Trends in Food Science & Technology 127 (2022) 156–168

Contents lists available at ScienceDirect

Trends in Food Science & Technology
journal homepage: www.elsevier.com/locate/tifs

Tea phenolics as prebiotics
Zhibin Liu a, b, Jean-Paul Vincken b, Wouter J.C. de Bruijn b, *
a
b

Institute of Food Science & Technology, Fuzhou University, Fuzhou, 350108, PR China
Laboratory of Food Chemistry, Wageningen University, P.O. Box 17, 6700 AA, Wageningen, the Netherlands

A R T I C L E I N F O

A B S T R A C T

Keywords:
Green tea catechins
Black tea phenolics
Prebiotics
Health benefits
Microbial metabolic fate
Short chain phenolic acids

Background: Due to the relatively low bioavailability of tea phenolics in the small intestine, their reciprocal
interaction with gut microbiota in the colon may contribute largely to their beneficial health effects. This implies
that tea phenolics may be considered as prebiotics.
Scope and approach: This review summarizes the current knowledge on the metabolic fates of phenolics from
green and black tea, the health benefits of tea phenolics and their microbial metabolites, and the potential
underlying mechanisms. Additionally, the prebiotic effects of tea phenolics and conventional oligosaccharide
prebiotics are compared.
Key findings and conclusions: Phenolics from green tea are promptly metabolised into a series of (hydroxylated)
phenylcarboxylic acids by gut microbiota, whereas lower degradation rates and metabolite yields are docu
mented for black tea phenolics. Despite these differences, phenolics from green and black tea exhibit comparable
gut microbiota modulatory effects. Moreover, intact green and black tea phenolics and their microbial metab
olites provide various health benefits upon consumption, most likely due to their anti-oxidation, anti-inflam
matory, gut barrier protection, and bile acid metabolism regulatory effects. Overall, the health benefits conferred
by tea phenolics via modulation of gut microbiota composition and via formation of health-promoting metab
olites is in many ways analogous to the prebiotic action of conventional oligosaccharides prebiotics. Therefore,
we conclude that phenolics from green and black tea have the potential to be considered as prebiotics. Gaining
better insights in the prebiotic effects of phenolics from green and black tea may pave the way for their highvalue application in food and pharmaceutical industries.

1. Introduction
Owing to the rich aroma and taste, the convenience in preparing, and
the potent health benefits, tea has garnered the world’s acceptance over
the past 2000 years. It is one of the most consumed beverages worldwide. The global tea market was valued at $9.1 billion in 2021 and
with a compound annual growth rate (CAGR) of 6.13% from 2021 to
2027 (Global Tea Market Research Report, 2022). The profound
health-promoting effects of tea have been widely recognized by con
sumers, and tea has long been used in Asian traditional medicine to treat
digestive issues, such as diarrhoea (Yang, Chen, & Wu, 2014). Over the
past few decades, a considerable number of studies have demonstrated
that regular tea consumption can improve human health, as it seems to
counteract cardiovascular disease, obesity, cancer, inflammatory bowel
disease, and type 2 diabetes (Pérez-Burillo et al., 2021). These
health-promoting effects are generally attributed to the phenolic com
pounds in tea. Phenolics, such as flavonoids, possess potent

anti-oxidative, anti-inflammatory, anti-microbial, anti-tumour, and
anti-aging properties (Shang, Li, Zhou, Gan, & Li, 2021). Moreover,
according to the United States Department of Agriculture (USDA)
flavonoid database, tea is the dominant dietary source of flavonoids
(Sebastian et al., 2021; Song & Chun, 2008). Tea consumption con
tributes a daily per capita intake of 157 mg of flavonoids, accounting for
83% of the total daily dietary flavonoid intake that is estimated at 189
mg (Song & Chun, 2008). As a result, the bioactivities of tea phenolics
have been the subject of extensive research aimed at gaining a better
understanding of tea’s health-promoting properties.
Although tea is a prominent dietary source of phenolics, these
compounds are known to be poorly bioavailable in the small intestine,
and only a limited proportion of ingested phenolics enters the blood
stream. Thus, the majority of tea phenolics will pass through the small
intestine and reach the large intestine unaltered (Crozier, Jaganath, &
Clifford, 2009). This raises questions about how these compounds exert
their bioactivities in the body. A diverse population of microorganisms,
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mainly anaerobic bacteria, inhabit the colonic lumen. Due to the ver
satile metabolic capabilities, gut microbiota can degrade the food con
stituents, including tea phenolics, that are indigestible or not
bioavailable in the small intestine (Chen & Yang, 2020; Clemente,
Ursell, Parfrey, & Knight, 2012). The resultant metabolites could be
absorbed in the colon and may further confer health benefits (Mena
et al., 2019). Tea phenolics, on the other hand, can alter the composition
and metabolites of gut microbiota, which may also confer health bene
fits to the host (Henning et al., 2018; Zhou, Tang, Shen, & Wang, 2020).
Combined with their low bioavailability, this implies that tea phenolics
exert at least part of their health-promoting effects via the reciprocal
interaction with gut microbiota.
The aforementioned findings suggest that tea phenolics act in similar
way as established prebiotics. The earliest definition of prebiotics was
limited to non-digestible oligosaccharides, such as fructooligo
saccharides (FOS) and galactooligosaccharides (GOS), that “beneficially
affect the host by selectively stimulating the growth and/or activity of
one or a limited number of bacterial species” (Gibson & Roberfroid,
1995). Over the past two decades, oligosaccharides have been widely
established to exert health benefits via formation of bioactive microbial
metabolites and modulation of gut microbiota composition. In
December 2016, the International Scientific Association for Probiotics
and Prebiotics (ISAPP) updated the definition of prebiotic to “a substrate
that is selectively utilized by host microorganisms conferring a health
benefit” (Gibson et al., 2017). Notably, this definition expands the scope
of prebiotics to include compounds that belong to other classes than
oligosaccharides, thereby enabling e.g. polyunsaturated fatty acids and
phenolics to be labelled as prebiotics (Gibson et al., 2017). In recent
years, the concept of tea phenolics as prebiotics has been discussed in

several in vitro and in vivo studies (Guo, Song, Cheng, & Zhang, 2019; Liu
et al., 2020; Sun et al., 2018). Nevertheless, the prebiotic potential of tea
phenolics has thus far not been systematically reviewed and discussed.
In this review, we critically discuss the current scientific evidence
that could support the concept of tea phenolics as prebiotics. To this end,
we systematically review the current knowledge on (i) the metabolic
fate of phenolics from green tea and black tea, with special focus on the
recent progress in elucidating the microbial degradation of dimeric and
oligomeric tea phenolics from black tea, (ii) tea phenolics’ modulatory
effect on gut microbiota composition and metabolites, and (iii) the
correlated health benefits and the underlying mechanism. In addition,
we discuss the differences and similarities in the prebiotic effect of the
phenolics from green tea and black tea. Furthermore, the prebiotic ef
fects of tea phenolics and conventional oligosaccharide prebiotics are
compared. We aim to provide a detailed consideration of the concept of
tea phenolics as prebiotics and to provide state-of-the-art insight in the
importance of their prebiotic effects for their health-promoting
properties.
2. Tea phenolics
Tea is made from the leaves of the tea plant: Camellia sinensis. One of
the main constituents of tea leaves are phenolic compounds, comprising
approximately 30–36% of the dry weight of tea, of which the majority
are flavan-3-ols (up to 30% dry weight of tea) (Wang, Provan, & Helli
well, 2000). There are two primary categories of tea: unfermented (i.e.
green) tea and fermented (i.e. black) tea. Due to the differences in both
manufacturing processes, their phenolic profiles are distinctively
different.

Fig. 1. General outline of the manufacturing processes of green tea and black tea, and their respective predominant phenolics. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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In manufacturing of green tea, the plucked fresh tea leaves undergo
withering, heating, and drying (Fig. 1). The main goal in this process is
the preservation of the flavan-3-ols that are present in fresh tea leaves.
Endogenous oxidases, including polyphenol oxidase (PPO), peroxidase,
and catalase, are inactivated by heating, which is crucial to prevent the
oxidation of flavan-3-ols. Therefore, green tea has a similar phenolic
composition as fresh tea leaves, containing mainly monomeric flavan-3ols, commonly referred to as catechins. Green tea catechins (GTCs) are
characterized by a 3,5-dihydroxyphenyl A-ring, a di- or trihydroxyphenyl B-ring, and a dihydropyran C-ring, which is fused to
the A-ring. Additionally, the C-ring contains a hydroxyl or galloyl group
at C3 (Fig. 1). The C-ring has two chiral carbon atoms (C2, C3). Cate
chins with a 2R,3R configuration, including (− )-epicatechin (EC),
(− )-epicatechin gallate (ECG), (− )-epigallocatechin (EGC), and
(− )-epigallocatechin gallate (EGCG), are predominant in nature (Gra
ham, 1992). Of the four primary catechins in tea leaves, EGCG is the
most abundant compound, representing approximately 7–13% of dry
weight of tea leaves, followed by ECG (3–6%), EGC (3–6%), and EC
(1–3%) (Graham, 1992; Harbowy, Balentine, Davies, & Cai, 1997).
In manufacturing of black tea, the fresh tea leaves are withered,
crushed, fermented, and dried (Fig. 1). In contrast to green tea pro
duction, the main goal of black tea manufacturing is to fully oxidize the
flavan-3-ols. By crushing, the cell structure of the tea leaves is disrupted,
exposing flavan-3-ols to oxygen and endogenous oxidases. This initiates
the step of fermentation, which is essentially oxidation of flavan-3-ols.
The resulting black tea phenolics (BTPs) are a complex mixture of
dimeric, oligomeric, or polymeric flavan-3-ols (Harbowy et al., 1997). In
this process, two major oxidation pathways exist: (i) the condensation of
a catechol-type B-ring and a pyrogallol-type B-ring to form a 1′ ,
2′ -dihydroxy-3,4-benzotropolone moiety, and (ii) the coupling of two
pyrogallol-type B rings to form a biphenyl-2,2′ ,3,3′ ,4,4′ -hexaol moiety
(Drynan, Clifford, Obuchowicz, & Kuhnert, 2010). BTPs like theaflavins,
theaflagallins, theaflavates, and theaflavic acids belong to the first
category featuring the characteristic benzotropolone moiety, whereas
theasinensins, theogallinin, and theaflavonin belong to the second
category featuring the characteristic biphenyl moiety (Fig. 1) (Drynan
et al., 2010; Tanaka, Matsuo, & Kouno, 2010). Theaflavins and the
asinensins are the most abundant BTPs of their respective categories
(Liu, de Bruijn, Sanders, et al., 2021; Tanaka et al., 2010). In addition,
other relatively minor black tea phenolics, such as theacitrins, can be
formed via other oxidation pathways (Davis et al., 1997). Even though
dimeric oxidation products can accumulate in black tea, they are not the
final products of the oxidation process, as they can be further oxidized
and oligomerized to form even more complex structures. By applying
petrolomics-style data interpretation strategies, Kuhnert, Drynan, Obu
chowicz, Clifford, and Witt (2010) detected more than 5000 individual
phenolic compounds in black tea. Due to the complex mixture of phe
nolics in black tea, complete chemical profiling and bioactivity eluci
dation of BTPs are challenging. In order to study the bioactivity of BTPs,
model systems of representative compounds (e.g. theaflavins and the
asinensins) possessing the typical benzotropolone or biphenyl moieties
present in the two main categories of BTPs have been used (Liu, de
Bruijn, Bruins, & Vincken, 2021; Liu, de Bruijn, Sanders, et al., 2021).

detectable amount of intact theaflavins was absorbed in the gastroin
testinal tract (Pereira-Caro et al., 2017). Based on this, and due to the
larger and more complex chemical structures of BTPs compared to GTCs,
it is expected that BTPs possess even lower bioavailability than GTCs.
Therefore, we conclude that a considerable amount of ingested GTCs
and BTPs will pass through the small intestine and reach the colon,
where they are subject to microbial metabolism. The versatile enzymatic
toolkit of gut microbiota enables them to catalyse degradation of aro
matic compounds, including GTCs and BTPs, through intricate meta
bolic pathways. Microbial metabolism plays an essential role in
digestion of tea phenolics, which are natively poorly bioavailable to the
host. Thus, to gain a comprehensive understanding of the mechanisms
by which GTCs and BTPs exert their health-promoting effects, it is of
crucial importance to elucidate their metabolic fates in the colon.
3.1. Colonic metabolic fates of GTCs and BTPs
With regards to the metabolic fate of GTCs, the general consensus in
the field is that the intact GTCs are metabolised into a series of (hy
droxylated) phenylcarboxylic acids through consecutive ester hydroly
sis, C-ring opening, A-ring fission, dehydroxylation, and aliphatic chain
shortening (Fig. 2) (Chen & Sang, 2014; Liu et al., 2020; Ottaviani et al.,
2016). The most prevalent metabolites of GTCs are hydrox
yphenyl-γ-valerolactones and (hydroxylated) phenylvaleric acids (Mena
et al., 2019). These compounds are smaller and less complex than intact
GTCs, and they are readily absorbed in the colon (Mena et al., 2019). In
addition to the intact GTCs, their phase II liver metabolites that reach
the colon via enterohepatic circulation, including glucuronidated,
methylated, and sulfated conjugates, are susceptible to deconjugation
and further metabolism by the gut microbiota (van der Hooft et al.,
2012).
Knowledge on the microbial metabolic pathways of BTPs is relatively
limited. Chen et al. (2011) first reported the degalloylation of thea
flavin-3,3′ -digallate (TFDG) by gut microbiota. Pereira-Caro et al.
(2017)
reported
the
formation
of
5-(3′ -hydrox
yphenyl)-γ-hydroxyvaleric acid, 3-(3′ ,4′ -dihydroxyphenyl)propionic
acid, and 3-hydroxybenzoic acid from a theaflavin extract by human
faecal microbiota. A recent study performed by Liu et al. suggested that
the anaerobic fermentation of TFDG by human gut microbiota yielded,
amongst others, theaflavin monogallates, theaflavin (TF), theanaph
thoquinone (TNQ), hydroxylated phenylvaleric acids, phenylacetic acid,
gallic acid, and pyrogallol (Liu, de Bruijn, Bruins, & Vincken, 2021).
Notably, the main metabolite of TFDG over 48 h of anaerobic fermen
tation by human gut microbiota was TNQ (25% of the initial amount of
TFDG), a TF oxidation product which possesses a 1,2-naphthoquinone
moiety. Compared to EGCG subjected to the same fermentation pro
cedure, the yield of downstream metabolites, including various (hy
droxylated) phenylcarboxylic acids, was much lower, approximately
17% of the metabolite yield found for EGCG (Liu, de Bruijn, Bruins, &
Vincken, 2021). The same authors also investigated the metabolic fate of
theasinensins in the colon and found that these compounds, which
possess a biphenyl core structure, were recalcitrant to microbial
degradation (Liu, de Bruijn, Sanders, et al., 2021). After degalloylation,
approximately 93% of the biphenyl core structure of theasinensins
remained intact even after 48 h of fermentation by human gut micro
biota, thereby severely limiting the yield of downstream metabolites
(Liu, de Bruijn, Sanders, et al., 2021). An overview of the microbial
degradation pathways of EGCG, TFDG, and TSA is visualised in Fig. 2.
There are no reports on the degradation pathways of BTPs besides the
aflavins and theasinensins. These compounds are representatives of
benzotropolone and biphenyl type dimers, respectively. It is, therefore,
expected that knowledge on their metabolic fate can, at least to some
extent, be extrapolated to other BTPs with benzotropolone and biphenyl
moieties.

3. Metabolic fate of tea phenolics
After consumption of tea, phenolic compounds will pass through the
oral cavity, oesophagus, and stomach largely intact. In the small intes
tine, due to the poor permeability and efflux, only a small percentage of
the tea phenolics can be absorbed in the enterocytes and enter the cir
culatory system. The absorption and transportation of GTCs has been
extensively studied and reviewed (Williamson, Kay, & Crozier, 2018). It
was estimated that approximately 13.7% of EGC, 31.2% of EC and 0.1%
of EGCG were directly bioavailable in the small intestine (Chen, Lee, Li,
& Yang, 1997). However, data on the bioavailability of BTPs is relatively
limited. A study reported by Pereira-Caro et al. revealed that no
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Fig. 2. Degradation pathways of EGCG (A), the representative phenolic compound in GTCs, TFDG (B) and TSA (C), which are the representative phenolic compounds
in BTPs, adapted from literature (Chen & Sang, 2014; Liu, de Bruijn, Bruins, & Vincken, 2021; Liu, de Bruijn, Sanders, et al., 2021; Mena et al., 2019).

3.2. Comparing the microbial metabolism of GTCs and BTPs

metabolites (Liu, de Bruijn, Sanders, et al., 2021).
The low fermentability of theaflavins and theasinensins was pro
posed to be the result of their compact stereo-configurations. This hy
pothesis was based on density functional theory (DFT) analysis, which
suggested that steric hindrance around the O1–C2 bonds in the C-ring in
theaflavins and theasinensins inhibited C-ring opening (Liu, de Bruijn,
Sanders, et al., 2021). Opening of the C-ring is a key metabolic step
enabling further degradation of the flavan-3-ol skeleton (Fig. 2). How
ever, due to the lack of information on the microbial enzymes respon
sible for many of the metabolic steps, including C-ring opening, the

Liu et al. demonstrated the different microbial metabolism of GTCs
and BTPs (Liu, de Bruijn, Bruins, & Vincken, 2021; Liu, de Bruijn,
Sanders, et al., 2021; Liu et al., 2020). In specific, monomeric
flavan-3-ols are prone to extensive metabolism by gut microbiota (Liu
et al., 2020), whereas theaflavins were more slowly and less extensively
degraded (Liu, de Bruijn, Bruins, & Vincken, 2021). Moreover, the
asinensins were shown to be recalcitrant to gut microbial metabolism
and their low fermentability resulted in a very low yield of downstream
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exact mechanism underlying lower fermentability of theaflavins and
theasinensins compared to GTCs has not yet been established.

2020; Lin et al., 2021; Pérez-Burillo et al., 2021). There is consensus that
tea phenolics are capable of increasing the overall microbial diversity,
lowering the ratio of Firmicutes to Bacteroidetes, promoting beneficial
intestinal bacteria, such as Bifidobacterium, Lactobacillus, Akkermansia,
Bacteroides, and inhibiting some pathogenic bacteria, such as
Clostridium.
Regarding the comparison between GTCs and BTPs, an in vitro
anaerobic fermentation study showed that both EGCG and TFDG
possessed similar promoting effects on Bacteroides, Faecalibacterium,
Parabacteroides, and Bifidobacterium, and inhibitory effects on Prevotella
and Fusobacterium (Liu, de Bruijn, Bruins, & Vincken, 2021). Henning
et al. (2018) reported that decaffeinated green and black tea phenolics
similarly decreased Firmicutes and increased Bacteroidetes in mice fed
an obesogenic diet. Another rodent trial demonstrated that with a
standardized intake of phenolic compounds from both green and black
tea extracts significantly altered the proportions of a wide range of in
testinal microbes in obese mice compared to the treatment without tea
intervention, and that GTC and BTP treatments yielded similar gut
microbiota profiles (Liu et al., 2016). This seems to be consistent with
the chemistry of GTCs and BTPs, considering that GTCs are the building
blocks of BTPs, and with the fact that GTCs and BTPs generate similar
downstream metabolites.

3.3. Gut microbiota involved in the metabolism of tea phenolics
The microbial species involved in the metabolism of tea phenolics
have been investigated in several studies. For example, it was reported
by Takagaki et al. (Takagaki & Nanjo, 2010) that bacteria, such as
Enterobacter aerogenes, Raoultella planticola, Klebsiella pneumoniae subsp.
pneumoniae, and Bifidobacterium longum subsp. infantis, could catalyse
degalloylation of EGCG to EGC. Additionally, they reported that the
bacteria Adlercreutzia equolifaciens JCM 14793, Asaccharobacter celatus
JCM 14811, and Slackia equolifaciens JCM 16059 had the ability to
perform C-ring opening and dehydroxylation of the B-ring on EGC and
gallocatechin (Takagaki & Nanjo, 2015). Many other gut microbiota,
such as Eubacterium sp. strain SDG-2, Eggerthella lenta rK3, Eggerthella sp.
CAT-1, Lactobacillus plantarum IFPL935, were also found to have the
ability to catalyse C-ring opening (Jin & Hattori, 2012; Kutschera, Engst,
Blaut, & Braune, 2011; Sanchez-Patan et al., 2012; Wang et al., 2001).
Furthermore, Flavonifractor plautii aK2 and DSM 6740 are able to
perform A-ring fission and valerolactone ring opening, converting 1-(3′ ,
4′ -dihydroxyphenyl)-3-(2′′ ,4′′ ,6′′ -trihydroxyphenyl)propan-2-ol to 5-(3′ ,
4′ -dihydroxy-phenyl)-γ-valerolactone
and
5-(3′ ,4′ -dihydrox
yphenyl)-γ-valeric acid (Kutschera et al., 2011). Regarding the bacteria
involved in the degradation of BTPs, currently, limited information is
available. One study suggested that Lactobacillus plantarum 299v and
Bacillus subtilis had the capacity to perform degalloylation of TFDG
(Chen et al., 2012). Considering the similar flavan-3-ol skeletons be
tween GTCs and BTPs, the bacteria involved in the metabolism of GTCs
may also be capable of (partially) metabolising BTPs.
An overview of the gut microbiota involved in the metabolism of
GTCs and BTPs is shown in Table 1. Herein, only data based on studies
with pure strains and species are included. Importantly, three key
knowledge gaps are identified: (i) the microbial species involved in some
metabolic steps, such as the aliphatic chain shortening of phenyl
carboxylic acids and the formation of TNQ, are still unknown. (ii)
Knowledge regarding the enzymes responsible for catalysis of specific
metabolic steps, other than degalloylation by esterases and dehydrox
ylation by dehydroxylases, is currently lacking. (iii) It is not clear
whether the complete metabolism of GTCs and BTPs can be executed by
a single bacterial species or strain, or whether it requires a concerted
effort by many different bacteria, which each possess specific metabolic
capabilities.

4.2. Gut microbiota-associated health benefits of tea phenolics
The modulation of gut microbiota by tea phenolics can further confer
systemic health benefits to the host, such as anti-obesity, amelioration of
inflammatory bowel disease (IBD), cardiovascular disease (CVD), and
non-alcoholic fatty liver disease (NAFLD). Recent studies, focusing on
these biological activities of tea phenolics that are associated with the
gut microbiota modulatory effect, are summarized in Table 2. These
health benefits could be the result of a collection of multiple events
induced by the parent compounds of tea phenolics and/or their micro
bial metabolites. Herein, the local beneficial effects of tea phenolics and
their microbial metabolites in the colon, which are the potential un
derlying mechanisms of the systemic health benefits to host, are further
discussed.
(i) Gut barrier protection. Dysfunction of the gut barrier has been
associated with several intestinal and metabolic diseases, such as
IBD, obesity, and food allergies (Suzuki & Hara, 2011). Tea
phenolics, like EGCG, (+)-catechin, and TFs, can reduce the
epithelial permeability, promote the expression of tight junction
protein claudin-7, and increase both the mRNA and protein
expression of tight junction-associated proteins (including
occludin, claudin-1, and zonula occludens-1) (Bianchi et al.,
2019; Park, Kunitake, Hirasaki, Tanaka, & Matsui, 2015; Watson
et al., 2004). Tea phenolics’ functions in protecting the gut bar
rier may also be ascribed to the improvement of mucus produc
tion (Wu et al., 2021) and the enhancement of stability of the
mucus layer by cross-linking between mucins and GTCs and/or
BTPs (Georgiades, Pudney, Rogers, Thornton, & Waigh, 2014).
Additionally, tea phenolics could protect the gut barrier function
via altering various species of mucus colonizing bacteria, such as
Akkermansia, Mucispirillum, Helicobacter (Kaulmann & Bohn,
2016).
(ii) Bile acid metabolism regulation. Secondary bile acids that are
formed via microbial metabolism, e.g. deconjugation, oxidation,
epimerization, dehydroxylation, esterification and desulfatation
(Gérard, 2014), present a profound influence on host metabolism
and immune response via the activation of various bile acid re
ceptors, such as G protein-coupled bile acid receptor 1 (TGR5)
and farnesoid X receptor (FXR) (Devlin & Fischbach, 2015), and
the facilitation of the faecal elimination of bile acids (Wahlström,
Sayin, Marschall, & Bäckhed, 2016). Therefore, the modulation
of the gut microbiota composition induced by tea phenolics may

4. Gut microbiota modulatory effect and correlated health
benefits of tea phenolics
4.1. Gut microbiota modulatory effect of tea phenolics
It has become universally recognized that gut microbiota play a key
role in the health status of the host. It has also become increasingly clear
that dietary factors impact the host’s health status by altering the gut
microbiota composition and metabolites. Application of specific food
molecules can effect changes in the gut microbiota to contribute to
maintaining metabolic, redox, and immune homeostasis in the colon
and thereby throughout the body. In recent years, a body of experi
mental evidence has accumulated which demonstrates that dietary
phenolics, including GTCs and BTPs, are one of the classes of food
molecules capable of effecting such changes. This is not surprising, as
phenolics, which are secondary plant metabolites, play an important
role in plant defence. Both GTC and BTP have long been recognized to
inhibit the growth of a great variety of pathogenic bacteria (Almajano,
Carbo, Jiménez, & Gordon, 2008). With respect to the gut microbiota
modulatory effect of GTCs and BTPs, many review articles have clearly
summarized the current knowledge on the main intestinal bacteria tar
geted by these compounds (Bond & Derbyshire, 2019; Chen & Yang,
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Table 1
Gut microbiota involved in the metabolism of tea phenolics.
Degradation step
Degalloylation

Involved
enzymes

Substrate

Esterases

(− )-epigallocatechin gallate

Order

Family

Genus

Enterobacter aerogenes

Proteobacteria

Gammaproteobacteria

Enterobacterales

Enterobacteriaceae

Klebsiella

(− )-epigallocatechin gallate

Raoultella planticola

Proteobacteria

Gammaproteobacteria

Enterobacterales

Enterobacteriaceae

Raoultella

(− )-epigallocatechin gallate

Klebsiella pneumoniae
susp. pneumoniae
Bifidobacterium
longum subsp. infantis
Lactobacillus
plantarum IFPL935
Lactobacillus
plantarum 299v
Bacillus subtilis
Adlercreutzia
equolifaciens JCM
14793
Asaccharobacter
celatus JCM 14811
Slackia equolifaciens
JCM 16059
Eubacterium sp. strain
SDG-2

Proteobacteria

Gammaproteobacteria

Enterobacterales

Enterobacteriaceae

Klebsiella

Actinobacteria

Actinobacteria

Bifidobacteriales

Bifidobacteriaceae

Bifidobacterium

Firmicutes

Bacilli

Lactobacillales

Lactobacillaceae

Lactobacillus

Firmicutes

Bacilli

Lactobacillales

Lactobacillaceae

Lactobacillus

Firmicutes
Actinobacteria

Bacilli
Coriobacteriia

Caryophanales
Eggerthellales

Bacillaceae
Eggerthellaceae

Bacillus
Adlercreutzia

Chen et al. (2012)
Takagaki and
Nanjo (2015)

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Asaccharobacter

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Slackia

Firmicutes

Clostridia

Eubacteriales

Eubacteriaceae

Eubacterium

Takagaki and
Nanjo (2015)
Takagaki and
Nanjo (2015)
Wang et al. (2001)

Eggerthella lenta rK3

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Eggerthella

Flavonifractor plautii
aK2
Flavonifractor plautii
DSM 6740
Eggerthella lenta CAT1
Lactobacillus
plantarum IFPL935
Flavonifractor plautii
aK2
Flavonifractor plautii
DSM 6740
Adlercreutzia
equolifaciens JCM
14793
Asaccharobacter
celatus JCM 14811
Eubacterium sp. strain
SDG-2

Firmicutes

Clostridia

Eubacteriales

Oscillospiraceae

Flavonifractor

Firmicutes

Clostridia

Eubacteriales

Oscillospiraceae

Flavonifractor

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Eggerthella

Firmicutes

Bacilli

Lactobacillales

Lactobacillaceae

Lactobacillus

Firmicutes

Clostridia

Eubacteriales

Oscillospiraceae

Flavonifractor

Firmicutes

Clostridia

Eubacteriales

Oscillospiraceae

Flavonifractor

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Adlercreutzia

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Asaccharobacter

Firmicutes

Clostridia

Eubacteriales

Eubacteriaceae

Eubacterium

Eggerthella lenta CAT1

Actinobacteria

Coriobacteriia

Eggerthellales

Eggerthellaceae

Eggerthella

theaflavin- 3,3′ -digallate
theaflavin- 3,3′ -digallate
(− )-gallocatechin
(− )-epigallocatechin
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(− )-epigallocatechin,
(− )-gallocatechin
(− )-catechin, (− )-epicatechin,
(− )-gallocatechin,
(− )-epigallocatechin,
(+)-catechin, (+)-epicatechin
(− )-epicatechin, (+)-catechin
(− )-epicatechin, (+)-catechin
(− )-epicatechin, (+)-catechin
(− )-epicatechin, (+)-catechin

Unknown

Dehydroxylation

Dehydroxylases

(− )-epicatechin, (+)-catechin,
(− )-epicatechin gallate
(− )-epicatechin, (+)-catechin
(− )-epicatechin, (+)-catechin
(− )-epigallocatechin,
(− )-gallocatechin
(−
(−
(−
(−
(−
(−

)-epigallocatechin,
)-gallocatechin
)-catechin, (− )-epicatechin,
)-gallocatechin,
)-epigallocatechin
)-epicatechin, (+)-catechin

Takagaki and
Nanjo (2010)
Takagaki and
Nanjo (2010)
Takagaki and
Nanjo (2010)
Takagaki and
Nanjo (2010)
Sanchez-Patan
et al. (2012)
Chen et al. (2012)

Kutschera et al.
(2011)
Kutschera et al.
(2011)
Kutschera et al.
(2011)
Jin and Hattori
(2012)
Sanchez-Patan
et al. (2012)
Kutschera et al.
(2011)
Kutschera et al.
(2011)
Takagaki and
Nanjo (2015)
Takagaki and
Nanjo (2015)
Wang et al. (2001)
Jin and Hattori
(2012)
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A-ring fission &
Valerolactone ring
opening

Ref.

Class

(− )-epicatechin gallate

Reductase

Taxonomy information
Phylum

(− )-epigallocatechin gallate

C-ring opening

Involved bacteria
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Table 2
Gut microbiota modulatory effect and the correlated health benefits of tea phenolics.
Study
no.

Compounds/extracts

Daily dosage

Duration of
treatment

Subjects

Main observed biological
effects

Bacteria change

Ref.

1

Green tea water
extracts
Black tea water
extracts

550 mg/kg BW

13 weeks

High fat diet fed
C57BL/6J mice

↓ Body weight
↓ Epididymal, mesenteric,
and retroperitoneal fat/
body weight
↓ Serum glucose and total
cholesterol

Liu et al. (2016)

Decaffeinated green
tea extracts
Theaflavin and
thearubigin fractions
from black tea
extracts

240 mg/kg BW

4 weeks

High-fat/high-sucrose
diet fed C57BL/6J
mice

↓ Body weight
↓ Subcutaneous,
mesenteric, and
epididymal fat/body
weight
↑ Hepatic AMPK
phosphorylation

↓ Body weight
↑ Glucose tolerance
↓ Hepatic lipids
↓ White adipose tissue
weight
↓ Plasma
lipopolysaccharides (LPS)
↑ Faecal short chain fatty
acids (SCFAs)
No significant change in
body weight
No significant damage in
heart, liver, spleen, lungs,
and kidneys
↑ Colon length
↓ Proinflammatory
cytokines (IL-6, IL-1β, and
TNF-α)
↑ Anti- inflammatory
cytokine (IL-10)
↓ Transmural
inflammation
↑ Tight junction proteins
↓ Colon inflammation
↓ Pro-oxidative enzyme
activity
↑ Colon integrity
↓ Nuclear factor-Kb
↓ Total adipose tissue
weight
↓ Liver triglycerides
↓ Liver damage
↓ Adipose tissue
inflammation
↑ Microbial genes related
to energy production and
conversion
↓ Faecal calorific
carbohydrates
↑ Microbial vitamin
production
↓ Faecal bile constituents
↑ Microbial mitochondrial
TCA cycle and urea cycle
↓ Body weight
↓ Hyperlipidaemia
↑ Ileal conjugated bile
acids
↓ Intestinal FXR-FGF15
signalling pathway
↑ Hepatic bile acids
production
↑ Faecal excretion of bile
acids
↓ Microbial bile-salt
hydrolase activity

↑ Alistipes
↑ Lachnospiraceae
↑ Akkermansia
↑ Rikenella
↓ Allobaculum
↓ Bacteroides
↓ Clostridium
↓ Parabacteroides
↓ Firmicutes
↓ Roseburia
↓ Lactobacillus
↓ Blautia
↓ Anaerostipes
↓ Shuttleworthia
↓ Bryantella
↑ Bacteroidetes
↑ Parabacteroides
↑ Bacteroides
↑ Prevotella
↓ Rikenellaceae
↓ Desulfovibrionaceae
↑ Ruminococcacea
↑ Lachnospiraceae
↑ Acetatifactor

↑ Lactococcus
↑ Akkermansia
↑ Lactobacillus intestinalis
↓ Turicibacter

Liu et al. (2020)

2

450 mg/kg BW

320 mg/kg BW

3

Green tea, oolong
tea, black tea water
extracts

1% in the diet

28 weeks

High fat diet fed
C57BL/6J mice

4

Green tea extracts
Dark tea extracts

5 mg/kg BW

4 weeks

Donor: C57BL/6J
female mice

Faecal bacteria from
mice treated with
green tea extracts

10 mL/kg BW
faecal microbiota
suspension

8 days

Recipient: Dextran
sulphate sodium
(DSS)-induced colitis
mice

Green tea, white tea,
yellow tea, oolong
tea, black tea, dark
tea, and hawk tea
water extracts
Fuzhuan tea extracts

5 mg/kg BW

14 days

DSS induced colitis
Kunming mice

200 mg/kg BW

8 weeks

High saturated fat diet
fed Wistar rats

7

Decaffeinated green
tea polyphenols

400 mg/kg BW
1200 mg/kg BW

6 months

Ovariectomized
female Sprague
Dawley rats

8

Pu-erh tea powder

450 mg/kg BW

26 weeks

High fat diet fed
C57BL/6J mice

Faecal bacteria from
mice treated with
dark tea extracts
5

6

Henning et al.
(2018)

Liu et al. (2019)

↑ Akkermansia
↓ Parasutterella
↓ Desulfovibrio
↓ Lachnoclostridium
↑ Bifidobacterium
↓ Bacteroides
↓ Lachnoclostridium
↑ Faecalibaculum
↑ Bifidobacterium
↓ Bacteroids
↓ Mucispirillum

Liu, Wang, et al.
(2020)

↑ Actinobacteria
↑ Lactobacillus johnsonii

Foster et al.
(2016)

↑ Bacteroidetes
↑ Oscillospira
↓ Peptostreptococcaceae
↑ Ruminococcaceae
↑ Lachnospiraceae
↑ Bacteroidaceae

(Wang et al.,
2018; Zhou,
Tang, Shen, &
Wang, 2018,
2020)

↓ Lactobacillus
↓ Bacillus
↓ Enterococcus
↓ Lactococcus
↓ Streptococcus,
↓ Leuconostoc

Huang et al.
(2019)

(continued on next page)
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Table 2 (continued )
Study
no.

Compounds/extracts

Daily dosage

Duration of
treatment

Subjects

Main observed biological
effects

Bacteria change

50 mg/kg BW

4 weeks

Male human subjects

↓ Hyperlipidaemia
↑ Ileal conjugated bile
acids
↑ Faecal excretion of bile
acids
↓ Microbial bile-salt
hydrolase activity
↓ Body weight
↓ Serum glucose,
cholesterol and endotoxin
↓ Liver damage
↓ Hepatic TLR4/NF-κBdependent inflammation
↑ Tight junction proteins
↓ Intestinal inflammation
↓ Hepatic oxidative stress
↓ Serum LPS
↓ Serum inflammation
↓ Liver damage
↓ Serum and hepatic lipid
accumulation
↑ Gut barrier integrity
↑ Bacterial lipid, amino
acid, and purine
metabolism
↓ Colitis disease activity
index
↑ Length of colon
↓ Mucosal damage
↓ Myeloperoxidase
↓ Plasma and colonic
tissues pro-inflammatory
cytokines
↓ Mucosa oxidative stress
↑ Mucosal barrier function
↓ Body weight
↓ Perirenal and
epididymal fat
↓ Live weight
↓ Serum and hepatic total
cholesterol
↑ Faecal SCFAs
↑ Faecal bile acids
↑ Intestinal barrier
function
↓ Colonic and serum
proinflammatory cytokine
↓ Macrophage infiltration
↑ Faecal SCFAs

↓ Lactobacillus
↓ Bacillus
↓ Streptococcus
↓ Lactococcus

9

Green tea extracts
(− )-Epigallocatechin
gallate

2% in the diet
0.3% in the diet

8 weeks

High fat diet fed
C57BL/6 J mice

10

Pu-erh tea extract

0.1% in drinking
water
0.4% in drinking
water

4 weeks

Chronic alcohol
consumption C57BL/
6J mice

11

(− )-Epigallocatechin
gallate

50 mg/kg BW
(oral gavage)

3 days after
DSS
induction

DSS induced colitis
C57BL/6J mice

12

13

Faecal bacteria from
mice treated with
green tea extracts
(− )-Epigallocatechin
gallate and caffeine

100 μL faecal
microbiota
suspension
40 mg/kg BW of
EGCG + 20 mg/
kg BW of caffeine

Pu-erh tea extract

3, 6, and 9%
water extracts for
intragastric
gavage

21 days
prior to DSS
induction
3 days after
DSS
induction
4 weeks

7 days prior
to DSS
induction

High fat diet fed
Sprague Dawley rats

DSS induced colitis
C57BL/6J mice

further regulate the metabolism of bile acids, which potentially
conveys health benefits to the host. For example, the anti-obesity
(Zhu et al., 2021) and NAFLD alleviation (Ushiroda et al., 2019)
effects of EGCG were reported to be attributed to the modification
of gut microbiota composition and the regulation of bile acid
metabolism. Similarly, theabrownin from Pu-erh tea demon
strated cholesterol- and lipid-lowering effects via the decrease of
intestinal bile-salt hydrolase producing microbes and the inhibi
tion of FXR-FGF15 signaling (Huang et al., 2019).
(iii) Anti-oxidation. The onset and development of a number of
chronic diseases, such as obesity, IBD, CVD, NAFLD, involve
oxidative stress in the intestinal tract. Due to their potent anti
oxidative activity, tea phenolics and their microbial metabolites
contribute to maintaining oxidative balance in the intestinal
lumen by scavenging hydroxyl, superoxide, peroxyl, and amino
radicals. This protects the host from continuous colon tissues
damage. For example, a recent in vivo study demonstrated that TF
was able to trap metabolic toxins, such as ammonia and

Ref.

↑ Bacteroidetes
↑ Akkermansia
↓ Ruminiclostridium
↓ Clostridium
↓ Blautia
↓ Lachnospiraceae

Dey et al.
(2020)

↑ Bifidobacterium
↑ Allobaculum
↓ Helicobacter
↓ Bacteroides

Liu et al. (2020)

↑ Akkermansia
↑ Lachnoclostridium
↓ Enterobacterales
↓ Clostridia
↑ Akkermansia
↑ Faecalibaculum
↑ Bifidobacterium
↑ Akkermansia
↑ Lactococcus

Wu et al. (2021)

↑ Alloprevotella
↑ Allobaculum
↑ Faecalibaculum
↑ Bifidobacterium
↑ Turicibacter
↓ Desulfovibrio
↓ Blautia

Zhu et al.
(2021)

↑ Lactobacillus
↑ Muribaculum
↑
Lachnospiraceae_unclassified
↑ Erysipelotrichaceae
↑ Alistipes
↓ Bacteroides
↓ Helicobacter
↓ Enterobacter_unclassifie

Huang et al.
(2021)

methylglyoxal, through oxidation and amination in the intestinal
tract, suggesting a contribution of TF in maintaining the host’s
intestinal oxidative balance (Zhang, Ohland, Jobin, & Sang,
2021).
(iv) Anti-inflammation. Besides damage from oxidative stress, the
colon tissue can also be damaged by mucosal inflammation
induced by colonization with pathogenic bacteria, the trans
location of bacterial lipopolysaccharide (LPS), or other antigens
(Ruemmele et al., 2002). Tea phenolics, including EGCG and
TFDG, have been shown to effectively reduce colonic inflamma
tion and strengthen the host’s immune response (Bitzer, Elias,
Vijay-Kumar, & Lambert, 2016; Silswal et al., 2005; Smith,
Gregg, Hashemi, Schott, & Hughes, 2006). Intriguingly, Kim et al.
(2016) reported that GTCs metabolites, such as 5-(3′ ,5′ -dihy
droxyphenyl)-γ-valerolactone, 5-(3′ - hydroxyphenyl)valeric acid,
demonstrated superior immunostimulatory activity compared to
their parent compounds.
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Taken together, the gut microbiota-associated health benefits of tea
phenolics may be exerted by a combination of gut barrier protection,
bile acid metabolism regulation, anti-oxidation, and anti-inflammatory
effects of intact tea phenolics and their microbial metabolites. Gaining
in-depth understanding of the nature of these health benefits and
mechanisms by which tea phenolics and their microbial metabolites
exert them will be instrumental in developing food products or dietary
interventions that can contribute to improving gut health and the host’s
overall well-being.

resident microorganisms (Macfarlane & Macfarlane, 2011). It has been
widely recognized that SCFAs can also confer various systemic health
benefits, by favourable modulation of: colonocyte function, gut ho
meostasis, energy gain, immune system, blood lipids, appetite, and renal
physiology (Gibson et al., 2017).
Regarding the comparison of the health benefits of SCPAs and SCFAs,
currently, no direct comparative study is available yet. Nevertheless, it is
believed that both of these classes of microbial metabolites of food
compounds possess local beneficial effects in the colon (see section 4.2)
as well as systemic health benefits. Besides the health benefits that
SCPAs and SCFAs have in common, it is also expected that they each
possesses several distinct bioactivities, due to the considerable differ
ences in their chemical structures. For example, SCPAs, like 3,4-dihy
droxyphenylacetic acid and 3,4-dihydroxyphenylpropionic acid,
possess antioxidant activities, which are comparable to those of their
precursors (Chen et al., 2020), whereas SCFAs do not possess such
antioxidant activities. Conversely, it has been extensively reported that
SCFAs are able to serve as an energy source for the growth of gut
microbiota, which is not expected to be the case for SCPAs due to their
more complex chemical structure and antimicrobial properties.
Furthermore, the yields of SCPAs and SCFAs upon fermentation of their
precursors are different. The most abundant SCPAs formed upon
fermentation of GTCs are phenylvaleric acids, which possess an aromatic
ring derived from the catechin B-ring and a 5-carbon side chain (Mena
et al., 2019; Pereira-Caro et al., 2020). The most abundant SCFAs formed
upon fermentation of oligosaccharides are acetic acid and propionic
acid, which possess much simpler chemical structures (Topping & Clif
ton, 2001; Wong, De Souza, Kendall, Emam, & Jenkins, 2006). It has
been demonstrated that 1 mol of EGCG yielded approximately 1 mol of
phenylvaleric acids after 48 h fermentation (Liu, de Bruijn, Sanders,
et al., 2021). For FOS, it was reported that, in an in vitro faecal batch
culture model, fermentation of 0.3% w/v of FOS in BMIF medium for 48
h generated 25 mmol/L of total SCFAs. Assuming an average degree of
polymerization of 5, this equates to approximately 7.6 mol of SCFAs per
mole of FOS (Arboleya et al., 2013). Thus, higher molar yields of SCFAs
from oligosaccharide fermentation are expected compared to the yields
of SCPAs from tea phenolic fermentation. Nevertheless, we cannot draw
any direct conclusions regarding the functional implications of this
quantitative comparison of these short chain metabolites. To draw such
conclusions, the amounts of SCPAs and SCFAs produced should be
related to the potency of these metabolites to elicit certain bioactivities,
which could strongly differ. Moreover, the achievability of dietary
intake required to produce sufficient quantities of metabolites to elicit
the desired effect(s) should also be taken into account. At present it is
not yet possible to draw a well-founded conclusion on which group of
metabolites confers superior health benefits to consumers.
Another notable difference between tea phenolics and conventional
oligosaccharide prebiotics is that, as discussed in section 4.2, some
health benefits of tea phenolics are conveyed by both the precursors and
the microbial metabolites. On the other hand, for oligosaccharide pre
biotics, the direct health benefits of the intact oligosaccharides are likely
limited and most of the health benefits are derived solely from the mi
crobial metabolites, i.e., SCFAs.
Overall, tea phenolics can confer health benefits via modulation of
gut microbiota composition and via formation of health-promoting
metabolites, which is in many ways analogous to the prebiotic action
of conventional oligosaccharides prebiotics.

5. Tea phenolics as novel prebiotics: from in vitro to application
The low bioavailability in the small intestine and reciprocal inter
action of GTCs and BTPs with human gut microbiota implicate that tea
phenolics, through their metabolism by gut microbiota and positive
modulatory effect on gut microbiota composition, may confer health
benefits to the host. Based on the experimental evidence linking tea
phenolics, gut microbiota, and host health, we conclude that tea phe
nolics can confer prebiotic effects, which are analogous to conventional
prebiotics. In this section, the prebiotic effects of tea phenolics and
conventional oligosaccharide prebiotics are compared.
5.1. Tea phenolics possess prebiotic effects comparable with conventional
prebiotics
The first argument to support the notion that tea phenolics can act
analogously to prebiotics is their selective stimulation of beneficial
bacteria and the inhibition of pathogenic bacteria as mentioned in sec
tion 4.1. For example, in an in vitro fermentation study, the supple
mentation of approximately 50 mg/L of EGCG or TFDG increased the
relative abundance of Bifidobacterium by 4- and 10-fold after 24 h and
48 h, respectively (Liu, de Bruijn, Bruins, & Vincken, 2021). These
modulatory effects of tea phenolics on gut microbiota composition are
comparable to those observed for conventional oligosaccharide pre
biotics, like FOS and GOS. Such oligosaccharides selectively stimulate
Lactobacillus and Bifidobacterium in human colon, leading to the wide
spread consensus on the prebiotic properties of these compounds
(Pandey, Naik, & Vakil, 2015). For instance, it was reported that the
supplementation of 500 mg/L of FOS (degree of polymerization 2–8) in
basal medium for 23 h led to 7- and 20-fold increases in the populations
of Bifidobacterium breve and Bifidobacterium longum, respectively (Scott,
Martin, Duncan, & Flint, 2014). These examples demonstrate that tea
phenolics are able to positively modulate gut microbiota composition by
promoting beneficial bacteria, such as Bifidobacterium, at similar or even
lower dosages than oligosaccharide prebiotics.
As a second argument, the colonic degradation of both tea phenolics
and oligosaccharide prebiotics by gut microbiota generates bioactive
metabolites, which are easily absorbed in both cases. It has been
established that the microbial metabolism of tea phenolics results in the
formation of a variety of short chain phenolic acids (SCPAs), also
referred to as (hydroxylated) phenylcarboxylic acids. These SCPAs can
be more easily absorbed than their precursors, as evidenced by recovery
of their methylated, glucuronated, and sulfated metabolites in plasma
after ingestion of tea and coffee (Del Rio et al., 2010; Fumeaux et al.,
2010; van Duynhoven et al., 2014). Moreover, SCPAs are able to convey
various systemic health benefits, including regulatory action on various
key metabolic processes: platelet aggregation, angiotensin-converting
enzyme activity, oxidation of low-density lipoproteins and erythro
cytes, and oxidative stress-induced cytotoxicity (Chen & Sang, 2014;
Mena et al., 2019; van Duynhoven et al., 2013). Additionally, SCPAs
were also reported to be able to stimulate vasodilation,
anti-inflammatory potential, and colon fibroblast protection (Chen &
Sang, 2014; Mena et al., 2019; van Duynhoven et al., 2013). As a
comparison, the fermentation of oligosaccharide prebiotics by gut
microbiota generates a series of short chain fatty acids (SCFAs) as the
end products, which are easily absorbed by intestinal epithelial cells and

5.2. Are tea phenolics prebiotics?
As per the newly proposed definition of prebiotics, three criteria are
required for any compound to be a prebiotic, it must be: (i) able to resist
digestion by the host; (ii) fermentable by intestinal microorganisms; and
(iii) able to selectively stimulate the growth and/or activity of intestinal
bacteria associated with health and wellbeing (Gibson et al., 2017).
Firstly, as discussed in section 3, both GTCs and BTPs are poorly
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absorbed and poorly metabolised in the small intestine, which covers
criterion (i). Secondly, as discussed in section 3, both GTCs and BTPs are
subject to fermentation by gut microbiota, which covers criterion (ii).
Thirdly, as discussed in section 4, both GTCs and BTPs possess the ability
to favourably modulate gut microbiota composition and function,
thereby conferring health benefits to the host, which covers criterion
(iii). A general comparison of the prebiotic effect of tea phenolics and
conventional oligosaccharide prebiotics, e.g. FOS, is demonstrated in
Fig. 3. However, it should be noted that due to the lack of clinical studies
on the prebiotic effects of tea phenolics, the notion that tea phenolics are
prebiotics should be verified by clinical evidence. Nevertheless, we can
conclude that phenolics from green and black tea possess prebiotic
potential.

phenolic, and animal model. Of particular importance is the reported
effective intake dose of tea phenolics, which in rodent models commonly
ranges from 200 to 600 mg/kg body weight (Table 2). Based on the body
surface area normalization method as proposed by Reagan-Shaw et al.
(2008), this dose range was equivalent to a human dose range of 16–48
mg/kg body weight. For 60 kg human adults, the effective daily intake
dose should range between 960 and 2880 mg. As reported by Cody
(2018), the total phenolic content in tea infusion varied from 23 to 109
mg/100 mL. Therefore, to achieve the aforementioned health benefits,
the minimal daily tea infusion consumption amount should be approx
imately 1.0 L, i.e., 4 to 5 cups. However, this effective intake dose as
sumes an ideal situation, the actual required amount will vary between
individuals and will most likely be in the range of 1.0 L–5.0 L of tea
infusion consumption per day, which on average may be not realistic.
Moreover, for overweight individuals, who will likely benefit most from
the bioactivities of tea phenolics, the effective intake amount is even
higher. Additionally, the potential adverse effects of ingestion of high
doses of phenolics (e.g. cytotoxicity, pro-oxidant activity) and caffeine

5.3. Feasibility assessment
It is worth noting that the observed gut microbiota modulatory effect
of tea phenolics varies depending on dose, treatment duration, type of

Fig. 3. Comparison of the prebiotic effect of tea phenolics and conventional oligosaccharide prebiotics.
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(e.g. insomnia, nervousness, heart rate acceleration) should also be
taken into consideration. Thus, to achieve the documented health ben
efits, it would be recommended to stimulate controlled intake of
(decaffeinated) tea extracts or tea-derived phenolics via either nutri
tional supplementation or fortified food.

are becoming more prominent in the dietary supplement and functional
food markets. Driven by this booming market, there is an increasing
demand in food constituents with prebiotic effects. In this review, we
establish that tea phenolics can be considered to be prebiotics. The
application of tea phenolics as prebiotics in functional foods and bev
erages, dietary supplements, and animal feed could potentially be of
high economic value. We also showed that the monomeric catechins (i.e.
flavan-3-ols) that are found in green tea are superior prebiotics,
compared to their di- and oligomeric derivatives that are present in
black tea.
We also urge further investigation of the effect of tea phenolics on
gut health by in vivo animal and human intervention trials. In specific,
the actual mechanism(s) underlying the established health benefits of
supplementation with monomeric or dimeric flavan-3-ols should be
elucidated by more systematic in vivo assessment. In addition, the dosage
of tea phenolics to be effective as prebiotics should be established, while
also carefully considering the inter-individual variability, prior to large
scale application. Furthermore, the contribution of other tea constitu
ents should also be further investigated.

5.4. Prebiotic effect: green tea catechins versus black tea phenolics
As aforementioned, it is of great interest to compare the prebiotic
effects of green and black tea. Regarding criterion (i), resistance to
digestion by the host, it is difficult to make a comparison between GTCs
and BTPs. There is little data on the bioavailability and metabolism of
BTPs in the stomach and small intestine. However, based on what little
data is available, it is expected that BTPs are likely more resistant to
digestion and less bioavailable in the small intestine. Regarding criterion
(ii), fermentability by gut microbiota, higher degradation rates and
metabolite yields were observed from monomeric flavan-3-ols compared
to dimeric flavan-3-ols in pure flavan-3-ol model systems (Liu, de Bruijn,
Bruins, & Vincken, 2021; Liu, de Bruijn, Sanders, et al., 2021; Pereir
a-Caro et al., 2017). Thus, green tea is likely superior to black tea in
terms of fermentability by gut microbiota. Regarding criterion (iii),
modulation of gut microbiota composition, EGCG and TFDG generally
had a comparable modulatory effect on the gut microbiota composition,
when equal molar amounts of flavan-3-ol units were supplemented (Liu,
de Bruijn, Bruins, & Vincken, 2021). This is despite the fact that the
metabolite profiles of EGCG and TFDG were shown to be distinctively
and significantly different (Liu, de Bruijn, Bruins, & Vincken, 2021;
Pereira-Caro et al., 2017). The mechanism of gut microbiota modulation
by tea phenolics is not yet understood, nor is it known whether the
parent compounds or (specific) metabolites are the key mediators of
changes in gut microbiota composition. It is possible that changes in gut
microbiota composition are induced by effects that are universal for
flavan-3-ols, regardless of the form (i.e. monomeric or dimeric) in which
they were supplemented. Unfortunately, the gut microbiota modulatory
effect of theasinensins and many other BTPs has not been reported yet.
Follow-up studies on a wider diversity of BTPs should be performed in
order to further elucidate the degradation rates and mechanisms of
microbiota modulation by these more complex tea phenolics.
It is commonly believed that green tea possesses superior healthpromoting properties compared to black tea, which may partially be
due to the more potent antioxidant properties associated with nonoxidized monomeric tea phenolics (Bancirova, 2010). However, it has
become controversial to link the health benefits of tea solely to antiox
idant activity of intact GTCs and BTPs. Gut microbiota modulatory ef
fects and formation of microbial metabolites from these intact
precursors are likely key mediators of the health benefits of tea. In this
review, we have shown that phenolics from green tea and black tea meet
all three criteria to be considered as prebiotics. Here, we argue that
phenolics from green tea (i.e. monomeric flavan-3-ols) and black tea (i.e.
di- and oligomeric flavan-3-ols) possess similar gut microbiota modu
latory effects but that monomeric flavan-3-ols possess higher ferment
ability than di- and oligomeric flavan-3-ols. Thus, based on this, we
conclude that monomeric flavan-3-ols from green tea are likely the more
potent prebiotics. Overall, from the perspective of their prebiotic effects,
these findings support the common belief that green tea possesses su
perior health-promoting properties compared to black tea. It should also
be noted that, due to the complexity of both green and black teas, the
effect of other constituents, such as flavonols, is often overlooked.
Therefore, more in-depth and well-designed studies are required to
unambiguously verify the prebiotic effect of specific tea phenolics.
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Pereira-Caro, G., Gaillet, S., Ordóñez, J. L., Mena, P., Bresciani, L., Bindon, K. A., …
Crozier, A. (2020). Bioavailability of red wine and grape seed proanthocyanidins in
rats. Food & Function, 11(5), 3986–4001.
Pereira-Caro, G., Moreno-Rojas, J. M., Brindani, N., Del Rio, D., Lean, M. E., Hara, Y.,
et al. (2017). Bioavailability of black tea theaflavins: Absorption, metabolism, and
colonic catabolism. Journal of Agricultural and Food Chemistry, 65(26), 5365–5374.
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