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Abstract: Tannins, a diverse class of polyphenolic compounds, are widely present in a
variety of plant-based foods and beverages, where they contribute significantly to flavor,
astringency, and numerous health benefits. Known for their antioxidant, anti-inflammatory,
and cardioprotective properties, tannins are associated with a reduced risk of chronic
diseases such as cardiovascular disease, cancer, and diabetes. Their bioavailability and
metabolism are influenced by factors such as polymerization, solubility, and interactions
with the gut microbiota. Tannin-rich beverages, including tea, wine, fruit juices, and cider,
offer a range of health-promoting effects, including antioxidant, cardioprotective, and
antimicrobial activities. In addition, tannins contribute significantly to the sensory and
nutritional characteristics of fruits, nuts, and vegetables, influencing flavor, color, and
nutrient absorption. The levels and efficacy of tannins are subject to variation due to factors
such as ripeness and food processing methods, which can increase their impact on food
quality and health. This review provides a comprehensive examination of the bioactive
roles of tannins, their nutritional implications, and their sensory effects, highlighting their
importance in both dietary applications and overall well-being.

Keywords: proanthocyanidins; condensed tannins; hydrolyzable tannins; bioactive tannins;
bioavailability; astringency; bitterness; nutritional quality; beverage; food

1. Introduction

Tannins, a class of polyphenolic compounds and major secondary metabolites in plants,
are essential in defining the sensory characteristics and nutritional quality of beverages,
fruits, vegetables, and other plant-based foods. These compounds are abundant in plant-
derived foods, particularly in cereals, nuts, chocolate, legume seeds, fruits, and vegetables,
as well as in beverages such as wine, cider, tea, and cocoa [1]. Tannins significantly influence
the sensory attributes of beverages and foods, especially astringency, bitterness, aroma,
and mouthfeel. Although they offer considerable health benefits, high tannin levels can
intensify bitterness and astringency, potentially impacting consumption [2].

Tannins are classified into hydrolyzable tannins, condensed tannins, complex tannins,
and pseudo-tannins [3], as shown in Figure 1. Hydrolyzable tannins consist of a polyol core,
often glucose, esterified with phenolic acids like gallic or ellagic acid. They are subdivided
into gallotannins, such as tannic acid, and ellagitannins, which are formed through the
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oxidative coupling of gallic acid residues. These tannins are easily hydrolyzed under acidic,
basic, or enzymatic conditions, releasing phenolic acids and exhibiting strong antioxidant
activity due to their hydroxyl-rich structure [3,4].
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Figure 1. Main chemical structures of tannins.

In general, condensed tannins, also named proanthocyanins, are polymers of
flavan-3-ol units (e.g., catechin, epicatechin) linked by carbon—carbon bonds, making them
resistant to hydrolysis. Complex tannins are rare hybrids of hydrolyzable and condensed
tannins, while pseudo-tannins are low-molecular-weight phenolic-like gallic acid and cat-
echol that exhibit tannin-like reactivity but lack polymeric structures. All tannins share
a polyphenolic backbone with abundant hydroxyl groups, which allows them to interact
with proteins, polysaccharides, and metals. Their structural diversity supports applications
in nutrition, medicine, and industry by providing antioxidant benefits and influencing
bioavailability and biological activity, thereby broadening their practical applications [3-8].

More specifically, proanthocyanidins are composed of flavonoids such as flavan-3-ol
or flavan-3,4-diol without a sugar core, whereas hydrolyzable tannins consist of esters
of ellagic acids (ellagitannins) or gallic acids (gallotannins) bound to a sugar moiety,
mainly glucose [3,4]. Hydrolyzable tannins have polyphenolic cores with molecular
weights ranging from 500 to 3000 daltons (Da). In contrast, proanthocyanidins are formed
by oligomeric or polymeric flavan-3-ol units, specifically (+)-catechin/(—)-epicatechin,
(+)-gallocatechin/(—)-epigallocatechin, and (+)-afzelechin/ (—)-epiafzelechin. These
monomers differ based on the hydroxylation pattern of their A and B rings and in their C3
stereochemistry. The degree of polymerization determines the size of the proanthocyanidin,
which can also be esterified with gallic acid to form 3-O-gallates. The structure of proantho-
cyanidins depends on various factors, including the type of flavan-3-ol unit, the linkage
type, the degree of polymerization, spatial configuration, and whether the hydroxyl group
is substituted [5].

Flavan-3-ol monomers can polymerize to form proanthocyanidins, which are classified
as oligomers (dimers, trimers, and tetramers) or polymers with more than five subunits [6].
Oligomers and polymers composed exclusively of (+)-catechin/(—)-epicatechin are termed
procyanidins, while those containing (+)-afzelechin/(—)-epiafzelechin or (+)-gallocatechin/
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(—)-epigallocatechin subunits are termed propelargonidin and prodelphinidin, respec-
tively [7,8]. Procyanidins are the most abundant in plants, while propelargonidins and
prodelphinidins are less abundant. These compounds have molecular weights ranging
from 1000 to 20,000 Da [3,9] and are characterized by their aromatic rings and conjugated
double bonds [10].

B-type proanthocyanidins are formed through oxidative condensation between the
C4 carbon of the heterocyclic ring and the C6 or C8 carbons of adjacent units. The most
common B-type dimers, B1, B2, B3, and B4, are associated with C4-C8 chemical bonds, while
B5, B6, B7, and B8 contain C4-C6 interflavan bonds [4], as shown in Figure 2. In contrast,
A-type proanthocyanidins have double bonds involving the C2 and C4 carbons of the
upper unit and oxygen bonds at the C7 and C6 or C8 positions [7]. Nearly half of all plant-
derived foods serve as dietary sources of proanthocyanidins. The composition of these
compounds varies based on the constituent flavan-3-ol units, degree of polymerization,
and type of interflavan linkage, all of which can affect their bioavailability, metabolism,
and physiological effects [7].

(A)

(+)-catechin: Ri=H, R=OH
(-)-epicatechin: Ri=OH, Re=H

Procyanidin B1: Ri=OH, R2=H, Rs=H, R«=OH
Procyanidin B2: Ri=OH, R2=H, Rs=OH, R«=H
Procyanidin B3: Ri=H, R2=OH, Rs=H, R«=OH
Procyanidin A2 Procyanidin B4: Ri=H, R:=OH, R=OH, R«=H

Figure 2. Cont.
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OH
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Procyanidin B5: Ri=OH, R>=H, R=OH, R+=H
Procyanidin B6: Ri=H, R=OH, Rs=H, R«=OH
Procyanidin B7: Ri=OH, R>=H, Rs=H, R«=OH
Procyanidin B8: Ri=H, R==OH, Rs=OH, R+=H

Figure 2. Structure of procyanidins. (A) Monomers, (B,C) A-type-dimer procyanidins, (D) B-type-dimer
procyanidins linked with C4 — C8, and (E) B-type-dimer procyanidins linked with C4 — Cé.

The growing interest of consumers and food manufacturers in tannins is driven by
their biological activities [11]. Epidemiological studies suggest that the consumption of
tannin-rich foods and beverages may reduce the risk of certain diseases. Evidence suggests
that tannins contribute to human health through anti-inflammatory, immune-regulatory,
hypoglycemic, and hypolipidemic effects, as well as metabolic regulation, DNA repair, and
anticancer properties [12]. Tannins provide health benefits either as complex, nonabsorbable
structures with localized effects in the gastrointestinal tract (e.g., antioxidant, antimutagenic,
free radical scavenging, antiviral, antimicrobial, and antinutrient activities) or as absorbable
low-molecular-weight compounds and metabolites from colonic fermentation, which can
have systemic effects on various organs [8].

Including tannins in the diet may help prevent cardiovascular disease, cancer, and
diabetes while supporting gut microbiota and cognitive function [13-15]. They are par-
ticularly beneficial for cardiovascular health by inhibiting the oxidation of low-density
lipoproteins (LDLs), commonly referred to as “bad” cholesterol, thereby reducing the risk
of atherosclerosis. Furthermore, tannins may enhance cardiovascular function by lowering
blood pressure, reducing LDL cholesterol levels, and improving vascular health [16]. How-
ever, the excessive intake of tannins may inhibit iron absorption, potentially posing a risk
to individuals with iron deficiency [17].

Tannins are known for their antioxidant properties and are widely used in food
applications. Numerous studies have extensively investigated their antioxidant activity,
suggesting that they may help prevent cardiovascular disease, cancer, and osteoporosis [18].

This review aims to comprehensively explore the bioactive properties of tannins in
foods and beverages, highlighting their functional roles and health benefits. It also examines
their presence and effects in various beverages, fruits, nuts, and vegetables, focusing on
their contributions to flavor, astringency, and overall sensory quality.



Molecules 2025, 30, 800

50f28

2. Functional Properties and Health Benefits of Dietary Tannins

Tannins are characterized by their ability to interact with macromolecules, influencing
their functional roles in both food and biological systems. Due to their high polyphenolic
content, tannins are considered potent antioxidants, effectively scavenging free radicals,
reducing oxidative stress, and inhibiting lipid peroxidation [19]. This antioxidant prop-
erty extends to their interaction with dietary proteins, affecting nutrient digestibility and
bioavailability [20]. Additionally, tannins can chelate metal ions such as iron and copper,
which catalyze oxidative reactions [21]. By reducing the availability of these metals, tannins
help to mitigate oxidative damage in biological systems.

Tannins are also known for their antimicrobial activity, which includes disrupting
microbial cell walls, inhibiting enzymes, and interfering with microbial adhesion [22].
This property is particularly valuable in food preservation and the treatment of infectious
diseases. Moreover, tannins can inhibit digestive enzymes such as amylase, protease, and
lipase [23], making them potentially useful in therapeutic applications like glycemic control
in diabetes. Tannins influence weight management by modulating lipid metabolism and
appetite, inhibiting pancreatic lipase, and reducing fat absorption. Their interactions with
gut hormones may regulate hunger and satiety [24]. Proanthocyanidins in grape seeds
have been shown to reduce amyloid-f3 aggregation, a key feature of Alzheimer’s disease.

In addition to these properties, recent studies have shown that tannins may modulate
nitric oxide levels, thereby improving vascular health [25]. Foods rich in tannins, such
as tea, wine, and certain fruits, may improve human health by lowering blood pressure
and arterial stiffness, thereby reducing the risk of cardiovascular disease. Ellagitannins, an
important group of tannins found in pomegranates and berries, have been associated with
the prevention of tumor and carcinogenic processes [26].

Tannins also interact with the gut microbiota, modulating its composition and activity
to promote the growth of beneficial bacteria such as Lactobacillus and Bifidobacterium [27]
while inhibiting pathogenic microbes. Additionally, tannins improve gut barrier integrity
and reduce inflammation, contributing to overall gastrointestinal health [28].

3. The Bioavailability and Metabolism of Tannins in the Human Body

Research on the bioavailability and metabolism of tannins remains limited, but these
properties are closely related to their chemical and biological degradation, polymerization,
and solubility [29,30]. Highly polymerized proanthocyanidins, in contrast to catechins,
exhibit poor absorption through the gut barrier and minimal metabolism by the intestinal
microflora. Compounds detected in blood or urine often differ significantly from those
originally ingested. No specific intestinal receptors for tannin transport have been identified,
suggesting that tannins and their precursors may rely on passive diffusion for absorption.
However, tannin absorption in the stomach is minimal. In vitro studies suggest that
procyanidins are hydrolyzed to more bioavailable monomers, although further in vivo
confirmation is needed. Despite an estimated absorption rate as low as 10%, tannins may
exert significant biological effects [31-34].

Tannins are often classified as antinutritional agents due to their ability to bind proteins
and enzymes or interfere with iron and mineral absorption. Nevertheless, tannin-rich foods
like wine offer health benefits. For instance, the beneficial effects of resveratrol in wine
are partly attributed to tannins like procyanidins. Tannins exert their biological effects in
two ways: (1) as unabsorbed complex structures acting in the gastrointestinal tract with
antioxidant, antimicrobial, and antinutritional properties or (2) as low-molecular-weight
tannins and microbial metabolites exerting systemic effects in various organs [33-36]. The
bioconversion of ellagitannins by gut microbiota into bioavailable urolithins is associated
with significant health benefits, including anti-inflammatory, anticancer, antiglycative,
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antioxidant, and antimicrobial effects observed in vitro. In contrast to hydrolysis by gastric
acid, most tannins are metabolized by colonic bacteria [33]. Urolithins can be detected in
urine approximately one week after ellagitannin consumption, highlighting the critical
role of the gut microbiota in their bioavailability. Variations in microbiota composition
directly influence urolithin production [37,38]. Ellagitannins have low bioavailability due
to their large size and polarity. Furthermore, some tannins bind to specific proteins in the
oral cavity and stop their metabolism [39]. These compounds are resistant to acid or basic
hydrolysis in the gut, releasing only small amounts of ellagic acid. Limited absorption
occurs in the stomach and small intestine, resulting in low concentrations of ellagitannin
derivatives in plasma and urine [39,40].

Studies [41] using human Caco-2 cell lines as an intestinal absorption model indicate
low permeability (Papp) values for hydrolyzable tannins and their hydrolysates, suggesting
that absorption occurs primarily by passive diffusion, although proteins like organic
anion-transporting polypeptide (OATP) and sodium/glucose cotransporter 1 (SGLT1)
may play a role. Gastric digestion results vary between in vitro and in vivo studies; for
example, while proanthocyanidins from chocolate hydrolyze to flavanol monomers under
simulated gastric conditions, in vivo tests show limited depolymerization, probably due
to buffering effects that reduce acid exposure [42]. During digestion in the small intestine,
high-molecular-weight proanthocyanidins may form complexes with proteins, starches,
or enzymes, reducing digestibility. Notably, one mole of proanthocyanidins can bind to
twelve moles of protein, and smaller tannins with less complexation are absorbed more
efficiently. Permeability coefficients for catechin and small proanthocyanidin dimers and
trimers are comparable to mannitol, a paracellular transport marker, whereas oligomers
with higher polymerization (e.g., a degree of six and a molecular weight of 1740) have much
lower permeabilities. Nonetheless, indirect evidence suggests that proanthocyanidins are
absorbed in the small intestine, as their in vitro effects are often mirrored in vivo [43—48].

Hydrolyzable tannins are degraded to gallic acid, pyrogallol, phloroglucinol, acetate,
and finally butyrate through the sequential action of several bacterial enzymes [30]. Colonic
bacteria, such as lactobacilli with tannase activity, have been identified as key players in this
process [49]. The degradation of ellagitannins has been proposed to occur via the hydrolysis
of ellagic acid, followed by microbial conversion to urolithin. Significant variability in
metabolite production and excretion patterns has been observed, related to differences in
the colonic microbiota [50].

As mentioned above, most molecules found in the bloodstream or excreted differ
from those initially ingested, highlighting the importance of identifying biomarkers of
tannin consumption. Several biomarkers have been identified, including ferulic acid
derivates for the metabolism of caffeic acid derivatives, metabolites of hydroxyphenyl
acetic acid derivates, hydroxyphenyl propionic acid derivates, and vanillic, homovanillic,
and hydroxyhippuric acids for polyphenols, including flavonoids and hydroxycinnamic
acids, and urolithin B is recognized as a biomarker for ellagitannins [51].

Although recent research has advanced our understanding of tannins, the current data
primarily suggest an association between tannin consumption and health benefits [36,52,53].
Further studies are necessary to clarify the effects of tannins, particularly as they are increas-
ingly incorporated into phytocomplexes used by the general population, often without
a full understanding of their potential efficacy or toxicity [54]. This need is underscored
by the complex nature of tannin bioavailability and metabolism, which remains an issue
requiring further investigation [55].
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4. Tannins: Human Health Implications and Gut Health vs.
Antinutritional Aspects

In recent decades, there has been considerable consumer and food industry interest in
polyphenolic compounds, particularly tannins, and their effects on human health, with a
focus on the intestinal microbiota [56]. Tannins are a regular part of our daily diet, with
an estimated intake of 0.1-0.5 g per day [8], primarily through beverages such as wine,
tea, cider, infusions, and cocoa, as well as dried fruits, vegetables, and other plant-based
foods [56]. As high-molecular-weight compounds derived from the secondary metabolism
of plants, tannins play protective roles against various biotic and abiotic stressors [36].
Research has extensively investigated their preventive properties against chronic human
diseases [57] and their effects on gut health [56].

Tannins have been associated with cardioprotective properties, such as inhibiting the
oxidation of low-density lipoproteins, which helps to reduce the risk of atherosclerosis [58].
As antioxidants, they neutralize free radicals and protect cells from oxidative stress and
DNA damage. Tannins also possess anticancer properties, aiding in cancer prevention and
serving as adjuvants in cancer therapy [33,59,60]. Additionally, they exhibit antimicrobial
activity, showing efficacy against bacteria like S. aureus, E. coli, Streptococcus pyogenes, Ente-
rococcus faecalis, P. aeruginosa, Yersinia enterocolitica, and Listeria innocua [61]. Furthermore,
studies suggest that tannins have antiviral properties against pathogens like influenza A,
HIV, herpes, norovirus, and papillomavirus [62]. Research indicates that tannins may pro-
mote the growth of beneficial gut bacteria or activate their metabolic functions, highlighting
their potential as prebiotic substrates for gut microbes [63,64].

Given these benefits, many researchers have advocated the use of tannins as nutraceu-
ticals, supported by studies on the role of the gut microbiota in the metabolism of these
polyphenols [56]. However, evidence on their bioavailability and pharmacokinetics remains
limited and sometimes controversial. For tannins to exert health benefits, they must first be
bioavailable. Intestinal absorption is thought to be inversely correlated with their degree
of polymerization, as intestinal microbiota metabolize them into monomers [53]. High-
molecular-weight tannins are not absorbed intact from the intestine, and about 90% of the
procyanidins from apple juice are recovered in ileostomy effluent, allowing them to enter
the colon [65]. Studies have shown that intestinal microflora catabolize proanthocyanidins
to phenyl valerolactone, phenylacetic, and phenylpropionic acids in the colon [53]. Thus,
tannins are only partially bioavailable in the intestinal tract, with hydrolyzable tannins
and proanthocyanidins being absorbed in the small intestine and additional absorption
occurring in the colon [66]. More research is needed to fully understand the bioavailability
of tannins and their health effects [36].

On the other hand, tannins are considered antinutrients due to their interference with
digestion and nutrient absorption [67]. While proanthocyanidins are widely used as dietary
supplements [68], more evidence is needed to confirm their safety and to assess potential
long-term toxicity.

Under certain pH and temperature conditions, tannins can form complexes with
essential nutrients, such as proteins, carbohydrates, and certain minerals, inhibiting their
absorption. Several mechanisms have been proposed in animal toxicity studies: (i) the
inhibition of substrates and microbial enzymes that limit microbial growth through tannin—
protein interactions; (ii) effects on cell membranes, such as the inhibition of oxidative
phosphorylation and the electron transport chain; and (iii) the chelation of essential ions
such as iron and zinc [69]. Studies of legumes show that tannin—protein complexes re-
duce protein digestibility, decrease amino acid availability, and increase fecal nitrogen
in animals [70]. However, excessive consumption of tannins from legumes has not been
associated with toxicity in humans [67].
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Studies of pomegranate juice absorption showed low plasma concentrations of ellagic
acid three hours after ingestion, and no intact ellagitannins were detected [71]. Ellagic acid
depletion was found in plasma and urine, attributed to its poor water solubility and ten-
dency to form complexes with magnesium and calcium ions, which inhibit absorption [8].

Tannins exhibit a dual function, acting locally in the gastrointestinal tract and systemi-
cally through their metabolites, which has stimulated interest in their potential therapeutic
applications in inflammatory, metabolic, and oxidative conditions. Ongoing research is
essential to better understand the interactions of these compounds in the body and their
overall impact.

Recent evidence highlighting the health benefits of tannins suggests that their classi-
fication as antinutrients should be reconsidered. Comprehensive data from randomized
controlled trials, long-term observational studies, and post-marketing analyses are essential
to accurately assess their risks and benefits.

5. Tannins in Beverages, Fruit Juices, Fresh Fruits, Nuts, and Vegetables
5.1. Tea

Tannins significantly influence the flavor, quality, and health benefits of tea. Derived
from the Camellia sinensis plant, tea is one of the most popular and widely consumed
beverages worldwide. It is known for its distinctive flavor, health-promoting properties,
and unique ability to both stimulate and relax. Tea also has deep cultural significance [72].

Green, black, and oolong teas are all made from the leaves of Camellia sinensis, with
different processing methods resulting in different types of tea. Fresh tea leaves are rich
in polyphenols, specifically flavan-3-ols, including (—)-epicatechin, (—)-epigallocatechin,
(—)-epigallocatechin gallate, and (—)-epicatechin-3-gallate. Green tea made from unfer-
mented, dried leaves is predominantly composed of polyphenols, which can account for
up to 35% of its dry weight, with 60-80% being flavan-3-ols. In contrast, oolong and black
teas, which are derived from partially or fully fermented leaves, contain about half the
flavan-3-ol content of green tea [73].

Epigallocatechin-3-gallate is the most abundant flavan-3-ol in green tea, accounting
for 50-80% of the total flavan-3-ol content, and is considered the most bioactive com-
pound [74]. During the fermentation of black tea, monomeric polyphenols are converted
into polymeric forms known as theaflavins and thearubigins. These polymeric compounds
are less readily absorbed in the gastrointestinal tract compared to smaller catechins like
(—)-epigallocatechin gallate. Consequently, black tea contains lower levels of monomeric
polyphenols (3—10% of solids) and higher concentrations of polymers (23-25% of solids)
than green tea. Oolong tea, which is partially oxidized, has intermediate levels of polymeric
polyphenols and higher concentrations of (—)-epigallocatechin gallate [75].

Tea tannins are powerful antioxidants that neutralize free radicals and protect cells
from oxidative damage [76]. These antioxidant properties have been linked with a re-
duced risk of chronic diseases, including heart disease and cancer [77,78]. Key bioactive
compounds in tea, particularly flavan-3-ols (catechins) and tannins (theaflavins), exhibit
potent free radical scavenging properties, helping to reduce oxidative stress and potentially
prevent conditions like cardiovascular disease, cancer, and neurological disorders [79]. In
addition, these compounds offer various health benefits, including anti-allergic, antibacte-
rial, anti-cholesterol, antidiabetic, and anti-fungal effects [80]. These benefits are largely
attributed to their antioxidant and metal-chelating properties [81].

Tea is appreciated not only for its taste but also for its extensive health benefits. Tannins
contribute significantly to its astringency, bitterness, color, and antioxidant properties [82].
The astringency of tannins may also support digestive health by reducing diarrhea and
acting as an effective protein precipitant in the intestine [83,84].
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5.2. Wine

Wine is one of the oldest and most widely consumed alcoholic beverages in the world.
Numerous studies have shown that moderate wine consumption is beneficial to health,
protecting against neurological diseases, diabetes, cancer, and cardiovascular diseases [85],
as shown in Table 1. These health benefits have been particularly highlighted in findings
related to the “French paradox” [86]. Moderate red wine consumption has been associated
with several health benefits, largely attributed to its phenolic compounds, particularly pro-
cyanidins, which include oligomeric and polymeric flavan-3-ols [87]. Several studies have
shown an association between moderate daily wine consumption and a reduced risk of
coronary heart disease. Khan et al. [88] investigated the effects of oligomeric procyanidins
on vascular endothelial function, providing insight into the lower incidence of coronary
heart disease observed in red wine consumers. Their research showed that oligomeric pro-
cyanidins induce atheroprotective changes in vascular function through oxidant signaling
mechanisms originating from the mitochondrial electron transport chain. Another study
investigated the relationship between moderate red wine consumption and glucose levels
and diabetes. This study included 205 participants, with 101 red wine drinkers and 104
abstainers, with an average age of 60 years. The results showed that red wine drinkers
had significantly lower rates of diabetes and lower glucose levels compared to abstain-
ers [89]. Additionally, Vilahur and Badimon [90] reviewed the cardioprotective effects of
the Mediterranean diet on coronary heart disease and atherosclerosis. They concluded
that moderate daily consumption of red wine, for example—0.15 L for women—reduced
inflammation and atherosclerosis while improving lipid metabolism, antioxidant capacity,
and endothelial function. Red wine has also been shown to have antibacterial activity
against Helicobacter pylori. These beneficial effects are primarily attributed to the flavonoids
found in red wine [91].

Table 1. Positive effects of moderate red wine consumption on health.

Diseases Phenolic Compounds References
Neurological diseases Procyanidin [92,93]
Monomeric, dimeric, trimeric,
Diabetes tetrameric, oligomeric procyanidins [89,94]
Proanthocyanidins
Cancer Procyanidins B1, B2, B3, B4, B5 [95-97]
Cardiovascular diseases Oligomeric procyanidins [85,88,97-100]
Atherosclerosis Proanthocyanidins [90,101,102]
Antibacterial activity Flavonoids [91,103]

The health benefits of polyphenols in wine are influenced by both the amount con-
sumed and their bioavailability. According to Basalekou et al. [104], the total tannin content
in wine ranges from 1.1 to 3.4 g/L, while Chira et al. [105] reported a slightly narrower
range of 1.2 to 2.2 g/L. The composition of proanthocyanidins in wine is influenced by
climatic and geographical conditions, viticultural practices, and the stage of ripeness of the
grape. Flavan-3-ols in wine are present in both monomeric forms and in oligomeric and
polymeric forms. The concentration of the monomeric form in wine typically ranges from
40 to 120 mg/L [106,107].

In red wine, the concentration of oligomeric and polymeric forms, also known as
condensed tannins or proanthocyanidins, varies from 500 to 1500 mg/L, depending on
the age of the wine. In white wine, on the other hand, these compounds are present in
concentrations ranging from 10 to 50 mg/L [106,107].

Furthermore, phenolic content and composition can vary significantly depending
on the grape variety, with notable differences in monomers ((+)-catechin/(—)-epicatechin
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and (+)-gallocatechin/(—)-epigallocatechin), oligomers (dimers, trimers, and tetramers),
or polymers (Table 2). Hydrolyzable tannins are not naturally present in Vitis vinifera
grapes but are introduced during the fermentation and aging process in barrels, which are
particularly rich in these tannins, especially ellagitannins [108]. The final concentration of
these tannins in wine can range from 0.4 to 50 mg/L [109]. Wines aged in wooden barrels
may have increased levels of hydrolyzable tannins, especially ellagitannins, as shown
in Table 2.

Table 2. Condensed and hydrolyzable tannins (mg/100 mL) in wine.

Monomers Oligomers Polymers Proanthocyanidins Hydr.o lyzable Ellagitannins  Reference
Tannins
Wine - 1-53 2-5 [36]
Red

Red wine 5.24 12.48 - - - [110]

Red wine 495 8.89 [111]

Red wine 1.71 7.74 [112]

Red wine

(var. Touriga 1.49-1.15 7.39-15.25 50.70-67.00 [113]

Nacional)

Redwine 035163  221-614  17.12-8164 [113]

(var. Trincadeira)

Red wine

(var. Cabernet 0.55-3.04 2.78-8.75 26.13-68.92 [113]

Sauvignon)

Red wine

(var. Casteldo) 0.55-3.04 2.78-8.75 26.13-68.92 [113]

Red wine 42.79-

(var. Syrah) 1.27-2.88 6.59-22.83 100.23 [113]

Red wine

(var. Nero 1.96-3.02 0.70-1.23 3.23-5.14 [114]

d’Avola)

Red wine 20 75 - - [106]

(young)

Red wine (aged) 10 100 25 - [106]

White

White wine 0.428 0.447 - - - [110]

White wine 0.15 0.35 1.27 [111]

White wine 0.73 211 8.28 [115]

White wine 0.13-0.58 010015  0.23-0.71

(var. Grillo)

White wine 25 5 . ) [106]

(young)

White wine

(aged) 15 2.5 10 - [106]
Sparkling wine [116]

White sparkling - 5 2.04 413 6.17 [116]

wines

Red sparkling 1.12 5.37 38.17 4354 [116]

wines

As a result, the total phenolic content in a typical glass of red wine is approximately
100-200 mg, compared to 25-50 mg in a glass of white wine [106].

The wide range of phytochemicals in red wine makes it difficult to identify the specific
compounds responsible for its protective effects. However, research has linked oligomeric
proanthocyanidins to improved vascular health. Procyanidins have been identified as
the primary vasoactive polyphenols in red wine [117] and play a key role in providing
cardiovascular benefits. High polyphenol intake has been shown to inhibit atherosclerosis
in experimental models [118]. Red wine polyphenols promote the endothelium-dependent
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vasodilation of blood vessels and suppress the synthesis of endothelin-1 (ET-1), a vaso-
constrictor peptide [119], which may contribute to their anti-atherosclerotic effects. In
addition, B-type oligomeric procyanidins in wine have been correlated with reduced ET-1
synthesis [117]. However, a consensus on the protective effects of red wine remains elusive,
possibly due to variations in vasoactive compounds between different wines.

Red wine also plays a role in preventing fat oxidation during digestion, offering a
novel strategy to reduce cardiovascular risks associated with oxidized fats, such as those
from beef [120]. Wine procyanidins are particularly effective in preventing lipid oxidation in
the digestive tract, thereby reducing postprandial increases in plasma oxidants. Despite the
limited bioavailability of these compounds, they are essential for optimizing nutrition and
reducing the risk of atherogenesis [121]. The gastrointestinal tract is considered the primary
site of action for dietary antioxidants, which act as chemical antioxidants. Therefore, wine
polyphenols may inhibit the production and absorption of toxic lipid oxidation products,
thereby counteracting postprandial oxidative and associated inflammatory responses [122].

Furthermore, a recent study [123] investigated the effects of a mixture of ellagitannins
derived from oak bark (Quercus petraea L.) on cardiovascular, metabolic, and liver health
in both spontaneously hypertensive rats and rats on a high-fat diet. The study found that
tannin extracts improved cardiovascular, metabolic, and hepatic function, suggesting that
ellagitannins from oak bark may enhance the beneficial effects of red wine.

5.3. Fruit Juices

The concentration of proanthocyanidins in various fruit juices has been documented in
several studies. For instance, apple juice contains proanthocyanidin concentrations ranging
from undetectable levels to 690 mg/L [36,124]. Pear juice has concentrations ranging from
1450 to 4060 mg/L depending on the variety and the degree of maturity [125], while grape
juice concentrations range from 3.5 to 470 mg/L [36]. Cranberry has been reported to
contain proanthocyanidin concentrations between 200 and 210 mg/L [36].

Evidence suggests that the consumption of fruit and vegetable juices may be as ef-
fective as the consumption of whole fruits and vegetables in reducing the risk of chronic
disease [126]. Furthermore, individuals with a higher intake of fruit and vegetable juices
have been shown to have a significantly lower incidence of Alzheimer’s disease [127].
Juices rich in ellagitannins include those from pomegranates, strawberries, raspberries, and
blackberries [128]. Pomegranate juice, in particular, has received considerable attention for
its health benefits [129]. It is rich in tannins and has anti-atherosclerotic, anti-aging, antiox-
idative, and anti-hypertensive properties [130]. Studies have shown that pomegranate juice
contains higher levels of antioxidants than other natural juices, with antioxidant activity
three times higher than that of red wine or green tea [131]. These antioxidants offer several
benefits, including protection against cholesterol oxidation, anti-aging effects, and the
prevention of atherosclerosis [132].

In human studies, pomegranate juice consumption has been shown to reduce low-
density lipoprotein (LDL) aggregation and increase serum paraoxonase activity by up to
20% [133]. Paraoxonase, an esterase associated with high-density lipoproteins (HDLs),
plays a critical role in protecting lipids from peroxidation [134]. Clinical trials in patients
with hypertension and/or obesity have shown that the consumption of pomegranate juice
can reduce systolic and diastolic blood pressure [129,135] while increasing high-density
lipoprotein (HDL) cholesterol levels.

Pomegranate ellagitannins have been specifically studied for their cardioprotective
effects in animal models [136]. Pomegranate juice has been shown to reduce isoproterenol-
induced cardiac necrosis [137] and to reduce angiotensin-induced glucosuria, hypertension,
and proteinuria in streptozotocin-induced diabetic rats [138].
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Stone fruit juices from tart cherry, blackthorn, and cornelian cherry have also been
analyzed for proanthocyanidin content. Among them, tart cherry juice showed the highest
concentration at 1254.99 mg/L, while blackthorn and cornelian cherry juices contained
306.9 mg/L and 21.56 mg/L, respectively [139].

Cranberry juice (Vaccinium macrocarpon) is known for its ability to protect the urinary
tract from pathogenic bacteria. Due to its high concentration of proanthocyanidins, it is
frequently recommended for the treatment of urinary tract infections and prostatitis [140].
The bioactive compounds in cranberry juice are A-type proanthocyanidins, which inhibit
the adhesion of Escherichia coli to the urinary tract epithelium, directly preventing bacterial
biofilm formation [141].

Table 3 provides an overview of the monomers, dimers, oligomers, and polymers of
flavanols found in various fruit juices.

Table 3. Fruit juice proanthocyanidin content (fresh weight basis, mg/100 mL) [142].

Strawberry Saskatoon Raspberry Wild Blueberry
Monomer 104.68 120.97 116.44 162.69
Dimer 81.48 123.33 220.88 167.53
Oligomer 219.51 308.86 171.55 27543
Polymer 216.93 810.19 261.68 466.64
Total 622.60 1363.34 770.55 1072.29

5.4. Other Beverages

Native populations that consume significant amounts of cocoa on a daily basis have
been observed to have lower incidences of hypertension, cardiovascular disease, obesity, di-
abetes mellitus, heart attack, stroke, and cancer [143]. These health benefits are attributed to
the presence of oligomeric procyanidins, including dimeric procyanidins B1 to B7, trimeric
procyanidin C1, tetrameric procyanidin (cinnamtannin A2), and pentameric procyani-
din (cinnamtannin A3) [144]. These compounds are more effective than monomeric and
polymeric cocoa procyanidins in providing health benefits [145].

Cider is traditionally recognized as a beverage made from fermented apple juice, with
an alcohol content ranging from 1.2% to 8.5% [146]. Apples are rich in polyphenols, includ-
ing flavan-3-ols such as catechins and procyanidins [147]. In terms of proanthocyanidins,
apple cider consists mainly of procyanidins, which are composed of two diastereoisomeric
monomeric configurations of flavan-3-ols: (+)-catechin and (—)-epicatechin [148]. The pro-
cyanidin content of cider is generally lower than that of fresh apples [148]. Cider contains
two procyanidin monomers, four dimers, three trimers, and one tetramer [149].

Health benefits associated with apple polyphenols include reduced cancer risk, high
antioxidant power, anti-inflammatory and anti-tumor properties, and the inhibition of car-
cinogenesis in tissues such as the skin, breast, and colon [150]. Cider is also recognized for
its therapeutic properties, including antioxidant and antimicrobial activities, as well as its
potential to increase longevity and reduce cardiovascular disease and type 2 diabetes [151].
The phenolic composition of cider is complex and varies significantly depending on factors
such as the apple cultivar, ripeness, and fermentation strain, with the apple cultivar playing
a critical role [150,152-154].

In beer, the primary monomeric flavanol detected is (+)-catechin (0.5 to 6.9 mg/L), with
smaller amounts of (—)-epicatechin (0.8-1.9 mg/L), (—)-catechin gallate, (—)-epicatechin
gallate, and two glycosides also identified [155,156]. Studies using thiolysis coupled with
RP-HPLC-ESI (—)-MS/MS in beer polyphenolic oligomers [157] indicate that most beer
dimers are procyanidin B3 (consisting of two catechin units), whereas most trimers are
prodelphinidins (containing catechin terminal units and either gallocatechins or catechins
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as extension units). Four types of dimers have been identified: three procyanidins (B1, B3,
and B4) and one prodelphinidin (B3) [158].

5.5. Fresh Fruits

Tannins are naturally occurring polyphenolic compounds in various fresh fruits (Table 4)
that contribute to their taste, color, and potential health benefits [56]. These compounds
are particularly abundant in grapes, apples, pears, berries, and stone fruits like peaches
and plums [159-161]. For instance, a study conducted in the Ida Mountains, Turkey, found
that sour cherries (Prunus cerasus) had the highest content of condensed tannins among
various fruits [162], while greengage plums (Prunus domestica) of the “Papaz” variety had
the lowest [162]. Pomegranates and persimmons are also rich sources of tannins, with
unripe persimmons containing particularly high concentrations [163].

Tannins play an important role in plant defense mechanisms, protecting against
predators and fungi [164-167]. In humans, tannins contribute to the astringent taste and
dry mouth often associated with certain fruits and their derivatives, such as wine [97].

The tannin content of fruit can vary significantly depending on factors such as ripeness,
growing conditions, and environmental stressors [168,169]. For instance, in Syrah grapes, an
increase in skin tannins and a decrease in seed tannins have been observed with increasing
altitude [169]. Moreover, in persimmons, soluble tannins are gradually converted to
insoluble tannins as the fruit ripens, thereby reducing astringency [170]. This conversion
occurs naturally in non-astringent persimmon cultivars, while astringent cultivars retain
highly soluble tannins until they reach full ripeness [170]. In a ten-year field trial in
Monnington-on-Wye, Herefordshire, significant variations in tannin content were found
in apples from the same trees in different years. The cv. Tremletts had an average tannin
content of 0.43%, while cv. Dabinett had an average of 0.27%. On the other hand, fruit
grown under low nitrogen conditions or adverse weather tended to have higher tannin
levels [166]. Research on cider apple trees showed that unshaded trees produced 32%
more total polyphenols and 11% larger fruits than those shaded during early growth
stages [171]. Strawberry cultivars grown in different European locations showed genotype
and environment variations in tannin composition, particularly in the balance between
proanthocyanidins and ellagitannins, influenced by specific environmental conditions [168].

Nutritionally, tannins in fruits act as antioxidants and may provide health benefits
by reducing oxidative stress in the human body [172]. However, they can also inhibit the
absorption of certain nutrients, particularly iron [34]. In addition, tannins often decrease
protein digestibility and the availability of essential amino acids by forming reversible and
irreversible tannin—protein complexes through interactions between the hydroxyl groups
of tannins and the carbonyl groups of proteins [173].

In summary, tannins are an integral part of many fruits, influencing their sensory
properties and potentially contributing to human health. Their presence and concentration
in fruits reflect a complex interplay of genetic and environmental factors, making them an
interesting subject for ongoing research in food science and nutrition.

Table 4. Tannin content in several types of fruits.

Fruit/Species Tannins Content Reference

Tannic acid equivalents (TAEs)

Apple Total tannins 16.47 mg/g fw [174]
Pomegranate Condensed tannins 62.7-139.6 mg/g dw [175]

Catechin equivalents (CEs)
Apricot Condensed tannins 138.8 +1.34 pug/g dw [162]
Cherry Condensed tannins 13.1 £ 58 ug/gdw [162]
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Table 4. Cont.

Fruit/Species Tannins Content Reference
Grapes (Skins) Condensed tannins 6-165 mg/g dw [176]
Grapes (Seeds) Condensed tannins 3-241mg/g dw [176]
Greengage Plum Condensed tannins 20.42 £0.81 ug/g dw [162]
Prunus sp. Condensed tannins 2.2-37.6 mg/g dw [177]

Sour Cherry Condensed tannins 163.4 +3.21 ug/g [162]

Gallic acid equivalents (GAEs)

Persimmon .

cv. Cheongdo-Bansi Hydrolyzable tannins 4.68 £+ 0.09 g/kg dw [170]
Persimmon Hydrolyzable tannins 497 £ 0.03 g/kg dw [170]

cv. Daebong

fw—fresh weight; dw—dry weight.

5.6. Nuts

Tannins, a diverse group of polyphenolic compounds, are found in a wide variety of
plant-based foods, including nuts. These complex biomolecules play an important role in
plant defense mechanisms and human nutrition. In nuts, tannins contribute to flavor, color,
and potential health benefits, while influencing nutrient absorption and digestibility [44].
The astringent sensation caused by tannins in nuts is due to their ability to bind and
precipitate salivary proteins [178]. While this can affect palatability, it also contributes to
the characteristic flavor profile of many nuts [179]. Tannins enhance the complex flavor
profiles of nuts, especially when roasted. The Maillard reaction during roasting can alter
tannin structures, creating new flavor compounds. Tannins can contribute to the color of
nut products, especially in processed forms like nut butters or extracts [180]. Moreover, the
antimicrobial properties of tannins can naturally preserve nuts, potentially extending their
shelf life [181].

The tannin content of nuts varies considerably between species and even within culti-
vars of the same species (Table 5). For instance, acorns from oak trees (Quercus spp.) are
known for their high tannin content. Studies of acorns from Quercus robur and Quercus
petraea in Poland found tannin contents ranging from 2.4% to 5.2% of dry matter [181]. This
high tannin content contributes to the astringency of raw acorns, necessitating processing
(such as leaching) before consumption. Walnuts are unique for their hydrolyzable tannins
and related compounds, such as ellagic acid and its derivatives [182]. Ellagitannins found
in walnuts include pedunculagin, casuarinin, casuarictin, strictinin, tellimagrandin, prae-
coxin, rugosin, and isostrictinin [183]. These tannins, along with ellagic acid derivatives, are
responsible for the astringent taste of walnut kernels [184]. In contrast, hazelnuts, pecans,
and almonds contain both hydrolyzable and condensed tannins [183]. Studies on Turkish
hazelnut samples identified several hydrolyzable tannins, including flavogallonic acid
dilactone, valoneic acid dilactone, sanguisorbic acid dilactone, HHDP-glucose, and ellagic
acid derivatives [185]. The concentration and types of proanthocyanidins may vary depend-
ing on how the nuts are processed, such as whether they are raw, roasted, or blanched [186].
Hazelnut skins are particularly rich in tannins, including catechin, epicatechin, and their
oligomers. Hazelnuts also contain hydrolyzable tannins such as glansreginin A and glan-
sreginin B [187]. Almonds, especially those with intact skins, contain significant amounts
of tannins. Research shows that almonds with skins have a total phenolic content of 239 mg
GAE/100 g fresh weight, compared to 47 mg GAE/100 g fresh weight for almonds without
skins [188]. Pecans, pistachios, and cashews also contain tannins, though generally at lower
levels than acorns or walnuts [183]. The mean and interquartile range (25% to 75%) of
polyphenolic contents per 100 g of almonds reported in the literature [186] were 162 mg
(67.1-257) of proanthocyanidins (dimers or larger), 82.1 mg (72.9-91.5) of hydrolyzable
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tannins, 61.2 mg (13.0-93.8) of non-isoflavone flavonoids, 5.5 mg (5.2-12) of phenolic acids
and aldehydes, and 0.7 mg (0.5-0.9) of isoflavones, stilbenes, and lignans.

Tannin fractions from walnuts, hazelnuts, and almonds chelated copper and iron ions,
whereas zinc was significantly bound only by almond and hazelnut tannins. Chelation
efficiencies followed the order Cu(II) > Fe(Il) > Zn(II), except for in almond tannins, which
chelated more zinc than iron. Walnut tannins, which are rich in hydrolyzable tannins,
showed low Zn(II) chelation but higher Cu(Il) chelation compared to hazelnut and almond
tannins, which mainly contained proanthocyanidins [189].

Beyond their role in food, tannins from nut skins and shells have potential applications
in several industries—(i) leather tanning: historically, tannins from tree barks (including
some nut trees) have been used in leather production [190]; (ii) natural dyes: tannins can
be used as natural dyes in textile and other industries [191,192]; and (iii) pharmaceutical
and cosmetic industries: the antioxidant properties of nut tannins are being investigated
for potential use in these sectors [180].

Nut tannins are a complex and fascinating area of food science and nutrition. While
they can present challenges regarding nutrient absorption, their potential health benefits
as antioxidants and their contributions to flavor and food quality make them an essential
component of nuts. As research continues, our understanding of the role of tannins in
nuts and their impact on human health is likely to expand, potentially leading to new
applications in the food, health, and industrial sectors.

Table 5. Tannin content in several nut species.

Nuts Tannin Content Reference

Tannic acid equivalents (TAEs)

Cashews and apple Total tannins 19329 £ 7.65mg/100 mL  [193]
Pistachios Total tannins 49.7-86.7 mg/g dw [194]
Hazelnuts Total tannins 40.4-357.8 mg/g dw [195]
Catechin equivalents (CEs)
Almonds Condensed tannins 776 mg/g dw [189]
Hazelnuts Condensed tannins 1261 mg/g dw [189]
Pistachios Condensed tannins 211-307 mg/100 g [195]
Walnut Condensed tannins 147 mg/g [189]
Gallic acid equivalents (GAEs)
Pistachios Hydrolyzable tannins 240 mg/100 g [195]
Walnut (green fruit) Hydrolyzable tannins 116.3 mg/g extract [190]

fw—fresh weight; dw—dry weight.

5.7. Vegetables

Tannins are commonly found in vegetables, although their concentration varies widely
from species to species. Although tannins were once considered antinutrients due to
their ability to interfere with nutrient absorption, recent studies have highlighted their
potential health benefits, including antioxidant, antimicrobial, and anticancer proper-
ties [67,196]. Vegetables contain varying amounts of tannins, with some having higher
concentrations than others (Table 6). Common vegetables that contain tannins include
beans, lentils, leafy greens, herbs, and spices, including mint, rosemary, coriander, and
sage [197]. Red-colored beans tend to have the highest tannin content, while white-colored
beans have the lowest. Chickpeas (garbanzo beans) also have a relatively low tannin
content [198]. In a study [199] on fresh vegetables, Amaranthus viridis had the highest tan-
nin content (30.20 £ 1.05 mg/100 g dry weight), while Veronia amygdalina had the lowest
(1.02 £ 0.02 mg/100 g dry weight). In blanched vegetables, Amaranthus viridis still had
the highest tannin content (46.81 mg/100 g dry weight), while Corchorus oliterus had the
lowest (5.05 mg/100 g dry weight). However, in juiced extracts, Launea taraxacifolia had the
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highest tannin content (735.77 mg /100 g dry weight), while Celosia argentea had the lowest
(67.18 mg /100 g dry weight). These results suggest that both juicing and blanching signifi-
cantly affect the tannin content of vegetables. Other food processing techniques can affect
the tannin content of vegetables. (i) Soaking can reduce the tannin content of legumes [67].
For instance, raw Sphenostylis stenocarpa contained 39.88 mg/g of tannins. Soaking the seeds
at hydration levels of 10%, 25%, 50%, and 100% resulted in reductions in tannin content
of 4.11%, 7.07%, 13.87%, and 14.29%, respectively [200]. (ii) Hydrothermal processing is
another technique that can lower tannin levels in vegetables, potentially enhancing nutrient
bioavailability. According to Ojo [67], all hydrothermal processing methods, including
boiling and steaming at both atmospheric and elevated pressures, significantly affected
the tannin content of legume seeds, with varying degrees of reduction. The lowest tannin
content (6.85 mg/g) was observed in the white cultivar of Mallotus subulatus, which was
boiled at normal atmospheric pressure. The highest value (8.15 mg/g) was obtained after
steaming at elevated pressure. A similar reduction of 78.46% was observed for Cassia hirsuta
when subjected to conventional and pressurized boiling (PB) [201].

In summary, tannins in vegetables are complex compounds that present both benefits
and challenges [202]. Although they can partially interfere with nutrient absorption, they
significantly enhance the antioxidant properties of vegetables [203]. Various processing
methods can influence tannin levels, thereby impacting the nutritional profile of these
foods. Ongoing research into the health implications of tannins highlights their vital role
in a balanced, plant-rich diet, underscoring their importance as functional components
of nutrition.

Table 6. Tannin content and composition in vegetables.

Vegetable Tannin Content Reference
Beans Condensed tannins 5-830mg/100 g [186]
Kidney beans Total tannins 291-6.66 mg TAE/100g  [202]
Chickpea Total tannins 488.1 mg CE/100 gDM [195]
Cowpea Total tannins 390.9 mg CE/100 gDM [195]
Faba bean Total tannins 684.6 mg CE/100 gDM [195]
Soybean Total tannins 225.5 mg CE/100 gDM [195]

TAEs: tannic acid equivalents; CEs: catechin equivalents.

6. Sensory Qualities Affected by Tannins

Tannins have a significant impact on the sensory qualities of wine and fruit, particu-
larly on attributes such as astringency, bitterness, aroma, and overall mouthfeel.

While polyphenols are known for their health benefits, high tannins can contribute
to bitterness and astringency, potentially impacting food consumption. Research suggests
that taste often takes precedence over nutritional value in food choices [2]. This poses a
challenge to the food industry in developing health-promoting foods. This has driven
research efforts to identify bitter and astringent compounds, understand the impact of
food matrices on tannin perception, and develop methods to modulate these tastes while
preserving health benefits [204].

6.1. Astringency

Astringency is a key sensory attribute of foods and beverages, particularly wine, char-
acterized by sensations of dryness, roughness, and puckering. This complex mouthfeel is
due in part to interactions between tannins and salivary proteins, resulting in the depletion
of the lubricating salivary film and creating a dry rough sensation in the mouth [205,206].
Larger, more water-soluble tannins are perceived as more astringent, while smaller, more
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hydrophobic tannins tend to be perceived as hotter and more bitter [207]. Astringency is
closely related to the interaction between tannins and salivary proteins, contributing to a
reduction in the protective salivary film [205] (Figure 3).
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Figure 3. (a) Saliva protein and tannin interactions causing precipitation of salivary proteins;
(b) interaction of tannins with oral cells and/or mucosal pellicle and activation of oral mechanoreceptors.

A high tannin content and low pH influence specific sub-qualities of astringency, such
as drying and puckering. The acidity of a substance plays a significant role in astringency,
with high acidity (low pH) increasing the puckering sensation independently of the drying
effect caused by tannins. These sub-qualities have different physicochemical origins [205].

The drying sensation is closely related to the boundary friction of saliva—wine (or
saliva—unripe persimmon) mixtures. A higher tannin content increases the drying effect
by interacting with the salivary protein film, resulting in higher surface-adsorbed mass
without significant shear [205,208,209]. Puckering is primarily driven by low pH, which
causes a faster collapse of the salivary film. This sensation is distinct from drying and is not
directly influenced by tannin content [205,208,209]. Roughness is considered a secondary
sub-quality induced by drying or puckering and does not scale with any specific physical
measure explored in the cited studies [205,208].

In wine and other fruit-fermented beverages, overall astringency and its sub-
qualities can vary significantly depending on the composition of the wine, including
tannin levels, pH, and the presence of other components like polysaccharides such as
mannoproteins [205,208,209]. Different astringent stimuli (e.g., alum, malic acid, tannic
acid) can interact in complex ways. For instance, mixtures of tannic acid and malic acid
show synergy for drying and roughing, whereas mixtures of alum and malic acid show
antagonism for these sub-qualities [210].

A tribological approach studying friction, lubrication, and wear has been used to
evaluate the mechanisms of astringency. Higher boundary friction correlates with the
drying sensation, while the rate of friction increase is associated with puckering [208,209].
Modified progressive profiling techniques, such as Temporal Dominance of Sensations
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(TDS), have been used to capture the dynamic nature of astringency and its sub-qualities
over time. This method helps in understanding how wines exhibit different astringency
profiles at different test times [211]. In one study [212], the influence of protective colloids
on calcium tartrate stability and astringency perception in red wine was determined. It
was found that the presence of exogenous protective colloids did not affect the overall
astringency rating of the wines but altered their dynamic perception according to their TDS
profiles compared to untreated wine.

6.2. Bitterness

Bitterness is an important sensory attribute associated with tannins and polyphenolic
compounds in various foods and beverages. Several polyphenols, including tannins, act
as agonists for bitterness receptors [213]. The molecular structure of tannins influences
bitterness, with more hydrophobic tannins contributing more to this sensation [207,213].

Tannins and other polyphenolic compounds activate specific human bitter taste re-
ceptors (TAS2Rs). Different tannins activate different combinations of these receptors,
contributing to the bitterness perceived in foods and beverages like red wine, beer, tea, and
chocolate [214].

In wines, bitterness is significantly correlated with the levels of tannins and other
polyphenolic compounds [215]. The bitterness and astringency of wines are also influenced
by factors such as pH, ethanol content, and the presence of other compounds [216]. The
structure characteristics of tannins, such as polymer size and galloylation, influence their
bitterness and astringency [217]. Additionally, the presence of dietary lipids can alter the
sensory perception of tannins. For instance, consuming wine with foods high in lipids can
reduce the perception of both astringency and potential bitterness [218].

6.3. Aroma, Flavor, and Overall Mouthfeel

Tannins can enhance or modify the aroma and flavor of wine. The addition of tannins,
especially mixed tannins, can improve the sensory qualities and antioxidant activities of
a wine [218]. Ellagitannins in particular have been shown to preserve the perception of
fruitiness and prevent the development of oxidized notes in wines [219]. Grape tannins
can also increase the levels of varietal thiols, which contribute to tropical aromas in wines
like Sauvignon Blanc and enhance fruity and green notes [220]. During winemaking and
aging, tannins undergo various chemical reactions that can lead to the formation of new
aroma compounds or the stabilization of existing ones [221].

The addition of enological tannins can increase the complexity of wine aromas. For
instance, grape seed tannins have been found to promote the formation of higher alcohols,
thereby increasing aroma complexity in young red wines [222]. However, tannins can also
reduce certain aroma compounds, such as acetate esters and volatile fatty acids, while
increasing primary aromas derived from aroma precursors in grape skins [223].

As mentioned above, tannins have a significant effect on the flavor and mouthfeel
of wine. Higher tannin concentrations increase the perception of bitterness, astringency,
and dryness [224,225]. Tannins interact with other wine components like alcohol and
mannoproteins, influencing the overall sensory perception of flavors and mouthfeel [226].
Tannins contribute to wine stability and protection against oxidation, which may indirectly
influence flavor by maintaining the integrity of flavor compounds over time [219,221].

During fermentation, the use of non-Saccharomyces yeasts in combination with tannins
can enhance wine color and anthocyanin composition, contributing to a more complex
flavor profile [227].

Tannins influence mouthfeel attributes such as dryness, roughness, and gumminess.
They are primarily responsible for the astringency of wines and contribute to the perception
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of dryness and roughness [213]. The interaction of tannins with salivary proteins can lead
to different mouthfeel sensations [205].

7. Final Remarks

Tannins, a diverse class of polyphenolic compounds, offer remarkable sensory and
health benefits. Their structural diversity significantly influences the flavor, astringency, and
bioactivity of various foods and beverages. Known for their antioxidant, anti-inflammatory,
and cardioprotective properties, tannins also have therapeutic applications, including metal
chelation, the promotion of vascular health, and disease prevention. However, balanced
consumption is essential to minimize potential problems with nutrient absorption while
maximizing tannin benefits. Tannins, found in beverages like tea, wine, and fruit juices,
contribute to health benefits such as antioxidant and cardiovascular protection. The dif-
ferent tannin profiles in these beverages reveal their potential to prevent chronic diseases,
highlighting the importance of bioavailability and consumption patterns. Similarly, tannins
in fruits, nuts, and vegetables offer both benefits and limitations. Despite their potential
to inhibit nutrient absorption, their antimicrobial, anticancer, and antioxidant effects re-
main highly valuable. Although research on the bioavailability and metabolism of tannins
has advanced, further studies are needed to fully understand their health implications.
Beyond their physiological roles, tannins shape the sensory attributes of foods and bev-
erages, particularly wine, affecting astringency, bitterness, aroma, and mouthfeel. Their
complex interactions with other compounds present both challenges and opportunities for
improving food quality while preserving their health-promoting properties.

Funding: This work is supported by National Funds from FCT—Portuguese Foundation for Sci-
ence and Technology, under a project from CQ-VR (UIDB/00616/2020 and UIDP/00616/2020)
(https:/ /doi.org/10.54499 /UIDB/00616/2020 and https:/ /doi.org/10.54499 /UIDP /00616/2020)
and by the project UIDB/04033/2020 (https://doi.org/10.54499/UIDB/04033/2020), and by
projects UIDB/04033/2020 (https://doi.org/10.54499/UIDB/04033/2020) and LA /P/0126/2020
(https://doi.org/10.54499 /LA /P/0126/2020.

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

References

1. Sun, M.E; Jiang, C.L.; Kong, Y.S.; Luo, J.L.; Yin, P; Guo, G.-Y. Recent advances in analytical methods for determination of
polyphenols in tea: A comprehensive review. Foods 2022, 11, 1425. [CrossRef] [PubMed]

2. Hufnagel, ].C.; Hofmann, T. Quantitative Reconstruction of the Nonvolatile Sensometabolome of a Red Wine. J. Agric. Food Chem.
2008, 56, 9190-9199. [CrossRef] [PubMed]

3. Khanbabaee, K.; van Ree, T. Tannins: Classification and definition. Nat. Prod. Rep. 2001, 18, 641-649. [CrossRef] [PubMed]

4. Ky, I; Le Floch, A.; Zeng, L.; Pechamat, L.; Jourdes, M.; Teissedre, P.L.; Tannins. Encyclopedia of Food and Health; Caballero, B.,
Finglas, PM., Toldr4, F,, Eds.; Academic Press: Oxford, UK, 2016; pp. 247-255.

5. Unusan, N. Proanthocyanidins in Grape Seeds: An Updated Review of their Health Benefits and Potential Uses in the Food
Industry. J. Funct. Foods 2020, 67, 103861. [CrossRef]

6.  Gonzalez-Quilen, C.; Rodriguez-Gallego, E.; Beltran-Deboén, R.; Pinent, M.; Ardévol, A ; Blay, M.-T.; Terra, X. Health-Promoting
Properties of Proanthocyanidins for Intestinal Dysfunction. Nutrients 2020, 12, 130. [CrossRef] [PubMed]

7. Gu, L; Kelm, M.A.; Hammerstone, J.E; Beecher, G.; Holden, ].; Haytowitz, D.; Prior, R.L. Screening of foods containing
proanthocyanidins and their structural characterization using LC-MS/MS and thiolytic degradation. J. Agric. Food Chem. 2003, 51,
7513-7521. [CrossRef]

8. Serrano, J.; Puupponen-Pimi, R.; Dauer, A.; Aura, A.M.; Saura-Calixto, F. Tannins: Current knowledge of food sources, intake,
bioavailability and biological effects. Mol. Nutr. Food Res. 2009, 53, 310-329. [CrossRef] [PubMed]

9.  Haslam, E.J. Plant Polyphenols: Vegetable Tannins Revisited; Cambridge University Press: Cambridge, UK, 1989.

10. Singla, RK,; Dubey, A K.; Garg, A.; Sharma, R K.; Fiorino, M.; Ameen, S.M.; Haddad, M.A.; Al-Hiary, M. Natural polyphenols:

Chemical classification, definition of classes, subcategories, and structures. |]. AOAC Int. 2019, 102, 1397-1400. [CrossRef]
[PubMed]


https://doi.org/10.54499/UIDB/00616/2020
https://doi.org/10.54499/UIDP/00616/2020
https://doi.org/10.54499/UIDB/04033/2020
https://doi.org/10.54499/UIDB/04033/2020
https://doi.org/10.3390/foods11101425
https://www.ncbi.nlm.nih.gov/pubmed/35626995
https://doi.org/10.1021/jf801742w
https://www.ncbi.nlm.nih.gov/pubmed/18710249
https://doi.org/10.1039/b101061l
https://www.ncbi.nlm.nih.gov/pubmed/11820762
https://doi.org/10.1016/j.jff.2020.103861
https://doi.org/10.3390/nu12010130
https://www.ncbi.nlm.nih.gov/pubmed/31906505
https://doi.org/10.1021/jf034815d
https://doi.org/10.1002/mnfr.200900039
https://www.ncbi.nlm.nih.gov/pubmed/19437486
https://doi.org/10.5740/jaoacint.19-0133
https://www.ncbi.nlm.nih.gov/pubmed/31200785

Molecules 2025, 30, 800 20 of 28

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rauf, A.; Imran, M.; Abu-Izneid, T; Iahtisham-Ul-Hagq; Patel, S.; Pan, X.; Naz, S.; Sanches Silva, A.; Saeed, E; Rasul Suleria, H.A.
Proanthocyanidins: A comprehensive review. Biomed. Pharmacother. 2019, 116, 108999. [CrossRef] [PubMed]

Ma, Z.-F,; Zhang, H. Phytochemical Constituents, Health Benefits, and Industrial Applications of Grape Seeds: A Mini-Review.
Antioxidants 2017, 6, 71. [CrossRef] [PubMed]

Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomas-Barberan, F.A. The effects of polyphenols and other bioactives on human health.
Food Funct. 2019, 10, 514-528. [CrossRef] [PubMed]

Kashi, D.S.; Shabir, A.; Da Boit, M.; Bailey, S.]J.; Higgins, M.E. The efficacy of administering fruit-derived polyphenols to improve
health biomarkers, exercise performance and related physiological responses. Nutrients 2019, 11, 2389. [CrossRef] [PubMed]
Kitabatake, M.; Matsumura, Y.; Ouji-Sageshima, N.; Nishioka, T.; Hara, A.; Kayano, S.; Ito, T. Persimmon-derived tannin
ameliorates the pathogenesis of ulcerative colitis in a murine model through inhibition of the inflammatory response and
alteration of microbiota. Sci. Rep. 2021, 11, 7286. [CrossRef] [PubMed]

Afia, K. A Review of Pentaclethra macrophylla (African Oil Bean) Seed. IDOSR |. Exp. Sci. 2020, 5, 1-7.

Machmud, P.B.; Djuwita Hatma, R.; Syafiq, A. Tea consumption and iron-deficiency anemia among pregnant women in Bogor
district, Indonesia. Media Gizi Mikro Indones. 2019, 10, 91-100. [CrossRef]

Squillaro, T.; Cimini, A.; Peluso, G.; Giordano, A.; Melone, M.A.B. Nano-delivery systems for encapsulation of dietary polyphenols:
An experimental approach for neurodegenerative diseases and brain tumors. Biochem. Pharmacol. 2018, 154, 303-317. [CrossRef]
[PubMed]

Rudrapal, M.; Khairnar, S.J.; Khan, J.; Dukhyil, A.B.; Ansari, M.A.; Alomary, M.N.; Alshabrmi, EM.; Palai, S.; Deb, PK.; Devi, R.
Dietary Polyphenols and Their Role in Oxidative Stress-Induced Human Diseases: Insights Into Protective Effects, Antioxidant
Potentials and Mechanism(s) of Action. Front. Pharmacol. 2022, 13, 806470. [CrossRef]

Nuamah, E.; Poaty Ditengou, J.I.C.; Hirwa, E; Cheon, L.; Chae, B.; Choi, N.-J. Dietary Supplementation of Tannins: Effect
on Growth Performance, Serum Antioxidant Capacity, and Immunoglobins of Weaned Piglets—A Systematic Review with
Meta-Analysis. Antioxidants 2024, 13, 236. [CrossRef] [PubMed]

Truong, V.L.; Jeong, W.S. Cellular Defensive Mechanisms of Tea Polyphenols: Structure-Activity Relationship. Int. J. Mol. Sci.
2021, 22, 9109. [CrossRef] [PubMed]

Farha, AK,; Yang, Q.-Q.; Kim, G.; Li, H.-B.; Zhu, E; Liu, H.Y.; Gan, R.-Y.; Cork, H. Tannins as an alternative to antibiotics. Food
Biosci. 2020, 38, 100751. [CrossRef]

Calonico, K.; De La Rosa-Millan, J. Digestion-Related Enzyme Inhibition Potential of Selected Mexican Medicinal Plants (Ludwigia
octovalvis (Jacq.) PH. Raven, Cnidoscolus aconitifolius and Crotalaria longirostrata). Foods 2023, 12, 3529. [CrossRef] [PubMed]
Corréa, T.A.F,; Rogero, M.M.; Hassimotto, N.M.A_; Lajolo, EM. The Two-Way Polyphenols-Microbiota Interactions and Their
Effects on Obesity and Related Metabolic Diseases. Front. Nutr. 2019, 6, 188. [CrossRef] [PubMed]

Marrone, G.; Di Lauro, M.; Izzo, F.; Cornali, K.; Masci, C.; Vita, C.; Occhiuto, F; Di Daniele, N.; De Lorenzo, A.; Noce, A. Possible
Beneficial Effects of Hydrolyzable Tannins Deriving from Castanea sativa L. in Internal Medicine. Nutrients 2023, 16, 45. [CrossRef]
[PubMed]

Turrini, E.; Ferruzzi, L.; Fimognari, C. Potential Effects of Pomegranate Polyphenols in Cancer Prevention and Therapy. Oxid.
Med. Cell. Longev. 2015, 2015, 938475. [CrossRef] [PubMed]

Gowd, V.; Karim, N.; Shishir, M.R.I; Xie, L.; Chen, W. Dietary polyphenols to combat the metabolic diseases via altering gut
microbiota. Trends Food Sci. Technol. 2019, 93, 81-93. [CrossRef]

Liu, C.Y;; Li, X.Y.; Shen, L. Modulation effect of tea consumption on gut microbiota. Appl. Microbiol. Biotechnol. 2020, 104, 981-987.
[CrossRef]

Cai, Z.Y,; Li, XM,; Liang, ].P.; Xiang, L.P.; Wang, K.R.; Shi, Y.L.; Liang, Y.R. Bioavailability of tea catechins and its improvement.
Molecules 2018, 23, 2346. [CrossRef] [PubMed]

Whitley, A.C.; Stoner, G.D.; Darby, M.W.; Walle, T. Intestinal epithelial cell accumulation of the cancer preventivepolyphenol
ellagic acid extensive binding to protein and DNA. Biochem. Pharmacol. 2003, 66, 907-915. [CrossRef] [PubMed]

Sahakyan, N.; Bartoszek, A.; Jacob, C.; Petrosyan, M.; Trchounian, A. Bioavailability of Tannins and Other Oligomeric Polyphenols:
A Still to Be Studied Phenomenon. Curr. Pharmacol. Rep. 2020, 6, 131-136. [CrossRef]

Rios, L.Y.; Bennett, R.N.; Lazarus, S.A.; Rémésy, C. Cocoa procyanidins are stable during gastric transit inhumans. Am. J. Clin.
Nutr. 2002, 76, 1106-1110. [CrossRef] [PubMed]

Kawabata, K.; Yoshioka, Y.; Terao, J. Role of intestinal microbiota in the bioavailability and physiological functions of dietary
polyphenols. Molecules 2019, 24, 370. [CrossRef]

Delimont, N.M.; Haub, M.D.; Lindshield, B.L. The impact of tannin consumption on iron bioavailability and status: A narrative
review. Curr. Dev. Nutr. 2017, 1, 1-12. [CrossRef]

Gu, Z,; Liujie, C.; Yaqiong, H. Therapeutic effect of resveratrol on mice with depression. Exp. Ther. Med. 2019, 17, 3061-3064.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.biopha.2019.108999
https://www.ncbi.nlm.nih.gov/pubmed/31146109
https://doi.org/10.3390/antiox6030071
https://www.ncbi.nlm.nih.gov/pubmed/28914789
https://doi.org/10.1039/C8FO01997E
https://www.ncbi.nlm.nih.gov/pubmed/30746536
https://doi.org/10.3390/nu11102389
https://www.ncbi.nlm.nih.gov/pubmed/31591287
https://doi.org/10.1038/s41598-021-86608-1
https://www.ncbi.nlm.nih.gov/pubmed/33790314
https://doi.org/10.22435/mgmi.v10i2.1384
https://doi.org/10.1016/j.bcp.2018.05.016
https://www.ncbi.nlm.nih.gov/pubmed/29803506
https://doi.org/10.3389/fphar.2022.806470
https://doi.org/10.3390/antiox13020236
https://www.ncbi.nlm.nih.gov/pubmed/38397834
https://doi.org/10.3390/ijms22179109
https://www.ncbi.nlm.nih.gov/pubmed/34502017
https://doi.org/10.1016/j.fbio.2020.100751
https://doi.org/10.3390/foods12193529
https://www.ncbi.nlm.nih.gov/pubmed/37835184
https://doi.org/10.3389/fnut.2019.00188
https://www.ncbi.nlm.nih.gov/pubmed/31921881
https://doi.org/10.3390/nu16010045
https://www.ncbi.nlm.nih.gov/pubmed/38201875
https://doi.org/10.1155/2015/938475
https://www.ncbi.nlm.nih.gov/pubmed/26180600
https://doi.org/10.1016/j.tifs.2019.09.005
https://doi.org/10.1007/s00253-019-10306-2
https://doi.org/10.3390/molecules23092346
https://www.ncbi.nlm.nih.gov/pubmed/30217074
https://doi.org/10.1016/S0006-2952(03)00413-1
https://www.ncbi.nlm.nih.gov/pubmed/12963477
https://doi.org/10.1007/s40495-020-00217-6
https://doi.org/10.1093/ajcn/76.5.1106
https://www.ncbi.nlm.nih.gov/pubmed/12399286
https://doi.org/10.3390/molecules24020370
https://doi.org/10.3945/cdn.116.000042
https://doi.org/10.3892/etm.2019.7311
https://www.ncbi.nlm.nih.gov/pubmed/30936978

Molecules 2025, 30, 800 21 of 28

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

Smeriglio, A.; Barreca, D.; Bellocco, E.; Trombetta, D. Proanthocyanidins and hydrolysable tannins: Occurrence, dietary intake
and pharmacological effects. Br. J. Pharmacol. 2017, 174, 1244-1262. [CrossRef] [PubMed]

Muku, G.E.; Murray, L. A.; Espin, ].C.; Perdew, G.H. Urolithin A is a dietary microbiota-derived human aryl hydrocarbon receptor
antagonist. Metabolites 2018, 8, 86. [CrossRef] [PubMed]

Landete, .M. Ellagitannins, ellagic acid and their derived metabolites: A review about source, metabolism, functions and health.
Food Res. Int. 2011, 44, 1150-1160. [CrossRef]

Sandhu, A.K.; Miller, M.G.; Thangthaeng, N.; Scott, T.M.; Shukitt-Hale, B.; Edirisinghe, I.; Burton-Freeman, B. Metabolic fate of
strawberry polyphenols after chronic intake in healthy older adults. Food Funct. 2018, 9, 96-106. [CrossRef] [PubMed]

Lipiniska, L.; Klewicka, E.; Séjka, M. Structure, occurrence and biological activity of ellagitannins: A general review. Acta Sci. Pol.
Technol. Aliment. 2014, 13, 289-299. [CrossRef] [PubMed]

Mao, X.; Wu, L.E; Zhao, H.; Liang, W.Y.; Chen, W.; Han, S.X. Transport of corilagin, gallic acid, and ellagic acid from fructus
phyllanthi tannin fraction in Caco-2 cell monolayers. Evid.-Based Complement. Altern. Med. 2016, 2016, 9205379. [CrossRef]
Spencer, J.P.; Chaudry, F.; Pannala, A.S.; Srai, S.K. Decompostion of cocoa procyanidins in the gastric milieu. Biochem. Biophys. Res.
Commun. 2000, 272, 236-241. [CrossRef]

Tsang, C.; Auger, C.; Mullen, W.; Bornet, A. Theabsorption, metabolism and excretion of flavan-3-ols andprocyanidins following
the ingestion of a grape seed extractby rats. Br. |. Nutr. 2005, 94, 170-181. [CrossRef]

Chung, K.T.; Wei, C.I,; Johnson, M.G. Are tannins a dou-ble-edged sword in biology and health? Trends Food Sci. Technol. 1998, 9,
168-175. [CrossRef]

Butler, L.G.; Rogler, ].C. Biochemical Mechanisms of the Antinutritional Effects of Tannins; Ho, C.T., Lee, C.Y., Huang, M.T., Eds.; ACS
Books: Washington, DC, USA, 1992; pp. 298-304.

Deprez, S.; Mila, I.; Huneau, J.F; Tome, D.; Scalbert, A. Transport of proanthocyanidin dimer, trimer, and polymer across
monolayers of human intestinal epithelial Caco-2cells. Antioxid. Redox Signal. 2001, 3, 957-967. [CrossRef]

El Bas, ].M.; Fernandez-Larrea, J.; Blay, M.; Ardevol, A.; Salvad6, M.].; Arola, L.; Bladé, C. Grape seed procyanidins improve
atherosclerotic riskindex and induce liver CYP7A1 and SHP expression inhealthy rats. FASEB J. 2005, 19, 479-481. [CrossRef]
Llopiz, N.; Puiggros, E; Céspedes, E.; Arola, L. Anti-genotoxic effect of grape seed procyanidin extract in Faocells submitted to
oxidative stress. J. Agric. Food Chem. 2004, 52, 1083-1087. [CrossRef]

Osawa, R.; Kuroiso, K.; Goto, S.; Shimizu, A. Isolation oftannin-degrading Lactobacilli from humans and fermented foods. Appl.
Environ. Microbiol. 2000, 66, 3093-3097. [CrossRef] [PubMed]

Cerda, B.; Tomps-Barberun, F.A.; Espin, ].C. Metabolism of antioxidant and chemopreventive ellagitannins from strawberries,
raspberries, walnuts, and oak-aged wine in humans: Identification of biomarkers and individual variability. J. Agric. Food Chem.
2005, 53, 227-235. [CrossRef] [PubMed]

Rechner, A.R.; Spencer, ].P.; Kuhnle, G.; Hahn, U.; Rice-Evans, C.A. Novel biomarkers of the metabolism of caffeic acid derivatives
in vivo. Free Rad. Biol. Med. 2001, 30, 1213-1222. [CrossRef]

Zeng, Y.X.; Wang, S.; Wei, L.; Cui, Y.Y.; Chen, Y.-H. Proanthocyanidins: Components, pharmacokinetics and biomedical properties.
Am. ]. Chin. Med. 2020, 48, 813-869. [CrossRef] [PubMed]

Zhang, L.; Wang, Y.; Li, D.; Ho, C.T.; Li, ].; Wan, X. The absorption, distribution, metabolism and excretion of procyanidins. Food
Funct. 2016, 7, 1273-1281. [CrossRef] [PubMed]

Atanasov, A.; Zotchev, S.; Dirsch, V.; International Natural Product Sciences Taskforce; Supuran, C. Natural products in drug
discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef] [PubMed]

Maugeri, A.; Lombardo, G.E.; Cirmi, S. Pharmacology and toxicology of tannins. Arch. Toxicol. 2022, 96, 1257-1277. [CrossRef]
[PubMed]

Fabbrini, M.; D’Amico, E; Barone, M.; Conti, G.; Mengoli, M.; Brigidi, P.; Turroni, S. Polyphenol and Tannin Nutraceuticals and
Their Metabolites: How the Human Gut Microbiota Influences Their Properties. Biomolecules 2022, 12, 875. [CrossRef]

Molino, S.; Lerma-Aguilera, A ; Jiménez-Herndndez, N.; Rufidan Henares, ].A.; Francino, M.P. Evaluation of the Effects of a Short
Supplementation with Tannins on the Gut Microbiota of Healthy Subjects. Front. Microbiol. 2022, 13, 848611. [CrossRef] [PubMed]
Das, P,; Ingole, N. Lipoproteins and Their Effects on the Cardiovascular System. Cureus 2023, 15, e48865. [CrossRef]
Baer-Dubowska, W.; Szaefer, H.; Majchrzak-Celiriska, A.; Krajka-Kuzniak, V. Tannic acid: Specific form of tannins in cancer
chemoprevention and therapy-old and new applications. Curr. Pharmacol. Rep. 2020, 6, 28-37. [CrossRef]

Youness, R.A.; Kamel, R; Elkasabgy, N.A.; Shao, P.; Farag, M.A. Recent advances in tannic acid (gallotannin) anticancer activities
and drug delivery systems for efficacy improvement; A comprehensive review. Molecules 2021, 26, 1486. [CrossRef]

Belhaoues, S.; Amri, S.; Bensouilah, M. Major phenolic compounds, antioxidant and antibacterial activities of Anthemis praecox
link aerial parts. S. Afr. J. Bot. 2020, 131, 200-205. [CrossRef]

Kaczmarek, B. Tannic acid with antiviral and antibacterial activity as a promising component of biomaterials—A minireview.
Materials 2020, 13, 3224. [CrossRef]


https://doi.org/10.1111/bph.13630
https://www.ncbi.nlm.nih.gov/pubmed/27646690
https://doi.org/10.3390/metabo8040086
https://www.ncbi.nlm.nih.gov/pubmed/30501068
https://doi.org/10.1016/j.foodres.2011.04.027
https://doi.org/10.1039/C7FO01843F
https://www.ncbi.nlm.nih.gov/pubmed/29318244
https://doi.org/10.17306/J.AFS.2014.3.7
https://www.ncbi.nlm.nih.gov/pubmed/24887944
https://doi.org/10.1155/2016/9205379
https://doi.org/10.1006/bbrc.2000.2749
https://doi.org/10.1079/BJN20051480
https://doi.org/10.1016/S0924-2244(98)00028-4
https://doi.org/10.1089/152308601317203503
https://doi.org/10.1096/fj.04-3095fje
https://doi.org/10.1021/jf0350313
https://doi.org/10.1128/AEM.66.7.3093-3097.2000
https://www.ncbi.nlm.nih.gov/pubmed/10877812
https://doi.org/10.1021/jf049144d
https://www.ncbi.nlm.nih.gov/pubmed/15656654
https://doi.org/10.1016/S0891-5849(01)00506-8
https://doi.org/10.1142/S0192415X2050041X
https://www.ncbi.nlm.nih.gov/pubmed/32536248
https://doi.org/10.1039/C5FO01244A
https://www.ncbi.nlm.nih.gov/pubmed/26814915
https://doi.org/10.1038/s41573-020-00114-z
https://www.ncbi.nlm.nih.gov/pubmed/33510482
https://doi.org/10.1007/s00204-022-03250-0
https://www.ncbi.nlm.nih.gov/pubmed/35199243
https://doi.org/10.3390/biom12070875
https://doi.org/10.3389/fmicb.2022.848611
https://www.ncbi.nlm.nih.gov/pubmed/35572677
https://doi.org/10.7759/cureus.48865
https://doi.org/10.1007/s40495-020-00211-y
https://doi.org/10.3390/molecules26051486
https://doi.org/10.1016/j.sajb.2020.02.018
https://doi.org/10.3390/ma13143224

Molecules 2025, 30, 800 22 of 28

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.
82.

83.
84.

85.

86.

Ozdal, T.; Sela, D.A; Xiao, J.; Boyacioglu, D.; Chen, F.; Capanoglu, E. The reciprocal interactions between polyphenols and gut
microbiota and effects on bioaccessibility. Nutrients 2016, 8, 78. [CrossRef] [PubMed]

Molino, S.; Ferndndez-Miyakawa, M.; Giovando, S.; Rufidn-Henares, ].A. Study of antioxidant capacity and metabolization
of quebracho and chestnut tannins through in vitro gastrointestinal digestion-fermentation. J. Funct. Foods 2018, 49, 188-195.
[CrossRef]

Wiese, S.; Esatbeyoglu, T.; Winterhalter, P.; Kruse, H.P.; Winkler, S.; Bub, A.; Kulling, S.E. Comparative biokinetics and metabolism
of pure monomeric, dimeric, and polymeric flavan-3-ols: A randomized cross-over study in humans. Mol. Nutr. Food Res. 2015,
59, 610-621. [CrossRef]

Kamiloglu, S.; Capanoglu, E.; Bilen, ED.; Gonzales, G.B.; Grootaert, C.; Van de Wiele, T.; Van Camp, ]. Bioaccessibility of
polyphenols from plant-processing byproducts of black carrot (Daucus carota L.). ]. Agric. Food Chem. 2016, 64, 2450-2458.
[CrossRef] [PubMed]

Ojo, M.A. Tannins in Foods: Nutritional Implications and Processing Effects of Hydrothermal Techniques on Underutilized
Hard-to-Cook Legume Seeds—A Review. Prev. Nutr. Food Sci. 2022, 27, 14-19. [CrossRef]

Berry, A.C.; Nakshabendi, R.; Abidali, H.; Atchaneeyasakul, K.; Dholaria, K.; Johnson, C.; Kishore, V.A.; Baltz, A.C. Adverse
Effects of Grape Seed Extract Supplement: A Clinical Case and Long-Term Follow-Up. J. Diet. Suppl. 2016, 13, 232-235. [CrossRef]
[PubMed]

Guil-Guerrero, J.L.; Ramos, L.; Moreno, C.; Zuaiiiga-Paredes, J.C.; Carlosama-Yepez, M.; Ruales, P. Antimicrobial activity of
plant-food by-products: A review focusing on the tropics. Livest. Sci. 2016, 189, 32-49. [CrossRef]

Grosse Brinkhaus, A.; Bee, G.; Silacci, P.; Kreuzer, M.; Dohme-Meier, F. Effect of exchanging Onobrychis viciifolia and Lotus
corniculatus for Medicago sativa on ruminal fermentation and nitrogen turnover in dairy cows. J. Dairy Sci. 2016, 99, 4384—4397.
[CrossRef] [PubMed]

Nufiez-Sanchez, M.A.; Garcia-Villalba, R.; Monedero-Saiz, T.; Garcia-Talavera, N.V.; Gémez-Sanchez, M.B.; Sanchez-Alvarez, C.;
Garcia-Albert, A.M.; Rodriguez-Gil, EJ.; Ruiz-Marin, M.; Pastor-Quirante, FA_; et al. Targeted metabolic profiling of pomegranate
polyphenols and urolithins in plasma, urine and colon tissues from colorectal cancer patients. Mol. Nutr. Food Res. 2014, 58,
1199-1211. [CrossRef]

Czarniecka-Skubina, E.; Korzeniowska-Ginter, R.; Pielak, M.; Satek, P.; Owczarek, T.; Kozak, A. Consumer Choices and Habits
Related to Tea Consumption by Poles. Foods 2022, 11, 73. [CrossRef]

Cooper, R.; Morré, D.J.; Morré, D.M. Medicinal benefits of green tea: Part I. Review of non-cancer health benefits. J. Altern.
Complement. Med. 2005, 11, 521-528. [CrossRef] [PubMed]

Khan, N.; Mukhtar, H. Tea polyphenols for health promotion. Life Sci. 2007, 81, 519-533. [CrossRef]

Subramanian, N.; Venkatesh, P.; Ganguli, S.; Sinkar, V.P. Role of polyphenol oxidase and peroxidase in the generation of black tea
theaflavins. J. Agric. Food Chem. 1999, 47, 2571-2578. [CrossRef] [PubMed]

Baliyan, S.; Mukherjee, R.; Priyadarshini, A.; Vibhuti, A.; Gupta, A.; Pandey, R.P,; Chang, C.M. Determination of antioxidants by
DPPH radical scavenging activity and quantitative phytochemical analysis of Ficus religiosa. Molecules 2022, 27, 1326. [CrossRef]
[PubMed]

Fang, J.; Sureda, A.; Sanches Silva, A.; Sanches Silva, F.; Xu, S.; Nabavi, S.M. Trends of tea in cardiovascular health and disease:
Critical review. Trends Food Sci. Technol. 2019, 88, 385-396. [CrossRef]

Dludla, P.V.; Nkambule, B.B.; Mazibuko-Mbeje, S.E.; Nyambuya, T.M.; Orlando, P.; Silvestri, S.; Marcheggiani, F.; Cirilli, I;
Khanyisani, Z.; Ndevahoma, F,; et al. Tea consumption and its effects on primary and secondary prevention of coronary artery
disease: Qualitative synthesis of evidence from randomized controlled trials. Clin. Nutr. ESPEN 2021, 41, 77-87. [CrossRef]
Rathod, N.B.; Elabed, N.; Punia, S.; Ozogul, F,; Kim, S.K.; Rocha, ].M. Recent Developments in Polyphenol. Applications on
Human Health: A Review with Current Knowledge. Plants 2023, 12, 1217. [CrossRef]

Xu, R.; Bai, Y; Yang, K.; Chen, G. Effects of green tea consumption on glycemic control: A systematic review and meta-analysis of
randomized controlled trials. Nutr. Metab. 2020, 17, 56. [CrossRef] [PubMed]

McKay, D.L.; Blumberg, J.B. The role of tea in human health: An update. J. Am. Coll. Nutr. 2002, 21, 1-13. [CrossRef]

Milani, R.F; Sanches, V.L.; Morgano, M.A.; Cadore, S. Trace elements in commercialice tea: Total content, in vitro bioaccessibility
and risk assessment. Int. Food Res. 2020, 137, 109732. [CrossRef] [PubMed]

Uzuner, S. Ultrasonication effects on quality of tea-based beverages. Beverages 2023, 9, 1. [CrossRef]

El-Aswad, A.F; Aisu, J.; Khalifa, M.H. Biological activity of tannins extracts from processed Camellia sinensis (black and green tea),
Vicia faba and Urtica dioica and Allium cepa essential oil on three economic insects. J. Plant Prot. 2023, 130, 495-508. [CrossRef]
Snopek, L.; Mlcek, J.; Sochorova, L.; Baron, M.; Hlavacova, I.; Jurikova, T.; Kizek, R.; Sedlackova, E.; Sochor, J. Contribution of Red
Wine Consumption to Human Health Protection. Molcules 2018, 23, 1684. [CrossRef]

Teissedre, P.-L.; Stockley, C.; Boban, M.; Gambert, P.; Alba, M.O.; Flesh, M.; Ruf, ]J.C. The effects of wine consumption on
cardiovascular disease and associated risk factors: A narrative review. OENO One 2018, 52, 67-79. [CrossRef]


https://doi.org/10.3390/nu8020078
https://www.ncbi.nlm.nih.gov/pubmed/26861391
https://doi.org/10.1016/j.jff.2018.07.056
https://doi.org/10.1002/mnfr.201400422
https://doi.org/10.1021/acs.jafc.5b02640
https://www.ncbi.nlm.nih.gov/pubmed/26262673
https://doi.org/10.3746/pnf.2022.27.1.14
https://doi.org/10.3109/19390211.2015.1008617
https://www.ncbi.nlm.nih.gov/pubmed/25688637
https://doi.org/10.1016/j.livsci.2016.04.021
https://doi.org/10.3168/jds.2015-9911
https://www.ncbi.nlm.nih.gov/pubmed/26995129
https://doi.org/10.1002/mnfr.201300931
https://doi.org/10.3390/foods11182873
https://doi.org/10.1089/acm.2005.11.521
https://www.ncbi.nlm.nih.gov/pubmed/15992239
https://doi.org/10.1016/j.lfs.2007.06.011
https://doi.org/10.1021/jf981042y
https://www.ncbi.nlm.nih.gov/pubmed/10552528
https://doi.org/10.3390/molecules27041326
https://www.ncbi.nlm.nih.gov/pubmed/35209118
https://doi.org/10.1016/j.tifs.2019.04.001
https://doi.org/10.1016/j.clnesp.2020.11.006
https://doi.org/10.3390/plants12061217
https://doi.org/10.1186/s12986-020-00469-5
https://www.ncbi.nlm.nih.gov/pubmed/32670385
https://doi.org/10.1080/07315724.2002.10719187
https://doi.org/10.1016/j.foodres.2020.109732
https://www.ncbi.nlm.nih.gov/pubmed/33233300
https://doi.org/10.3390/beverages9010001
https://doi.org/10.1007/s41348-022-00680-x
https://doi.org/10.3390/molecules23071684
https://doi.org/10.20870/oeno-one.2018.52.1.2129

Molecules 2025, 30, 800 23 of 28

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

Khan, N.Q.; Patel, B.; Kang, S.S.; Dhariwal, S.K.; Husain, F.; Wood, E.G.; Pothecary, M.R.; Corder, R. Regulation of vascular
endothelial function by red wine procyanidins: Implications for cardiovascular health. Tetrahedron 2015, 71, 3059-3065. [CrossRef]
Santos-Buelga, C.; Gonzélez-Manzano, S. Wine and health relationships: A question of moderation? Cienc. Tenica Vitivinic. 2011,
26, 33-44.

Luz, PL.; Coimbra, S.; Favarato, D.; Albuquerque, C.; Mochiduky, R.I.; Rochitte, C.E.; Hojaij, E.; Gonsalves, C.R.; Laurindo, ER.
Coronary artery plaque burden and calcium scores in healthy men adhering to long-term wine drinking or alcohol abstinence.
Braz. ]. Med. Biol. Res. 2014, 47, 697-705. [CrossRef] [PubMed]

Vilahur, G.; Badimon, L. Antiplatelet properties of natural products. Vasc. Pharmacol. 2013, 59, 67-75. [CrossRef] [PubMed]
Kasicka-Jonderko, A. Alcohol and the digestive system—Should it always be blamed? Prz. Gastroenterol. 2012, 7, 264-275.
[CrossRef]

Caruana, M.; Canchi, R.; Vassallo, N. Putative role of red wine polyphenols against brain pathology in Alzheimer and Parkinson
disease. Front. Nutr. 2016, 3, 31. [CrossRef] [PubMed]

Zorraquin-Pena, I.; Esteban-Fernandez, A.; Gonzalez de Llano, D.; Bartolomé, B.; Moreno-Arribas, M.V. Wine-Derived Phenolic
Metabolites in the Digestive and Brain Function. Beverages 2019, 5, 7. [CrossRef]

Chiva-Blanch, G.; Urpi-Sarda, M.; Ros, E.; Valderas-Martinez, P.; Casas, R.; Arranz, S.; Guillén, M.; Lamuela-Raventés, R.M.;
Llorach, R.; Andres-Lacueva, C.; et al. Effects of red wine polyphenols and alcohol on glucose metabolism and the lipid profile: A
randomized clinical trial. Clin. Nutr. 2013, 32, 200-206. [CrossRef] [PubMed]

Biasi, F.; Deiana, M.; Guina, T.; Gamba, P.; Leonarduzzi, G.; Poli, G. Wine consumption and intestinal redox homeostasis. Redox
Biol. 2014, 2, 795-802. [CrossRef] [PubMed]

Vartolomei, M.D.; Kimura, S.; Ferro, M.; Foerster, B.; Abufaraj, M.; Briganti, A.; Karakiewicz, PI.; Shariat, S.F. The impact of
moderate wine consumption on the risk of developing prostate cancer. Clin. Epidemiol. 2018, 10, 431—444. [CrossRef] [PubMed]
Santos-Buelga, C.; Scalbert, A. Proanthocyanidins and tannin-like compounds—-Nature, occurrence, dietary intake and effects on
nutrition and health. J. Sci. Food Agric. 2000, 80, 1094-1117. [CrossRef]

Platisa, M.M.; Gal, V.; Nestorovi’c, Z.; Gojkovi'c-Bukarica, L. Quantification of the acute effect of a low dose of red wine by
nonlinear measures of RR and QT interval series in healthy subjects. Comput. Biol. Med. 2014, 53, 291-296. [CrossRef] [PubMed]
Matsumoto, C.; Miedema, M.D.; Ofman, P,; Gaziano, ].M.; Sesso, H.D. An Expanding Knowledge of the Mechanisms and Effects
of Alcohol Consumption on Cardiovascular Disease. J. Cardiopulm. Rehabil. Prev. 2014, 34, 159-171. [CrossRef] [PubMed]

Toth, A.; Sandor, B.; Papp, J.; Rabai, M.; Botor, D.; Horvath, Z.; Czopf, L. Moderate red wine consumption improves hemorheolog-
ical parameters in healthy volunteers. Clin. Hemorheol. Microcirc. 2014, 56, 13-23. [CrossRef] [PubMed]

Droste, D.W,; Iliescu, C.; Vaillant, M.; Gantenbein, M.; De Bremaeker, N.; Lieunard, C.; Gilson, G. A daily glass of red wine
associated with lifestyle changes independently improves blood lipids in patients with carotid arteriosclerosis: Results from a
randomized controlled trial. Nutr. J. 2013, 12, 147. [CrossRef] [PubMed]

Rivera, K.; Salas-Pérez, F; Echeverria, G.; Urquiaga, I.; Dicenta, S.; Pérez, D.; de la Cerda, P.; Gonzélez, L.; Andia, M.E.; Uribe, S.;
et al. Red Wine Grape Pomace Attenuates Atherosclerosis and Myocardial Damage and Increases Survival in Association with
Improved Plasma Antioxidant Activity in a Murine Model of Lethal Ischemic Heart Disease. Nutrients. 2019, 11, 2135. [CrossRef]
[PubMed]

Di Lorenzo, D.; Stockley, C.; Colombo, E; Biella, S.; Orgiu, F.,; Dell’Agli, M.; Restani, P. The role of wine in modulating inflammatory
processes—A review. Beverages 2018, 4, 88. [CrossRef]

Basalekou, M.; Kyraleou, M.; Pappas, C.; Tarantilis, P.; Kotseridis, Y.; Kallithraka, S. Proanthocyanidin content as an astringency
estimation tool and maturation index in red and white winemaking technology. Food Chem. 2019, 299, 125135. [CrossRef]
[PubMed]

Chira, K.; Pacella, N.; Jourdes, M.; Teissedre, P.-L. Chemical and sensory evaluation of Bordeaux wines (Cabernet-Sauvignon and
Merlot) and correlation with wine age. Food Chem. 2011, 126, 1971-1977. [CrossRef]

Waterhouse, A.L. Wine phenolics. Ann. N. Y. Acad. Sci. 2002, 957, 21-36. [CrossRef] [PubMed]

Visioli, E; Panaite, S.-A.; Tomé-Carneiro, J. Wine’s phenolic compounds and health: A pythagorean view. Molecules 2020, 25, 4105.
[CrossRef]

Garcia-Estevez, I.; Escribano-Bailon, M.T.; Rivas-Gonzalo, J.C.; Alcalde-Eon, C. Development of a fractionation method for the
detection and identification of oak ellagitannins in red wines. Anal. Chim. Acta 2010, 660, 171-176. [CrossRef]

Stark, T.; Wollmann, N.; Wenker, K.; Losch, S.; Glabasnia, A.; Hofmann, T. Matrix-calibrated LC-MS/MS quantitation and
sensory evaluation of Oak Ellagitannins and their transformation products in red wines. J. Agric. Food Chem. 2010, 58, 6360—6369.
[CrossRef] [PubMed]

Sénchez-Moreno, C.; Cao, G.; Ou, B.; Prior, R.L. Anthocyanin and Proanthocyanidin Content in Selected White and Red Wines.
Oxygen Radical Absorbance Capacity Comparison with Nontraditional Wines Obtained from Highbush Blueberry. J. Agric. Food
Chem. 2003, 51, 4889—-4896. [CrossRef] [PubMed]


https://doi.org/10.1016/j.tet.2014.10.078
https://doi.org/10.1590/1414-431x20143880
https://www.ncbi.nlm.nih.gov/pubmed/25003545
https://doi.org/10.1016/j.vph.2013.08.002
https://www.ncbi.nlm.nih.gov/pubmed/23994642
https://doi.org/10.5114/pg.2012.32064
https://doi.org/10.3389/fnut.2016.00031
https://www.ncbi.nlm.nih.gov/pubmed/27570766
https://doi.org/10.3390/beverages5010007
https://doi.org/10.1016/j.clnu.2012.08.022
https://www.ncbi.nlm.nih.gov/pubmed/22999066
https://doi.org/10.1016/j.redox.2014.06.008
https://www.ncbi.nlm.nih.gov/pubmed/25009781
https://doi.org/10.2147/CLEP.S163668
https://www.ncbi.nlm.nih.gov/pubmed/29713200
https://doi.org/10.1002/(SICI)1097-0010(20000515)80:7%3C1094::AID-JSFA569%3E3.0.CO;2-1
https://doi.org/10.1016/j.compbiomed.2014.08.015
https://www.ncbi.nlm.nih.gov/pubmed/25194258
https://doi.org/10.1097/HCR.0000000000000042
https://www.ncbi.nlm.nih.gov/pubmed/24667667
https://doi.org/10.3233/CH-2012-1640
https://www.ncbi.nlm.nih.gov/pubmed/23089888
https://doi.org/10.1186/1475-2891-12-147
https://www.ncbi.nlm.nih.gov/pubmed/24228901
https://doi.org/10.3390/nu11092135
https://www.ncbi.nlm.nih.gov/pubmed/31500172
https://doi.org/10.3390/beverages4040088
https://doi.org/10.1016/j.foodchem.2019.125135
https://www.ncbi.nlm.nih.gov/pubmed/31302431
https://doi.org/10.1016/j.foodchem.2010.12.056
https://doi.org/10.1111/j.1749-6632.2002.tb02903.x
https://www.ncbi.nlm.nih.gov/pubmed/12074959
https://doi.org/10.3390/molecules25184105
https://doi.org/10.1016/j.aca.2009.10.020
https://doi.org/10.1021/jf100884y
https://www.ncbi.nlm.nih.gov/pubmed/20441220
https://doi.org/10.1021/jf030081t
https://www.ncbi.nlm.nih.gov/pubmed/12903941

Molecules 2025, 30, 800 24 of 28

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.
129.

130.

131.

132.

133.

134.

135.

136.

Braga, A.; Cosme, F; Ricardo-da-Silva, ].M.; Laureano, O. Gelatine, casein and potassium caseinate as wine fining agents: Effect
on colour, phenolic compounds and sensory characteristics. J. Int. Sci. Vigne Vin 2007, 4, 203-214. [CrossRef]

Cosme, E,; Ricardo-da-Silva, ].M.; Laureano, O. Behavior of Various Proteins on Wine Fining: Effect on Different Molecular Weight
Proanthocyanidin Fractions of Red Wine. Am. J. Enol. Vitic. 2009, 112, 197-204.

Cosme, F; Ricardo-da-Silva, J.M.; Laureano, O. Tannic profiles of Vitis vinifera L. cv. red grapes growing in Lisbon and from their
monovarietal wines. Food Chem. 2009, 112, 197-204. [CrossRef]

Bambina, P.; Gancel, A.-L.; Corona, O.; Jourdes, M.; Teissedre, P--L. Soil effect on proanthocyanidins composition of red and white
wines obtained from Nero d’Avola and Grillo Vitis vinifera L. Cultivars. Food Chem. 2024, 443, 138521. [CrossRef] [PubMed]
Cosme, F; Ricardo-da-Silva, ].M.; Laureano, O. Interactions between protein fining agents and proanthocyanidins in white wine.
Food Chem. 2008, 106, 536-544. [CrossRef]

Jordao, A.M.; Gongalves, E]J.; Correia, A.C.; Cantao, J.; Rivero-Pérez, M.D.; Gonzalez Sanjosé, M.L. Proanthocyanidin content,
antioxidant capacity and scavenger activity of Portuguese sparkling wines (Bairrada Appellation of Origin). J. Sci. Food Agric.
2010, 90, 2144-2152. [CrossRef] [PubMed]

Corder, R.; Mullen, W.; Khan, N.Q.; Marks, S.C.; Wood, E.G.; Carrier, M.].; Crozier, A. Oenology: Red wine procyanidins and
vascular health. Nature 2006, 444, 566. [CrossRef] [PubMed]

Kris-Etherton, P.-M.; Keen, C.L. Evidence that the antioxidant flavonoids in tea and cocoa are beneficial for cardiovascular health.
Curr. Opin. Lipidol. 2002, 13, 41-49. [CrossRef] [PubMed]

Corder, R.; Douthwaite, J.A.; Lees, D.M.; Khan, N.Q.; Viseu Dos Santos, A.C.; Wood, E.G.; Carrier, M.]. Endothelin-1 synthesis
reduced by red wine. Nature 2001, 414, 863-864. [CrossRef] [PubMed]

Van Hecke, T.; Wouters, A.; Rombouts, C.; Izzati, T.; Berardo, A.; Vossen, E.; Claeys, E.; Van Camp, J.; Raes, K.; Vanhaecke, L.; et al.
Reducing compounds equivocally influence oxidation during digestion of a high-fat beef product, which promotes cytotoxicity in
colorectal carcinoma cell lines. J. Agric. Food Chem. 2016, 64, 1600-1609. [CrossRef] [PubMed]

Modun, D.; Music, I.; Vukovic, J.; Brizic, I.; Katalinic, V.; Obad, A.; Palada, I.; Dujic, Z.; Boban, M. The increase in human plasma
antioxidant capacity after red wine consumption is due to both plasma urate and wine polyphenols. Atherosclerosis 2008, 197,
250-256. [CrossRef]

Gorelik, S.; Ligumsky, M.; Kohen, R.; Kanner, ]. A novel function of red wine polyphenols in humans: Prevention of absorption of
cytotoxic lipid peroxidation products. FASEB |. 2008, 22, 41-46. [CrossRef] [PubMed]

Panchal, S.K.; Brown, L. Cardioprotective and hepatoprotective effects of ellagitannins from European oak bark (Quercus petraea
L.) extract in rats. Eur. . Nutr. 2013, 52, 397-408. [CrossRef]

Mangas, J.J.; Suarez, B.; Picinelli, A.; Moreno, J.; Blanco, D. Differentiation of phenolic profiles of apple juices prepared according
to two membrane techniques. J. Agric. Food Chem. 1997, 45, 4777-4784. [CrossRef]

Spanos, G.A.; Wrolstad, R.E. Infuence of variety, maturity, processing, and storage on the phenolic composition of pear juice.
J. Agric. Food Chem. 1990, 38, 817-824. [CrossRef]

Ruxton, C.H.S.; Gardner, E.J.; Walker, D. Can pure fruit and vegetable juices protect against cancer and cardiovascular disease
too? A review of the evidence. Int. J. Food Sci. Nutr. 2006, 57, 249-272. [CrossRef] [PubMed]

Dai, Q.; Borenstein, A.R.; Wu, Y.; Jackson, J.C.; Larson, E.B. Fruit and vegetable juices and Alzheimer’s disease: The Kame project.
Am. J. Med. 2006, 119, 751-759. [CrossRef] [PubMed]

Clifford, M.N.; Scalbert, A. Ellagitannins-nature, occurrence and dietary burden. J. Sci. Food Agric. 2000, 80, 1118-1125. [CrossRef]
Asgary, S.; Keshvari, M.; Sahebkar, A.; Sarrafzadegan, N. Pomegranate consumption and blood ptressure: A review. Curr. Pharm.
Des. 2017, 23, 1042-1050. [CrossRef] [PubMed]

Stowe, C.B. The effects of pomegranate juice consumption on blood pressure and cardiovascular health. Complement. Ther. Clin.
Pract. 2011, 17, 113-115. [CrossRef] [PubMed]

Gil, M.I.; Tomés-Barberan, F.A.; Hess-Pierce, B.; Holcroft, D.M.; Kader, A.A. Antioxidant activity of pomegranate juice and its
relationship with phenolic composition and processing. J. Agric. Food Chem. 2000, 48, 4581-4589. [CrossRef] [PubMed]

de Nigris, F.; Williams-Ignarro, S.; Botti, C.; Sica, V.; Ignarro, L.J.; Napoli, C. Pomegranate juice reduces oxidized low-density
lipoprotein downregulation of endothelial nitric oxide synthase in human coronary endothelial cells. Nitric Oxide 2006, 15,
259-263. [CrossRef]

Aviram, M.; Dornfeld, L.; Rosenblat, M.; Volkova, N.; Kaplan, M.; Coleman, R.; Hayek, T.; Presser, D.; Fuhrman, B. Pomegranate
juice consumption reduces oxidative stress, atherogenic modifications to LDL, and platelet aggregation: Studies in humans and
in atherosclerotic apolipoprotein E-deficient mice. Am. J. Clin. Nutr. 2000, 71, 1062-1076. [CrossRef]

Chistiakov, D.A.; Melnichenko, A.A.; Orekhov, A.N.; Bobryshev, Y.V. Paraoxonase and atherosclerosis-related cardiovascular
diseases. Biochimie 2017, 132, 19-27. [CrossRef]

Moazzen, H.; Alizadeh, M. Effects of pomegranate juice on cardiovascular risk factors in patients with metabolic syndrome: A
double-blinded, randomized cross over controlled trial. Plant Foods Hum. Nutr. 2017, 72, 126-133. [CrossRef]

Basu, A.; Penugonda, K. Pomegranate juice: A heart-healthy fruit juice. Nutr. Rev. 2009, 67, 49-56. [CrossRef] [PubMed]


https://doi.org/10.20870/oeno-one.2007.41.4.836
https://doi.org/10.1016/j.foodchem.2008.05.058
https://doi.org/10.1016/j.foodchem.2024.138521
https://www.ncbi.nlm.nih.gov/pubmed/38280367
https://doi.org/10.1016/j.foodchem.2007.06.038
https://doi.org/10.1002/jsfa.4064
https://www.ncbi.nlm.nih.gov/pubmed/20623710
https://doi.org/10.1038/444566a
https://www.ncbi.nlm.nih.gov/pubmed/17136085
https://doi.org/10.1097/00041433-200202000-00007
https://www.ncbi.nlm.nih.gov/pubmed/11790962
https://doi.org/10.1038/414863a
https://www.ncbi.nlm.nih.gov/pubmed/11780050
https://doi.org/10.1021/acs.jafc.5b05915
https://www.ncbi.nlm.nih.gov/pubmed/26836477
https://doi.org/10.1016/j.atherosclerosis.2007.04.002
https://doi.org/10.1096/fj.07-9041com
https://www.ncbi.nlm.nih.gov/pubmed/17712060
https://doi.org/10.1007/s00394-011-0277-1
https://doi.org/10.1021/jf970262t
https://doi.org/10.1021/jf00093a049
https://doi.org/10.1080/09637480600858134
https://www.ncbi.nlm.nih.gov/pubmed/17127476
https://doi.org/10.1016/j.amjmed.2006.03.045
https://www.ncbi.nlm.nih.gov/pubmed/16945610
https://doi.org/10.1002/(SICI)1097-0010(20000515)80:7%3C1118::AID-JSFA570%3E3.0.CO;2-9
https://doi.org/10.2174/1381612822666161010103339
https://www.ncbi.nlm.nih.gov/pubmed/27748197
https://doi.org/10.1016/j.ctcp.2010.09.004
https://www.ncbi.nlm.nih.gov/pubmed/21457902
https://doi.org/10.1021/jf000404a
https://www.ncbi.nlm.nih.gov/pubmed/11052704
https://doi.org/10.1016/j.niox.2005.12.004
https://doi.org/10.1093/ajcn/71.5.1062
https://doi.org/10.1016/j.biochi.2016.10.010
https://doi.org/10.1007/s11130-017-0605-6
https://doi.org/10.1111/j.1753-4887.2008.00133.x
https://www.ncbi.nlm.nih.gov/pubmed/19146506

Molecules 2025, 30, 800 25 of 28

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.
154.

155.

156.

157.

158.

159.

160.
161.

162.

163.

Jadeja, R.; Thounaojam, M.; Patel, D.; Devkar, R.; Ramachandran, A. Pomegranate (Punica granatum L.) juice supplementation
attenuates isoproterenol-induced cardiac necrosis in rats. Cardiovasc. Toxicol. 2010, 10, 174-180. [CrossRef] [PubMed]

Mohan, M.; Waghulde, H.; Kasture, S. Effect of pomegranate juice on angiotensin II-induced hypertension in diabetic Wistar rats.
Phytother. Res. 2010, 24, S196-5203. [CrossRef] [PubMed]

Raucher, D.; Rowsey, M.; Hinson, J.; Corkovi¢, L; Lila, M.A.; Simunovig, J.; Kopjar, M. Bioactive Compounds, Antioxidant Activity,
and Antiproliferative Potential on Glioblastoma Cells of Selected Stone Fruit Juices. Processes 2024, 12, 1310. [CrossRef]

Foo, L.Y,; Lu, Y.; Howell, A.B.; Vorsa, N. The structure of cranberry proanthocyanidins which inhibit adherence of uropathogenic
P-fimbriated Escherichia coli in vitro. Phytochemistry 2000, 54, 173-181. [CrossRef] [PubMed]

Howell, A.B.; Reed, ].D.; Krueger, C.G.; Winterbottom, R.; Cunningham, D.G.; Leahy, M. A-type cranberry proanthocyanidins
and uropathogenic bacterial anti-adhesion activity. Phytochemistry 2005, 66, 2281-2291. [CrossRef]

Hosseinian, ES.; Li, W.; Hydamaka, A.W.; Tsopmo, A.; Lowry, L.; Friel, J.; Beta, T. Proanthocyanidin Profile and ORAC Values of
Manitoba Berries, Chokecherries, and Seabuckthorn. J. Agric. Food Chem. 2007, 55, 6970-6976. [CrossRef] [PubMed]

Katz, D.L.; Doughty, K.; Ali, A. Cocoa and chocolate in human health and disease. Antioxid. Redox Signal. 2011, 15, 2779-2811.
[CrossRef] [PubMed]

Esatbeyoglu, T.; Wray, V.; Winterhalter, P. Isolation of dimeric trimeric, tetrameric and pentameric procyanidins from unroasted
cocoa beans (Theobroma cacao L.) using countercurrent chromatography. Food Chem. 2015, 179, 278-289. [CrossRef] [PubMed]
Dorenkott, M.R.; Griffin, L.E.; Goodrich, K.M.; Thompson-Witrick, K.A.; Fundaro, G.; Ye, L.; Stevens, ].R.; Ali, M.; O’Keefe,
S.E; Hulver, M.W.; et al. Oligomeric cocoa procyanidins possess enhanced bioactivity compared to monomeric and polymeric
cocoa procyanidins for preventing the development of obesity, insulin resistance, and impaired glucose tolerance during high-fat
feeding. J. Agric. Food Chem. 2014, 62, 2216-2227. [CrossRef]

Makwana, M.; Hati, S. Fermented beverages and their health benefits. In Fermented Beverages; Elsevier: Amsterdam, The
Netherlands, 2019; pp. 1-29. [CrossRef]

Amiot, M.].; Tacchini, M.; Aubert, S.; Nicolas, J. Phenolic composition and browning susceptibility of various apple cultivars at
maturity. J. Food Technol. 1992, 57, 958-962. [CrossRef]

Hellstrom, J.K.; Torronen, A.R.; Mattila, PH. Proanthocyanidins in common food products of plant origin. J. Agric. Food Chem.
2009, 57, 7899-7906. [CrossRef]

Laaksonen, O.; Kuldjarv, R.; Paalme, T.; Virkki, M.; Yang, B. Impact of apple cultivar, ripening stage, fermentation type and yeast
strain on phenolic composition of apple ciders. Food Chem. 2017, 233, 29-37. [CrossRef] [PubMed]

Francini, A.; Sebastiani, L. Phenolic compounds in apple (Malus x Domestica Borkh.): Compounds characterization and stability
during postharvest and after processing. Antioxidants 2013, 2, 181-193. [CrossRef]

Nijveldt, R.J.; van Nood, E.; van Hoorn, D.E.C.; Boelens, P.G.; van Norren, K.; van Leeuwen, P.A.M. Flavonoids: A review of
probable mechanisms of action and potential applications. Am. J. Clin. Nutr. 2001, 74, 418-425. [CrossRef] [PubMed]

Maslov Bandic, L.; Zulj, M.M.; Fruk, G.; Babojelic, M.S.; Jemric, T.; Jeromel, A. The profile of organic acids and polyphenols in
apple wines fermented with different yeast strains. J. Food Technol. 2019, 56, 599-606. [CrossRef]

Biedrzycka, E.; Amarowicz, R. Diet and health: Apple polyphenols as antioxidants. Food Rev. Int. 2008, 24, 235-251. [CrossRef]
Silva, K.M.; Zielinski, A.A.F,; Benvenutti, L.; Bortolini, D.G.; Zardo, D.M.; Beltrame, EL.; Nogueira, A.; Alberti, A. Effect of fruit
ripening on bioactive compounds and antioxidant capacity of apple beverages. J. Food Technol. 2019, 39, 294-300. [CrossRef]
Bartolome, B.; Pena-Neira, A.; Gomez-Cordoves, C. Phenolics and related substances in alcohol-free beers. Eur. Food Res. Technol.
2000, 210, 419-423. [CrossRef]

Gorinstein, S.; Caspi, A.; Zemser, M.; Trakhtenberg, S. Comparative contents of some phenolics in beer, red and white wines.
Nutr. Res. 2000, 20, 131-139. [CrossRef]

Callemien, D.; Guyot, S.; Collin, S. Use of thiolysis hyphenated to RP-HPLCESI(—)-MS/MS for the analysis of flavanoids of fresh
lager beers. Food Chem. 2008, 110, 1012-1018. [CrossRef]

Callemien, D.; Collin, S. Use of RP-HPLC-ESI(—)-MS/MS to differentiate various proanthocyanidin isomers in lager beer extracts.
J. Am. Soc. Brew. Chem. 2008, 66, 109-115. [CrossRef]

Watrelot, A.A.; Norton, E.L. Chemistry and Reactivity of Tannins in Vitis spp.: A Review. Molecules 2020, 25, 2110. [CrossRef]
[PubMed]

Bernjak, B.; Kristl, J. A Review of Tannins in Berries. Agricultura 2021, 17, 27-36. [CrossRef]

Vosnjak, M.; Persi¢, M.; Veberic, R.; Usenik, V. Soluble tannins in plum fruit (Prunus domestica L.). Eur. |. Hortic. Sci. 2020, 85,
439-446. [CrossRef]

Cevik, N.; Kizilkaya, B.; Tiirker, G. The Condensed Tannin Content of Fresh Fruits Cultivated in Ida Mountains, Canakkale,
Turkey. New Knowl. . Sci. 2013, 2, 49-51.

Bar-Ya’akov, I; Tian, L.; Amir, R.; Holland, D. Primary Metabolites, Anthocyanins, and Hydrolyzable Tannins in the Pomegranate
Fruit. Front. Plant Sci. 2019, 10, 620. [CrossRef]


https://doi.org/10.1007/s12012-010-9076-9
https://www.ncbi.nlm.nih.gov/pubmed/20509006
https://doi.org/10.1002/ptr.3090
https://www.ncbi.nlm.nih.gov/pubmed/20020514
https://doi.org/10.3390/pr12071310
https://doi.org/10.1016/S0031-9422(99)00573-7
https://www.ncbi.nlm.nih.gov/pubmed/10872208
https://doi.org/10.1016/j.phytochem.2005.05.022
https://doi.org/10.1021/jf071163a
https://www.ncbi.nlm.nih.gov/pubmed/17661492
https://doi.org/10.1089/ars.2010.3697
https://www.ncbi.nlm.nih.gov/pubmed/21470061
https://doi.org/10.1016/j.foodchem.2015.01.130
https://www.ncbi.nlm.nih.gov/pubmed/25722166
https://doi.org/10.1021/jf500333y
https://doi.org/10.1016/B978-0-12-815271-3.00001-4
https://doi.org/10.1111/j.1365-2621.1992.tb14333.x
https://doi.org/10.1021/jf901434d
https://doi.org/10.1016/j.foodchem.2017.04.067
https://www.ncbi.nlm.nih.gov/pubmed/28530577
https://doi.org/10.3390/antiox2030181
https://doi.org/10.1093/ajcn/74.4.418
https://www.ncbi.nlm.nih.gov/pubmed/11566638
https://doi.org/10.1007/s13197-018-3514-2
https://doi.org/10.1080/87559120801926302
https://doi.org/10.1590/fst.25317
https://doi.org/10.1007/s002170050574
https://doi.org/10.1016/S0271-5317(99)00145-1
https://doi.org/10.1016/j.foodchem.2008.02.081
https://doi.org/10.1094/ASBCJ-2008-0215-01
https://doi.org/10.3390/molecules25092110
https://www.ncbi.nlm.nih.gov/pubmed/32365968
https://doi.org/10.18690/agricultura.17.1-2.27-36.2020
https://doi.org/10.17660/eJHS.2020/85.6.8
https://doi.org/10.3389/fpls.2019.00620

Molecules 2025, 30, 800 26 of 28

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Qi, Q.; Chu, M; Yu, X;; Xie, Y.; Li, Y,; Du, Y,; Liu, X.; Zhang, Z.; Shi, ].; Yan, N. Anthocyanins and Proanthocyanidins: Chemical
Structures, Food Sources, Bioactivities, and Product Development. Food Rev. Int. 2022, 39, 4581-4609. [CrossRef]

Wang, R.; Shi, X; Li, K.; Bunker, A ; Li, C. Activity and Potential Mechanisms of Action of Persimmon Tannins According to Their
Structures: A Review. Int. . Biol. Macromol. 2023, 242 Pt 3, 125120. [CrossRef] [PubMed]

Igbal, N.; Poér, P. Plant Protection by Tannins Depends on Defence-Related Phytohormones. . Plant Growth Regul. 2024, 44, 22-39.
[CrossRef]

War, A.R,; Paulraj, M.G.; Ahmad, T.; Buhroo, A.A.; Hussain, B.; Ignacimuthu, S.; Sharma, H.C. Mechanisms of plant defense
against insect herbivores. Plant Signal Behav. 2012, 7, 1306-1320. [CrossRef]

Josuttis, M.; Verrall, S.; Stewart, D.; McDougall, G. Genetic and Environmental Effects on Tannin Composition in Strawberry
(Fragaria x ananassa) Cultivars Grown in Different European Locations. J. Agric. Food Chem. 2013, 61, 790-800. [CrossRef]
[PubMed]

Mansour, G.; Ghanem, C.; Mercenaro, L.; Nassif, N.; Hassoun, G.; Del Caro, A. Effects of altitude on the chemical composition of
grapes and wine: A review. OENO One 2022, 56, 227-239. [CrossRef]

Baek, M.W.; Choi, H.R.; Hwang, I.G.; Tilahun, S.; Jeong, C.S. Prediction of Tannin Content and Quality Parameters in Astringent
Persimmons from Visible and Near-Infrared Spectroscopy. Front. Plant Sci. 2023, 14, 1260644. [CrossRef] [PubMed]

Karl, A.; Peck, G. Greater sunlight exposure during early fruit development increases polyphenol concentration, soluble solid
concentration, and fruit mass of cider apples. Horticulturae 2022, 8, 993. [CrossRef]

Muniyandi, K.; George, E.; Sathyanarayanan, S.; George, B.P.; Abrahamse, H.; Thamburaj, S.; Thangaraj, P. Phenolics, tannins,
flavonoids and anthocyanins contents influenced antioxidant and anticancer activities of Rubus fruits from Western Ghats, India.
Food Sci. Hum. Wellness 2019, 8, 73-81. [CrossRef]

Filho, A.M.M,; Pirozi, M.R,; Borges, ].T.D.S.; Pinheiro Sant’Ana, H.M.; Chaves, ]J.B.P.; Coimbra, J.5.D.R. Quinoa: Nutritional,
functional, and antinutritional aspects. Crit. Rev. Food Sci. Nutr. 2017, 57, 1618-1630. [CrossRef] [PubMed]

Bahukhandi, A.; Dhyani, P.; Jugran, A.; Bhatt, I.; Rawal, R. Total Phenolics, Tannins, and Antioxidant Activity in Twenty Different
Apple Cultivars Growing in West Himalaya, India. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2017, 89, 71-78. [CrossRef]
Travaglia, F.; Bordiga, M.; Locatelli, M.; Coisson, J.D.; Arlorio, M. Polymeric proanthocyanidins in skins and seeds of 37 Vitis
vinifera L. cultivars: A methodological comparative study. J. Food Sci. 2011, 76, 742-749. [CrossRef] [PubMed]

Elfalleh, W. Total phenolic contents and antioxidant activities of pomegranate peel, seed, leaf and flower. |. Med. Plants Res. 2012,
6,4724-4730. [CrossRef]

Song, W.; Qin, S.-T,; Fang, F-X.; Gao, Z.-].; Liang, D.-D.; Liu, L.-L.; Tian, H.-T.; Yang, H.-B. Isolation and purification of condensed
tannin from the leaves and branches of Prunus cerasifera and its structure and bioactivities. Appl. Biochem. Biotechnol. 2018, 185,
464-475. [CrossRef] [PubMed]

Wang, M.; Brignot, H.; Septier, C.; Martin, C.; Canon, F,; Feron, G. Astringency sensitivity to tannic acid: Effect of ageing and
salivary proline-rich protein levels. Food Chem. Mol. Sci. 2024, 8, 100192. [CrossRef]

Lamy, E.; Pinheiro, C.M.S.; Rodrigues, L.; Capela e Silva, F.; Lopes, O.; Tavares, S.; Gaspar, R. Determinants of tannin-rich food
and beverage consumption: Oral perception vs. psychosocial aspects. In Determinants of Food Preferences and Consumption Patterns;
Nova Science Publishers: New York, NY, USA, 2016; pp. 29-58. ISBN 978-1-63484-150-4.

Fraga-Corral, M.; Otero, P.; Cassani, L.; Echave, ].; Garcia-Oliveira, P; Carpena, M.; Chamorro, F.; Lourengo-Lopes, C.; Prieto, M.A;
Simal-Gandara, ]J. Traditional Applications of Tannin-Rich Extracts Supported by Scientific Data: Chemical Composition,
Bioavailability, and Bioaccessibility. Foods 2021, 10, 251. [CrossRef] [PubMed]

Luczaj, L..; Adamczak, A.; Duda, M. Tannin content in acorns (Quercus spp.) from Poland. Dendrology 2014, 72, 103-111. [CrossRef]
Regueiro, J.; Sdnchez-Gonzélez, C.; Vallverda-Queralt, A.; Simal-Gandara, J.; Lamuela-Ravent6s, R.; Izquierdo-Pulido, M.
Comprehensive identification of walnut polyphenols by liquid chromatography coupled to linear ion trap-Orbitrap mass
spectrometry. Food Chem. 2014, 152, 340-348. [CrossRef]

Marc, R.A.; Muresan, C.C.; Pop, A.; Martis, G.S.; Muresan, A.E.; Puscas, A.; Postolache, A.N.; Stoica, F,; Crivei, I.C.; Velescu, L-D.;
et al. An Overview of the Characteristics, Advantages, and Uses of Nuts; IntechOpen: London, UK, 2024. [CrossRef]

Bodoira, R.; Maestri, D. Phenolic compounds from nuts: Extraction, chemical profiles, and bioactivity. J. Agric. Food Chem. 2020,
68,927-942. [CrossRef]

Pelvan, E.; Oktem Olgun, E.; Karadag, A.; Alasalvar, C. Phenolic profiles and antioxidant activity of Turkish Tombul hazelnut
samples (natural, roasted, and roasted hazelnut skin). Food Chem. 2018, 244, 102-108. [CrossRef]

Bolling, B. Almond polyphenols: Methods of analysis, contribution to food quality, and health promotion. Compr. Rev. Food Sci.
Food Saf. 2017, 16, 346-368. [CrossRef]

Slatnar, A.; Mikulic-Petkovsek, M.; Stampar, F; Veberic, R.; Solar, A. HPLC-MSn Identification and Quantification of Phenolic
Compounds in Hazelnut Kernels, Oil, and Bagasse Pellets. Food Res. Int. 2014, 64, 783-789. [CrossRef]

Gonctioglu Tas, N.; Gokmen, V. Phenolic Compounds in Natural and Roasted Nuts and Their Skins: A Brief Review. Curr. Opin.
Food Sci. 2017, 14, 103-109. [CrossRef]


https://doi.org/10.1080/87559129.2022.2029479
https://doi.org/10.1016/j.ijbiomac.2023.125120
https://www.ncbi.nlm.nih.gov/pubmed/37263329
https://doi.org/10.1007/s00344-024-11291-1
https://doi.org/10.4161/psb.21663
https://doi.org/10.1021/jf303725g
https://www.ncbi.nlm.nih.gov/pubmed/23301905
https://doi.org/10.20870/oeno-one.2022.56.1.4895
https://doi.org/10.3389/fpls.2023.1260644
https://www.ncbi.nlm.nih.gov/pubmed/38173924
https://doi.org/10.3390/horticulturae8110993
https://doi.org/10.1016/j.fshw.2019.03.005
https://doi.org/10.1080/10408398.2014.1001811
https://www.ncbi.nlm.nih.gov/pubmed/26114306
https://doi.org/10.1007/s40011-017-0915-3
https://doi.org/10.1111/j.1750-3841.2011.02194.x
https://www.ncbi.nlm.nih.gov/pubmed/22417421
https://doi.org/10.5897/JMPR11.995
https://doi.org/10.1007/s12010-017-2635-9
https://www.ncbi.nlm.nih.gov/pubmed/29181763
https://doi.org/10.1016/j.fochms.2023.100192
https://doi.org/10.3390/foods10020251
https://www.ncbi.nlm.nih.gov/pubmed/33530516
https://doi.org/10.12657/denbio.072.009
https://doi.org/10.1016/j.foodchem.2013.11.158
https://doi.org/10.5772/intechopen.1006492
https://doi.org/10.1021/acs.jafc.9b07160
https://doi.org/10.1016/j.foodchem.2017.10.011
https://doi.org/10.1111/1541-4337.12260
https://doi.org/10.1016/j.foodres.2014.08.009
https://doi.org/10.1016/j.cofs.2017.03.001

Molecules 2025, 30, 800 27 of 28

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Karama¢, M. Chelation of Cu(Il), Zn(Il), and Fe(II) by tannin constituents of selected edible nuts. Int. J. Mol. Sci. 2009, 10,
5485-5497. [CrossRef] [PubMed]

Cobzaru, C.; Serban, A.-N.; Cernatescu, C. Identification and analysis of tannins in extracts from walnuts green fruits and leaves.
Prog. Cryog. Isot. Sep. 2019, 22, 103.

Sepperer, T.; Hernandez-Ramos, F; Labidi, J.; Oostingh, G.J.; Bogner, B.; Petutschnigg, A.; Tondi, G. Purification of Industrial
Tannin Extract through Simple Solid-Liquid Extractions. Ind. Crops Prod. 2019, 139, 111502. [CrossRef]

Danila, A.; Muresan, E.I; Chirila, L.; Coroblea, M. Natural Dyes Used in Textiles: A Review. In Natural Fibres: Advances in Science
and Technology Towards Industrial Applications; Wiley: Hoboken, NJ, USA, 2022; pp. 52-59. [CrossRef]

Nguyen, T.H.; Nguyen, T.T.; Nguyen, TM.A.; Nguyen, T.H.; Nguyen, V.H.; Vu, T.T. Removal of Tannins from Cashew (Anacardium
occidentale L.) Apple Juice in Binh Phuoc (Vietnam) by Using Enzymatic Method. J. Law Sustain. Dev. 2023, 11, e840. [CrossRef]
Mokhtarpour, A. Extraction of Phenolic Compounds and Tannins from Pistachio By-products. Ann. Res. Rev. Biol. 2014, 4,
1330-1338. [CrossRef]

Mehanni, A.-H.; Sorour, M.A.; Ahmed, W.; Abdel-Aal, H. Polyphenols, Tannins, and Phytate Contents in Some Egyptian Legumes
as Affected by Soaking and Germination Processes. BAO] Food Sci. Tech. 2017, 1, 5. [CrossRef]

Amarowicz, R.; Pegg, R.B. Condensed Tannins—Their Content in Plant Foods, Changes During Processing, Antioxidant and
Biological Activities. In Advances in Food and Nutrition Research; Toldr4, E.,, Ed.; Academic Press: New York, NY, USA, 2024;
Volume 110, pp. 327-398. [CrossRef]

Alkurd, R.; Takruri, H.; Al-Sayyed, H. Tannin contents of selected plants used in Jordan. Jord. J. Agric. Sci. 2008, 4, 265-274.
Reed, J.D. Nutritional toxicology of tannins and related polyphenols in forage legumes. |. Anim. Sci. 1995, 73, 1516-1528.
[CrossRef]

Salau, B.; Odufuwa, K.; Olukanni, O.; Atunnise, A.; Daramola, G. Increase in Tannin Content of Some Selected Nigerian Vegetables
during Blanching and Juicing. J. Sci. Res. Rep. 2015, 5, 152-160. [CrossRef]

Diaz Carrasco, ].M.; Redondo, E.A.; Pin Viso, N.D.; Redondo, L.M.; Farber, M.D.; Fernandez Miyakawa, M.E. Tannins and
bacitracin differentially modulate gut microbiota of broiler chickens. Biomed. Res. Int. 2018, 2018, 1879168. [CrossRef] [PubMed]
Ojo, M.A.; Ade-Omowaye, B.I.; Ngoddy, P.O. Processing effects of soaking and hydrothermal methods on the components and
in vitro protein digestibility of Canavalia ensiformis. Int. Food Res. ]. 2018, 25, 72.

Pathak, N.; Kulshrestha, K. Effect of Soaking on Polyphenol Content and Cooking Time of Kidney Beans (Phaseolus vulgaris L).
Chem. Sci. Rev. Lett. 2017, 2017, 2293-2299.

Montes-Avila, J.; Lopez, G.; Delgado-Vargas, F. Tannins in Fruits and Vegetables: Chemistry and Biological Functions. In Fruit
and Vegetable Phytochemicals: Chemistry and Human Health, 2nd ed.; John Wiley & Sons Ltd.: Chichester, UK, 2017; pp. 221-268.
[CrossRef]

Soares, S.; Brandao, E.; Guerreiro, C.; Soares, S.; Mateus, N.; De Freitas, V. Tannins in Food: Insights into the Molecular Perception
of Astringency and Bitter Taste. Molecules 2020, 25, 2590. [CrossRef] [PubMed]

Wang, S.; Mantilla, S.; Smith, P; Stokes, J.; Smyth, H. Astringency sub-qualities drying and pucker are driven by tannin and
pH—Insights from sensory and tribology of a model wine system. Food Hydrocoll. 2020, 109, 106109. [CrossRef]
Gonzélez-Murioz, B.; Garrido-Vargas, F; Pavez, C.; Osorio, F; Chen, J.; Bordeu, E.; O’Brien, J.; Brossard, N. Wine Astringency:
More Than Just Tannin-Protein Interactions. J. Sci. Food Agric. 2022, 102, 1771-1781. [CrossRef]

McRae, J.; Schulkin, A.; Kassara, S.; Holt, H.; Smith, P. Sensory properties of wine tannin fractions: Implications for in-mouth
sensory properties. J. Agric. Food Chem. 2013, 61, 719-727. [CrossRef] [PubMed]

Wang, S.; Smyth, H.E.; Mantilla, SM.O.; Stokes, J.R.; Smith, P.A. Discerning Wine Astringency Sub-Qualities by Tribological
Approaches in a Model System—What Is the Role of Saliva? Proceedings 2019, 36, 61. [CrossRef]

Wang, S.; Mantilla, S.; Smith, P.; Stokes, J.; Smyth, H. Tribology and QCM-D approaches provide mechanistic insights into red
wine mouthfeel, astringency sub-qualities and the role of saliva. Food Hydrocoll. 2021, 120, 106918. [CrossRef]

Fleming, E.; Ziegler, G.; Hayes, J. Investigating Mixture Interactions of Astringent Stimuli Using the Isobole Approach. Chem.
Senses 2016, 41, 601-610. [CrossRef] [PubMed]

Kang, W.; Niimi, J.; Muhlack, R.; Smith, P.; Bastian, S. Dynamic characterization of wine astringency profiles using modified
progressive profiling. Food Res. Int. 2019, 120, 244-254. [CrossRef]

Cisterna-Castillo, M.; Covarrubias, ].I.; Medel-Maraboli, M.; Pefia-Neira, A.; Gil i Cortiella, M. Influence of Protective Colloids on
Calcium Tartrate Stability and the Astringency Perception in a Red Wine. Foods 2024, 13, 3065. [CrossRef] [PubMed]
Ferrero-Del-Teso, S.; Sudrez, A; Jeffery, D.; Ferreira, V.; Fernandez-Zurbano, P.; Sdenz-Navajas, M. Sensory variability associated
with anthocyanic and tannic fractions isolated from red wines. Food Res. Int. 2020, 136, 109340. [CrossRef] [PubMed]

Soares, S.; Kohl, S.; Thalmann, S.; Mateus, N.; Meyerhof, W.; De Freitas, V. Different phenolic compounds activate distinct human
bitter taste receptors. J. Agric. Food Chem. 2013, 61, 1525-1533. [CrossRef]

Landon, J.; Weller, K.; Harbertson, J.; Ross, C. Chemical and Sensory Evaluation of Astringency in Washington State Red Wines.
Am. . Enol. Vitic. 2008, 59, 153-158. [CrossRef]


https://doi.org/10.3390/ijms10125485
https://www.ncbi.nlm.nih.gov/pubmed/20054482
https://doi.org/10.1016/j.indcrop.2019.111502
https://doi.org/10.2478/9788366675735-010
https://doi.org/10.55908/sdgs.v11i8.840
https://doi.org/10.9734/ARRB/2014/7793
https://doi.org/10.21608/jsasj.2018.229203
https://doi.org/10.1016/bs.afnr.2024.03.001
https://doi.org/10.2527/1995.7351516x
https://doi.org/10.9734/JSRR/2015/14245
https://doi.org/10.1155/2018/1879168
https://www.ncbi.nlm.nih.gov/pubmed/29682522
https://doi.org/10.1002/9781119158042.ch13
https://doi.org/10.3390/molecules25112590
https://www.ncbi.nlm.nih.gov/pubmed/32498458
https://doi.org/10.1016/j.foodhyd.2020.106109
https://doi.org/10.1002/jsfa.11672
https://doi.org/10.1021/jf304239n
https://www.ncbi.nlm.nih.gov/pubmed/23289627
https://doi.org/10.3390/proceedings2019036061
https://doi.org/10.1016/j.foodhyd.2021.106918
https://doi.org/10.1093/chemse/bjw064
https://www.ncbi.nlm.nih.gov/pubmed/27252355
https://doi.org/10.1016/j.foodres.2019.02.041
https://doi.org/10.3390/foods13193065
https://www.ncbi.nlm.nih.gov/pubmed/39410100
https://doi.org/10.1016/j.foodres.2020.109340
https://www.ncbi.nlm.nih.gov/pubmed/32846535
https://doi.org/10.1021/jf304198k
https://doi.org/10.5344/ajev.2008.59.2.153

Molecules 2025, 30, 800 28 of 28

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

Fontoin, H.; Saucier, C.; Teissedre, P.; Glories, Y. Effect of pH, ethanol and acidity on astringency and bitterness of grape seed
tannin oligomers in model wine solution. Food Qual. Prefer. 2008, 19, 286-291. [CrossRef]

Lesschaeve, I.; Noble, A. Polyphenols: Factors influencing their sensory properties and their effects on food and beverage
preferences. Am. |. Clin. Nutr. 2005, 81 (Suppl. S1), 3305-335S. [CrossRef] [PubMed]

Li, L.; Li, Z.; Wei, Z.; Yu, W.; Cui, Y. Effect of tannin addition on chromatic characteristics, sensory qualities and antioxidant
activities of red wines. RSC Adv. 2020, 10, 7108-7117. [CrossRef] [PubMed]

Pittari, E.; Piombino, P.; Andriot, I.; Cheynier, V.; Cordelle, S.; Feron, G.; Gourrat, K.; Quéré, L.; Meudec, E.; Moio, L.; et al. Effects
of oenological tannins on aroma release and perception of oxidized and non-oxidized red wine: A dynamic real-time in-vivo
study coupling sensory evaluation and analytical chemistry. Food Chem. 2021, 372, 131229. [CrossRef] [PubMed]

Larcher, R.; Tonidandel, L.; Villegas, T.; Nardin, T.; Fedrizzi, B.; Nicolini, G. Pre-fermentation addition of grape tannin increases
the varietal thiols content in wine. Food Chem. 2015, 166, 56—61. [CrossRef] [PubMed]

Suc, L.; Rigou, P; Mouls, L. Detection and Identification of Oxidation Markers of the Reaction of Grape Tannins with Volatile
Thiols Commonly Found in Wine. |. Agric. Food Chem. 2021, 69, 10. [CrossRef] [PubMed]

Chen, K.; Escott, C.; Loira, I.; Del Fresno, J.; Morata, A.; Tesfaye, W.; Calderén, F.; Benito, S.; Sudrez-Lepe, J. The Effects of
Pre-Fermentative Addition of Oenological Tannins on Wine Components and Sensorial Qualities of Red Wine. Molecules 2016,
21, 1445. [CrossRef] [PubMed]

Wimalasiri, PM.; Zhan, J.; Tian, B. Characterisation of Tannin and Aroma Profiles of Pinot Noir Wines Made with or without
Grape Pomace. Fermentation 2022, 8, 718. [CrossRef]

Frost, S.; Harbertson, J.; Heymann, H. A full factorial study on the effect of tannins, acidity, and ethanol on the temporal perception
of taste and mouthfeel in red wine. Food Qual. Prefer. 2017, 62, 1-7. [CrossRef]

Villamor, R.; Evans, M.; Ross, C. Effects of Ethanol, Tannin, and Fructose Concentrations on Sensory Properties of Model Red
Wines. Am. |. Enol. Vitic. 2013, 64, 342-348. [CrossRef]

Diako, C.; McMahon, K.; Mattinson, S.; Evans, M.; Ross, C. Alcohol, Tannins, and Mannoprotein and their Interactions Influence
the Sensory Properties of Selected Commercial Merlot Wines: A Preliminary Study. J. Food Sci. 2016, 81, S2039-52048. [CrossRef]
Chen, K,; Escott, C.; Loira, I.; Del Fresno, J.; Morata, A.; Tesfaye, W.; Calderdn, F.; Sudrez-Lepe, J.; Han, S.; Benito, S. Use of
non-Saccharomyces yeasts and oenological tannin in red winemaking: Influence on colour, aroma and sensorial properties of
young wines. Food Microbiol. 2018, 69, 51-63. [CrossRef] [PubMed]

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/10.1016/j.foodqual.2007.08.004
https://doi.org/10.1093/ajcn/81.1.330S
https://www.ncbi.nlm.nih.gov/pubmed/15640499
https://doi.org/10.1039/C9RA09846A
https://www.ncbi.nlm.nih.gov/pubmed/35493901
https://doi.org/10.1016/j.foodchem.2021.131229
https://www.ncbi.nlm.nih.gov/pubmed/34624784
https://doi.org/10.1016/j.foodchem.2014.05.149
https://www.ncbi.nlm.nih.gov/pubmed/25053028
https://doi.org/10.1021/acs.jafc.0c07163
https://www.ncbi.nlm.nih.gov/pubmed/33657810
https://doi.org/10.3390/molecules21111445
https://www.ncbi.nlm.nih.gov/pubmed/27809234
https://doi.org/10.3390/fermentation8120718
https://doi.org/10.1016/j.foodqual.2017.05.010
https://doi.org/10.5344/ajev.2013.12118
https://doi.org/10.1111/1750-3841.13389
https://doi.org/10.1016/j.fm.2017.07.018
https://www.ncbi.nlm.nih.gov/pubmed/28941909

	Introduction 
	Functional Properties and Health Benefits of Dietary Tannins 
	The Bioavailability and Metabolism of Tannins in the Human Body 
	Tannins: Human Health Implications and Gut Health vs. Antinutritional Aspects 
	Tannins in Beverages, Fruit Juices, Fresh Fruits, Nuts, and Vegetables 
	Tea 
	Wine 
	Fruit Juices 
	Other Beverages 
	Fresh Fruits 
	Nuts 
	Vegetables 

	Sensory Qualities Affected by Tannins 
	Astringency 
	Bitterness 
	Aroma, Flavor, and Overall Mouthfeel 

	Final Remarks 
	References

