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A B S T R A C T   

Most of the pertinent research which aims at exploring the therapeutic effects of polyphenols usually mis-
apprehends a large fraction of non-extractable polyphenols due to their poor aqueous-organic solvent extract-
ability. These polymeric polyphenols (i.e., proanthocyanins, hydrolysable tannins and phenolic acids) possess a 
unique property to adhere to the food matrix polysaccharides and protein sowing to their structural complexity 
with high glycosylation, degree of polymerization, and plenty of hydroxyl groups. Surprisingly resistance to 
intestinal absorption does not hinder its bioactivity but accelerates its functionality manifolds due to the colonic 
microbial catabolism in the gastrointestinal tract, thereby protecting the body from local and systemic inflam-
matory diseases. This review highlights not only the chemistry, digestion, colonic metabolism of non-extractable 
polyphenols (NEPP) but also summarises the synergistic effect of matrix-bound NEPP exerting local as well as 
systemic health benefits.   

Introduction 

Plants produce more than 8000 phenolic compounds, usually called 
(poly)-phenols, which are the most efficient immune-protective com-
ponents. The advanced scientific research has clearly established the 
significant preventive action of dietary polyphenolic antioxidants 
against chronic metabolic diseases due to their anti-inflammatory, 
antioxidant, anti-cancerous, and immune-modulatory properties (de 
Souza et al., 2019; Hossen et al., 2017; McClements et al., 2021). As 

most of the compounds arise owing to aromatic rings and hydroxyl 
groups of phenolics to form polymeric structures and remain in a bound 
and polymeric form as glycosides or esters, these are recognized as xe-
nobiotics in the human body, having apparently low bioavailability in 
the human gastrointestinal system (de Souza et al., 2019; Leri et al., 
2020). These secondary metabolites of plant with diversified chemical 
characteristics and varying solubility in the aqueous-organic solvent 
medium is analysed extensively by experimental and clinical trial 
methods focusing mainly on its bioavailability, metabolism, and 
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mechanism of action (Pérez-Jiménez & Torres, 2011). 
Till date a myriad of research regarding polyphenol chemistry and 

bioactivity only covered the polyphenol fraction into consideration that 
were extracted in aqueous-organic solvents (i.e., extractable poly-
phenols). Therefore, the data regarding the overall polyphenol content 
in food is misjudged and miscalculated because of inefficient aqueous- 
organic extraction methods, which are incapable of extracting the 
polymeric polyphenols (flavan-3-ol polymer- condensed tannin, hydro-
lysable tannin and bound phenolic acids) bound to the food matrix 
residue after extraction (Carboni Martins et al., 2022; Ding et al., 2020). 
These are termed as non-extractable polyphenol or macromolecular 
antioxidants present in bulk fraction in physiological as well as food 
milieu with three basic characteristics that make them different from 
extractable polyphenols: a) They are not extractable in conventional 
aqueous-organic solvents extraction method; b) They remain in a com-
plex polymeric form being linked to the food matrix components, and c) 
Though these are not bio-accessible in the small intestine they become 
so only in the large intestine and colon after skipping small intestinal 
digestion (Martínez-Meza et al., 2020; Pérez-Jiménez et al., 2013; Saura- 
Calixto, 2012). 

Although NEPP are surplus in the daily diet, 60 mg/day of daily 
intake in the United States with a degree of polymerization greater than 
2 (Gu et al., 2004) and 450 mg/day with a higher degree of polymeri-
zation in the Spanish population (Saura-Calixto et al., 2007), their 
bioavailability is strongly affected by the complex structure, higher 
degree of polymerization, association with food matrix polysaccharides, 
and many other factors, the chemistry being the main player. The sci-
entific evidence available till date indicates that the association of these 
polymeric polyphenols to the food matrix may help bind the complex 
polysaccharide thus aiding their journey to the colon unaltered (Renard 
et al., 2017; Zhu, 2018). The scientific testimonial gathered till date also 
stipulates that the health benefits of these phytochemicals might be 
accredited to the bio-transformed metabolites synthesized by microbial 
catabolism in the colon, rather than its native conformation found in 
foods (Huang et al., 2022). 

Detailed knowledge about the overall chemistry, its mechanism of 
digestion and absorption of NEPP is lacking making the area of research 
vague. Besides there is a knowledge gap regarding the pathways and 
mechanism of action used by these phenolics and their metabolites as 
well (Carboni Martins et al., 2022). However, there are only a few 
studies available on the NEPP-polysaccharide cross-talk and the two- 
way interaction of NEPP and gut microbiome to validate the synergis-
tic effect realistically (Tomás-Barberán & Espín, 2019). This review aims 
to reveal the precise updated information regarding the absorption, 
bioaccessibility and interaction between polysaccharide and NEPP to 
establish a concise clear and concept of the underlying mechanism 
hampering extractability followed by its efficient delivery to large in-
testine and colon. The thorough literature review and compilation of the 
information has been done to explore the synergistic role of NEPP with 
gut microorganisms in exerting local and systemic therapeutic effects. 
This review also highlighted the immunomodulatory mechanism of 
these metabolites, which have profound therapeutic effect against 
metabolic disorder and modulation of gut microbial ecology preventing 
dysbiosis as well. 

Chemistry of non-extractable polyphenols 

Based on scientific research in the past, the dietary phenolics are 
conventionally classified in several groups on the basis of their chemical 
properties and structural diversities (Pérez-Jiménez et al., 2013). But 
these compounds can also be classified in majorly two classes depending 
on its association with food matrix components and solubility in con-
ventional aqueous-organic solvents: 1) The soluble phenolics that are 
present freely in the vacuoles of plant cells together with some low 
molecular weight soluble phenolics conjugated to the food matrix 
polysaccharide protein and sometimes fatty acids are mostly referred as 

extractable polyphenol. Several chemically diverse subgroups of flavo-
noids (flavanols, anthocyanins, flavones, flavonols), stilbenes, hydrox-
ybenzoic and hydroxycinnamic acids along with some fraction of 
extractable proanthocyanidins (EPA) are some of the reported EPP 
found in plants, fruits and vegetables (Carboni Martins et al., 2022; 
Saura-Calixto, 2012); and 2) The rest of the high molecular weight 
phenolics, mostly polymerised proanthocyanidin, hydrolysable tannin 
and to some extent low molecular weight phenolics, which remain 
bound to the macromolecules in the fibrous residue after aqueous- 
organic solvent extraction are termed as non-extractable polyphenols 
(Carboni Martins et al., 2022; Pérez-Jiménez & Torres, 2011). 

The non-extractable polyphenols (NEPP) remain associated with cell 
wall macromolecules mostly protein, dietary fibre, and polysaccharides 
by covalent, non-covalent, and hydrogen bonds and hydrophobic in-
teractions or confined in the core food matrix (Fig. 1). Therefore, it es-
capes the conventional aqueous organic extraction process and it is used 
to get discarded with the corresponding residue (Cheng et al., 2014; 
Pérez-Jiménez et al., 2013). It encompasses proanthocyanidins 
commonly known as condensed tannin and hydrolyzable polyphenols 
and bound phenolic acids (Domínguez-Rodríguez et al., 2017, 2022; 
Pérez-Jiménez et al., 2013; Pérez-Jiménez & Torres, 2011). 

Non-extractable proanthocyanidins (NEPA) or condensed tannins 

Proanthocyanidins are the second most predominant plant second-
ary metabolites after lignin and it constitutes more than twice the con-
tent of other flavonoids present in our diet (Carboni Martins et al., 2022; 
Qi et al., 2022). These are combinations of oligomers and polymers of 
flavan-3-ol units, commonly known as catechins. The flavan 3-ol units 
possess the typical C6 C3 C6 flavonoid structural backbone. The fused 
aromatic ring to the heterocyclic benzopyran ring C is considered as the 
A ring and the ring with phenyl constituent as the B ring (He et al., 2008; 
Martínez-Meza et al., 2020). NEPP can be further subdivided in two 
groups: extractable proanthocyanidins and non-extractable proantho-
cyanidin (NEPA). The structural divergence of proanthocyanidins rests 
on the stereochemistry at the chiral carbon and hydroxylation pattern on 
the B ring of the flavanol monomer extension and end units, the inter- 
flavan linkage, and the degree of polymerization (Ou & Gu, 2014). 
Depending on the hydroxylation pattern on both aromatic ring and 
stereochemistry of the two chiral carbons (C2 and C3) of ring C, flavanol 
monomers have 4 basic stereochemically different configurations with 
several monomeric diastereoisomers. The C2 configuration is designated 
as R whereas the 2S configuration is differentiated by a prefix term 
enantio (ent.) among which (+) catechins, (-) epicatechin are the two 
most common monomeric extension units found naturally. Combina-
tions of these monomers give rise to several classes of proanthocyani-
dins. The most abundant proanthocyanidins are procyanidin, 
prodelphinidin and propelargonidin made up of (+) catechin or (-) 
epicatechins with3′,4′-dihydroxyl pattern of extension unit, prodelphi-
nidins with 3′,4′,5′-trihydroxyl pattern ((+)-gallocatechin and/or 
(-)-epigallocatechin) and propelargonidin with 4′-hydroxyl pattern 
((+)-afzelechin and/or (-)-epiafzelechin) units, respectively. Proantho-
cyanidin monomers are joined through Inter Flavan Linkage (IFL) to 
form polymers and based on the type of linkage (either α or β) it can be 
divided into several classes: i) Proanthocyanidins in which flavan-3-ol 
monomers are joined through C4 - C8 or C4 - C6 linkage are grouped 
as B-type of proanthocyanidina, and ii) those which are joined by an 
additional C2 - C7 linkage along with C4 - C8 or C4 - C6 linkage are 
grouped as type A proanthocyanidins (Ou & Gu, 2014; Rue et al., 2018; 
He et al., 2008). The most abundant type of proanthocyanidins present 
in the vegetables is procyanidins which are composed of catechin and 
epicatechin units, while other less common ones are propelargonidin or 
prodelphinidin containing (epi)-afzelechin or (epi)-gallocatechin as basic 
units (Fig. 1). There are several subgroups of procyanidins found in 
nature from dimers (procyanidin B1-B8, procyanidin A1-A2), trimers 
(procyanidin C1 and C2) to oligomers, and polymers, based on the 
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number of monomeric units present i.e., the degree of polymerization 
(Smeriglio et al., 2017). These are found to be associated with the cell 
wall components and other cellular parts in tegmental tissues and also in 
fruit peels and stems and barks, seed coats and brans of grains, etc. 
(Mateos-Martín et al., 2012; Tuohy & Rio, 2014). The mechanism of 
association of these compounds to the cell wall polysaccharides is dis-
cussed below highlighting several reactions taking place. A-type 
proanthocyanidins are found rarely in nature compared to the B-type. It 
is detected in fruits (such as avocados, plums, cranberries, and peanuts) 
and herbs such as curry leaves and cinnamon as well (Xie et al., 2023). 
Traces of B-type proanthocyanidins can be observed in fruits such as 
banana, cocoa, grapes, and apricot, cereals and millets for example, 
sorghum and barley, and nuts such as almonds, etc. (Gu et al., 2003). 

Hydrolysable tannin 

Hydrolysable tannins are complex polymerized compounds made up 
of a core sugar moiety that is acylated by gallic acid or ellagic acid 
subunits and their secondary products. Based on the acylated subunits 
hydrolysable tannins are mainly of two types; gallotannins (when the 
monomeric subunits are gallic acid) and ellagitannins (when the 
monomeric units are ellagic acid) (Domínguez-Rodríguez et al., 2017). 
Ellagitannins are the transformed version of hexahydroxydiphenic acid 
(HHDP) produced by hydrolysis (Tuohy & Rio, 2014). Ellagic acid is 
produced by C–C bonding between the gallolyl units of gallotanins to 
form hexahydroxydiphenic acid (HHDP), which lactonises spontane-
ously yielding ellagic acid (Sallam et al., 2021). These secondary me-
tabolites present in a wide variety of fruits, vegetables, nuts, seed coats, 
cereal grains, and beverages like tea, coffee, cocoa, and red wine (Gu 
et al., 2004; Smeriglio et al., 2017). Although these compounds can also 
be present in EPP fraction, a few study reports confirm its presence in 
residual part after water-organic solvent extraction. 

Bound phenolic acids 

There is ample evidence to suggest that some phenolic acids remain 
bound to the food matrix residue even after the extraction of soluble free 
and esterified phenolic acids. These phenolic acids are mostly de-
rivatives of ferulic acid, such as ferulic acid esterified with a sugar 
moiety (Rocchetti et al., 2022). Ferulic acid is known to remain bound to 
cell wall polysaccharides, such as hemicelluloses, via ester linkages. 
Additionally, the dimer and oligomers of ferulic acid aid in cross-linking 
polysaccharides to other cell wall insoluble polysaccharides, such as 
xylanes, lignins, and proteins. To analyze and quantify these phenolics, a 
step called hydrolysis is required to deconjugate them from the food 
matrix polysaccharides and proteins (Martínez-Meza et al., 2020; Pérez- 
Jiménez & Torres, 2011). 

Interaction of NEPP with food matrix polysaccharides 

The potential beneficial effects of non-extractable polyphenols 
depend on their structural and biochemical properties, especially, their 
unique property to interact with macromolecules of food (Makarewicz 
et al., 2021). These polymeric polyphenols get attached to the matrix 
protein, cellulosic polysaccharides and pectin with the help of non- 
covalent bonds like hydrogen bonds and ester bonds (Wong et al., 
2016). The existence of the food matrix, and the chemical components as 
well, can affect the process of bio-accessibility, bioavailability and the 
efficiency of biological activity of non-extractable polyphenols and their 
synergistic interactions with the intestinal microbiota (Iqbal et al., 2022; 
Saura-Calixto, 2011). The isothermal titration calorimetry (ITC) study of 
the interaction mechanism between non-extractable polyphenols and 
food matrix polysaccharides (Le Bourvellec et al., 2009; Watrelot et al., 
2013), highlighted the major influencing factors i.e., the chemical and 
structural composition of NEPP, as well as the degree of polymerization 
(Carboni Martins et al., 2022), percentage of glycosylation (Chirug et al., 
2018), percentage of gallolylation (Bautista-Ortín et al., 2014), stereo-
chemistry of flavan-3-ol subunits, and several physicochemical 

Fig. 1. Overview of extractable (EPP) and non-extractable polyphenolic (NEPP) compounds present in human diet.  
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properties (Bautista-Ortín et al., 2014; Watrelot et al., 2013).The mul-
tiple binding site in polymeric procyanidins strongly facilitates its as-
sociation with pectin molecules. The affinity of interaction is increased 
by oxidation of proanthocyanidin molecules (Bautista-Ortín et al., 
2014). 

The polymeric procyanidins possess many ortho phenolic groups and 
aryl rings which contributes to hydrogen bond formation and hydro-
phobic interactions. Moreover, the higher the degree of polymerisation, 
higher the presence of ligands capable of binding the call wall poly-
saccharides (Liu et al., 2020). Not only the structural diversity of NEPP 
but the components of food matrix such as presence of cellulose, 
hemicelluloses and pectins also influences the adsorption and retention 
of polymeric polyphenols within the matrix polysaccharide network. 
Fernandes et al. (2020) found that excess branching of arabinan-pectic 
polysaccharide hampers the interaction between polysaccharide and 
polyphenolic substances. The plant cell wall is a complex polysaccharide 
matrix made up of three impregnated but not interlinked networks i.e., a 
cellulose or xyloglucan network implanted in a matrix of pectin and held 
immobile by cross-connected glycoproteins (Liu et al., 2020). Ducasse 
et al. (2010) showed in their research that the use of pectin degrading 
enzyme during maceration increases proanthocyanidin extraction from 
grapes as these enzymes degrade the pectin mesh and help release the 
proanthocyanidin from the bound form. Bindon et al. (2016) found that 
removal of pectins from grape cell wall reduces the adsorption of 
proanthocyanidin to the native cell wall components. This study proves 
the involvement pectins in binding the NEPP through non-covalent 
interaction. Other than that the solubility of food matrix poly-
saccharides, molecular size, branching complexity, degree of esterifi-
cation and overall surface porosity are the major modulatory factor 
regarding the polysaccharide polyphenol interaction (Liu et al., 2020). 
The most probable cause of discrepancy in the experimental result of 
proanthocyanidins binding and extraction efficiency may be due to the 
oxidation of procyanidin and its absorption in the food polysaccharide 
matrix or an increase in non-covalent interaction between the compo-
nents mentioned above (Thilakarathna & Vasantha Rupasinghe, 2022; 
Ye et al., 2014) (Fig. 2). Ruiz-Garcia et al. (2014) found that 

hemicellulose fraction has the highest capacity to retain proanthocya-
nidins. Pectin has the ability to capture the procyanidins in preformed 
hydrophobic regions by the help of gelling (Le Bourvellec et al., 2005). 

Corn and common beans are the sources of phenolic compounds that 
remain attached to the oligosaccharides. The in vitro digestion process of 
polyphenols along with oligosaccharides were studied using corn 
cooked bean chips for snacks. The results showed that the non-digestible 
polyphenols present in the nondigestible oligosaccharides of corn 
cooked bean chips reached the colon and effectively showed prebiotic 
and antioxidative functions (Luzardo-Ocampo et al., 2017). There are a 
few polysaccharide to be precise, oligosaccharide like fructan and 
fucoidans (hydrolysed to yield fuco-oligosaccharide) are found to have 
therapeutic benefits and used for food and nutraceutical and pharma-
ceutical application (Wang et al., 2023; Wang & Cheong, 2023). 

Dietary fibres rich in NEPP were extracted from broccoli stalks in two 
fractions, total fibre fractions and insoluble dietary fibre fraction. The 
NEPP content in the total fibre fraction, insoluble fibre fraction and 
freeze-dried fraction of broccoli stalk was found to be 98%, 97% and 
79% of the total polyphenols, respectively. The insoluble dietary fibre 
fraction was nutritionally important with high content of polyphenols, 
glucosinolates with high prebiotic score. Environment friendly by- 
product may be used in food and pharmaceutical industry (Núñez- 
Gómez et al., 2022). 

Several studies have pointed out that the physiological effects of 
NEPP or dietary fibres when separately given have a less promising ef-
fect than when given simultaneously. Insoluble dietary fibres from carob 
fruit holding NEPP reduced blood pressure and showed hypocholester-
olemic effect when given to rats (Macho-González et al., 2017, 2018). 
Several in vivo studies have shown that dietary fibres along with NEPP 
synergistically increase the cardiometabolic markers. In a randomised 
control trial refined wheat grain was compared with whole wheat grain 
in the diet of unhealthy individuals of overweight and obese category. 
Whole wheat grain group showed four-fold increase of serum dihy-
droferulic acid. Refined Wheat grain intake lowered Bifidobacteriales 
and increased Bacteroidetes while whole wheat grain intake increased 
Bacteroidetes and Firmicutes but reduced Clostridium with reduction in 

Fig. 2. Structural organization of plant food matrix with non-extractable polyphenol entrapped in it (A) by several chemical interaction mostly noncovalent 
bonds (B). 
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inflammatory markers (Vitaglione et al., 2015). 
Several non-covalent interactions such as hydrophobic interaction, 

hydrogen bonds helps to form pectin-polyphenol interaction (Hu et al., 
2023). The aromatic groups present on the structure of NEPP polymers 
acts as positive inducer of hydrophobic interaction (Watrelot et al., 
2013). Le Bourvellec et al. (2004) observed disruption of hydrogen 
bonds by applying urea in proanthocyanidin-polysaccharide mixture, 
therefore proved the involvement of hydrogen bond also. Majority of 
hydrolysable tannins contents in plants are extracted in conventional 
water-organic solvent extraction method, leaving behind very less in the 
food matrix residue (Pérez-Jiménez & Torres, 2011). The proportion of 
polyphenols to polysaccharides, pH of the extraction medium, ionic 
strength, reaction time and temperature are also major influencing 
factors. These factors also influence the extraction rate of bound phe-
nolics from the food matrix (Padayachee et al., 2013; Rocchetti et al., 
2022). 

The NEPP-polysaccharide interaction exerts a significant effect on 
the nutritional, biochemical properties and extractability of the NEPP 
(Le Bourvellec et al., 2009; Renard et al., 2011). It also alters the 
extractability (Le Bourvellec et al., 2009), susceptibility to enzymes, and 
fermentability of cell wall biopolymers (Aura et al., 2013). The presence 
of the food matrix also modifies the bidirectional interactions of NEPP 
with the intestinal microbiota. NEPP conjugates with insoluble dietary 
fibre reach the colon before transformation. In a preclinical study wheat 
bran containing ferulic acid fraction associated with cell wall was found 
to be more bioavailable than free form of the polyphenols (Rondini 
et al., 2004). NEPP showed a delayed release of phenolic compounds due 
to retention in the gel (Mosele et al., 2016). 

The association of NEPP with cell wall polysaccharides has a sig-
nificant impact its extractability. The food matrix polysaccharides 
hinder the bioavailability of these compounds in the upper gastroin-
testinal tract (Das et al., 2020). This phenomenon helps to carry these 
compounds to the colon where it gets fermented by the colonic micro-
flora and produces many metabolites such as different phenolic acids 
(Ozdal et al., 2013) with much more potent biological effects than that 
of the native compounds. Studies by Aura et al. (2013) put light on the 
synergistic effect of interconnection between food matrix and non- 
extractable procyanidin on the metabolic transformation of these com-
pounds in the colon by human colonic microflora. A few studies on the 
rate of fermentability of NEPP suggested that the presence of dietary 
fibre amplifies the fermentation of polyphenols (Juśkiewicz et al., 
2011). This data was validated by a work done by Saura-Calixto et al. 
(2010) where the in vitro fermentability of NEPP concentrate was found 
to be 23%, while NEPP concentrate in presence of dietary fibre showed 
53% fermentability. There are several probable hypotheses about this 
phenomenon but the most convincing one is that the food matrix poly-
saccharides may act as nutrients for the growth and activity of colonic 
microflora thus indirectly igniting the fermentation process. The NEPP 
also modifies the solubility property, reduce viscosity, and also decrease 
the rigidity of matrix polysaccharide meshwork of plant cell wall 
through formation of polyphenol-polysaccharide complex (Tudorache 
et al., 2020) and also provide protection against bacterial, fungal attack 
and oxidative stress (Liu et al., 2007). Thus, the food matrix components 
and NEPP both exert a synergistic effect on the colonic fermentation of 
NEPP providing a significant amount of fermentable NEPP to the gut 
microbiota for a longer time and keeping the metabolites for a longer 
time in the human body simultaneously. 

Bioavailability and colonic biotransformation of non-extractable 
polyphenols in gastrointestinal tract 

Proanthocyanidin, also known as condensed tannin, is the second 
most abundant constituent of plant tissue after lignin. The average daily 
intake of proanthocyanidin is more than twice the total consumption of 
other extractable flavonoids, making it the major constituent of NEPP 
fraction (Gu et al., 2003; Qi et al., 2022). Therefore, it can be assumed 

that the biological effect of NEPP would be of greater magnitude than 
other flavonoids. However, due to their high molecular weight, the 
presence of polyhydroxyl groups, and a higher degree of polymerization, 
the absorption and bio-accessibility of these compounds are quite 
challenging to achieve in the human GI tract. Studies on the bioavail-
ability of these compounds both in vitro and in vivo are scarce due to 
inefficient extraction techniques. However, recent advances in its 
extraction procedure opens the scope of research regarding digestion 
and bio-accessibility of non-extractable polyphenols. A study by Castello 
et al. (2018) reported a significant absorption rate as they detected 9.55 
μmol (–)-epicatechin and its derivatives in human urine during 48 h 
following ingestion of 387.58 μmol of (–)-epicatechin measured by 
UHPLC-ESI-MS/MS in the absence of deconjugating enzymes. In another 
study using monomeric proanthocyanidins, EGCG showed 0.012% and 
0.32% absorption rates in fasted rats and human subjects, respectively 
within 1 h without the use of deconjugating enzymes (Gan et al., 2018). 
A recent systematic review by Hu et al. (2018) showed that 704 mg 
EGCG/day from green tea extract is a safe dose when it is consumed in 
beverage form.Déprez et al. (2000) revealed that the permeability of 
proanthocyanidin dimer and trimers through the paracellular route in 
Caco-2 cell lines is almost similar to the mannitol, a paracellular trans-
port marker. These monomeric, di and trimeric proanthocyanidin is 
further glucuronudated firstly in the enterocytes and sulfonated and 
methylated next in the liver (Sallam et al., 2021). 

The rate of absorption of monomeric proanthrocyanidin is only 
5–10% of extractable polyphenol monomers. On the other hand, 
proanthocyanidin with a higher degree of polymerization are neither 
permeable (permeability: 2% of total NEPP) through the cell membrane 
due to their high polarity as a consequence of hydroxyl groups present 
on it nor can penetrate through the gap junction probably because of 
their molecular weight and ability to tighten up the gap junctions by 
forming complexes with the cellular protein (Sallam et al., 2021). It has 
been reported that about 95% of non-absorbed proanthocyanidin poly-
mers reach the colon in its intact form to be bio-transformed to produce 
several metabolites with higher potential benefits (de Freitas et al., 
2022; Makarewicz et al., 2021). 

To date, several studies have focused on the bioavailability of 
proanthocyanidin dimers and higher polymers, but a single conclusion 
cannot be drawn from those due to the contradiction in data. There are a 
few studies that finally helps to describe this controversial phenomenon. 
Choy et al. (2013) focused on identifying and characterizing the me-
tabolites of non-extractable polyphenols, and finally observed that about 
11% of the ingested grape seed proanthocyanidins were unchanged and 
the rest of the compounds were identified as polymers having the degree 
of polymerization from 4 to 6. This observation leads us to conclude that 
proanthocyanidins consisting of more than 3 subunits are resistant to 
degradation. Similar results were also observed in an another study 
conducted by Choy et al. (2014). Thus, these studies further prove that 
absorption of polymerized proanthocyanidin in the small intestine is 
negligible. This phenomenon gave a direction for further research on 
what makes them inaccessible in the small intestine, whether the 
interaction with polysaccharide has any significant role to play and its 
fate in the colon, and on the effects of metabolites in the colon, which is 
the only target organ to assess its biological effects. 

The hydrolysable tannins can be hydrolysed to some extents forming 
sugar moiety and respective ellagic acid, phenolic acid, gallic acid etc by 
acid, alkali hydrolysis or by esterase enzyme activity at the intestinal 
mucosa lining. The bioavailability of hydrolysed tannins mostly depends 
on the absorption rate and further biotransformation of its hydrolysed 
derivatives in the small intestine and colon, respectively. Wu & Tian 
(2017) explained the possible mechanism of absorption of hydrolysable 
tannin in vivo and reported a slow absorption rate of gallic acid than p- 
coumaric acids. Seeram et al. (2004) found the systemic level of ellagic 
acid to be significantly low than other phenolics as these compounds get 
bound irreversibly to protein and minerals. Thus, absorption of hydro-
lysable tannin is greatly hampered in the small intestine and in turn 
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opens up another chance to be metabolised in the colon with the help of 
gut microbiota. 

Though polyphenols are the most abundant class of phytochemicals 
ingested through diet, these are recognized as xenobiotics which are 
mostly found as esters, glycosides, and polymers that hamper their 
bioavailability. As a result, only 5–10% of the total ingested polyphenols 
having low molecular weight and less complexity manages to be 
absorbed in the small intestine; thus, rest of these extractable poly-
phenols along with the highly polymerized NEPP accumulate in the 
colon with less than 10% excretion rate through faeces (Cardona et al., 
2013). Therefore, it is inevitably clear that these phytochemical com-
pounds are subjected to extensive modification by the colonic microbial 
enzymes giving rise to several more active low molecular weight me-
tabolites with much more potent biological attributes (Wang et al., 
2022). 

The colon and GI tract host more than 1,000 different anaerobic 
microbial entities, including some species that have been found to in-
fluence the metabolism of polyphenols, as well as other phytochemicals 
and xenobiotics (Loo et al., 2020). Depending on the microbial popu-
lation and the polyphenolic metabolites produced, the general popula-
tion can be categorized into several subclasses called metabotypes. 
Understanding these metabotypes is crucial for comprehending the 
polyphenol-gut microbiota interaction and summarizing their systemic 
effects (Cani & Everard, 2016). The microbial environment in the gut 
holds a crucial factor to exert the effectiveness of polyphenolic metab-
olites because inter-individual variability in microbial communities or 
specific metabotypes can influence the functionality of polyphenols to a 
great extent (Fabbrini et al., 2022; Sarkar et al., 2021). Apart from the 
inter-individual variability, recent scientific investigation focuses on the 
two-way relationship of polyphenols and gut microbial ecology. Gut 
microbiota not only influences the biotransformation of polyphenols to 
produce potent bioactive metabolites but also variation in dietary intake 
pattern of polyphenols and their metabolites can alter the ecological 
niche gut microbial population, alter bacteroidetes/firmicutes (B/F) 
balance by exerting prebiotic as well as antimicrobial effects, therefore, 
aids beneficial microbial growth by inhibiting pathologenic 
microorganisms. 

Much of the intestinal absorption and metabolism occurs through a 
common pathway. Natural polyphenols are present in foods as sugar or 
organic acid conjugates except for the polymeric polyphenols, which 
remain as a complex polymeric form. Both are hardly absorbed in the 
small intestine and finally get to the colon unaltered. The following 
biotransformation by the help of microbial enzymatic catabolism occurs 
through three major catabolic processes: O-deglycosylations and ester 
hydrolysis followed by C-ring cleavage; delactonization, demethylation, 
and dehydroxylation and double bond reduction (Tomás-Barberán et al., 
2016). In short, the glycosides of polyphenols are hydrolysed to some 
extent by the intestinal enzyme β-glucosidase present in the enterocytes 
or lactase phloridzine hydrolase present in the brush borders of the small 
intestine followed by absorption and extensive phase I (such as oxida-
tion, reduction, and hydrolysis) and phase II biotransformation (conju-
gation such as glucuronidation) by the help of 5′ diphosphate 
glucuronosyltransferase (Sallam et al., 2021) in the enterocytes and 
hepatocytes, respectively. Later, the conjugated polyphenolic metabo-
lites circulate in the blood in association with protein. The conjugated 
metabolites can be excreted through biliary circulation in the duodenum 
and reabsorbed after bacterial enzyme β-glucuronidase in the distal part 
of the colon and remain in the circulation for a longer time (Manach 
et al., 2004). 

On the contrary, polymeric non-extractable polyphenols along with 
some extractable glycosides and conjugated metabolites from biliary 
secretion reach the colon in intact form. Several moieties of the conju-
gated metabolites are cleaved and the polymeric complex forms are 
sequentially bio-transformed into monomeric form (Appeldoorn et al., 
2009) and then to low molecular weight conjugated metabolites by 
different microbial enzymes. Studies by several researchers reported the 

pathway of microbial conversion of monomeric, oligomeric, and poly-
meric proanthocyanidins, that starts with depolymerization of polymers 
(in case of oligomeric and polymeric forms), followed by successive 
production of very first intermediate diphenylpropanol by cleavage of 
heterocyclic C-ring (C–C bond breakage and removal of methyl ethers 
by demethylation) and dihydroxyphenylvalerolactone by cleavage of A- 
ring. These newly formed metabolic intermediates are then catabolized 
by microbial enzyme-induced delactonisation and decaroxylation (Li 
et al., 2020; Sánchez-Patán et al., 2012) (Fig. 3). Finally, these are bio- 
transformed into several phenolic and aromatic acids (such as phenyl-
acetic acid, phenyl propionic acid, phenylvaleric acid, cinnamic acid, 
benzoic acid, and hippuric acid) with different hydroxylation pattern 
and aliphatic side chain length (Barroso et al., 2013; Low et al., 2016; 
Sánchez-Patán et al., 2015) (Table 1). These microbial metabolites can 
be taken up by the colonocytes and finally delivered to the liver, where 
these are extorted to phase II metabolism to be evolved as conjugates 
such as glucuronide, methyl, glycine, and sulfate derivatives before 
going into the systemic circulation and are absorbed subsequently by 
different tissues or eliminated through the urine (Margalef et al., 2015). 

The biotransformation mechanism of hydrolysable tannins by the gut 
microbial population is somewhat different polymeric NEPA. The gal-
lotannins are hydrolysed to gallic acid and glucose. Hydrolysable tannin 
can also be degraded by microbial enzymes to produce pyrogallol and 
phloroglucinol followed by production of acetate and butyrate by 
further degradation. The microbial tannase cannot degrade ellagitannin 
due to inability to hydrolyse gallolyl residue of ellagitannins. Ellaagi-
tannins are bio-transformed by a series of action that starts with cleav-
age of lactone ring, decarboxylation followed by dehydroxylation 
producing urolithin A and B at the end (Tomás-Barberán et al., 2016) 
(Fig. 4). 

Therefore, the beneficial health effect of NEPP is accredited more to 
their metabolites that reach the peripheral circulation than the intact 
form. The diversity observed in the newly formed phenolic metabolites 
is due to a varied microbial entity present in the gut, nature, and 
complexity of the chemical structure of non-extractable polyphenols 
present in the diet. Although a very few species (Lactobacillus, Clos-
tridium, Eubacterium, and Bacteroides species) are responsible for the 
phenolic metabolite production (Cerdá et al., 2004; Jin & Hattori, 
2012), a few previous human intervention trials have found that not 
only the inter-individual variation in the daily polyphenol intake but the 
inter-individual differences in their enterotypes (González-Sarrías et al., 
2017), gut microbial community (Manach et al., 2017; Rey et al., 2012) 
and their metabotypes also can be the influencing factors in the differ-
ences observed in the bioavailability and bio-efficacy of polyphenolic 
compounds and their metabolites (Tomás-Barberán et al., 2016) 
(Table 1 and 2). 

A crossover intervention study conducted on healthy volunteers who 
consumed two pomegranate extract variants containing different 
amounts of punicalagin and ellagic acid, showed significant inter- 
individual variability in ellagic acid pharmacokinetics, therefore 
corroborating the phenomenon observed in the in vitro digestion study 
(González-Sarrías et al., 2015). Gut microbiota mediated catabolism of 
polymeric polyphenols plays a crucial role in human health but this tri- 
factorial cause-effect relationship between microbial ecology, host 
health and variation in polyphenol consumption has some sort of 
translucency because several other extrinsic and intrinsic host factors 
interfere with the diverse microbial community–environment and host 
interaction (Tomás-Barberán et al., 2016). Therefore, subject stratifi-
cation on the basis metabotypes has become a necessity in clinical trials 
regarding gut microbiome induced polyphenol metabolism because 
metabotype stratification could be used as potential biomarkers of the 
polyphenol-microbiota interaction. 
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Biological activities and prophylactic properties of NEPP against 
intestinal dysbiosis induced local and systemic immune 
response- Biochemical, molecular, and epigenetic mechanism 

It has been widely accepted that the bioavailability of non- 
extractable complex polyphenols in the gastrointestinal lumen is 
determined by their structure, orientation of hydroxylation groups, in-
teractions with the intricate food matrix polysaccharide and protein, and 
the hydrolytic enzymes activity. The modulatory effect of gut microbial 
niche and the nature of transporters at the gastrointestinal epithelial 
cells also contributes in the metabolism and utilisation of NEPP (Gon-
zales et al., 2015; Martínez-Meza et al., 2020). In this context, recent 
advanced research regarding the mechanism of bioavailability of 
generally underestimated flavonoids, proanthocyanidin, and hydro-
lysable tannin including their microbial metabolites have focused on the 
following possible potential biological activities: 1) Complex polymeric 
form of non-extractable polyphenols (condensed and hydrolysable 
tannin) that exert local radical scavenging and anti-adhesive effects in 
the gastrointestinal cell lining; 2) Immunomodulatory effect of NEPP 
metabolites after colonic microbial bio-transforation and modulation of 
hormonal secretion of GI tract affecting systemic metabolic/glucose 
homeostasis (Williamson & Clifford, 2017); and 3) The systemic effect of 
bioaccessible monomeric and dimeric flavan-3-olsand their metabolites 
produced by colonic microbial catabolism (Bladé et al., 2016; Martínez- 
Meza et al., 2020). There are many speculations about the multidi-
mensional molecular mechanism of NEPP functionality and bioactivity. 
However, its basic biochemical binding ability to proteins and the ability 
to bring epigenetic changes in cell functionality by modifying enzyme 
activities, cell signalling pathways, and gene expression are the most 
widely investigated field (Bladé et al., 2016). But comprehensive 
investigation regarding the most prominent immune-modulatory effect 
of complex polymeric polyphenolics, and their metabolites is still too 
scarce to draw a definite conclusion. Considering this fact, this section of 
this review conveys the contemporary acquaintance of the actions of 
dietary NEPP synchronizing the GI tract makeup, together with their 
crosstalk with the gut microbiota and intestinal immune system. 

Two major mechanisms underlying the biological actions of PACs are 
widely accepted: the conventional biochemical property, which high-
lights the ability of polymeric flavan-3-ols to strongly bind to the pro-
teins with its consecutive local and systemic metabolic effects. Secondly, 
the immuno-molecular and epigenetic mechanisms, which include 
regulation of intestinal inflammatory responses, (followed by histone 
modifications, DNA methylation (Xu et al., 2012) and modulation of 
micro-RNAs (miRNAs). Both these two mechanisms regulate the enzy-
matic activities, cell signalling pathways, and gene expression therefore, 
ultimately modulating cell functionality. The presence of multiple hy-
droxyl groups and aromatic ring structure and a higher degree of poly-
merization increases its cross-linking potential for the association with 
protein and other biomolecules (Brás et al., 2010; Martínez-Meza et al., 
2020). The interactions between proanthocyanidins and proteins are not 
only obligatory for the enzyme regulating activity but also for the pre-
vention of receptors-ligand binding and modification of transcription 
factors of specific DNA receptor binding sites (Bladé et al., 2016; Zhu 
et al., 2016). 

Local antioxidant activity in the gastrointestinal lining 

In several in vitro studies, proanthocyanidin rich foods such as grape 
seed, pomegranate and blueberry extract, and beverages such as wine, 
tea (Zhang et al. 2020; Ohishi et al., 2016), and cocoa extract (Nabavi 
et al., 2015) were reported to have direct antioxidant effect. These foods 
diminished ROS generation and other highly reactive free radicals 
generated from protein and lipid oxidation through electron donation 
and resonance stabilization of unstable aroxyl ring. But poor absorption 
of the proanthocyanidin in its native form denies the relevance of in vivo 
antioxidant effects (Hollman et al., 2011; Martínez-Meza et al., 2020), 
while several studies establish a newer concept that its antioxidant ef-
fects can be reconsidered only in the case of tissues that comes in contact 
with a much higher concentration of polymeric forms i.e., cell lining 
around intestinal lumen (Galleano et al., 2010). Nevertheless, an in vivo 
experiment demonstrated the capability of grape seed proanthocyani-
dins to up-regulate the natural antioxidant enzyme activity of 

Fig. 3. Microbial metabolites of proanthocyanidins.  
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Table 1 
Metabolites evolved from colonic fermentation of different non-extractable polyphenols (NEPP).  

Food Source Polyphenol Metabolites Model Species Effect Reference 

Triphala extract 
(mixture 
of Terminalia 
chebula, Terminalia 
bellerica, 
and Phyllanthus 
emblica. 

Flavonoids, 
hydrolysable tannin, 
condensed tannin  

Analysed (not mentioned specifically) In vitro 
fermentation 

Human faecal 
microbiota of obese 
female adults 

No significant changes found in microbial population. 
Significant changes in metabolite profile and tyrosine, 
phenyl alanine and tryptophan biosynthesis. 

(Kwandee 
et al., 2023) 

Hawthorn (Crataegus 
pinnatifida)  

Procyanidin Not analysed In vivo 
administration 

Mice model Upragulate growth of Akkermansia, 
Bacteroides and Adlercreutzia, and 
decreased Lactobacillus, Bifidobacterium, Blautia, 
Lachnospiraceae and Subdoligranulum 
Reduced insulin resistance, oxidative stress 

(Han et al., 
2022) 

peanut skin Type A procyanidins Not tested In vivo 
administration 

Balb/c mice model  
Reverse the ulcerative colitis by improving gut barrier and 
modu;ating inflammatory cytokines Increase growth of 
Oscillibacter and Roseburia 
Decrease growth of Bacteroides, Helicobacter, 
Parabacteroides, Escherichia-Shigella, and Enterobacter 

(Huang et al., 
2022) 

Grape seed extract Proanthocyanidin 
polyphenol extract 

Not tested In vivo 
administration 

Mice model GSPE normalized the colonic Firmicutes/ 
Bacteroidetes ratios, reversed the relative abundance 
of Weissella, Faecalibaculum, Bacteroides, 
Akkermansia and Ruminococcus 1 induced by HFD 
reduced HFD-induced insulin resistance and increased 
levels of adiponectin and leptin 

(Du et al., 
2021) 

Pomegranate juice Hydrolysable tannin Not mentioned In vivo 
fermentation 

Insulin resistance 
mice model 

Reduced glucose and lipid metabolic disorder, liver injury 
and insulin resistance; decreased the Firmicutes/ 
Bacteroides ratio, reduced 
Coprococcus and Anaerotruncus, and 
increased Rikenellaceae and liver tumor necrosis factor- 
alpha and interleukin-1β levels, 
supressed liver IKKβ and NF-κB phosphorylation; and 
upragulated liver autophagy-related proteins LC3-II, P62, 
and Beclin1. 

(Cao et al., 
2021) 

Quebracho wood 
extract 
Chestnut wood 
extract\ 
Tara pods extract 

profisetinidin 
condensed tannin 
hydrolysable 
ellagitannins 
hydrolysable 
gallotannins) 

Not tested In vitro digestion 
and 
fermentation 

Human gut 
microbiata 

Increase of genus Akkermansia, Lachnospiraceae and 
Ruminococcaceae sp. 

(Molino et al., 
2021) 

Grape seed proanthocyanidins Not analysed In vivo 
administration 

Mice model Reduced colitis associated inflammation (Sheng et al., 
2020) 

Grape seed Proanthocyanidin 
extract 

Proanthocyanidin polymers In vivo 
administration 

Rat model Reduced firmicutes/Bacteroidetes ratio 
Reduced weight gain, food intake, induced entero hormone 
secretion. 

(Casanova- 
Martí et al., 
2018b) 

Grape seed extract Flavan 3-ol polymers, 
proanthocyanidins 

Not tested In vivo 
administration 

Overiectomised 
mice model 

Improved Firmicutes:bacteroidetes ratio 
Prevented menoposal weight gain 

(Jin et al., 
2018) 

– Pure procyanidins Not tested In vivo 
administration 

Mice model Reduced high fat diet induced obesity 
Improved Firmicutes to bacteroidetes ratio 
Increased energy expenditure 
Improved lipid profile 

(Zheng et al., 
2018) 

Pomegranate extract Ellagitannin and 
ellagic acid 

Urolithin and ellagic acid In vitro and in 
vivo incubation 

Human subjects Increased ellagic acid release from ellaigitannin and 
increased bioavailability 

(González- 
Sarrías et al., 
2015) 

(continued on next page) 
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Table 1 (continued ) 

Food Source Polyphenol Metabolites Model Species Effect Reference 

Cranberry juice Oligomeric 
proanthocyanidins 

Hydroxyphenyl propionic acid and hydroxyphenyl acetic 
acid derivatives 

In vivo 
fermentation 

Human subject Increased detectable bioavalability of proanthocyanidin 
A2 in the plasma 

(McKay et al., 
2015) 

Strawberry, fresh 
berries and processed 
puree 

Ellagitanins and 
ellagic acid 

Urolithins In vivo 
fermentation 

Human subjects both samples were found to be efficiently metabolised by 
human gut microbiota 

(Truchado 
et al., 2012) 

Grapes Proanthocyanidin Valerolactones, phenylvaleric acids, phenylpropionic acids, 
phenylacetic acids, benzoic acid, cinnamic acids 

In vivo 
fermentation 

Rat model Rich source of henolics in the gut and the NEPA and its 
metabolites remain bioavailable fr 24 h after ingestion 

(Mateos- 
Martín et al., 
2012) 

Green tea Flavan 3-ols and 
proanthocyanidins 

Pyrocatechol, pyrogallol, 4-hydroxybenzoic acid, 4-hydrox-
yphenylacetic acid, 3-methoxy-4-hydroxyphenylacetic acid, 
hippuric acid, 3-(3-hydroxyphenyl)-3-hydroxypropionic 
acid, (-)-5-(3′,4′,5′ -trihydroxyphenyl)-γ-valerolactone 

In vivo 
fermentation 

Human subject Reported absorption of flavan 3- ol metabolites in the 
circulatory system, 

(Roowi et al., 
2010) 

Grape seed Procyanidin dimer 2-(3,4-dihydroxyphenyl)acetic acid and 5-(3,4- 
dihydroxyphenyl)-γ-valerolactone., 3-hydroxyphenylacetic 
acid, 4-hydroxyphenylacetic acid, 3-hydroxyphenylpro-
pionic acid, phenylvaleric acids, 
monohydroxylatedphenylvalerolactone, and 1-(3′,4′- 
dihydroxyphenyl)- 3-(2′ ′,4′ ′,6′ ′-trihydroxyphenyl)propan-2- 
ol 

In vitro 
fermentation 

Human faecal 
microbiota 

Procyanidins are metabolised slowly by gut micribiome 
instead of reapid depolymerisation to flavan 3-ols 

(Appeldoorn 
et al., 2009) 

Almond skin extract Oligomeric 
proanthocyanidin 
type A 

Hydroxyphenylvalerolactones 
Hydroxyphenylpropionic acids 
Hydroxyphenylacetic acids 
Hydroxycinnamic acids 
Hydroxybenzoic acids 
Hydroxyhippuric acids 

In vivo 
fermentation 

Human subject Microbial metabolism increased the bioavilability of 
proanthocyanidin metabolites 

(Urpi-Sarda 
et al., 2009) 

Pomegranate extract Ellagitannin Urolithins In vivo 
fermentation 

Human subjects Urplithins (proanthocyanidin metabolites) remain in 
circulation much longer and exerts healt benefits 

(Seeram et al., 
2006) 

Strawberry,raspberry, 
walnuts,oak aged red 
wines 

Ellagitannins and 
ellagic acid 

Urolithins In vivo 
fermentation 

Human subjects Increased microbial metabolites absorption in the blood 
confirms colonic microbial catabolism 

(Cerdá, 
Tomás- 
Barberán, 
et al., 2005) 

Walnut extract Ellagic acid, 
Ellagitannin 

Urolithins In vitro 
fermentation 

Human faeces Microbial metabolism of ellaigitannin depends on inter- 
individual differences of colonic microbial profile 

(Cerdá, 
Periago, et al., 
2005) 

Grape seed extract Oligomeric 
proanthocyanidins 

3-Hydroxyphenylpropionic Acid, 3-Hydroxyphenylacetic 
Acid, 4-Hydroxyphenylacetic Acid, and 4-O-Methylgallic 
Acid 

In vivo 
fermentation 

Human subject Gradual increase in 3hydroxypropionic acid excretion 
indicateslong duration resorption of colonic microbial 
metabolites of proanthocyanidins 

(Ward et al., 
2004) 

Chocolate Oligomeric 
proanthocyanidins 

3,4-Dihydroxyphenylpropionic acid, m- 
hydroxyphenylpropionic acid, ferulic acid, 3,4-dihydroxy-
phenylacetic acid, m-hydroxyphenylacetic acid, phenylacetic 
acid, vanillic acid, m-hydroxybenzoic acid, p- 
hydroxybenzoic acid, p-hydroxyhippuric acid, hippuric acid. 

In vivo 
fermentation 

Human subject Increased urinary excretion of proanthocyanidin 
metabolites authenticates involvement of the same in 
exerting antioxidant and other biological effects 

(Rios et al., 
2003) 

Willow tree shoot 
(similar to apple and 
grape seed) 

14C labelled PCA 2- (p-hydroxyphenyl)acetic acid, 2-(p-hydroxyphenyl)- 
propionic acid 
and 
their m-hydroxy isomers 2-(m-hydroxyphenyl) acetic acid 
and2- 
(m-hydroxyphenyl) propionic acid, 5-(m-hydroxyphenyl) 
valeric acid and phenylpropionic acid 

In vitro 
incubation 

Human faecal 
microbiota 

Confirms release of low molecular weight metabolites of 
polymeric polyphenols similar to monomeric flavanols 

(Déprez et al., 
2000)  
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superoxide dismutase, glutathione peroxidase, glutathione-S- 
transferase, and catalase, therefore, simultaneously increasing total 
radical scavenging activity of hepatic cells (Fernández-Iglesias et al., 
2014). 

Antibacterial and prebiotic activity of NEPP and its mechanism of action 

NEPP is a unique candidate for modification of the enterocytic 
membrane-microbiota interaction and modification of microbial cell 
membrane functionality, due to not only its local radical scavenging 
activity, but also its antibacterial properties resulting from its structural 
diversity, the presence of an aromatic ring with diverse hydroxylation 
patterns, and its level of gallolylation. The combination of these factors 
makes NEPP particularly effective in altering the interaction between 
enterocytic membranes and microbiota, as well as in modifying micro-
bial cell membrane functionality (Farhadi et al., 2019). Flavan-3-ol 
monomers catechin can bind to the cell membrane of many Gram- 
positive as well as Gram-negative pathogenic bacterial species such as 
Serratia marcescens, Bacillus subtilis, Salmonella choleraesis, Pseudomonas 
aeruginosa, and Staphylococcus aureus by producing hydrogen peroxide 
and finally inhibit their growth by altering membrane permeability 
(Campos et al., 2019; Nawrot-Hadzik et al., 2021). In another study 
researcher observed that proanthrocyanidins and its monomers showed 
anti-adhesive property against pathogens to the periodontal tissues 
especially Porphyromonas gingivalis due to presence of galllyl group in 
type-B proanthocyanidin and A-linkages in the type-A proanthocyani-
dins. The structural characteristics also hinders biofilm formation 
together with collagenase and proteinases activity (Diwani et al., 2020). 

Previous reports regarding the antibacterial activity of flavan-3-ol 
indicated that catechin, which is one of the building blocks of procya-
nidins could disintegrate the membrane lipid bilayer by reducing its 
fluidity (Makarewicz et al., 2021). Using isothermal titration calorim-
etry (Wang et al. (2018) indicated that pectin polysaccharide and pro-
cyanidin interact with each other through hydrophobic and hydrogen 
bonds and synergistically act as growth inhibitory agent against entero- 
toxicogenic E. coli strain by altering the charge distribution and iso-
electric point of the bacterial cell membrane, therefore, can disrupt cell 
wall stability (Papuc et al., 2017). Disruption of the cell membrane 
integrity aids the leakage of cellular content such as protein, nucleic 
acid, and down-regulates the expression of cell surface adhesion protein 
(Wu et al., 2018). 

The other probable mechanisms by which these non-extractable 
polyphenols mitigate the pathogenic bacterial growth are metal ion 
chelation developing an iron-deficient gut luminal environment 

affecting the growth of susceptible microorganisms (Suriyaprom et al., 
2022), inhibition of DNA gyrase activity (Bae et al., 2022), inhibition of 
microbial enzyme activity (Sun et al., 2020), and reduced expression of 
virulence factors by jeopardizing quorum sensing (Dingeo et al., 2020). 

Recently upgraded knowledge about prebiotics reveals that proan-
thocyanidins and other complex non-absorbable polyphenols have the 
potency to exert prebiotic effects and play a pivotal role in the modu-
lation of gut microbial composition. Prebiotic effect of non-extractable 
polymeric polyphenols from grape pomace extracts i.e., rich in poly-
meric proanthocyanidins showed changes in gut microbial profile with 
increasing growth of Allobaculum spp. and Roseburia spp. with decease in 
Desulfovibrio spp.; Lactococcus spp., etc. (Van Hul et al., 2018). In 
another study increased growth of Akkermansia muciniphila was induced 
by proanthocyanidin rich grape polyphenol extract treatment (Zhang 
et al., 2018). In a similar study, supplementation of grape seed proan-
thocyanidins to mice for short duration (8 days) showed higher growth 
rate short-term supplementation of grape seed proanthocyanidins by 
feeding mice with a dose of 500 mg/kg BW/day for 8 days resulted in a 
lower F/B ratio accompanied with the increased growth of Bacteroides, 
Phascolarcto-bacterium, Parabacteroides, Sutterella, and Bilophila with 
lower F/B ratio (Masumoto et al., 2016) and reduced population of 
Ruminococcacea and Dehalobacteriaceae (Casanova-Martí et al., 2018a). 
A significant change in gut microbial profile was also observed in mice 
treated with grape pomace extract for 14 months (Chacar et al., 2018). 
Similarly, in another study using animal model (pig), cocoa powder rich 
in flavanol are utilized by probiotics as a substrate and shifted the 
colonic microbial populations towards Lactobacillus and Bifidobacterium 
spp. This also improve the gut health by modulating various markers of 
localized intestinal immunity (Jang et al., 2016). 

Red wine polyphenolic extract significantly imparts a positive in-
fluence on the growth of Enterococcus, Prevotella, Bifidobacterium, Bac-
teroides uniformis (Queipo-Ortuño et al., 2012) along with faecal 
Bifidobacteria and Lactobacillus, which protects intestinal barrier and 
butyrate producing Faecali bacterium prausnitzii and Roseburia as well 
(Moreno-Indias et al., 2016). Flavan-3-ols, procyanidin B1, procyanidin 
B2 exposure significantly enhanced the adhesion of L. acidophilus LA-5 
and LA-115 to Caco-2 cell-line and HT-29 cell-lines (Volstatova et al., 
2017). Although the adhesion of probiotics to the host does not directly 
offer any health benefits, it can still have a positive impact by compet-
itively reducing the interaction of pathogens with host cell surface re-
ceptor molecules. Furthermore, the prolonged colonization of probiotics 
in the gut enterocytes can lead to the production of active metabolites 
such as short chain fatty acids (SCFA) and phenolic acids, as well as the 
triggering of host cell surface receptor-induced signalling pathways. 

Fig. 4. Microbial metabolites of ellagitannin.  
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Table 2 
Major microbial species and microbial enzymes involved in colonic biotransformation of non-extractable polyphenols and its precursors.  

Compounds Metabolites Metabolic reactions Microbial enzymes Microbes Reference 

Ellagitannins Urolithin A and Urolithin B Dehydroxylation Tanase Bifidobacterium pseudocatenulatum INIA P815 (Gaya et al., 
2018) 

Ellagitannin ellagic acid to 3,8,9,10-tetrahy-
droxy-urolithin (urolithin M6), 3,8,9-trihy-
droxy-urolithin (urolithin C) and 3,9- 
dihydroxy-urolithin (isourolithin A 

Isourolithin A Hydrolysis,lactonisation, 
delactonisation, 
decaroxylation and 
dehydroxylation 

Hydrolase, lactonase, 
delactonase, 
decarboxylase, o- 
dehydroxylase 

Eggerthellaceae family (Selma et al., 
2017) 

1-(3,4,5-Trihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl) 
propan-2-ol 

1-(3,5-Dihydroxyphenyl)-3- (2,4,6- 
trihydroxyphenyl)propan-2- ol 

Dehydroxylation of the C- 
ringcleavageproduct 

Dehydroxylase Adlercreutziaequolifaciens (Takagaki & 
Nanjo, 
2015a) 

(2S)-1-(3,4-dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 
(1S) (2R)-1-(3,4-dihydroxyphenyl)-3- 
(2,4,6trihydroxyphenyl)propan-2-ol (1R) 
(2S)-1-(3-hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol (2S)and  
(2R)-1-(3-hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol (2R) 

4-hydroxy-5-hydroxyphenylvaleric 
acids and 5-hydroxyphenyl- 
γ-valerolactones 

Degradation of 
pholoroglucinol moiety 

Not known Flavonifractorplautii (Takagaki & 
Nanjo, 
2015b) 

Flavan-3-ols(-) 
-Epigallocatechin(-) 
-Gallocatechin(-) 
-Gallocatechin 

(2S,3S)-Flavan-3,3′,5,5′,7-pentol, 
(2R,3S)-Flavan-3,3′ ,5,5′,7-pentol, 1- 
(3,4,5-Trihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2- ol 

Dehydroxylation 
C-ring cleavage  

Dehydroxylase 
Reductase  

Adlercreutziaequolifaciens (Takagaki & 
Nanjo, 
2015b) 

Proanthocyanidins, flavan-3-ols(-) 
epicatechin, (-) catechin, and (+) catechin  

(2S)-1-(3,4-dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol (1S) 
(2R)-1-(3,4-dihydroxyphenyl)-3- 
(2,4,6trihydroxyphenyl)propan-2-ol 
(1R) 

C-ring cleavage 
C-ring cleavage  

Reductase 
Reductase  

Adlercreutziaequolifaciens, Eggerthellalenta (Takagaki 
et al., 2014) 

(2S)-1-(3,4-dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 
(1S) (2R)-1-(3,4-dihydroxyphenyl)-3- 
(2,4,6trihydroxyphenyl)propan-2-ol (1R)  

(2S)-1-(3-hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol (2S)and  
(2R)-1-(3-hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol (2R)  

Dehydroxylation  Dehydroxylase  Eggerthellalenta  (Takagaki 
et al., 2014) 

Ellagitannin, ellagic acid Urolithin C Delactonisation, 
decarboxylation, 
dehydroxylation 

Carboxylase, 
decarboxylase, 
dehydroxylase 

EggerthellaceaeGordonibacterurolithinfaciensGordonibacterpamelaeae (Selma et al., 
2014) 

(+)-Catechin (2R)-1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2- ol 

C-ring cleavage Reductase EggerthellalentaCAT-1 (J. S. Jin & 
Hattori, 
2012) 

(-)-Epicatechin  (2S)-1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 

C-ring cleavage Reductase EggerthellalentaCAT-1 (J. S. Jin & 
Hattori, 
2012) 

(2S)-1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 

(2S)-1-(3-Hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2- ol 

Dehydroxylation of the C- 
ringcleavageproduct 

Dehydroxylase EggerthellalentaCAT-1 (J. S. Jin & 
Hattori, 
2012) 

(2R)-1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 

(2R)-1-(3-Hydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2- ol 

Dehydroxylation of the C- 
ringcleavageproduct 

Dehydroxylase EggerthellalentaCAT-1 (J. S. Jin & 
Hattori, 
2012) 

(+)-Catechin, (-)-epicatechin 1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2- ol 

C-ring cleavage Reductase LactobacillusplantarumIFPL935 (Sánchez- 
Patán et al., 
2012) 

(+)-Catechin, (-)- 
epicatechin 

1-(3,4-Dihydroxyphenyl)-3- (2,4,6- 
trihydroxyphenyl)propan-2- ol 

C-ring cleavage Reductase EggerthellalentarK3 (Kutschera 
et al., 2011) 

1-(3,4-Dihydroxyphenyl)-3-(2,4,6- 
trihydroxyphenyl)propan-2-ol 

5-(3,4-Dihydroxyphenyl)- 
γ-valerolactone, 4-hydroxy-5- (3,4 
dihydroxyphenyl)valericacid 

Degradation ofthe C- 
ringcleavageproduct 

Dehydroxylase Flavonifractorplautiistrains DSM6740 and aK2 (Kutschera 
et al., 2011) 

(continued on next page) 
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These effects can contribute to the intended prophylactic and immu-
nomodulatory effects of probiotics (Monteagudo-Mera et al., 2019) 
(Fig. 5A). 

In a randomized, double blind, crossover and controlled study, 22 
physically fit individuals were given a flavanol-rich cocoa beverage 
(494 mg cocoa flavanols/day) for 4 weeks and a significant increase in 
the growth of Bifidobacterium and Lactobacillus populations was 
observed along with decreasing trend in Clostridium count (Sorrenti 
et al., 2020; Tzounis et al., 2011). Another crossover dietary interven-
tion executed on human participants also revealed that administration 
of polymeric polyphenol-rich blueberry extract for 6 weeks significantly 
escalated the growth of Bifidobacterium spp. without showing any sig-
nificant differences in the populations of Bacteroides spp., Prevotella spp., 
Enterococcus spp., and Clostridium coccoides (Vendrame et al., 2011). A 
similar outcome was witnessed when 10 human volunteers participated 
in a study by taking a regular dose of red wine polyphenols for 4 weeks, 
consecutively. Statistically significant changes were detected in the 
populations of Enterococcus, Bacteroides, Prevotella, Bacteroides uniformis, 
Bifidobacterium, Eggerthellalenta, and Blautiacoccoides–Eubacterium rec-
tale species (Queipo-Ortuño et al., 2012). Similar consequences were 
observed when specific doses of pomegranate extract (25, 100, and 400 
mg/mL) given to human subjects gradually increased in probiotic strains 
such as Bifidobacteria and Lactobacilli (Li et al., 2015). 

The large enzymatic diversity helps in the growth of probiotic bac-
teria in a medium enriched with polyphenols because of their potential 
to utilize these as an energy source. Various glycosidic enzymes and 
others enzymes such as aromatic ring-cleavage enzymes, reductases, 
hydrogenases, decarboxylase, demethylase, isomerase, dehydroxylase 
that are capable to exhaust/metabolize glycosylated polyphenols as an 
energy source (Banerjee & Dhar, 2019). Therefore, it is quite evident 
that absorption and bio-accessibility are not mandatory in the case of 
these bioactive phenolics to exert a beneficial effect on the host. In 
summary, although ingestion of high molecular weight polymeric 
polyphenols is unable to directly influence the cell metabolism and 
immune functionality due to poor absorption, they can significantly 
alter the gut microbial composition (Sorrenti et al., 2020). These un-
available NEPP can undergo drastic biodegradation by bacterial en-
zymes and the produced metabolised can be absorbed into the systemic 
circulation of human body. Gordonibacter urolithinfaciens and G. pame-
laeae of Coriobacteriaceae family and Ellagibacter isourolithinifaciens 
from Eggerthellaceae family can utilize metabolites of ellagitannins such 
as urolithins (Selma et al., 2014). Although urolithins have a lower 
antioxidant capacity than ellagitannin, they can still have many bene-
ficial effects due to their ability to produce estrogen and circulate in the 
body for a longer period of time. Additionally, a study has shown that 
highly polymeric procyanidins can decrease the Firmicutes/Bacter-
oidetes ratio and increase the growth of Akkermansia spp. by a signifi-
cant amount (Masumoto et al., 2016). Therefore, these polyphenol-rich 
diets that are not easily bioavailable could play an important role in 
restoring microbial balance and promoting overall wellbeing in the host. 

Preventive effect on metabolic syndrome by regulating entero-endocrine 
secretion and enzyme inhibition 

The distinctive structural properties of proanthocyanidins make 
them capable of regulating the key molecular mechanisms involved in 
metabolic syndrome, particularly hyperinsulinemia, altered carbohy-
drate metabolism, abdominal obesity, hyperlipidemia, and disrupted 
glucose homeostasis. These factors can ultimately lead to the develop-
ment of serious health conditions such as cardiovascular disease and 
type 2 diabetes (Zhang et al., 2023). The prerequisite interactions that 
can further initiate some other downstream reactions mainly occur in 
the intestine. Several possible mechanisms involved are inhibition of 
carbohydrate digesting enzyme and glucose transporters, limiting 
endotoxemia by increasing gut barrier function, and stimulation of 
enteroendocrine secretion responsible in regulating hunger and satiety Ta
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(Corrêa et al., 2019; Strat et al., 2016). 
Polyphenols found in the human diet, particularly highly polymer-

ized and non-extractable polyphenols, may have the ability to inhibit the 
activity of digestive enzymes and their transporters responsible for 
macronutrient digestion and absorption. This is due to the abundant 
hydroxyl groups present in polyphenols, which have a strong affinity 
towards proteins (Eran Nagar et al., 2020; Li et al., 2021). It is well 
known that the presence of gallolyl group and a high degree of poly-
merization of procyanidin inhibit the in vitro lipoprotein lipase activity 
in an in vitro experiment (Li et al., 2021). Gallolylated flavanol mono-
mers such as epigallocatechin gallate and (-)-epigallocatechin 3-O- (3-O- 
methyl) gallate from oolong tea hinder α-amylase activity (Hanhineva 
et al., 2014). In another in vivo study executed with both animal and 
human intervention trial, proanthocyanidins have been found to retard 
the absorption of triacylglycerol in mice and humans (Zhu & Oteiza, 
2022). Flavanol metabolites are also proven to be an effective inhibitory 
agent against glucose transporters present in peripheral tissues (Martí-
nez-Meza et al., 2020). Several enteroendocrine cells present throughout 
the lining of the intestinal lumen, secrete different local hormones such 
as ghrelin, gastrin, somatostatin, and cholecystokinin, and incretins, e. 
g., glucagon-like peptide-1 (GLP-1), GLP-2, and glucose-dependent 
insulinotropic polypeptide (GIP), which are recruited for controlling 
food intake and glucose metabolism (Gribble & Reimann, 2016). Some 
of the vital functions of GLP1 and GLP2 hormones are up-regulation of 
insulin, somatostatin secretion, down-regulation of glucagon secretion, 
predisposition of anorexia and gastroparesis along with upregulation of 

glycogen synthesis along with maintenance of glucose and lipid meta-
bolism (Lupien-Meilleur et al., 2020). Consumption of proanthocyanidin 
monomers significantly increases the plasma GLP-1 within a short 
period (Gowd et al., 2019). A similar result was observed when several 
researchers provided grape seed procyanidin at 1 g per kg body weight 
to healthy rats which were on a glucose-loaded feed (González-Abuín, 
Martínez-Micaelo, Blay, et al., 2014; González-Abuín, Martínez-Micaelo, 
Margalef, et al., 2014). Increasing the enteroendocrine cell count and its 
hormone secretion along with the ameliorative effect on proglucagon 
secretion and convertase activity can be the probable mechanism of 
action of flavonoids especially the flavanol polymers (Casanova-Martí 
et al., 2020). Further several subgroups of flavonoids can increase the 
half-life of GLP 1 and 2 by inhibiting the DPP4 enzymes (Oteiza et al., 
2018). 

Maintenance of gut intestinal permeability and ameliorative effect against 
endotoxemia induced local and systemic inflammation 

The human intestinal barrier is consistently exposed to a microbial 
community that thrives in this environment by maintaining a symbiotic 
relationship with the host. This community plays a critical role in 
maintaining the host’s metabolic and immune response homeostasis. As 
a result, the intestinal barrier is constantly working to prevent the entry 
of harmful food components and bacterial endotoxins. When the 
integrity of the gut barrier is compromised, it can lead to altered im-
mune responses that compromise overall health and wellbeing (Di 

Fig. 5. Molecular mechanisms involved in protective effect of non-extractable polyphenols (proanthocyanidin - PAC) against dysbiosis induced mucosal inflam-
mation. [(A) (1) Presence of polymeric polyphenols especially proanthocyanidin maintains the gut microbial balance by aiding the growth of probiotics and 
diminishing commensal microbial growth. (2) proanthocyanidin binds the epithelium cell membrane by internalizing itself in the lipid bilayers and lipid raft and also 
occupy the cell surface receptors which in turn reduces endotoxin binding to the receptors and prevent LPS and commensal microbiota entry by halting leakiness of 
tight junctions (3). (4) probiotics also hinders the unnecessary activation of immune signaling pathways. (5) Proanthocyanidin binds to the endotoxins and maintains 
the intestinal barrier. (B) (6) Absence of PAC induce dysbiosis and triggers TLR4 mediated NF-kB signaling pathway and activate MAPK and MLCK simultaneously 
triggering tight junction remodelling and release of pro-inflammatory cytokines. (7) dysfunctional tight junctions increase bacterial toxin influx initiating immune 
cell infiltration to the lamina propria and initiate TNF-a release from sensitized macrophages (8). (9) TNF-a increases the bacterial influx by activating MAPK and 
MLCK in the epithelial cells. NOX – NADPH Oxidase; TLR4/MD2 – Toll Like Receptor 4/ Myeloid Differentiation 2 complex; MAPK- Mitogen-Activated Protein 
Kinase; MLCK- Myosin Light Chain Kinase; NF-kB - Nuclear Factor kappa light chain enhancer of activated B cells; LPS – bacterial Lipopolysaccharide; iNOS – 
Inducible Nitric Oxide Synthase; TNFR – Tumor Necrosis Factor Receptor; TNF-a - Tumor Necrosis Factor-alpha]. 
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Tommaso et al., 2021). Sagkan-Ozturk & Arpaci (2022) reviewed a few 
studies that have revealed that dietary factors such as a high-fat diet, 
increased stress, and frequent use of antibiotics can induce gut dysbiosis, 
which ultimately triggers endotoxemia, thus increasing intestinal 
permeability. Eventually, persistent exposure to such injurious envi-
ronmental stimuli may aggravate the local and systemic inflammatory 
response, which further escort barrier dysfunction (Clemente-Postigo 
et al., 2019). Evidence suggests that endotoxemia is the underlying 
cause of dysbiosis induced susceptibility of the host to chronic diseases 
of the alimentary canal such as ulcerative colitis, Crohn’s disease, and 
irritable bowel syndrome along with systemic metabolic diseases such as 
cardiovascular disease (Sagkan-Ozturk & Arpaci, 2022), obesity, type 1 
and type 2 diabetes (Lu et al., 2018). The intestinal epithelium tissue 
adapts several strategies such as secretion of thick mucin glycoprotein 
from goblet cells and recruitment of intercellular tight junction proteins 
to maintain the barrier integrity against unwanted inflammatory 
response, bacterial endotoxin and PAMPs (Pathogen Associated Molec-
ular Patterns) such as LPS (lipopolysaccharides) until overwhelming 
pathogenic bacterial growth over probiotic population (Chistiakov et al., 
2014; Ulluwishewa et al., 2011). As a result, the gut-associated 
lymphoid tissue present in the lamina propria and M cells present in 
the follicle associated epithelium initiates an abnormal mucosal in-
flammatory response by activating pattern recognition receptors such as 
Toll-Like Receptors (TLR4) (Lu et al., 2018). These receptors embedded 
on the plasma membrane of enterocytes recruit immune cells from the 
circulatory system and regulate concentrations of proinflammatory 
mediators in the affected tissues (Chen et al., 2018). Finally, the acti-
vated TLR4/myeloid differentiation 2 (MD-2) complex induces phos-
phorylation of several intracellular protein assemblages, promoting the 
activation of the nuclear factor kappa-light-chain-enhancer of activated 
B-cell (NF-κB) signalling pathway which eventually play a significant 
role in the transcription and translation of inflammatory mediators (Luo 
et al., 2012) such as cytokines (TNF-α), chemokines, adhesion molecules 
(CAMs), and different inducible enzymes like nitric oxide synthase 
(iNOS) and cyclooxygenase 2 (COX-2) (Liu et al., 2017). 

Activation of NF-KB signalling pathway activates multiple kinase 
enzymes such as mitogen-activated protein kinases (MAPKs), 
phosphoinositide-3-kinases (PI3Ks), and monophosphate-activated 
protein kinase (AMPK) (Yang et al., 2017), which in turn activates 
MLCK enzymes that further phosphorylates myosin II regulatory light-
chain. As a result, peri-junctional actin-myosin filaments contraction 
induces tight junction opening thus increasing paracellular permeability 
(Cunningham & Turner, 2012). Further, this enzyme can also influence 
the other tight junction proteins such as zona occludin-1and caveolin-1- 
dependant occluding (Lu et al., 2018). Finally, disruption of local im-
mune homeostasis due to continuous unusual activation of TLRs en-
hances the permeability favouring the inclusion of bacterial and other 
potent pro-inflammatory agents in the systemic circulation, commonly 
known as metabolic endotoxemia (González-Quilen et al., 2019). 

The metabolic fate of non-extractable polyphenols like proantho-
cyanidin and its exceptional ability to bind macromolecules such as 
polysaccharide and protein due to its structural complexity. This ability 
not only make it a potent prebiotic agent but also facilitate its preventive 
effect and also allow it to arrest ligand-receptor binding and the 
adherence of transcription factors to their respective DNA binding sites 
(Zhu et al., 2016). Reports are also available to determine the mecha-
nism of action of non-extractable polyphenol like proanthocyanidins in 
local and systemic inflammation using different in vitro, in vivo, and ex 
vivo experimental models. Several experiments based on Caco-2 cell 
line-based models have shown a remarkable curtailment in secretion 
and gene expression of TNF, IL-6, IL-8 when exposed to several pro- 
inflammatory agents such as LPS cytokines and other chemical mole-
cules (Denis et al., 2015; Gentile et al., 2015; Wu et al., 2018; Yoshioka 
et al., 2008) followed by incubation with pure proanthocyanidin extract 
or botanical extract rich in proanthocyanidin (Bitzer et al., 2015; Gentile 
et al., 2015; Wu et al., 2018). This phenomenon is often allied to the 

simultaneous cessation of NF-KB signalling pathways at various levels 
(Erlejman et al., 2008; Wu et al., 2018). In some in vitro studies, 
proanthocyanidins have shown a significant decrease in barrier 
permeability in the context of intestinal dysfunction (Bitzer et al., 2015; 
Wong et al., 2016). Proanthocyanidin of cocoa having the degree of 
polymerization 7 (Bitzer et al., 2015) and procyanidin B2 (Bianchi et al., 
2019) showed preventive effect against dextran sodium sulfate (DSS)- 
induced disruption of barrier function in Caco-2 cells and Caco-2/HT29- 
MTX co-culture model, respectively. 

In a few in vivo studies, administration of both nutritional and 
pharmacological doses of complex non-absorbable polyphenols rich 
grape seed polyphenolic extract (GSPE) to Wistar rats that were on long- 
term (17–18 weeks) high fat cafeteria diet, brought about a drastic 
reduction in TNF- α release (one of the prominent indicators of intestinal 
permeability) (Gil-Cardoso et al., 2017, 2018; González-Quilen et al., 
2019). Therefore, the prophylactic effect of GSPE in maintaining intes-
tinal integrity can be correlated significantly with a reduction in meta-
bolic endotoxemia and systemic inflammation (Gil-Cardoso et al., 
2017). Proanthocyanidins are also proven to be effective against the 
deactivation of pro-inflammatory mediators, e.g., TNF-α and iNOS 
associated with the up-regulation of intestinal permeability as it helps to 
deactivate NF-KB signalling pathways, the main effectors for the pro-
duction of these inflammatory mediators (Contreras et al., 2015). 
Moreover, proanthocyanidins have also shown a pivotal role in the 
deactivation of different kinases including MLCK enzyme that is 
involved in the contraction of peri-junctional actin-myosin filaments that 
leads to tight junction opening (Yang et al., 2017). In another study by 
Delehanty et al. (2007), the LPS endocytosis inhibitory effect of proan-
thocyanidins was examined using HEK 293 cell line (human embryonic 
kidney cells) that expressed TLR4/MD-2 and CD14 receptors. In this 
study, proanthocyanidin inhibited the LPS endocytosis by directly 
binding to the lipid-moiety of LPS molecules, therefore blocking the 
attachment of LPS molecules to its receptors, the event required for 
activation of NF-KB signalling pathway (Fig. 5B). Thus, the anti- 
inflammatory and intestinal barrier-protective attributes of proantho-
cyanidins prove their eligibility to be used as therapeutic agents for the 
treatment of intestinal dysfunction related to obesity, IBD, and other 
metabolic diseases. However, large-scale clinical trials are needed to 
establish the efficacy of these molecules. 

Conclusion 

Extensive experimental and epidemiological research established the 
fact that polymeric polyphenols, being the most predominant phyto-
chemicals in food, exhibit a variety of health-beneficial effects. But 
polyphenol bio-accessibility and biological assimilability are the pri-
mary concern to link polyphenol and human health benefit. Food matrix 
polysaccharide is the main influencing factor that can modulate the 
transit of polymeric polyphenols from the small intestine to the colon 
and therefore indirectly influence the microbiota-induced enzymatic 
biodegradation. A few studies utilizing spectroscopic, calorimetric, and 
chromatographic methods, have analyzed the crosstalk between food 
matrix polysaccharides and high molecular weight polymeric proan-
thocyanidins and demonstrated that the association occurs as a result of 
hydrogen bond and hydrophobic interaction and the intensity of such 
interaction gradually increases with a higher degree of polymerization 
of proanthocyanidins and higher pectin content present in the food 
matrix. The physical structure of the food matrix, porosity, particle size 
also influences the affinity of these polymeric polyphenols to the poly-
saccharide, therefore passively regulate the extractability of the poly-
meric polyphenols. 

Growing evidence indicates that the health benefits of these phyto-
chemicals might be attributed to the bio-transformed adjoined metab-
olites (fabricated during the phase I and II catabolism of monomeric 
flavan-3-ols), especially to metabolites of polymeric NEPP synthesized 
by microbial catabolism in the colon, rather than to its native 
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conformation found in foods. Association with the food matrix poly-
saccharide helps to reduce the growth-inhibiting effect of larger poly-
meric phenolic compound and also aid their further fermentation by the 
colonic microbiota to produce bioactive metabolites. As a result, the 
secondary metabolites produced from colonic microbial action also en-
ters the systemic circulation long after the ingestiontherefore, helps to 
maintain an increased concentration of this bioactive metabolites in 
biological circulation. 

Future perspectives 

Till date most of the research solely concentrated on discovering 
advanced techniques and technologies for the extraction of NEPP. But 
most of the research ignored the effect of food matrix polysaccharide 
and other food components such as protein and lipids on the extract-
ability of NEPP. This review summarises the literature available on the 
interaction between insoluble food matrix polysaccharide. However, 
there is further scope of further research on the effect of different food 
processing technologies on the extractability of NEPP. The studies 
regarding the bioaccessibility of NEPP shows the slow release of bound 
polyphenols from food matrix enables them to exert therapeutic effect 
much longer than the extractable polyphenols in the gut and in systemic 
circulation. Therefore, more elaborate systematic research approach is 
needed to understand its synergistic activity with the food matrix dietary 
fibre followed by drawing a more precise conclusion regarding its bio-
logical effects. 

This review documented a strong inter-connection between the gut 
microbiota and the therapeutic effect of NEPP in terms of human 
metabolic homeostasis and modulation of gut microbial ecology or 
prevention of dysbiosis. The biotransformation of NEPP depends on the 
metabolites of the species and microbial enzymes involved in catabo-
lism. However, it is quite challenging to identify the wide varieties of 
NEPP metabolites with their specific therapeutic effect and the mecha-
nism of actions in the human organism. The advanced metabolomic 
studies i.e., both general and targeted approaches are the new area to be 
explored along with research regarding applied biology, pharmacoki-
netics, and molecular level cell biology. However, in-vivo studies should 
be used to establish the new pathways that are been utilised by the 
metabolites to exert biological effects. A rigorous clinical trial on human 
subjects should be taken under consideration to further explore and 
establish the findings and mechanism of action of these polyphenols and 
their metabolites revealed in in vitro and in vivo studies. 

The use of extra-ordinary advancement in the metabolomic tools and 
techniques would make it possible to study the complicated metab-
olomes of gut microorganisms and their influence on metabolites pro-
duction. Advanced DNA sequencing techniques can be utilised to decode 
the genomic and metagenomic data of gut microbiota to identify the key 
genes involved in the metabolism of these underrated polyphenols in the 
gut. Research in these areas would enable to gather complete knowledge 
of the therapeutic and nutritional relevance of NEPP, the hidden face of 
dietary antioxidants. 
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Núñez-Gómez, V., González-Barrio, R., Baenas, N., Moreno, D. A., & Periago, M. J. 
(2022). Dietary-Fibre-Rich Fractions Isolated from Broccoli Stalks as a Potential 
Functional Ingredient with Phenolic Compounds and Glucosinolates. International 
Journal of Molecular Sciences, 23(21), 13309. https://doi.org/10.3390/ 
ijms232113309 

Ohishi, T., Goto, S., Monira, P., Isemura, M., & Nakamura, Y. (2016). Anti-inflammatory 
Action of Green Tea. Anti-Inflammatory & Anti-Allergy Agents in Medicinal Chemistry, 
15(2), 74–90. https://doi.org/10.2174/1871523015666160915154443 

Oteiza, P. I., Fraga, C. G., Mills, D. A., & Taft, D. H. (2018). Flavonoids and the 
gastrointestinal tract: Local and systemic effects. Molecular Aspects of Medicine, 61, 
41–49. https://doi.org/10.1016/j.mam.2018.01.001 

Ou, K., & Gu, L. (2014). Absorption and metabolism of proanthocyanidins. Journal of 
Functional Foods, 7, 43–53. https://doi.org/10.1016/j.jff.2013.08.004 

Ozdal, T., Capanoglu, E., & Altay, F. (2013). A review on protein-phenolic interactions 
and associated changes. Food Research. International. 

Padayachee, A., Netzel, G., Netzel, M., Day, L., Mikkelsen, D., & Gidley, M. J. (2013). 
Lack of release of bound anthocyanins and phenolic acids from carrot plant cell walls 
and model composites during simulated gastric and small intestinal digestion. Food 
and Function, 4(6), 906–916. https://doi.org/10.1039/c3fo60091b 

Papuc, C., Goran, G. V., Predescu, C. N., Nicorescu, V., & Stefan, G. (2017). Plant 
Polyphenols as Antioxidant and Antibacterial Agents for Shelf-Life Extension of Meat 
and Meat Products: Classification, Structures, Sources, and Action Mechanisms. 
Comprehensive Reviews in Food Science and Food Safety, 16(6), 1243–1268. https:// 
doi.org/10.1111/1541-4337.12298 
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Saura-Calixto, F., Pérez-Jiménez, J., Touriño, S., Serrano, J., Fuguet, E., Torres, J. L., & 
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