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Abstract: Recent studies on natural antioxidant compounds have highlighted their potentiality
against various pathological conditions. The present review aims to selectively evaluate the benefits
of catechins and their polymeric structure on metabolic syndrome, a common disorder characterized
by a cluster of three main risk factors: obesity, hypertension, and hyperglycemia. Patients with
metabolic syndrome suffer chronic low inflammation state and oxidative stress both conditions
effectively countered by flavanols and their polymers. The mechanism behind the activity of these
molecules has been highlighted and correlated with the characteristic features present on their basic
flavonoidic skelethon, as well as the efficient doses needed to perform their activity in both in vitro
and in vivo studies. The amount of evidence provided in this review offers a starting point for
flavanol dietary supplementation as a potential strategy to counteract several metabolic targets
associated with metabolic syndrome and suggests a key role of albumin as flavanol-delivery system
to the different target of action inside the organism.

Keywords: cardiovascular diseases; natural antioxidants; inflammatory state; flavan-3-ols;
catechins; proanthocyanidins

1. Introduction

Recent studies on natural antioxidant compounds have highlighted their great poten-
tiality against several pathological conditions associated with metabolic and physiological
disorders referred to as metabolic syndrome (MetS). Among these compounds, flavonoids
belonging to the group of polyphenols, are found in many foods, such as vegetables,
fruits, tea and in flowers and wine [1]. More than 10,000 compounds have been found
and this makes the group quite heterogeneous and divisible into further categories and
subgroups [2]. Some of these compounds are also responsible for the color of fruits, veg-
etables, and flowers as well as the yellow and orange color of citrus fruits and the red and
blue color of berries [3]. Many experimental studies describe different roles and biolog-
ical activities of flavonoids. Different epidemiological studies have evidenced that they
have a pivotal role as far as the prevention of cardiovascular diseases and the onset of the
corresponding pathological conditions are concerned [4]. These compounds, also called
bioflavonoids, have had growing interest because of their multiple beneficial effects and
multitarget action; their antimicrobial, anti-inflammatory, antiaggregating, antiamylogenic,
and strong antioxidant activities have been demonstrated. Furthermore, many of them
may exert positive health effects on central nervous system, such as antioxidant capacity,
thanks to their ability to cross the blood–brain barrier [4,5]. Biological evidence and their
abundance in the Mediterranean diet make flavonoids a promising strategy to counteract
the development of MetS and lower the risks associated with it [6]. Since there are different
subgroups of flavonoids with different biological activities depending on the chemical
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structure and substituents, the present review aims to selectively evaluate the benefits of
some categories of flavanol and their polymeric structure on MetS.

2. Metabolic Syndrome (MetS)

MetS is a general term that includes a cluster of metabolic abnormalities such as
insulin resistance, central obesity, hypertension, and atherogenic dyslipidemia. In fact,
it is also known as ‘insulin resistance syndrome’, ‘syndrome X’, ‘hypertriglyceridemic
waist’, and ‘the deadly quartet’. Based on the definition of the World Health Organization
(although this definition has widely integrated and modified), MetS occurs when, in
the presence of insulin resistance, there is the addition of other two risk factors such as
obesity, hypertension, hyperlipidemia, or microalbuminuria. In each case, it is also strongly
associated with a potential increased risk factor for developing diabetes and atherosclerotic
and cardiovascular disease (CVD) [7]. It is a pathology linked to both genetic and acquired
factors that contribute to bringing about an inflammation state that is one of the main
responsible for the development of CVD. Moreover, the last twenty years have been
characterized by a dramatic increase in obesity with a serious impact on public health. The
excess of adipose tissue represents an important risk factor for health as it induces the
establishment of a low-grade inflammatory state, silent but chronic. This condition hinders
weight loss and is associated with multiple clinical complications, including hypertension,
dyslipidemia, insulin resistance, high levels of cholesterol, and triglycerides in the blood
and in severe cases, cardiovascular disease, type two diabetes, and nonalcoholic fatty
liver disease (NAFLD). Especially, the abdominal distribution of adipose tissue is of great
importance regarding these comorbidities known as metabolic syndrome [8]. The diagnosis
of MetS focuses on the assessment at least three of the following risk factors visceral fat
accumulation, hypertension, hyperglycemia, and dyslipidemia [9]. People affected by
this condition are at high risk of developing type 2 diabetes and are twice as likely to
develop coronary heart disease [10]. In addition, a wide range of other disorders occur
concomitantly with or because of MetS, including NAFLD. The pathophysiology of MetS
is complex; in general, it is characterized by a state of neurohormonal activation; insulin
resistance and release of fatty acids from adipose tissue; and an increase in oxidative stress
accompanied by a low-grade inflammation [11–13]. Patients with MetS are characterized by
chronic systemic inflammation, a process related to oxidative stress and genetic mutations;
several studies have shown a close correlation between the progression of the dysmetabolic
process and an altered increase in the release of adipokines including tumor necrosis
factor alpha (TNF a) and interleukin-6 (IL-6) linked with a progressive activation of the
innate immune system [14–16]. An increased production of reactive oxygen (ROS) and
nitrogen (RNS) species caused by the imbalance between pro-oxidizing and antioxidants
is another distinctive feature of MetS [17]. Reduced catalytic activity of catalase (CAT),
superoxide dismutase (SOD), and nitric oxide endothelial synthase (eNOS) and decreased
levels of glutathione peroxidase (GPx) and glutathione-S-transferase (GST) were detected
in plasma of patients with MetS compared to healthy individuals [17,18]. On the contrary,
the myeloperoxidase activity was higher. The antioxidant, antihyperlipidemic, and anti-
inflammatory properties of polyphenols could help to counteract the main risk factors
characterizing the onset and establishment of a dysmetabolic state. In fact, although cells
have a valid endogenous antioxidant system equipped with enzymatic scavengers of ROS,
these defenses are not always able to efficiently counteract the enhanced ROS production.
Therefore, agents that can strengthen antioxidant defense and prevent the increase in ROS
generation may represent an effective treatment to combat inflammation-related oxidative
stress in the development of numerous diseases.

3. Chemical Structure and Classification of Flavonoids

Flavonoids belong to the group of polyphenols, as they are secondary metabolites
of plants [19]. From a chemical point of view, all these compounds are characterized by
a basic nucleus containing 15 carbon atoms, in which the scaffold is represented by a
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2-phenylbenzo-γ-pyron (Figure 1). These carbon atoms are distributed in such a way as
to form two six-term aromatic rings, commonly denoted by “A” and “B”, connected by a
three-carbon bridge that usually cyclizes through an oxygen atom to form a third pyron ring
“C” connecting the first two aromatic rings [20]. Based on the vastness of the compounds
identified over time, flavonoids may be divided into different groups. Following a generic
classification, based on different characteristics, such as the number of hydroxyl groups,
the type of substituents, the degree of unsaturation of the central ring, and the oxidation of
carbon atoms, it is possible to recognize three subclasses: bioflavonoids, isoflavonoids, and
neoflavonoids [21].
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Figure 1. Schematic representation of the chemical structure of the treated compounds. (A) Basic
skeleton of flavonoids and their main subclasses; (B) chemical structures of principal flavan-3-ols;
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According to chemical structure, a more detailed classification allows to identify six
subgroups, which are flavones, flavanones, flavonols, isoflavonoids, anthocyanidins, and
flavanols [22]. Catechins, in particular, is a subgroup of flavonols that shows the basic
characteristic of this group of compounds. Since the purpose of our review is to analyze
only the effects of catechins and their polymers, we will focus in more detail on the chemical
characteristics of the following categories. In the flavan-3-ols, it is in fact possible to observe
the presence of 2 benzene rings (indicated with the letters A and B) and a dihydropyran
heterocyclic ring (C), with a -OH (hydroxyl group) bound to C3 [23]. The basic skeleton is
particularly rich in hydroxyls groups and, based on the location of these substituents on
the A ring, we can divide flavan-3-ols into two categories: meta-dihydroxylated or meta-
trihydroxylated compounds and, according to the hydroxylation on the B ring, flavan-3ols
monohydroxylates, orthohydroxylates, or vicinal-hydroxylates compounds [24]. Another
important chemical feature of these compounds is that they have three chiral centers in
position C2, C3, and C4 on the heterocyclic ring; as a result, different stereoisomers are
possible (Figure 1). Since the R configuration on the C2 is almost exclusively present in
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nature, it was originally assumed that this was the only possible configuration; nevertheless,
flavanols with opposite configuration on C2 (S) have been found [25]. When on C2 and
C3 substituents are oriented in the same direction, the prefix epi is added, to obtain (+)
catechin (2S, 3R) and (−) epi (2R,3R) [26]. A peculiarity of catechins is the ability to form
oligodimers or high molecular weight polymers—called proanthocyanidins (PCAs) or
condensed tannins—through polymerization reactions that mainly involve catechin (C),
gallocatechin (EC), epicatechin (EC), epigallocatechin (EGC), and their derivatives acylated
with gallic acid (ECG and EGCG). In relation to how the connection between the various
units takes place, it is possible to distinguish proanthocyanidins of the A, B, and C series
(Figure 1). The first are certainly less common; they are characterized by the presence of
two catechin molecules joined together by a double bond, a C4→C6/8 carbon–carbon bond,
and a hetero C2→O7 bond. Since on the C ring, the substituents can be in both S and R
configuration, we can have four types of proanthocyanidins A (A1-A4). More common
proanthocyanidins are the B series, which are formed from catechin or epicatechin through
a single carbon–carbon bond C4→C6/8. Also in this case, in relation to the configuration
of the various substituents on C2 and C3, many structures will be possible, which are
indicated with B1-B4 and B5-B8 [27,28]. Proanthocyanidins of the “C” series have also been
identified: these are trimers, in which three flavanols are joined by C4→C8 bond [29].

3.1. Bioavailability of Catechin and Their Polymeric Structures

The accumulation of data and scientific research suggests that diets rich in flavanols
and procyanidins are beneficial for human health, yet, despite the large number of studies,
there are still considerable differences and disagreements regarding the fate of metabolites
of these compounds and their actual properties in vivo. Ottaviani et al. demonstrate
that the beneficial effects on human health associated with the consumption of foods
containing flavanols depend significantly on the stereochemical configuration of ingested
flavanols; This is because stereochemical configuration has a profound influence on their
absorption and metabolism in humans. As showed by Ottaviani et al., in vivo the biological
activity of flavanols in the modulation of arterial function and vasodilation, regardless
of the antioxidant properties shown in vitro, depends significantly on the stereochemical
configuration of the compounds [30]. On the other hand, convincing clinical evidence
highlight the flavanol-containing foods properties of inducing improvements in human
vascular function and Alañón et al. indicated the intake levels of (−)-epicatechin as low
as 0.5 mg/kg BW as full dose-dependency capable of inducing acute improvements in
vascular function in healthy volunteers [31]. The efficiency of the multiple beneficial effects
of flavonoids on human health is closely linked to their bioavailability, i.e., the speed and
extent to which these compounds are absorbed and metabolized. The bioavailability of
catechins, for instance, is influenced by several factors that include the type of food and the
efficiency of the digestive process of everyone. In general, the absorption and metabolism
of flavonoids follows a common pathway [32]. After ingestion, they are absorbed into the
intestinal lumen and then pass into the circulatory system; a further metabolic process
can take place in the liver. Some of them, not absorbed in the small intestine, pass to the
colon where they undergo a biotransformation by the enzymes of the intestinal microbiota
that leads to the production of phenolic compounds. However, their absorption is strictly
conditioned by the size and hydrophobicity of the compound [33,34]. The compounds can
be absorbed passively or by facilitated diffusion and are finally metabolized to sulphate
and methylated forms. In the digestion process, PCAs with high molecular weight and
degree of polymerization can interact with proteins to form less digestible complexes, while
oligomeric PCAs are more rapidly absorbed [35]. In general, PCAs during digestion seem
to be extensively metabolized by the intestinal microbiota mainly producing phenylacetic,
phenylproprionic, and phenylbutyric acid [36]. In vivo and in vitro studies have shown that
oligomeric PCAs are hydrolyzed to epicatechin in the rat small intestine [35]; Epicatechin
and catechin are then further metabolized to methylated and glucuronidated conjugated,
which forms predominate in the systemic circulation [37]. Polymeric PCAs with high
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molecular weight, on the other hand, show a permeability coefficient about 10 times lower
than catechin and dimers, trimers of PCAs. Goodrich et al. from a study of luminal
content after administration of grape seed extract to Sprague Dawley rats showed that
procyanidins reach maximum concentration after about three hours while metabolites
reach maximum concentration after about 3–18 h at the latest [38]. In human studies, after
a consumption of (−)-epicatechin, oligomer, and polymeric proanthocynidin contained in
a test drink or encapsulated in hard gelatin, γ-valerolactones but no dimeric or oligomeric
PCAs were detected in the plasma, thus questioning the notion that PCAs are broken
down into flavanols prior to their absorption [39,40]. A number of studies postulate that
the bioavailability of catechins depends on the nutritional strategy and may decrease if
accompanied by food [41,42]. In this context, a human study of Fernández et al. showed
that EGCG administered in a single dose of 250 mg after overnight fasting, results in the
highest plasma concentrations values, showing significant differences according to the
conditions and nutritional supplements used [43]. In agreement with previous studies,
these data would suggest an attenuated response of digestive processes following the
administration of EGCG alone; the fast digestive process would reduce the EGCG molecules
degradation that would remain stable [41]. Preclinical evidence has shown that catechin-
rich green tea extract improves intestinal barrier function and reduces intestinal and
systemic inflammation [44]. Furthermore, catechins contribute to alleviate diabetes by
regulating hyperglycemia and improving insulin resistance [45].

3.2. Biochemical and Functional Aspects of Catechin and Their Polymers

In recent decades, catechin and their polymers have aroused considerable interest
in the world of research because of their potential beneficial effects on human health.
Based on their structure, catechin can interact with many enzymatic systems showing
many biological activities. In literature, there is already clear evidence about their anti-
inflammatory, anticarcinogenic, cardioprotective, antioxidant, antiviral, and antimicrobial
activity [46]. These compounds are ubiquitous and present in many common foods, such
as fruits and vegetables, and this makes them even more interesting. In fact, several
epidemiological studies correlate the consumption of functional foods rich in flavonoids—
the so-called “superfoods”—with a decrease in the onset of chronic diseases [47]. In general,
the multitarget behavior of catechin, put in place by the interaction with many signaling
pathways of our body, has opened the way to several studies on the “structure–activity
relationship” (SAR) to better understand the relationship between chemical structure and
biological activity of the various subgroups [48].

Malgorzata Latos-Brozio et al. investigated the correlation between chemical struc-
ture of catechin and their polymers with their anti-inflammatory and antioxidant power.
Flavanols have a catecholic structure particularly rich in hydroxyl groups that are useful
for scavenger activity. In detail, it has been demonstrated that the degree of flavan-3-ols
polymerization increases antioxidant activity; therefore, proanthocyanidins and condensed
tannins have a greater activity than monomers such as catechin; this is because the scaveng-
ing activity is influenced by the conjugation of 3-OH on the B ring of the various monomers.
Further studies of structure activity relationship were carried out to understand which
were the factors that best affected this type of antioxidant activity [49]. Among these factors,
it has been observed the conjugation between the double bond in C2 and C3 and some
donor electric groups, such as the carbonyl in position 4, modifies the dissociation constant
of the hydroxyl groups, increasing the stability of the phenolics radical that is created on
the ring [50]. The potential for reduction/oxidation of different flavonoids and flavanols as
a function of the hydroxyls group’s location has been considered, and it has been observed
that the antioxidant power is greater when the position is in 2′, 4′-di-OH, 4′-OH ≈ 3′,
4′-di-OH > 2, 3-double bond in conjugation with 4-carbonyl substitution, 3, 5-di-OH in
conjugation with 4-carbonyl substitution, 3-OH in conjugation with 4-carbonyl substitution,
5-OH in conjugation with 4-carbonyl substitution, and 3, 5-diOH [51]. In addition, the
mode of travel of these compounds within the bloodstream was investigated. From a
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biochemical/functional point of view, it has been observed that, thanks to their structure,
flavanols interact with several molecules, including human serum albumin (HSA), the
main blood protein present at systemic level [52]. This binding interaction has been ob-
served by different spectroscopic techniques, such as UV-Visible spectroscopy, fluorescence
spectroscopy, and circular dichroism (CD) analysis [53–58]. Trnkova et al. from acquired
UV–vis spectra observed that the interaction of the compounds with HSA closely depends
on the acylation on the C ring with gallic acid; in fact, the first experimental data have
shown that, among all the compounds tested, catechin and epicatechin, although capable
of binding, have a low binding constant with has [59]. When in subsequent experiments,
the latter interacted with galloylated catechins such as catechin gallate, epicatechin gallate,
gallocatechin gallate, and epigallocatechin gallate, there was an important variation in
the absorption band (a slight reduction between 200–280 nm followed by a significant
increase between 300–360 nm) and a shift to the right in the absorption spectrum. This net
change shows the catechin gallate–HSA complex formation [60]. To better understand the
site of interaction between HSA and galylated catechins, fluorescence studies were also
performed, considering that HSA is a class B protein, whose fluorescence emission depends
mainly on the Trp214 residue, present in Sudlow site 1. Also in this study, it was seen that
adding increasing concentrations of galloylated flavanols to a known concentration of HSA,
there was a gradual shutdown in the fluorescence emission of HSA. This evidence confirms
not only that the formation of the complex takes place, but that this interaction is of type 1:1,
and the binding occurs within the hydrophobic microenvironment around the Trp214 [61].
In addition, native electrophoresis studies have shown that increasing (−)-epigallocatechin
gallate concentrations protect the oxidation of the HSA thiol group, due to their antioxidant
activity [62]. Similar experiments to those on monomers have been carried out on PCAs to
highlight the modalities of the bimolecular complex formation with HSA. This has been
demonstrated by UV–visible spectroscopy and by fluorescence emission studies of HSA in
the presence/absence of PCAs. In the presence of the latter, there is a fluorescence emission
shutdown in proportion to the PCAs concentration increase and a shift of the absorption
band toward the blue/left (from 336 nm to 316 nm). Only HSA tryptophan residues, and
not tyrosine residues, participate in the interaction between the two compounds [63].

4. Catechins in Metabolic Syndrome

A growing body of evidence supports the key role of oxidative stress and inflammation
in the development of MetS-associated comorbidities [64,65]. Obesity is one of the main risk
factors inducing to the dysmetabolic state since it is characterized by a chronic inflammation
state predisposing to the development of insulin resistance. In animal models and in
humans, experimental studies indicate that adipose tissue becomes hypoxic and secretes
adipokines because of fat mass expansion. This condition stimulates the colonization by
inflammatory cells including macrophages, the main sources of ROS [66,67]. Oxidative
stress may be one of the triggers of the onset and progression of this chronic disease.
Systemic oxidative stress and inflammation are two closely related processes, but it is still
difficult to establish the exact temporal sequence of their relationship in the progression
of the metabolic state. Mitochondria are the main site of intracellular ROS production,
but ROS and RNS can also result from numerous other oxidative metabolic activities
including endoplasmic reticulum, peroxisomes, plasma membrane, and cytoplasm. Under
physiological conditions, controlled production of free radicals such as superoxide (O−2 ),
nitric oxide (NO·), and nonradicals such as peroxynitrite (ONOOH), is important for
the modulation of numerous metabolic processes and in cellular homeostasis as well
as being fundamental in the immune system to inactivate viruses and inhibit bacterial
growth [68]. However, the high reactivity of ROS and RNS makes them highly harmful
when produced in excess compared to cellular antioxidant defenses because they will
tend to react with proteins, lipids and DNA causing severe cell oxidative damage. High
ROS production can induce irreversible damage affecting regulatory enzymes where the
modification of the redox state triggers an alteration of cell signaling, this alteration may
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involve apoptotic pathways and/or uncontrolled tissue growth and induce cancer. In
detail, increased ROS generation may also trigger proinflammatory signaling pathways
provoking the release of some inflammatory mediators and transcription factors, such
as nuclear factor kappa B (NK-kB) [68]. NK-kB is normally localized in the cytoplasm
kept out of the nucleus through direct binding to a specific inhibitor (called IkB). Under
oxidative stress conditions, activation of specific proteases cause the detachment of the
IkB inhibitor and NF-kB translocation into the nucleus where it activates the immune
system responses [61,62]. Oliveira-Marques et al. highlighted the modulatory action
of hydrogen peroxide (H2O2) in NF-kB pathway [69]. NF-κB induces the expression of
various proinflammatory genes, including those encoding tumor necrosis factor a (TNFa),
interleukin-1,6,8 (IL-1, IL-6, IL-8), cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), and other proinflammatory cytokines. This inflammatory network also promotes
the activation of NF-κB, so NF-κB and inflammation constitute a positive feedback loop
that induces cellular DNA damage and promotes cell proliferation and transformation.
In addition, recent research suggests a role of NFkB in inflammasome regulation [70,71];
increased ROS production is another sensor able of stimulating and activating the NLRP3
inflammasome which in turn induces the activation of caspase 1 and promotes the activation
of prointerleukin-1β and 18 (pro-IL-1β, pro-IL-18) into their active forms [72]. In addition,
in obesity fatty acids from adipose tissue can help activate components of NADPH oxidase
and other metabolic oxidases, facilitating the generation of reactive species [73]. This
metabolic state of alteration involves various cell types, such as hepatocytes, myocytes,
adipocytes, endothelium, and immune cells triggering different responses that lead to an
overall severe dysmetabolic state.

A growing body of evidence suggests that the flavanols present in green tea may have
a positive influence in several processes involved in the onset and progression of MetS
(Figure 2). Flavanols are natural antioxidants that can relieve oxidative stress through
a direct or indirect action, such as eliminating free radicals, chelating metal ions, and
improving antioxidant enzyme activity. The main target of catechins and PCAs are resumed
in Table 1. Pereira et al. have shown that (+)-catechin has the antioxidant capacity in a
dose-dependent way between 0 and 100 µM [74]. Several studies have shown an increase in
the expression of the sodium gene induced by flavanols [75,76]. In mice, 0.2% of flavanols
administration showed a significant activity increase of the main enzymes involved in
antioxidant defense including SOD, CAT, and GSH; in human Hep G2 cells EC and ECG
increased the activity of GPx and glutathione reductase [77,78]. In rats with acetic acid
induced colitis, Ran et al. showed increased SOD activity in mice treated with EGCG
compared to untreated mice [79]. Chiou et al. demonstrated, using flow cytometry, that
catechins such as ECG can increase the amount of GSH in LPS-induced RAW 264.7 cells [80].
Catechins antioxidant properties are related to the phenolic structure that allows them to
chelate different transition metals and/or donate electrons stabilizing radical species. In
detail, the molecules can bind iron preferentially to the 3-hydroxyl-4-carbonyl group, then to
the 4-carbonyl-5-hydroxyl group and to the C3′-C4′ hydroxyl if present [81]. The chelating
property of catechins reduces the generation of dangerous radical species because the
presence of free metal transitions through Fenton and Haber–Weiss reactions induces the
formation of high-reactive hydroxyl radical. In addition, the presence of hydroxyl groups
in the phenolic structure makes them able to stabilize the free radicals, via the donation
of an electron/hydrogen atom, and in this way stopping radical chain propagation such
as lipid peroxidation. The gallate group present in some catechins further enhances the
antioxidant properties of compounds as it is a metal binding site [82]; in EGCG the metal
chelating groups able to neutralize ferric ions are the 3,4-dihydroxyl substituents and gallic
acid in the B ring [83].
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Table 1. In vitro and in vivo studies on catechins and PCAs-mediated health effects.

Flavanols Molecular Targets Cell Culture Dose References

EC Stimulated mitochondrial biogenesis Mouse skeletal muscle 3–10 µM [80]

Reduced release of the cytochrome c Isolated rat heart
mitochondria

0.23 µg/mL and 0.46
µg/mL [81]

Decreased NOX3/NOX4 liver expression and
mitigated oxidative stress C57BL/6J mice 0 mg EC/kg [84]

Modulated NOX subunit expression and
directly inhibit NOX.

Mitigated HFr-induced insulin resistance
Rat model 20 mg EC/kg [85,86]

Stimulated the cell membrane dissociation and
activation of eNOS

Human coronary artery
endothelial cells 1 µmol/L [87]

Regulated glucose metabolism through IRβ
receptor and IRS-1/PI3K/Akt pathway IR-HepG2 cells 0–250 µg/mL [88]

EGCG Attenuated oxidative damage Male Wistar rats 20 mg/kg [83]

Enhanced the expression of SOD Mice 6.9 mg/kg [67]

Increased the gene expression of SOD1,2, CAT,
and GPx IMR90 (HDF) cells 25–50 µM [68]

Increased SOD activity Male rats 50 mg/kg/d [71]

Activated the Nrf2/ARE signaling pathway Normal Rat Kidney Epithelial
Cells (NRK-52E) cell 5 µM [89]

Reduced Akt phosphorylation/activation Human pancreatic cancer cell
line PANC-1 0 to 20 µM [90]

Promoted GLUT4 translocation via activation
of PI3K/Akt signaling pathway Rat skeletal muscle L6 cell 50 µM [91]

Downregulated the ROS-ERK/JNK-p53
pathway and improved glucose homeostasis Goto–Kakizaki (GK) rat 100 mg/kg/d [92]

Suppressed hepatic gluconeogenesis through
5′-AMP-activated protein kinase Isolated hepatocytes ≤1 µm [93]

Inhibited glucose production H4IIE rat hepatoma cells 25 µM [94]

EGCG + EGC Reduced intestinal SGLT-1/GLUT2 ratio and
enhanced adipose GLUT4 Male Wistar rats 4 mg EGCG+2 mg EGC [95]

ECG Attenuated the ROS level RAW 264.7 cells 10 µM [72]

PCAs Upregulated SOD, CAT, GPx, and
hemeoxygenase-1 (HO-1) Kunming Mice Liver 100 mg/kg [96]

Activated the NO/cGMP pathway Rat mesenteric arterial 0.1–100 µg/mL [97]

Increased GSH levels and reduced lipid
peroxidation and total nitrite and nitrate levels Wistar rats 50 and 100 mg kg−1 [98]

Decreased blood glucose level, increased
insulin level through regulation of the PI3K

signaling pathway
Male albino rats 300 mg/kg/day [99]

Activated the PI3K/AKT pathway Albino Wistar rats 100 mg/kg [100]

Activated AMPK, Sirt1, and PGC-1α Male BALB/c mice 100 and 200 mg/kg [101]

Activated the Nrf2 pathway Wistar rats 250 mg/kg [102]

Procyanidins Reduced ROS formation, increased SOD, CAT,
GPx activity; regulated MAPK kinase pathway Sprague-Dawley (SD) rat 10–50 mg/kg [103]

Reduced the blood glucose level, PEPCK, and
G6Pase C57BL/6 male mice 10 mg/kg [104]

Abbreviations: (−)-Epicatechin (EC); epigallocatechin gallate (EGCG); epigallocatechin (EGC); proanthocyanidins
(PCAs).



Int. J. Mol. Sci. 2023, 24, 9228 9 of 20Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 2. Beneficial effect of catechins in counteracting dysmetabolism by MetS. Catechins 
ameliorate cardiovascular flux: by modulation on eNOS that leads to increase NO production, 
which in turns improves vascular relaxation; by decreasing LDL, cholesterol, and triglycerides 
values that contribute to plaque buildup in arteries; by increasing HDL values. Catechins reduce 
inflammation process through reduction of ROS and NFkB, both triggering proinflammatory 
mediators including TNFa, IL-6, and IL-8. Catechins positively affect glucose homeostasis 
improving the glucose transport in cells via 4 and suppressing hepatic gluconeogenesis through 
G6Pase and PEPCK inhibition. Furthermore, catechins attenuate postprandial glycemia reducing 
GLUT 1 and 2 genes. Abbreviations: Nitric oxide endothelial synthase (eNOS); Nitric oxide (NO); 
Low-density lipoprotein (LDL); High-density lipoprotein (HDL); Reactive oxygen species (ROS); 
Tumor necrosis factor a (TNFα); Interleukin-6 (IL-6); Interleukin-8 (IL-8); Nuclear Factor kappa B 
(NK-kB); Glucose transporter (GLUT); Glucose 6-phosphatase (G6Pase); Phosphoenolpyruvate 
carboxykinase (PEPCK). 

Mitochondria are rich in metal-containing proteins and are also the main source of 
ROS [89,105]. Several studies suggest a key role of mitochondrial dysfunction in several 
disease states related to the onset and progression of MetS, including insulin resistance, 
high blood glucose levels, and diabetes mellitus. In fact, the mitochondrial function is 
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EC, suggesting a beneficial effect of the molecule on mitochondrial biogenesis [107]; in 
addition, incubating isolated mitochondria with concentrations < 0.8 µM of EC resulted 
in better preservation of membrane integrity [108]. Overall, the data seem to indicate a 
direct effect of EC on the components of the mitochondrial respiratory chain. EGCG also 
has well-known beneficial properties as a preventing mitochondrial deterioration [109]; 
Kumar et al. showed a beneficial action of EGCG on mitochondria—in detail, 20 mg/kg 
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male Wistar rats treated with 3-nitropropionic acid [85]. These properties are confirmed 
by further studies on Alzheimer’s disease (AD) showing that EGCG can restore potential 

Figure 2. Beneficial effect of catechins in counteracting dysmetabolism by MetS. Catechins ameliorate
cardiovascular flux: by modulation on eNOS that leads to increase NO production, which in turns
improves vascular relaxation; by decreasing LDL, cholesterol, and triglycerides values that contribute
to plaque buildup in arteries; by increasing HDL values. Catechins reduce inflammation process
through reduction of ROS and NFkB, both triggering proinflammatory mediators including TNFa,
IL-6, and IL-8. Catechins positively affect glucose homeostasis improving the glucose transport in cells
via 4 and suppressing hepatic gluconeogenesis through G6Pase and PEPCK inhibition. Furthermore,
catechins attenuate postprandial glycemia reducing GLUT 1 and 2 genes. Abbreviations: Nitric
oxide endothelial synthase (eNOS); Nitric oxide (NO); Low-density lipoprotein (LDL); High-density
lipoprotein (HDL); Reactive oxygen species (ROS); Tumor necrosis factor a (TNFα); Interleukin-6
(IL-6); Interleukin-8 (IL-8); Nuclear Factor kappa B (NK-kB); Glucose transporter (GLUT); Glucose
6-phosphatase (G6Pase); Phosphoenolpyruvate carboxykinase (PEPCK).

Mitochondria are rich in metal-containing proteins and are also the main source of
ROS [89,105]. Several studies suggest a key role of mitochondrial dysfunction in several
disease states related to the onset and progression of MetS, including insulin resistance,
high blood glucose levels, and diabetes mellitus. In fact, the mitochondrial function is
essential to regulate an adequate release of insulin form the pancreatic cells [84,106]. In
cell cultures, an increase in mitochondrial content was detected after exposure to 3 µM
of EC, suggesting a beneficial effect of the molecule on mitochondrial biogenesis [107]; in
addition, incubating isolated mitochondria with concentrations < 0.8 µM of EC resulted
in better preservation of membrane integrity [108]. Overall, the data seem to indicate a
direct effect of EC on the components of the mitochondrial respiratory chain. EGCG also
has well-known beneficial properties as a preventing mitochondrial deterioration [109];
Kumar et al. showed a beneficial action of EGCG on mitochondria—in detail, 20 mg/kg
EGCG significantly attenuated oxidative damage, mitochondrial, and striatal alteration in
male Wistar rats treated with 3-nitropropionic acid [85]. These properties are confirmed
by further studies on Alzheimer’s disease (AD) showing that EGCG can restore potential
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mitochondrial membrane damage and ROS production by reducing AD-induced mito-
chondrial damage [86]. The beneficial effects of EGCG in mitigating oxidative stress is also
related to its ability to activate the Nrf2/ARE pathway at multiple stages. Nuclear factorE2
related factor 2 (Nrf2) is a transcription factor that is activated in response to inflamma-
tion and oxidative stress. In normal conditions, Nrf2 lies in cytoplasm bound to Keap1,
increasing oxidative stress leads to its dissociation from Keap1 and translocation to the
nucleus. In the nucleus, Nrf2 binds to ARE, which leads to cytoprotective antioxidant gene
transcription (Table 1). Therefore, EGCG, by downregulating Keap1 and disrupting the
Nrf2–Keap1 interaction, increases the nuclear Nrf2 level and improves cellular antioxidant
and anti-inflammatory activity [110]. In addition, NADPH oxidase (NOX) is the main
source of superoxide and H2O2 needed for defense against pathogenic bacteria and fungi
in phagocytes. Excessive production of these reactive species produces oxidative stress. EC
and its metabolites are able to reduce the catalytic activity of the enzyme by inhibiting the
overexpression and activity of redox-sensitive IKK/NFkB, JNK1/2, and protein-tyrosine
phosphatase1B (PTP1B) signals in mice [111,112]. PTP 1B is a tyrosine phosphatase that
reverses the IRS-1 phosphorylation of Tyr residues to prevent insulin signaling; therefore,
its inhibition can beneficially affect the insulin resistance pathology [90,113]. IKK and JNK
induce phosphorylation of Ser/Thr residues of IRS-1, an event that blocks Tyr phosphory-
lation of IRS and inhibits insulin signal transmission; these changes may be reversed by EC
supplementation [87,114,115]. Catechins can also inhibit NFkB activation and translocation
at different levels [91,95,116]. Hsieh et al. demonstrate that, in PANC-1 cells, EGCG treat-
ment reduces Akt phosphorylation/activation [117]. Akt regulates NFkB transcriptional
activity by inducing phosphorylation and subsequent degradation of the IkB inhibitor;
therefore, its inhibition blocks NFkB in the cytoplasm, reducing its proinflammatory action.
Wang, et al. reported that EGCG treatment is inversely associated with cardiovascular
disease risk [92]. The cardioprotective action of catechins involves the activity of eNOS [94].
There are two forms of eNOS: inactive form is bound to caveolin 1 (Cav-1) on the cytosolic
side of the membrane, whereas the active form is released following an increase in intracel-
lular Ca2+ [93]. eNOS is also finely modulated by many post-transcriptional modifications,
including phosphorylation of Ser 1177 and 633 and Thr 495 residues. Ramirez-Sanchez
et al. have demonstrated that treatment with epicatechin stimulated the cell membrane
dissociation of eNOS in human coronary artery endothelial cells in cultures suggesting the
presence of a cell surface effector with high specificity for the epicatechin stereoisomer [88].
The receptor on the membrane appears to be highly specific because the effect of catechin
(same structure but different orientation of one of its rings) is much lower.

Kurita et al. showed that EGCG induces phosphorylation of protein kinase B (AKT)
and eNOS in cultured coronary artery endothelial cells. It has been shown that all of the hy-
droxyl group of the gallate ring is essential for PI3-kinase/AKT dependent phosphorylation.
The PI3-kinase/AKT pathway mediates phosphorylation of Ser 1177 on eNOS, leading to
an increased NO production and vascular relaxation [118]. Ramirez-Sanchez et al. also
demonstrated that EC treatment induced significant increases in IP3 and increased phospho-
rylation/activation of IP3R, CAMKII at CAMI, using cultures of HCAEC. These findings
suggest that EC-induced eNOS activation is mediated by Ca2+/CaMI/CaMKII [118]. Fla-
vanols have a beneficial action as antidiabetics and help to compensate for the negative
effects caused by insulin resistance (Figure 3). Catechins reduce plasma glucose levels in the
blood improving the signal transduction pathway that promotes glucose transport in cells
via GLUT4 [119]. In particular, EGCG promotes the externalization of GLUT4 through the
PI3/AKT pathway [96,102]. In addition, studies on nonobese type 2 diabetic Goto–Kakizaki
rats showed that EGCG improved glucose homeostasis through down-regulation of the
ROS-ERK/KNK-p53 pathway [120]. In isolated hepatocytes, EGCG inhibits glucose produc-
tion through suppression of hepatic gluconeogenesis and activation of 5′-AMP-activated
protein kinase (AMPK) [98,103]. Liu et al. demonstrated that IRβ is the receptor for EC; EC
upregulates receptor expression both in vivo and in vitro. Therefore, EC contributes to the
regulation of glucose metabolism through IRS-1/PI3K/Akt by acting on IRβ [121].
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they ameliorated MetS and related diseases improving cell antioxidant defenses while metal ions and
ROS levels are reduced. MAPK, IRS-1/PI3K/Akt and Ca2+/CaMI/CaMKII pathways are improved
while PTP1B, IKK/NFkB and ROS-ERK/KNK-p53 pathways are down-regulated.

5. Proanthocyanidins in Mets

To date, many aspects related to the biosynthesis, distribution, and role of proantho-
cyanidins are still poorly understood. However, their antioxidant and anti-inflammatory
properties have been demonstrated [122]. Several research studies have highlighted scav-
enger activity against radical species, including superoxide anion and hydroxyl ions;
Nazima et al. demonstrated that PACs protect against cadmium-induced ROS production
and lipid peroxidation in erythrocytes and rat lymphocytes [123]. In addition, PCAs stimu-
late the cell’s antioxidant defenses by upregulating key enzymes such as SOD, CAT, GPx,
and hemeoxygenase-1 (HO-1) [99,124,125]. PCAs act directly on the MAPK kinase pathway
(activated by stress), improving the expression and activity of antioxidant enzymes via
ERK, JNK, and p38MAPK in culture of liver and rat cells [126]. El-Alfy et al. showed that
PCAs improved tissue damage produced by type 2 diabetes by increasing GSH levels and
reducing lipid peroxidation and total nitrite and nitrate levels [100]. A high uptake of PCAs
has been associated with a reduced risk of diabetes; Sapwarobol et al. in a study on healthy
subjects showed that supplementation with grape seed PACs (100 mg, 300 mg) reduced
postprandial glucose after 15 and 30 min compared to a high-carbohydrate diet [101]. PCAs
also contribute to the regulation of glucose homeostasis by inhibiting the absorption of
intestinal glucose through a direct action on GLUT 1 and 2, the main glucose transporters
in enterocytes [104]. In addition, it has been shown that PCAs reduce blood glucose levels
in a dose-dependent manner favoring the expression and externalization of GLUT4 on the
cell surface and improve insulin resistance by directly activating IR and other targets of
the insulin signaling pathway [97,127]. Zhang et al. demonstrated that insulin-resistant
HepG2 cells treated with PAC grape seeds (6.25 mg/mL) showed increased glucose uptake
compared to control cells [128]. PCAs are also able to inhibit some digestive enzymes even
more than anthocyanins; Han et al. demonstrated through molecular docking analysis that
proanthocyanidin B2 interacts with several amino acid residues of α-glucosidase, inducing
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an inhibitory effect that attenuates postprandial blood glucose [129]. The interaction of
PAC on digestive enzymes seems to be closely dependent on their structure and degree
of polymerization [130]. In addition, an in vivo study on Wistar rats fed a high-fat fruc-
tose diet enriched with grape seed PACs (100 mg/kg) shows activation of the PI3K/AKT
pathway, suggesting an effect of PCAs on AMPK [131]. AMPK activation by PCAs, in turn,
leads to significant downregulation of the gluconeogenic enzymes glucose 6-phosphatase
and phosphoenolpyruvate carboxykinase [132,133]. Overall, all these actions contribute
to improving insulin resistance and limiting the risk of hyperglycemia related to diabetic
disease. Several studies also support the beneficial and vasorelaxant properties of PCAs,
suggesting an important role of these compounds to manage cardiovascular and metabolic
risk factors. DalBo et al. demonstrated that (0.1–100 µg/mL) of PCAs rich fraction from
Croton celtidifolius barks have a dose-dependent vasorelaxant effect dependent involving
eNOS activation upon the NO/cGMP pathway in combination with hyperpolarization due
to activation of Ca2+-dependent K+ channels, in rat mesenteric arterial bed and isolated
mesenteric artery [134]. Sankar et al. showed PCAs regulation of the impaired cholesterol
metabolism through 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) level
reduction [135]. In addition, Rigotti et al. showed that grape seed proanthocyanidins were
able to regulate sirtuin 1 and 3 expressions, in embryonic kidney cells (HEK-293 cells)
exposed to H2O2. Thus, PCAs contributed to prevent H2O2 -induced mitochondrial dys-
function and apoptosis, maintaining cell viability via SIRT 1 activation [136]. A summary
of the data is depicted in Table 1.

6. Human Studies

Numerous studies support the hypothesis that consumption of natural extracts, con-
taining catechins and their polymers, alleviates metabolic syndrome and related dis-
eases [6,9,31,44,120,124,137]. In 2012, following several clinical trials, the European Food
Safety Authority (EFSA) claimed that 10 g of high-flavanol dark chocolate containing
200 mg of cocoa flavanols consumed daily leads to beneficial effects on endothelial dysfunc-
tion, assessed via flow-mediated dilation (endothelium-dependent flow-mediated dilation,
ED-FMD). In detail, this study evidence changing in the effects of catechins and their
polymers, present in cocoa flavanols, according to the frequency of intake. In subjects who
consumed a single intake, the effect on the endothelium was observed for only two hours,
while subjects with a more frequent intake showed an acute effect on ED-FMD through a
marked production of NO [138]. Other clinical studies, regarding cardiovascular diseases,
support the benefits of these compounds on vascular endothelium and pressure. In this
context, randomized clinical trials suggest that flavanols can reduce the risk of cardiovascu-
lar diseases related to high blood pressure through a positive influence on both systolic
and diastolic blood pressure. Brown et al. demonstrated EGCG supplementation was able
to reduce diastolic blood pressure (−2.68 mmHg, p = 0.014 vs. placebo) in overweight or
obese male subjects aged 40–65 years who received 800 mg/day of EGCG or placebo for
8 weeks [139]. Similar results have been observed by Chatree et al. in a study on obese
subjects who received 150 mg/day of EGCC or placebo for 8 weeks; they reported that
EGCG reduced systolic blood pressure (−6.92 mmHg, p = 0.036 vs. baseline) and diastolic
blood pressure (−2.00 mmHg, p = 0.044 vs. baseline). In addition, in these subjects was
determined a significant reduction in plasma triglyceride levels (−29.58 mg/dL, p < 0.05
vs. baseline) [140]. As mentioned earlier, metabolic syndrome, in addition to being re-
lated to cardiovascular pathologies, can be triggered by type II diabetes and imbalances
in glucose levels. In a study conducted by Hodges et al., in the context of a human di-
etary intervention study with catechin-rich green tea extracts (GTE) (890 mg catechins for
28 days), it was demonstrated that flavanol administration decreased fasting glucose and
intestinal inflammation in healthy and MetS adults. Following this clinical study, it was
observed that both in subjects with Mets and in healthy subjects, the administration of
GTE did not result in significant changes in triglyceride levels or high-density lipoproteins
(HDL), but it caused a rapid decrease in glucose levels, even in fasting conditions, reducing
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insulin-related intestinal inflammation. This suggests that the gut-level anti-inflammatory
activities of GTE may improve glycemic control, with reductions in intestinal inflammation
contributing to enhanced insulin sensitivity [141]. The preventive and protective activity of
quercetin and pure epicatechin has also been compared; Dower et al., in a clinical study
conducted on 37 healthy subjects, reported significant reductions in plasma insulin, both
average and fasting (−1.46 mU/L, p = 0.03 compared to placebo), in healthy men and
women after daily intake of 100 mg of epicatechin (two treatment periods lasting 4 weeks
each, separated by a 4-week washout period). Furthermore, the same study observed
that the flavanols present in cocoa, compared to quercetin, improve the functionality of
pancreatic beta cells by increasing the activity of AKT/PI-3 kinase and ERK1/2, which
appear to play a key role in the pathogenesis of insulin resistance [142]. In some cases,
it has been observed that epicatechin is able to simultaneously lower both plasma glu-
cose and insulin levels. Specifically, Esser et al. highlighted a significant reduction in
plasma glucose (−0.06 ± 0.38 mmol/L, p = 0.03 compared to placebo) and plasma insulin
(−0.80 ± 2.21, p = 0.02 compared to placebo) in (pre)hypertensive subjects treated with
EC (100 mg/day) for 4 weeks. Additionally, this study also demonstrated the correlation
between glucose levels and inflammation, as EC treatment also affected the inflammation
state by inhibiting NF-κB, TNFα, and IL-1β [143]. In overweight and obese men, Brown
et al. observed a marked increase in the concentration of plasma EGCG, urinary EGC, and
urinary 4′-O-methyl EGC after the assumption of decaffeinated green tea extract containing
about 400 mg total catechins twice daily. In addition, during the intervention period, body
weight decreased by 0·64 (sd 2.2) kg, suggesting a protective effect of green tea catechins
on weight gain [144]. In support of these effects, a clinical trial on women with central
obesity highlighted weight reduction and changes of lipid profile and obesity-related hor-
mone peptides after 12 weeks of high-dose EGCG treatment [145]. In details, green tea
extract (EGCG) at a daily dosage of 856.8 mg improved weight loss, from 76.8 ± 11.3 kg to
75.7 ± 11.5 kg (p = 0.025), as well as decreased in BMI (p = 0.018) and waist circumference
(p = 0.023); also, a consistent trend of decreased total cholesterol and LDL plasma levels and
lower ghrelin levels and elevated adiponectin levels were detected [145]. These findings,
further confirmed by other studies, stress the role of green tea flavanols in improving
features of metabolic syndrome in obese patients [146–149].

7. Conclusions

The present review explained the mechanisms involved in the development of MetS,
focusing on the biochemical and functional aspects of flavanols and their polymers by
researching how flavanols can affect the various biochemical targets characterizing MetS.
The results are encouraging and show a wide range of efficiency of the compounds con-
cerning, above all, their antioxidant, and anti-inflammatory properties. Flavonoid can
attenuate the alteration of several molecular targets and may contribute to the control of
the main states of metabolic alteration predisposing to MetS, including insulin resistance,
diabetes, obesity, and cardiovascular disease. However, further studies are still needed
to better elucidate the flavanols mechanisms of action, in order to optimize the dose to
be used for the potential treatment. In fact, often the efficacy of the dose is linked to
drug concentrations difficult to reach in vivo, where it is also necessary to consider the
absorption, transport, and availability of active metabolites. In this context, the interaction
of flavanols with HSA seems particularly promising study. The protein is emerging as a
versatile drug carrier for biomedical applications, increasing the pharmacokinetics and
solubility of some compounds in vivo. HSA–drug complex favoring the distribution of
flavanols and their bioavailability could help to improve and potentiality of their use and
efficacy as therapeutic agents.
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59. Trnková, L.; Boušová, I.; Staňková, V.; Dršata, J. Study on the interaction of catechins with human serum albumin using
spectroscopic and electrophoretic techniques. J. Mol. Struct. 2011, 985, 243–250. [CrossRef]

60. Guo, X.J.; Zhang, L.; Sun, X.D.; Han, X.W.; Guo, C.; Kang, P.L. Spectroscopic studies on the interaction between sodium ozagrel
and bovine serum albumin. J. Mol. Struct. 2009, 928, 114–120. [CrossRef]

61. Bi, S.; Ding, L.; Tian, Y.; Song, D.; Zhou, X.; Liu, X.; Zhang, H. Investigation of the interaction between flavonoids and human
serum albumin. J. Mol. Struct. 2004, 703, 37–45. [CrossRef]

62. Bae, M.J.; Ishii, T.; Minoda, K.; Kawada, Y.; Ichikawa, T.; Mori, T.; Kamihira, M.; Nakayama, T. Albumin stabilizes (–)-
epigallocatechin gallate in human serum: Binding capacity and antioxidant property. Mol. Nutr. Food Res. 2009, 53, 709–715.
[CrossRef]

63. Li, X.; Chen, D.; Wang, G.; Lu, Y. Study of interaction between human serum albumin and three antioxidants: Ascorbic acid,
α-tocopherol, and proanthocyanidins. Eu. J. Med. Chem. 2013, 70, 22–36. [CrossRef]

64. Vona, R.; Gambardella, L.; Cittadini, C.; Straface, E.; Pietraforte, D. Biomarkers of Oxidative Stress in Metabolic Syndrome and
Associated Diseases. Oxid. Med. Cell. Longev. 2019, 2019, 8267234. [CrossRef] [PubMed]

65. Urakawa, H.; Katsuki, A.; Sumida, Y.; Gabazza, E.C.; Murashima, S.; Morioka, K.; Maruyama, N.; Kitagawa, N.; Tanaka, T.;
Hori, Y.; et al. Oxidative stress is associated with adiposity and insulin resistance in men. J. Clinic. End. Met. 2003, 88, 4673–4676.
[CrossRef] [PubMed]

66. Gealekman, O.; Guseva, N.; Hartigan, C.; Apotheker, S.; Gorgoglione, M.; Gurav, K.; Tran, K.V.; Straubhaar, J.; Nicoloro, S.;
Czech, M.P.; et al. Depot-specific differences and insufficient subcutaneous adipose tissue angiogenesis in human obesity.
Circulation 2011, 123, 186–194. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox4020373
https://doi.org/10.3390/antiox9050440
https://doi.org/10.1016/j.conctc.2019.100495
https://www.ncbi.nlm.nih.gov/pubmed/31799477
https://doi.org/10.3390/nu14214681
https://doi.org/10.1002/mnfr.200700137
https://www.ncbi.nlm.nih.gov/pubmed/18081206
https://doi.org/10.1016/j.bcp.2013.10.003
https://www.ncbi.nlm.nih.gov/pubmed/24134915
https://doi.org/10.1002/cbdv.201900426
https://doi.org/10.1016/j.bmc.2013.02.055
https://doi.org/10.1016/j.jff.2012.11.019
https://doi.org/10.1271/bbb.100600
https://doi.org/10.1002/prot.20995
https://doi.org/10.1016/j.bbagen.2016.03.014
https://doi.org/10.1016/j.bmc.2004.11.038
https://www.ncbi.nlm.nih.gov/pubmed/15698801
https://doi.org/10.1016/j.jphotochem.2007.04.010
https://doi.org/10.1016/j.bmc.2005.02.065
https://www.ncbi.nlm.nih.gov/pubmed/15911327
https://doi.org/10.1021/jf7037295
https://www.ncbi.nlm.nih.gov/pubmed/18333618
https://doi.org/10.1016/j.molstruc.2010.11.001
https://doi.org/10.1016/j.molstruc.2009.03.023
https://doi.org/10.1016/j.molstruc.2004.05.026
https://doi.org/10.1002/mnfr.200800274
https://doi.org/10.1016/j.ejmech.2013.09.033
https://doi.org/10.1155/2019/8267234
https://www.ncbi.nlm.nih.gov/pubmed/31191805
https://doi.org/10.1210/jc.2003-030202
https://www.ncbi.nlm.nih.gov/pubmed/14557439
https://doi.org/10.1161/CIRCULATIONAHA.110.970145
https://www.ncbi.nlm.nih.gov/pubmed/21200001


Int. J. Mol. Sci. 2023, 24, 9228 17 of 20

67. Bastard, J.P.; Maachi, M.; Lagathu, C.; Kim, M.J.; Caron, M.; Vidal, H.; Capeau, J.; Feve, B. Recent advances in the relationship
between obesity, inflammation, and insulin resistance. Eur. Cytokine Netw. 2006, 17, 4–12.

68. Dröge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
69. Oliveira-Marques, V.; Marinho, H.S.; Cyrne, L.; Antunes, F. Role of hydrogen peroxide in NF-kappaB activation: From inducer to

modulator. Antioxid. Redox Signal. 2009, 11, 2223–2243. [CrossRef]
70. Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-κB signaling in inflammation. Signal. Transduct. Target. Ther. 2017, 2, 17023. [CrossRef]
71. Baker, R.G.; Hayden, M.S.; Ghosh, S. NF-κB, inflammation, and metabolic disease. Cell. Metab. 2011, 13, 11–22. [CrossRef]
72. Pang, Y.; Wu, D.; Ma, Y.; Cao, Y.; Liu, Q.; Tang, M.; Pu, Y.; Zhang, T. Reactive oxygen species trigger NF-κB-mediated NLRP3

inflammasome activation involvement in low-dose CdTe QDs exposure-induced hepatotoxicity. Redox Biol. 2021, 47, 102157.
[CrossRef]

73. DeVallance, E.; Li, Y.; Jurczak, M.J.; Cifuentes-Pagano, E.; Pagano, P.J. The Role of NADPH Oxidases in the Etiology of Obesity and
Metabolic Syndrome: Contribution of Individual Isoforms and Cell Biology. Antioxid. Redox Signal. 2019, 31, 687–709. [CrossRef]

74. Pereira, R.B.; Sousa, C.; Costa, A.; Andrade, P.B.; Valentão, P. Glutathione and the Antioxidant Potential of Binary Mixtures with
Flavonoids: Synergisms and Antagonisms. Molecules 2013, 18, 8858–8872. [CrossRef] [PubMed]

75. Brückner, M.; Westphal, S.; Domschke, W.; Kucharzik, T.; Lügering, A. Green tea polyphenol epigallocatechin-3-gallate shows
therapeutic antioxidative effects in a murine model of colitis. J. Crohns Colitis 2008, 2, 226–235. [CrossRef] [PubMed]

76. Meng, Q.; Velalar, C.N.; Ruan, R. Effects of epigallocatechin-3-gallate on mitochondrial integrity and antioxidative enzyme
activity in the aging process of human fibroblast. Free Radic. Biol. Med. 2008, 44, 1032–1041. [CrossRef] [PubMed]

77. Khan, S.G.; Katiyar, S.K.; Agarwal, R.; Mukhtar, H. Enhancement of antioxidant and phase II enzymes by oral feeding of green tea
polyphenols in drinking water to SKH-1 hairless mice: Possible role in cancer chemoprevention. Cancer Res. 1992, 52, 4050–4052.
[PubMed]

78. Martín, M.A.; Serrano, A.B.; Ramos, S.; Pulido, M.I.; Bravo, L.; Goya, L. Cocoa flavonoids up-regulate antioxidant enzyme activity
via the ERK1/2 pathway to protect against oxidative stress-induced apoptosis in HepG2 cells. J. Nutr. Biochem. 2010, 21, 196–205.
[CrossRef]

79. Ran, Z.H.; Chen, C.; Xiao, S.D. Epigallocatechin-3-gallate ameliorates rats colitis induced by acetic acid. Biomed. Pharmacother.
2008, 3, 189–196. [CrossRef]

80. Chiou, Y.S.; Huang, Q.; Ho, C.T.; Wang, Y.J.; Pan, M.H. Directly interact with Keap1 and LPS is involved in the anti-inflammatory
mechanisms of (–)-epicatechin-3-gallate in LPS-induced macrophages and endotoxemia. Free Radic. Biol. Med. 2016, 94, 1–16.
[CrossRef]

81. Guo, Q.; Zhao, B.; Li, M.; Shen, S.; Xin, W. Studies on protective mechanisms of four components of green tea polyphenols against
lipid peroxidation in synaptosomes. Biochim. Biophys. Acta 1996, 1304, 210–222. [CrossRef]

82. Sharifi-Rad, M.; Anil Kumar, N.V.; Zucca, P.; Varoni, E.M.; Dini, L.; Panzarini, E.; Rajkovic, J.; Tsouh Fokou, P.V.; Azzini, E.;
Peluso, I.; et al. Lifestyle, Oxidative Stress, and Antioxidants: Back and Forth in the Pathophysiology of Chronic Diseases. Front.
Physiol. 2020, 11, 694. [CrossRef]

83. Kumamoto, M.; Sonda, T.; Nagayama, K.; Tabata, M. Effects of pH and Metal Ions on Antioxidative Activities of Catechins. Biosci.
Biotechnol. Biochem. 2001, 65, 126–132. [CrossRef]

84. Maassen, J.A.T.H.L.; Van Essen, E.; Heine, R.J.; Nijpels, G.; Jahangir, T.R.; Raap, A.K.; Janssen, G.M.; Lemkes, H.H. Mitochondrial
diabetes: Molecular mechanisms and clinical presentation. Diabetes 2004, 53 (Suppl. S1), S103–S109. [CrossRef] [PubMed]

85. Kumar, P.; Kumar, A. Protective effects of epigallocatechin gallate following 3-nitropropionic acid-induced brain damage: Possible
nitric oxide mechanisms. Psychopharmacol. 2009, 207, 257–270. [CrossRef] [PubMed]

86. Dragicevic, N.; Smith, A.; Lin, X.; Yuan, F.; Copes, N.; Delic, V.; Tan, J.; Cao, C.; Shytle, R.D.; Bradshaw, P.C. Green tea
epigallocatechin-3-gallate (EGCG) and other flavonoids reduce Alzheimer’s amyloid-induced mitochondrial dysfunction. J.
Alzheimer’s Dis. 2011, 26, 507–521. [CrossRef] [PubMed]

87. Bettaieb, A.; Vazquez Prieto, M.A.; Rodriguez Lanzi, C.; Miatello, R.M.; Haj, F.G.; Fraga, C.G.; Oteiza, P.I. (-)-Epicatechin mitigates
high-fructose-associated insulin resistance by modulating redox signaling and endoplasmic reticulum stress. Free Radic. Biol. Med.
2014, 72, 247–256. [CrossRef]

88. Ramirez-Sanchez, I.; Maya, L.; Ceballos, G.; Villarreal, F. (-)-epicatechin activation of endothelial cell endothelial nitric oxide
synthase, nitric oxide, and related signaling pathways. Hypertension 2010, 55, 1398–1405. [CrossRef]

89. Kausar, S.; Wang, F.; Cui, H. The Role of Mitochondria in Reactive Oxygen Species Generation and Its Implications for Neurode-
generative Diseases. Cells 2018, 7, 274. [CrossRef]

90. Yip, S.C.; Saha, S.; Chernoff, J. PTP1B: A double agent in metabolism and oncogenesis. Trends Biochem. Sci. 2010, 35, 442–449.
[CrossRef]

91. Dryden, G.W.; Lam, A.; Beatty, K.; Qazzaz, H.H.; Mcclain, C.J. A Pilot Study to Evaluate the Safety and Efficacy of an Oral Dose
of (–)-Epigallocatechin-3-Gallate-Rich Polyphenon E in Patients with Mild to Moderate Ulcerative Colitis. Inflamm. Bowel Dis.
2013, 19, 1904–1912. [CrossRef]

92. Wang, X.; Ouyang, Y.Y.; Liu, J.; Zhao, G. Flavonoid intake and risk of CVD: A systematic review and meta-analysis of prospective
cohort studies. Br. J. Nutr. 2014, 111, 1–11. [CrossRef]

93. Fleming, I.; Busse, R. Signal transduction of eNOS activation. Cardiovasc. Res. 1999, 43, 532–541. [CrossRef]

https://doi.org/10.1152/physrev.00018.2001
https://doi.org/10.1089/ars.2009.2601
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1016/j.cmet.2010.12.008
https://doi.org/10.1016/j.redox.2021.102157
https://doi.org/10.1089/ars.2018.7674
https://doi.org/10.3390/molecules18088858
https://www.ncbi.nlm.nih.gov/pubmed/23892632
https://doi.org/10.1016/j.crohns.2011.08.012
https://www.ncbi.nlm.nih.gov/pubmed/22325177
https://doi.org/10.1016/j.freeradbiomed.2007.11.023
https://www.ncbi.nlm.nih.gov/pubmed/18206666
https://www.ncbi.nlm.nih.gov/pubmed/1617681
https://doi.org/10.1016/j.jnutbio.2008.10.009
https://doi.org/10.1016/j.biopha.2008.02.002
https://doi.org/10.1016/j.freeradbiomed.2016.02.010
https://doi.org/10.1016/S0005-2760(96)00122-1
https://doi.org/10.3389/fphys.2020.00694
https://doi.org/10.1271/bbb.65.126
https://doi.org/10.2337/diabetes.53.2007.S103
https://www.ncbi.nlm.nih.gov/pubmed/14749274
https://doi.org/10.1007/s00213-009-1652-y
https://www.ncbi.nlm.nih.gov/pubmed/19763544
https://doi.org/10.3233/JAD-2011-101629
https://www.ncbi.nlm.nih.gov/pubmed/21694462
https://doi.org/10.1016/j.freeradbiomed.2014.04.011
https://doi.org/10.1161/HYPERTENSIONAHA.109.147892
https://doi.org/10.3390/cells7120274
https://doi.org/10.1016/j.tibs.2010.03.004
https://doi.org/10.1097/MIB.0b013e31828f5198
https://doi.org/10.1017/S000711451300278X
https://doi.org/10.1016/S0008-6363(99)00094-2


Int. J. Mol. Sci. 2023, 24, 9228 18 of 20

94. Forstermann, U.; Munzel, T. Endothelial nitric oxide synthase in vascular disease: From marvel to menace. Circulation 2006, 113,
1708–1714. [CrossRef] [PubMed]

95. Fraga, C.G.; Galleano, M.; Verstraeten, S.V.; Oteiza, P.I. Basic biochemical mechanisms behind the health benefits of polyphenols.
Mol. Asp. Med. 2010, 31, 435–445. [CrossRef] [PubMed]

96. Xu, L.; Li, W.; Chen, Z.; Guo, Q.; Wang, C.; Santhanam, R.K.; Chen, H. Inhibitory effect of epigallocatechin-3-O-gallate on-
glucosidase and its hypoglycemic effect via targeting PI3K/AKT signaling pathway in L6 skeletal muscle cells. Int. J. Biol.
Macromol. 2019, 125, 605–611. [CrossRef] [PubMed]

97. Boue, S.M.; Daigle, K.W.; Chen, M.H.; Cao, H.; Heiman, M.L. Antidiabetic potential of purple and red rice (Oryza sativa L.) bran
extracts. J. Agric. Food Chem. 2016, 64, 5345–5353. [CrossRef]

98. Collins, Q.F.; Liu, H.Y.; Pi, J.; Liu, Z.; Quon, M.J.; Cao, W. Epigallocatechin-3-gallate (EGCG), A Green Tea Polyphenol, Suppresses
Hepatic Gluconeogenesis through 50-AMP-activated Protein Kinase. J. Biol. Chem. 2007, 282, 30143–30149. [CrossRef]

99. Long, M.; Yang, S.H.; Han, J.X.; Li, P.; Zhang, Y.; Dong, S.; Chen, X.; Guo, J.; Wang, J.; He, J.B. The protective effect of grapeseed
proanthocyanidin extract on oxidative damage induced by zearalenone in kunming mice liver. Int. J. Mol. Sci. 2016, 17, 808.
[CrossRef]

100. El-Alfy, A.T.; Ahmed, A.A.E.; Fatani, A.J. Protective effect of red grape seeds proanthocyanidins against induction of diabetes by
alloxan in rats. Pharmacol. Res. 2005, 52, 264–270. [CrossRef]

101. Sapwarobol, S.; Adisakwattana, S.; Changpeng, S.; Ratanawachirin, W.; Tanruttanawong, K.; Boonyarit, W. Postprandial blood
glucose response to grape seed extract in healthy participants: A pilot study. Pharmacogn. Mag. 2012, 8, 192–196. [CrossRef]

102. De Los Santos, S.; García-Pérez, V.; Hernández-Reséndiz, S.; Palma-Flores, C.; González-Gutiérrez, C.J.; Zazueta, C.; Canto, P.;
Coral-Vázquez, R.M. (-)-Epicatechin induces physiological cardiac growth by activation of the PI3K/Akt pathway in mice. Mol.
Nutr. Food Res. 2017, 61, 2. [CrossRef]

103. Waltner-Law, M.E.; Wang, X.L.; Law, B.K.; Hall, R.K.; Nawano, M.; Granner, D.K. Epigallocatechin gallate, a constituent of green
tea, represses hepatic glucose production. J. Biol. Chem. 2002, 277, 34933–34940. [CrossRef]

104. Zhong, H.; Xue, Y.; Lu, X.; Shao, Q.; Cao, Y.; Wu, Z.; Chen, G. The effects of different degrees of procyanidin polymerization on
the nutrient absorption and digestive enzyme activity in mice. Molecules 2018, 23, 2916. [CrossRef] [PubMed]

105. Tirichen, H.; Yaigoub, H.; Xu, W.; Wu, C.; Li, R.; Li, Y. Mitochondrial Reactive Oxygen Species and Their Contribution in Chronic
Kidney Disease Progression Through Oxidative Stress. Front. Physiol. 2021, 12, 627837. [CrossRef] [PubMed]

106. Sack, M.N. Type 2 diabetes, mitochondrial biology and the heart. J. Mol. Cell. Cardiol. 2009, 46, 842–849. [CrossRef] [PubMed]
107. Moreno-Ulloa, A.; Miranda-Cervantes, A.; Licea-Navarro, A.; Mansour, C.; Beltrán-Partida, E.; Donis-Maturano, L.; Delgado De

la Herrán, H.C.; Villarreal, F.; Álvarez-Delgado, C. (−)-Epicatechin stimulates mitochondrial biogenesis and cell growth in C2C12
myotubes via the G-protein coupled estrogen receptor. Eur. J. Pharmacol. 2018, 822, 95–107. [CrossRef]

108. Kopustinskiene, D.M.; Savickas, A.; Vetchý, D.; Masteikova, R.; Kasauskas, A.; Bernatoniene, J. Direct effects of (-)-hepicatechin
and procyanidin B2 on the respiration of rat heart mitochondria. Biomed. Res. Int. 2015, 2015, 232836. [CrossRef]

109. Shi, W.; Li, L.; Ding, Y.; Yang, K.; Chen, Z.; Fan, X.; Jiang, S.; Guan, Y.; Liu, Z.; Xu, D.; et al. The critical role of epigallocatechin
gallate in regulating mitochondrial metabolism. Future Med. Chem. 2018, 10, 795–809. [CrossRef]

110. Mohan, T.; Narasimhan, K.K.S.; Ravi, D.B.; Velusamy, P.; Chandrasekar, N.; Chakrapani, L.N.; Srinivasan, A.; Karthikeyan, P.;
Kannan, P.; Tamilarasan, B.; et al. Role of Nrf2 dysfunction in the pathogenesis of diabetic nephropathy: Therapeutic prospect of
epigallocatechin-3-gallate. Free Rad. Biol. Med. 2020, 160, 227–238. [CrossRef]

111. Daveri, E.; Cremonini, E.; Mastaloudis, A.; Hester, S.N.; Wood, S.M.; Waterhouse, A.L.; Anderson, M.; Fraga, C.G.; Oteiza, P.I.
Cyanidin and delphinidin modulate inflammation and altered redox signaling improving insulin resistance in high fat-fed mice.
Redox Biol. 2018, 18, 16–24. [CrossRef]

112. Cremonini, E.; Oteiza, P.I. (-)-Epicatechin and its metabolites prevent palmitate-induced NADPH oxidase upregulation, oxidative
stress and insulin resistance in HepG2 cells. Arch. Biochem. Biophys. 2018, 646, 55–63. [CrossRef]

113. Sun, C.; Zhang, F.; Ge, X.; Yan, T.; Chen, X.; Shi, X.; Zhai, Q. SIRT1 improves insulin sensitivity under insulin-resistant conditions
by repressing PTP1B. Cell. Metab. 2007, 6, 307–319. [CrossRef]

114. Klaman, L.D.; Boss, O.; Peroni, O.D.; Kim, J.K.; Martino, J.L.; Zabolotny, J.M.; Moghal, N.; Lubkin, M.; Kim, Y.B.; Sharpe, A.H.; et al.
Increased energy expenditure, decreased adiposity, and tissue-specific insulin sensitivity in protein-tyrosine phosphatase1B-
deficient mice. Mol. Cell. Biol. 2000, 20, 5479–5489. [CrossRef] [PubMed]

115. Haruta, T.; Uno, T.; Kawahara, J.; Takano, A.; Egawa, K.; Sharma, P.M.; Olefsky, J.M.; Kobayashi, M. A rapamycin-sensitive
pathway down-regulates insulin signaling via phosphorylation and proteasomal degradation of insulin receptor substrate-1. Mol.
Endocrinol. 2000, 14, 783–794. [CrossRef] [PubMed]

116. Jung, M.; Triebel, S.; Anke, T.; Richling, E.; Erkel, G. Influence of apple polyphenols on inflammatory gene expression. Mol. Nutr.
Food Res. 2009, 53, 1263–1280. [CrossRef] [PubMed]

117. Hsieh, C.H.; Lu, C.H.; Kuo, Y.Y.; Chen, W.T.; Chao, C.Y. Studies on the non-invasive anticancer remedy of the triple combination
of epigallocatechin gallate, pulsed electric field, and ultrasound. PLoS ONE 2018, 13, e0201920. [CrossRef] [PubMed]

118. Kurita, I.; Kim, J.H.; Auger, C.; Kinoshita, Y.; Miyase, T.; Ito, T.; Schini-Kerth, V.B. Hydroxylation of (-)-epigallocatechin-3-O-gallate
at 311, but not 411, is essential for the PI3-kinase/Akt-dependent phosphorylation of endothelial NO synthase in endothelial cells
and relaxation of coronary artery rings. Food Funct. 2013, 4, 249–257. [CrossRef] [PubMed]

https://doi.org/10.1161/CIRCULATIONAHA.105.602532
https://www.ncbi.nlm.nih.gov/pubmed/16585403
https://doi.org/10.1016/j.mam.2010.09.006
https://www.ncbi.nlm.nih.gov/pubmed/20854840
https://doi.org/10.1016/j.ijbiomac.2018.12.064
https://www.ncbi.nlm.nih.gov/pubmed/30529552
https://doi.org/10.1021/acs.jafc.6b01909
https://doi.org/10.1074/jbc.M702390200
https://doi.org/10.3390/ijms17060808
https://doi.org/10.1016/j.phrs.2005.04.003
https://doi.org/10.4103/0973-1296.99283
https://doi.org/10.1002/mnfr.201600343
https://doi.org/10.1074/jbc.M204672200
https://doi.org/10.3390/molecules23112916
https://www.ncbi.nlm.nih.gov/pubmed/30413083
https://doi.org/10.3389/fphys.2021.627837
https://www.ncbi.nlm.nih.gov/pubmed/33967820
https://doi.org/10.1016/j.yjmcc.2009.02.001
https://www.ncbi.nlm.nih.gov/pubmed/19217910
https://doi.org/10.1016/j.ejphar.2018.01.014
https://doi.org/10.1155/2015/232836
https://doi.org/10.4155/fmc-2017-0204
https://doi.org/10.1016/j.freeradbiomed.2020.07.037
https://doi.org/10.1016/j.redox.2018.05.012
https://doi.org/10.1016/j.abb.2018.03.027
https://doi.org/10.1016/j.cmet.2007.08.014
https://doi.org/10.1128/MCB.20.15.5479-5489.2000
https://www.ncbi.nlm.nih.gov/pubmed/10891488
https://doi.org/10.1210/mend.14.6.0446
https://www.ncbi.nlm.nih.gov/pubmed/10847581
https://doi.org/10.1002/mnfr.200800575
https://www.ncbi.nlm.nih.gov/pubmed/19764067
https://doi.org/10.1371/journal.pone.0201920
https://www.ncbi.nlm.nih.gov/pubmed/30080905
https://doi.org/10.1039/C2FO30087G
https://www.ncbi.nlm.nih.gov/pubmed/23104077


Int. J. Mol. Sci. 2023, 24, 9228 19 of 20

119. Snoussi, C.; Ducroc, R.; Hamdaoui, M.H.; Dhaouadi, K.; Abaidi, H.; Cluzeaud, F.; Nazaret, C.; Le Gall, M.; Bado, A. Green tea
decoction improves glucose tolerance and reduces weight gain of rats fed normal and high-fat diet. J. Nutr. Biochem. 2014, 25,
557–564. [CrossRef]

120. Yan, J.; Feng, Z.; Liu, J.; Shen, W.; Wang, Y.; Wertz, K.; Weber, P.; Long, J. Enhanced autophagy plays a cardinal role in mitochondrial
dysfunction in type 2 diabetic Goto-Kakizaki (GK) rats: Ameliorating effects of ()-epigallocatechin-3-gallate. J. Nutr. Biochem.
2012, 23, 716–724. [CrossRef]

121. Liu, Z.H.; Li, B. (-)-Epicatechin and β-glucan from highland barley grain modulated glucose metabolism and showed synergistic
effect via Akt pathway. J. Func. Foods 2021, 87, 104793. [CrossRef]

122. Wang, X.H.; Huang, L.L.; Yu, T.T.; Zhu, J.H.; Shen, B.; Zhang, Y.; Wang, H.Z.; Gao, S. Effects of oligomeric grape seed
proanthocyanidins on heart, aorta, kidney in DOCA-salt mice: Role of oxidative stress. Phytother. Res. 2013, 27, 869–876.
[CrossRef]

123. Nazima, B.; Manoharan, V.; Miltonprabu, S. Oxidative stress induced by cadmium in the plasma, erythrocytes, and lymphocytes
of rats: Attenuation by grape seed proanthocyanidins. Hum. Exp. Tox. 2016, 35, 428–447. [CrossRef]

124. Sun, Y.; Xiu, C.; Liu, W.; Tao, Y.; Wang, J.; Qu, Y. Grape seed proanthocyanidin extract protects the retina against early diabetic
injury by activating the Nrf2 pathway. Exp. Therap. Med. 2016, 11, 1253–1258. [CrossRef] [PubMed]

125. Denis, M.C.; Desjardins, Y.; Furtos, A.; Marcil, V.; Dudonne, S.; Montoudis, A.; Garofalo, C.; Delvin, E.; Marette, A.; Levy, E.
Prevention of oxidative stress, inflammation, and mitochondrial dysfunction in the intestine by different cranberry phenolic
fractions. Clin. Sci. 2015, 128, 197–212. [CrossRef] [PubMed]

126. Bak, M.J.; Truong, V.L.; Ko, S.Y.; Nguyen, X.N.; Ingkasupart, P.; Jun, M.; Shin, J.Y.; Jeong, W.S. Antioxidant and hepatoprotective
effects of procyanidins from wild grape (Vitis amurensis) seeds in ethanol-induced cells and rats. Int. J. Mol. Sci. 2016, 17, 758.
[CrossRef] [PubMed]

127. El-Ashmawy, N.E.; Khedr, E.G.; Alfeky, N.H.; Ibrahim, A.O. Upregulation of GLUT4 and PI3K, and downregulation of GSK3
mediate the anti-hyperglycemic effects of proanthocyanidins. Med. Int. 2022, 2, 14. [CrossRef]

128. Zhang, H.J.; Ji, B.P.; Chen, G.; Zhou, F.; Luo, Y.C.; Yu, H.Q.; Gao, F.Y.; Zhang, Z.P.; Li, H.Y. A combination of grape seed-derived
procyanidins and gypenosides alleviates insulin resistance in mice and HepG2 cells. J. Food Sci. 2007, 74, H1–H7. [CrossRef]

129. Han, L.; Zhang, L.; Ma, W.; Li, D.; Shi, R.; Wang, M. Proanthocyanidin B2 attenuates postprandial blood glucose and its inhibitory
effect on alpha-glucosidase: Analysis by kinetics, fluorescence spectroscopy, atomic force microscopy and molecular docking.
Food Funct. 2018, 9, 4673–4682. [CrossRef]

130. Xiao, J.; Kai, G.; Yamamoto, K.; Chen, X. Advance in Dietary Polyphenols as -Glucosidases Inhibitors: A Review on Structure-
Activity Relationship Aspect. Crit. Rev. Food Sci. Nutr. 2013, 53, 818–836. [CrossRef]

131. Yogalakshmi, B.; Bhuvaneswari, S.; Sreeja, S.; Anuradha, C.V. Grape seed proanthocyanidins and metformin act by different
mechanisms to promote insulin signaling in rats fed high calorie diet. J. Cell. Commun. Signal. 2013, 6, 13–22.

132. Xu, M.; Chen, X.; Huang, Z.; Chen, D.; Yu, B.; Chen, H.; Luo, Y.; Zheng, P.; Yu, J.; He, J. Grape seed proanthocyanidin extract
promotes skeletal muscle fiber type transformation via AMPK signaling pathway. J. Nutr. Biochem. 2020, 84, 108462. [CrossRef]

133. Huang, P.L.; Chi, C.W.; Liu, T.Y. Areca nut procyanidins ameliorate streptozocin-induced hyperglycemia by regulating gluconeo-
genesis. Food Chem. Toxicol. 2013, 55, 137–143. [CrossRef]

134. DalBó, S.; Jürgensen, S.; Horst, H.; Soethe, D.N.; Santos, A.R.; Pizzolatti, M.G.; Ribeiro-do-Valle, R.M. Analysis of the antinocicep-
tive effect of the proanthocyanidin-rich fraction obtained from Croton celtidifolius barks: Evidence for a role of the dopaminergic
system. Pharmacol. Biochem. Behav. 2006, 85, 317–323. [CrossRef] [PubMed]

135. Sankar, J.; Rathinavel, A.; Mohammed, S.S.S.; Devaraj, S.N. Oligomeric proanthocyanidins mitigate cholesterol and cholic acid
diet-induced hepatic dysfunction in male Sprague Dawley rats. J. Biochem. Mol. Toxicol. 2018, 1, e22234. [CrossRef] [PubMed]

136. Rigotti, M.; Cerbaro, A.F.; da Silva, I.D.R.; Agostini, F.; Branco, C.S.; Moura, S.; Salvador, M. Grape seed proanthocyanidins
prevent H2O2-induced mitochondrial dysfunction and apoptosis via SIRT 1 activation in embryonic kidney cells. J. Food Biochem.
2020, 44, e13147. [CrossRef] [PubMed]

137. Zhang, S.; Xu, M.; Zhang, W.; Liu, C.; Chen, S. Natural Polyphenols in Metabolic Syndrome: Protective Mechanisms and Clinical
Applications. Int. J. Mol. Sci. 2021, 22, 6110. [CrossRef]

138. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on the substantiation of a health claim related
to cocoa flavanols and maintenance of normal endothelium-dependent vasodilation pursuant to Article 13(5) of Regulation (EC)
No. 1924/20061. EFSA J. 2012, 10, 2809.

139. Brown, A.L.; Lane, J.; Coverly, J.; Stocks, J.; Jackson, S.; Stephen, A.; Bluck, L.; Coward, A.; Hendrickx, H. Effects of Dietary
Supplementation with the Green Tea Polyphenol Epigallocatechin-3-Gallate on Insulin Resistance and Associated Metabolic Risk
Factors: Randomized Controlled Trial. Br. J. Nutr. 2009, 101, 886–894. [CrossRef]

140. Chatree, S.; Sitticharoon, C.; Maikaew, P.; Pongwattanapakin, K.; Keadkraichaiwat, I.; Churintaraphan, M.; Sripong, C.; Sriri-
wichitchai, R.; Tapechum, S. Epigallocatechin Gallate Decreases Plasma Triglyceride, Blood Pressure, and Serum Kisspeptin in
Obese Human Subjects. Exp. Biol. Med. 2021, 246, 163–176. [CrossRef]

141. Hodges, J.; Zeng, M.; Cao, S.; Pokala, A.; Rezaei, S.; Sasaki, G.; Vodovotz, Y.; Bruno, R. Catechin-Rich Green Tea Extract Reduced
Intestinal Inflammation and Fasting Glucose in Metabolic Syndrome and Healthy Adults: A Randomized, Controlled, Crossover
Trial. Curr. Develop. Nutr. 2022, 6, 981. [CrossRef]

https://doi.org/10.1016/j.jnutbio.2014.01.006
https://doi.org/10.1016/j.jnutbio.2011.03.014
https://doi.org/10.1016/j.jff.2021.104793
https://doi.org/10.1002/ptr.4793
https://doi.org/10.1177/0960327115591376
https://doi.org/10.3892/etm.2016.3033
https://www.ncbi.nlm.nih.gov/pubmed/27073432
https://doi.org/10.1042/CS20140210
https://www.ncbi.nlm.nih.gov/pubmed/25069567
https://doi.org/10.3390/ijms17050758
https://www.ncbi.nlm.nih.gov/pubmed/27213339
https://doi.org/10.3892/mi.2022.39
https://doi.org/10.1111/j.1750-3841.2008.00976.x
https://doi.org/10.1039/C8FO00993G
https://doi.org/10.1080/10408398.2011.561379
https://doi.org/10.1016/j.jnutbio.2020.108462
https://doi.org/10.1016/j.fct.2012.12.057
https://doi.org/10.1016/j.pbb.2006.08.014
https://www.ncbi.nlm.nih.gov/pubmed/17030059
https://doi.org/10.1002/jbt.22234
https://www.ncbi.nlm.nih.gov/pubmed/30273964
https://doi.org/10.1111/jfbc.13147
https://www.ncbi.nlm.nih.gov/pubmed/31943241
https://doi.org/10.3390/ijms22116110
https://doi.org/10.1017/S0007114508047727
https://doi.org/10.1177/1535370220962708
https://doi.org/10.1093/cdn/nzac068.010


Int. J. Mol. Sci. 2023, 24, 9228 20 of 20

142. Dower, J.I.; Geleijnse, J.M.; Gijsbers, L.; Zock, P.L.; Kromhout, D.; Hollman, P.C.H. Effects of the Pure Flavonoids Epicatechin and
Quercetin on Vascular Function and Cardiometabolic Health: A Randomized, Double-Blind, Placebo-Controlled, Crossover Trial.
Am. J. Clin. Nutr. 2015, 101, 914–921. [CrossRef]

143. Esser, D.; Geleijnse, J.M.; Matualatupauw, J.C.; Dower, J.I.; Kromhout, D.; Hollman, P.C.H.; Afman, L.A. Pure Flavonoid
Epicatechin and Whole Genome Gene Expression Profiles in Circulating Immune Cells in Adults with Elevated Blood Pressure:
A Randomised Double-Blind, Placebo-Controlled, Crossover Trial. PLoS ONE 2018, 13, e0194229. [CrossRef]

144. Brown, A.L.; Lane, J.; Holyoak, C.; Nicol, B.; Mayes, A.E.; Dadd, T. Health effects of green tea catechins in overweight and obese
men: A randomised controlled cross-over trial. Br. J. Nutr. 2011, 106, 1880–1889. [CrossRef] [PubMed]

145. 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. 2016, 35, 592–599. [CrossRef] [PubMed]

146. Basu, A.; Sanchez, K.; Leyva, M.J.; Wu, M.; Betts, N.M.; Aston, C.E.; Lyons, T.J. Green tea supplementation affects body weight,
lipids, and lipid peroxidation in obese subjects with metabolic syndrome. J. Am. Coll. Nutr. 2010, 29, 31–40. [CrossRef] [PubMed]

147. 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]

148. Bajerska, J.; Mildner-Szkudlarz, S.; Walkowiak, J. Effects of rye bread enriched with green tea extract on weight maintenance and
the characteristics of metabolic syndrome following weight loss: A pilot study. J. Med. Food 2015, 18, 698–705. [CrossRef]

149. Vieira Senger, A.E.; Schwanke, C.H.; Gomes, I.; Valle Gottlieb, M.G. Effect of green tea (Camellia sinensis) consumption on the
components of metabolic syndrome in elderly. J. Nutr. Health Aging 2012, 16, 738–742. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3945/ajcn.114.098590
https://doi.org/10.1371/journal.pone.0194229
https://doi.org/10.1017/S0007114511002376
https://www.ncbi.nlm.nih.gov/pubmed/21736785
https://doi.org/10.1016/j.clnu.2015.05.003
https://www.ncbi.nlm.nih.gov/pubmed/26093535
https://doi.org/10.1080/07315724.2010.10719814
https://www.ncbi.nlm.nih.gov/pubmed/20595643
https://doi.org/10.1016/j.nutres.2018.03.012
https://doi.org/10.1089/jmf.2014.0032
https://doi.org/10.1007/s12603-012-0081-5

	Introduction 
	Metabolic Syndrome (MetS) 
	Chemical Structure and Classification of Flavonoids 
	Bioavailability of Catechin and Their Polymeric Structures 
	Biochemical and Functional Aspects of Catechin and Their Polymers 

	Catechins in Metabolic Syndrome 
	Proanthocyanidins in Mets 
	Human Studies 
	Conclusions 
	References

