction in
coronary heart disease risk), respectively. The results may be explained, in part, by a reduc-
tion in the mass and activity of cholesteryl ester transfer protein (CETP), a plasma protein
that removes cholesteryl esters from HDL in exchange for a triglyceride molecule [29]. In
fact, a study using a CETP inhibitor (torcetrapib) had already observed increases in HDL-c
levels and decreases in LDL-c [62]. However, an increase in blood pressure and aldosterone
concentrations associated with torcetrapib have also been reported [63], which was not
found by any studies present in this review that observed positive changes in HDL-c and
LDL-c associated with anthocyanin, hesperidin, or quercetin. Importantly, the effects may
be associated with the duration and dose of the studies, as addressed by Hassellund et al.
(2013) and Xu et al. (2021), who studied anthocyanins. The former found a less pronounced
HDL-c increase and no changes in LDL-c after 4 weeks [37], unlike the other studies that
lasted 12 weeks [25,29,32,52]. The second, although it observed increased ApoA-I levels
with 80 mg per day, did not observe differences in HDL-c levels, which were reported with
the highest dose (320 mg/day) [27].

Other important mechanisms have been described in studies with anthocyanin and
hesperidin. Since the amount of HDL-c alone is not a sufficient parameter to reduce
risk [64], studies have evaluated parameters associated with its functionality. The first
mechanism is the ability of anthocyanin to increase the level of ApoA-I, the most important
structural protein of HDL-c [27]. The HDL-C/apoA-I ratio is already known as a biomarker
of HDL-c particles to predict cardiovascular risk [65]. A second mechanism is related to
the activity of Paraoxonase 1 (PON1), an enzyme associated with high-density lipoprotein
(HDL-PON1) [53]. In this study, in addition to increased HDL-c levels and reduced LDL-c,
the authors reported increased HDL-PONT1 activity and increased cholesterol efflux capac-
ity associated with anthocyanin supplementation. A negative correlation was observed
between HDL-PONI1 activity and the levels of lipid hydroperoxides associated with HDL-c,
confirming the relationship between the activity of this enzyme and the lipid peroxidation
of lipoproteins, although the mechanisms on PON1-mediated antioxidant effects remains
to be determined. Furthermore, strong positive correlation was found between HDL-PON1
levels and cholesterol efflux capacity (CEC) [53]. The CEC is considered a significant
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indicator in the assessment of HDL-C functions, since cholesterol efflux from macrophages
is the initial and rate-limiting step of RCT [27].

Regarding hesperidin, the activation of peroxisome proliferator-activated receptors
(PPAR-alpha), modulation of apoB100 and 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase secretion, and increase in the bile-pancreatic flow are considered potential
mechanisms of action in view of, for example, PPAR-alpha showing stimulatory effects
on HDL-c and triglyceride concentrations [66—70]. Moreover, apoB-containing lipopro-
teins overproduction by hepatic tissue is a characteristic of dyslipidemias associated with
IR [48]. Ohara et al. (2015) also reported that hesperidin can reduce triglyceride production
from inhibition of hepatic lipogenesis [71]. They demonstrated in rats that the inhibition
of very-low-density lipoprotein (VLDL) synthesis was from the inhibition of fatty acid
synthase (FAS) from the metabolites of hesperidin, which, consequently, would prevent the
transformation of malonyl-CoA into palmitic acid and subsequently into TG, which would
become available for VLDL production [71].

Two studies in this review found a significant reduction in HDL-c after quercetin
supplementation [43,51]. In one of the studies, this reduction was not associated with
increased LDL:HDL cholesterol or TAG:HDL cholesterol ratios, thus limiting clinical rele-
vance [43], but was associated with decreased serum HDL cholesterol and apoA1 in apoE4
allele but not in apoE3 carriers, evidencing for the first time phenotype-specific adverse
effects [51]. Although the mechanisms have not been elucidated, it may be involved
with expression and/or activity of enzymes, such as cholesterol ester transfer protein and
lecithin cholesterol acyltransferase or hepatic lipase [51]. Importantly, the latter study
also found a reduction in LDL-c, and both studies reported a reduction in ox-LDL [43,51].
The conversion of LDL to ox-LDL is well known to be an atherogenic factor [72], and is
found to be elevated in individuals with metabolic syndrome [73]. An in vitro study by
Wai et al. (2008) reported the ability of metabolites, such as quercetin-3-O-glucuronide,
to inhibit neutrophil-mediated LDL oxidation [74]. In contrast, Pfeuffer et al. (2013) ob-
served increased HDL-c and reduced postprandial TG after quercetin supplementation,
with the latter possibly being related to quercetin-induced reduction in fatty acid and
triacylglycerol synthesis in the liver [26]. The authors reported that the results were not
associated with the different types of phenotypes, as observed by Egert et al. (2010), which
can be explained by differences in metabolic conditions of the individuals, gender, and
age. Whereas Pfeuffer et al. (2013) evaluated only men, Egert et al. (2009) evaluated
both sexes [26,51].

Furthermore, EGCG supplementation was also able to alter triglyceride levels. In the
only study that observed such a change, the researchers suggested that this result may have
been caused by decreased triglyceride absorption in the gastrointestinal tract and/or VLDL
production and secretion at the liver [45]. Studies in rats were responsible for allowing such
suggestions. The inhibition of pancreatic lipase was observed in a dose-dependent manner
from EGCG supplementation, which consequently reduced triglyceride absorption and
postprandial triglyceridemia [75]. Another study, performed in rat hepatoma cells reported
decreased apoB-100 VLDL secretion, as well as TG [76]. Finally, the only studies that did
not observe any modification in LDL-c, HDL-¢c, TC, and triglyceride levels were performed
with epicatechin, genistein, theaflavins plus catechin, and eriocitrin. The supplementation
of EGCG, as well as hesperidin, quercetin, and eriocitrin were also able to significantly alter
blood pressure.

Both SBP and DBP are used in the criteria for metabolic syndrome (>130 mmHg SBP
or >85 mmHg DBP). Although DBP is an important indicator, current literature cites SBP
as the main relevant component of blood pressure [77]. The studies in this review reported
reductions ranging from 2 to 6 mmHg in DBP and/or SBP. These changes are considered
significant because a reduction of 3 to 4 mmHg has already been described in a meta-
analysis as capable of reducing the incidence of coronary artery disease by 20% [78]. The
mechanisms by which flavonoids may lower blood pressure may involve multiple mecha-
nisms, such as the production of nitric oxide (NO) by vascular endothelium and inhibitory
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effect on angiotensin-converting enzyme and nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase expression [79-81]. However, in the study by Morand et al. (2011),
where endothelial function was assessed by microvessels by using laser Doppler flowmetry,
it was reported, after hesperidin consumption, there was a significant improvement of
postprandial acetylcholine-mediated vasodilation and DBP that were not accompanied by
changes in plasma NO, raising the possibility of improvements by other mediators, such
as prostaglandins [42,82].

Other studies have evaluated the ability of flavonoids to alter the function of the vas-
cular endothelium, responsible for maintaining vascular homeostasis through the secretion
of vasodilators and vasoconstrictors. Indeed, Rizza et al. (2011) reported improvement
in flow-mediated dilation (FMD) but not blood pressure after hesperidin consumption
probably associated with higher NO production [48]. On the other hand, Salden et al.
(2016) reported that although there were no significant differences in FMD, there was
a trend toward a reduction in adhesion molecules, such as sVCAM-1 and sICAM-1, which
play an important role in the development and progression of atherosclerosis, as well
as DBP and SBP, associated with hesperidin consumption [38]. Thus, the reduction in
stressors on the vascular endothelium and consequent improved functionality may also be
responsible for higher NO production and subsequent lowering of blood pressure. The re-
duction in adhesion molecules was significant in a subgroup of subjects with baseline FMD
>3% [38]. Pfeuffer et al. (2013), meanwhile, found no differences in adhesion molecule
concentrations but reported reduced SBP associated with quercetin consumption. The
authors suggested that these differences may be associated, in part, with the initial level of
endothelial dysfunction [26,38].

Additionally, in a study performed with EGCG, the increase in NO production was
caused by the stimulation of phosphotidylinositol-3-kinase/ Akt pathway [83]. In another
study, EGCG decreased oxidative stress that caused hypertension probably through the
scavenging of superoxide anion generation [84]. In one of the studies present in this review,
EGCG supplementation also resulted in reduced levels of kisspeptin, which, besides having
effects on reproductive function, can be considered a vasoactive substance and actively
participate in the regulation of blood pressure [45]. This is because kisspeptin has been
revealed to be a potent vasoconstrictor. Its receptor (GPR54) has been found in smooth
muscle and endothelial cells, such as human coronary artery, and within atherosclerotic
plaque of human coronary artery [85,86]. Taken together, these results confirm the idea
that flavonoids act in different ways to improve endothelial function and blood pressure.
Due to the existing association between IR and endothelial dysfunction, many studies
evaluated the ability of flavonoids to reduce BG and IR. As a matter of fact, by increasing
the endothelial bioavailability of NO and consequently decreasing the formation of reactive
oxygen and nitrogen species, flavanols may improve IR [87].

As proved in some research works analyzed in this review, the flavonoids hesperidin,
epicatechin, genistein, and eriocitrin were able to reduce BG and/or IR. The only study that
found negative effects was conducted with anthocyanin. However, the authors reported
that insulin and long-term glucose (HbAlc) were not significantly different. Furthermore,
the analyses were performed 1-3 h after the consumption of anthocyanin capsules con-
taining carbohydrates. Thus, supplementation is unlikely to cause significant negative
long-term changes [37]. Moreover, although there are studies demonstrating the effects of
this flavonoid on glycemic metabolism, studies suggests that the absence of effects may
be due to normal values of fasting BG and HbAlc at baseline [24,27]. In the study by
Yari et al. (2020), hesperidin occasioned significant reduction in both parameters [50]. In
addition to the bioavailability of NO, several mechanisms have been proposed related
to glycemic control. Studying rats with type 2 diabetes, Jung et al. (2006) observed the
reduced expression of glucose regulating enzymes genes, such as glucose-6-phosphatase
mRNA, phosphoenolpyruvate carboxykinase (PEPCK), as well as increased GLUT4 ex-
pression in adipocytes [68]. In another study with rats, Jung et al. (2004) reported that the
hypoglycemic effects of hesperidin and naringin are partly mediated by hepatic glucose-
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regulating enzymes (glycolysis and gluconeogenesis) [88]. Moreover, it is possible that the
glycemic control occasioned by hesperidin is attributed to a greater ability to release insulin
and consequently greater stimulation for peripheral glucose uptake [89]. In a study with
eriodictyol, authors reported regulation in liver and adipocyte expression of peroxisome
proliferator-activated receptor gamma (PPARYy) mRNA, which activates insulin signaling
and promotes translocation of the glucose transporter GLUT4, which in turn regulates
intracellular glucose uptake and consequently insulin sensitivity [90].

The association between HOMA-IR or QUICKI and CVD risk has also been demon-
strated in epidemiological studies [91,92]. After supplementation with hesperidin and
epicatechin, Rizza et al. (2011) observed a trend toward improvement in insulin sensitivity
assessed by QUICKI, while Dower et al. (2015) reported significant reduction in HOMA-
IR, respectively [39,48]. In an in vitro study performed with epicatechin, an induction
of the AKT/PI-3-kinase and ERK1/2 pathways associated with cocoa flavan-3-ols was
observed [93]. In humans, the consumption of high-polyphenol dark chocolate, a source
of epicatechin, caused improvement in pancreatic 3-cell function [87]. It has been shown
that prediabetic individuals may have intestinal alterations that consequently influence
glucose and insulin metabolism, such as impaired Glucagon-like peptide 1 (GLP-1) secre-
tion by intestinal L cells after carbohydrate ingestion [94]. Ribeiro et al. (2019), for example,
reported a 15% increase in GLP-1 secretion after consumption of citrus flavonoids (mainly
eriocitrin), in addition to increased serum adiponectin levels by 18% [41]. GLP-1 regulate
glucose metabolism, stimulating insulin secretion, and inhibiting glucagon secretion, as
well as adiponectin, which plays a crucial role in insulin sensitivity and the regulation of
glucose metabolism [94,95].

Guevara-Cruz et al. (2020), one of two studies that used genistein as an intervention,
studied the effects on insulin sensitivity through gut microbiota reshaping [47]. Initially,
the authors reported reduced IR that may have resulted from increased fatty acid oxida-
tion and increased skeletal muscle oxidative capacity for fatty acids mediated in part by
AMPK activation [47]. They then suggested that the effects of genistein on carbohydrate
metabolism may occur via a complex mechanism involving the gut microbiota. They found
significant increases in the concentrations of the phylum Verrucromicrobia, subsequently
associated with an increase in the Akkermansia genus (A. muciniphila at the specie level),
which has already been associated with reduced IR [96]. Moreover, they found a reduction
in C reactive protein, a marker of systemic inflammation, which has also already been
associated with reduced IR [97]. Several studies present in this review evaluated the levels
of inflammatory markers, such as hs-CRP and TNF-«, so we included these two markers
as secondary endpoints. A significant reduction in TNF-o was found in four studies, while
hs-CRP reduction was found in five studies.

Both the high-sensitivity C-reactive protein (hs-CRP) and tumor necrosis factor al-
pha (TNF-«) are considered markers and regulators of various inflammatory pathways,
which contribute to both physiological and pathological processes [98,99]. High levels
of these substances are associated with events, such as stroke, myocardial infarction,
type 2 diabetes, micro and macrovascular complications, and death [98,100]. In a study
by Lee (2011), eriodictyol reduced NO production, suppressed the phagocytic activity
of activated macrophages, and reduced the secretion of pro-inflammatory cytokines by
reducing the expression of RNA. These repressive effects were caused by inhibition of
pathways, such as the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) and the activation of other pathways, such as p38 mitogen-activated protein kinase
(MAPK) and extracellular signal-regulated kinases 1 and 2 (ERK1/2) [101]. In another study,
Gamo et al. (2014) reported activation of PPARy and accelerated adipocyte differentiation
with a consequent increase in adiponectin with hesperidin [102]. The activation of PPAR is
associated with improvement in insulin sensitivity and reduced inflammation, in addition
to positive changes in blood pressure [103].

Esser et al. (2018), one of the studies evaluated in this review, reported inhibition
of upstream regulators, including TNE, although the difference was not significant when
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compared to placebo [40]. However, based on other studies, the authors hypothesize that
epicatechin may act on other inflammatory transcription factors, such as NF-kB and AP-1,
as demonstrated by Lee (2011) [101]. Zhang et al. (2016), in another study analyzed in
this review, revealed that anthocyanin supplementation caused a significant reduction
in several platelet chemokines, such as CXCL7 (secreted only by platelets), which was
positively correlated with changes in inflammatory markers, such as hs-CRP, as well as
blood lipid levels [34]. Meanwhile, in one of the studies that did not observe significant
changes in TNF-« and hs-CRP, Hassellund et al. (2013) suggested that the lack of anti-
inflammatory effects may be due to the absence of inflammation or oxidative stress in
their study participants at baseline [37]. Thus, it is likely that significant reductions in
any parameter evaluated in this review will be obtained if there are significant changes in
the first place. Moreover, in view of the association between inflammation, lipid profile,
glucose metabolism, and blood pressure, it is possible to conclude that the results found in
the studies present a positive correlation between them, as well as there being a complex
network connecting the mechanisms of action.

Apart from the many probed beneficial effects of flavonoids, including those found
in this review and others, such as appetite control and reduction in food intake, the
modulation of adipocyte differentiation, adipogenesis, lipolysis, 3-oxidation and apoptosis,
stimulation in energy expenditure (thermogenesis), and the modulation of the microbiota,
there are some, but not serious adverse effects reported on its use. As pancreatic lipase
inhibitors, flavonoids can produce digestive adverse effects, such as abdominal distention
or flatulence [104]. From the studies reviewed in this investigation, Hodgson et al. (1998)
and Qin et al. (2009) reported no adverse effects with the use of genistein, daidzein, or
anthocyanin [29,30]. Esser et al. (2018) studied epicatechin effects and reported only
five dropouts as “loss of follow up”, with no adverse events or side effects mentioned [40].
Kirch et al. (2018) used a nutritive dose of epicatechin and also did not report any side
effects [44]. Guevara-Cruz et al. (2020) did not report any side effects on genistein treatment
on obese subjects [47]. Morand et al. (2011), Rizza et al. (2011), and Yari et al. (2019 and
2020) declare that no adverse events were reported by the study participants during either
the placebo or hesperidin treatment period [42,48-50].

On the other hand, Egert et al. (2009) reported one drop-out due to gastrointestinal
symptoms not related to quercetin supplementation [43]. Xu et al. (2021) reported a total
of 18 adverse events with anthocyanins: 4 on placebo group, 6 on 40 mg/day group, 5 on
80 mg/day group, and 3 on 320 mg/day group, ranging from dark stool (most frequent,
10 subjects, 9 under treatment, 1 placebo), insomnia, abdominal pain, diarrhea, dizziness,
and skin rash [27]. Zhao et al. (2021) also used anthocyanins at different doses (40, 80, and
320 mg/day). They had a drop-out rate of 10% in each group but claiming several reasons
different to adverse or side effects, such as “poor compliance” (n = 2), “lost to follow-up”
(n=1), “declined to continue” (n = 3), or “migrated out” (n = 1) [28]. Hassellund et al. (2012
and 2013) reported several adverse events during anthocyanin treatment: diarrhea (n = 1),
minor headache of short duration (n = 3), darker stools (n = 2), and nausea (n = 1) [36,37].
Yang et al. (2020) also used anthocyanins and reported a total of 10 adverse events among
its subjects, 3 of them were of placebo group presenting abdominal pain (n = 1), diarrhea
(n = 1), and skin rash (n = 1), while the treated group presented 7 cases with black stool
(n =5), insomnia (n = 1), and dizziness (n = 1) [24].

Brown et al. (2009) performed a study with EGCG and reported one subject leaving
the protocol due to initiation of drug therapy, but no side effects were mentioned [46].
Chatree et al. (2021) reported in their investigation with EGCG only two adverse events
during the treatment: one with headache and the other with a mouth ulcer; however,
they mentioned that long term use (>6 months) may be related to hepatic toxicity injury
according to other studies [45,105,106]. Trautwein et al. (2010) reported 14 adverse events
in its study: 6 occurring in the theaflavins (TFs) group, 2 in the TFs/catechins group, and 6
in the placebo group. Of the 14 adverse events, 13 were not related to the study, while one in
the form of stomach discomfort was considered as possibly related to study treatment [31].
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Dower et al. (2015) used epicatechin and quercetin and reported two adverse events (one
had a nonfatal acute myocardial infarction, while the other had a fatal stroke) but proved
to be independent of the treatment [39].

Ribeiro et al. (2019) studied Eriomin as the source of flavonoids (mainly eriocitrin) and
mentioned seven adverse events during the study: two in the 800 mg/day group, two in
the 400 mg group, one in the 200 mg group, and two in the placebo group (pasty stools or
headache), but still considered Eriomin well tolerated due to the absence of severe or chronic
adverse events [41]. Salden et al. (2016) used hesperidin and only reported one drop-out due
to a skin rash, which disappeared after stopping the supplementation [38]. Summarizing,
the flavonoid with more reports of adverse events were anthocyanins with gastrointestinal
symptoms, such as dark stool, abdominal pain, diarrhea, dizziness, nausea, and others,
such as skin rash, minor headache, or insomnia [24,27,28,36,37]. The other flavonoids:
catechins, epicatechins and EGCG, hesperidin, quercetin, genistein, and eriocitrin reported
occasional and rare side effects among its subjects, and most of them declare not having
any adverse events on the studies.

Nevertheless, natural sources may contain other potentially bioactive compounds
that may influence CVD, which casts doubt on whether the beneficial effects on metabolic
parameters in humans are solely caused by the intake of polyphenols. Moreover, foods
ingested concomitantly may influence degradation and subsequent absorption. The results
were also evaluated in individuals with metabolic alterations. Studies with healthy individ-
uals or individuals who do not present alterations in any of the evaluated components may
obtain different results, as demonstrated previously. The only study that tested nutritional
dosing was unsuccessful, suggesting that higher doses are needed to obtain results, as
well as longer-term interventions. Conversely, all the studies evaluated in this review are
long-term randomized controlled trials, and only one study was not double-blinded.

5. Conclusions

The results presented in this systematic review offers evidence in support of a flavonoid
supplementation, held for at least 3 weeks, as a strategy to improve several metabolic pa-
rameters and consequently reduce the risk of diseases associated with MetS. Except for BW
and BM], all other parameters were significantly influenced by flavonoids. This evidence
becomes stronger due to the rare side effects reported with flavonoids, except for antho-
cyanin. Further studies should test different doses of flavonoids as only three studies have
evaluated the dose-response effects.
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Abbreviations

Apo: apolipoprotein; BG, blood glucose; BMI, body mass index; BW, body weight;
CETP, cholesteryl ester transfer protein; cGMP, Cyclic guanosine 3’,5’-monophosphate;
CVD, cardiovascular disease; DBP, diastolic blood pressure; hs-CRP, highly sensitive C-
reactive protein; EID, endothelium-independent dilation; FMD, flow-mediated dilatation;
HOMA-IR, homeostasis model assessment of insulin resistance; ICAM, intercellular ad-
hesion molecule; IL, interleukin; IR, insulin resistance; LDL-c and HDL-c, low and high
density lipo-protein cholesterol; MetS, metabolic syndrome; MeSH, medical subject head-
ings; ox-LDL, oxidized low-density lipo-protein; PAC-1, procaspase-activating compound;
QUICKI, quantitative insulin sensitivity check index; SBP, systolic blood pressure; sP-
selectin, soluble platelet selectin; sVCAM and VCAM, vascular cell adhesion molecule; TC,
total cholesterol; TG, triglycerides; TNF, tumour necrosis factor; WC, waist circumference.
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