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Propositions
1.

By punching nano-scale holes in tea leaves, treatment by pulsed electric field
accelerates subsequent phenolic compounds extraction.
(this thesis)

2.

Oligomerization during enzymatic oxidation of tea phenolics not only induces
a red-shift in colour, but also increases recalcitrance to microbial degradation.
(this thesis)

3.

In vitro study on bioactivities of indigestible dietary compounds using cell
lines is like climbing a tree to catch a fish.

4.

‘Big data’ can reveal correlation, ‘small data’ can prove causation.

5.

Model systems and tea ceremonies are both humble attempts to seek out a
slice of perfection in an otherwise chaotic world.

6.

In social media, the subtility and beauty of words is eroded by the
exaggerated use of emojis.
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Abstract

Tea, made from the leaves of the plant Camellia sinensis, is one of the most consumed
beverages world-wide. The profound health-promoting effects of tea have been scientifically
demonstrated and widely recognized by consumers. The health benefits of tea are mainly
attributed to its high content of phenolic compounds. Sustainable production and high-value
application of tea phenolics is thus of great interest. In this thesis, we demonstrate that old
tea leaves are a potential renewable source of tea phenolics, and that pulsed electric field
pre-treatment prior to tea phenolics’ extraction is a promising alternative to conventional
thermal dehydration. Furthermore, we also explored and compared the prebiotic potential of
green tea catechins (GTCs) and black tea phenolics (BTPs). Due to the complexity of tea
phenolic composition, epigallocatechin-3-gallate (EGCG) was selected as the representative
compound of GTCs, whereas theaflavin-3,3′-digallate (TFDG) and theasinensin A (TSA) were
selected as the representative compounds of BTPs. Via in vitro anaerobic fermentation with
human gut microbiota, the metabolic fates of these three representative phenolic
compounds, and the gut microbiota modulatory effects of EGCG and TFDG were investigated.
We revealed that dimeric tea phenolics possessed lower fermentability by human gut
microbiota. Despite the different metabolite profiles, EGCG and TFDG showed comparable
gut microbiota modulatory effects. Due to their reciprocal interactions with gut microbiota,
we concluded that both GTCs and BTPs possessed prebiotic potential. The higher
fermentability of catechins suggested that green tea possessed more pronounced prebiotic
properties than black tea. Overall, by exploring the potential of a novel sustainable strategy
for tea phenolic extraction, and studying the prebiotic potential of green and black tea
phenolics, in-depth insights in the production and application of tea phenolics was provided.
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General introduction

Partially based on: Liu, Z.; Bruins, M. E.; Ni, L.; Vincken, J.-P., Green and black tea phenolics:
Bioavailability, transformation by colonic microbiota, and modulation of colonic microbiota.
Journal of Agricultural and Food Chemistry 2018, 66 (32), 8469-8477.

Chapter 1

1.1. Relevance of this research: valorisation of tea phenolics from
agricultural waste as prebiotics
Regular consumption of tea is often proposed to be health promoting, mainly d ue to its high
content of phenolic compounds. Therefore, tea phenolics have been recognized as economically
significant and valuable compounds for the food and beverage industry. Industrial interest in the
extraction and high-value application of tea phenolics is rising. At the same time, extraction of
tea phenolics should adhere to strategies for green biorefinery, in which sustainability, economic
feasibility, and minimising environmental impact are imperative. Old tea leaves, which are an
agricultural waste stream, can potentially be valorised as a renewable source of tea phenolics.
In order to assess the suitability of old tea leaves for further application, it will be essential to
determine their phenolic composition. Besides this, sustainable extractio n of phenolics from old
tea leaves will require the use of innovative extraction methods to circumvent the energy - and
time-intensive, conventional thermal dehydration pre-treatment. Therefore, emerging energy
efficient extraction technologies, such as pulsed electric field, to facilitate sustainable extraction
of tea phenolics need to be explored.
The extracted tea phenolics can be used as ingredients in (functional) food and beverages to
confer added health benefits on top of the foods’ nutritional value. These tea phenolics can be
used in the monomeric form, as present in green tea, or in the oxidatively coupled form (i.e.
mainly dimers and oligomers), as present in black tea. When comparing the health benefits of
green tea and black tea, green tea is generally believed to possess superior health-promoting
properties due to the more potent antioxidant properties associated with the high concentration
of non-oxidized monomeric tea phenolics. However, both green and black tea phenolics are
poorly bioavailable, leading us to believe that their health benefits are not solely related to in
vivo antioxidant activity. This implicates that the health benefits of tea phenolics may be
conferred via the formation of microbial metabolites and through their gut microbia l modulatory
effects, which is similar to the prebiotic effect. Therefore, it is of great academic and public
interest to establish the differences in prebiotic effect between green tea and black tea. To
elucidate these differences, understanding the metabolic fates of monomeric and dimeric tea
phenolics upon fermentation by human gut microbiota, and the gut microbiota modulatory
effects of the intact compounds as well as their metabolites is essential. Gaining better insights
in such reciprocal interactions of tea phenolics and human gut microbiota may pave the way for
their high-value application in food and pharmaceutical industries.

1.2. Tea and tea phenolics
1.2.1. Tea is rich in bioactive phenolic compounds
Tea is made from the leaves of the tea plant: Camellia sinensis. In general, processed tea is
divided into three major categories, based on the extent of fermentation applied: green tea
(non-fermented), black tea (fermented), and oolong tea (semi-fermented). Owing to the rich
aroma and taste, the convenience in preparing, and the potential health benefits, tea has
2
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garnered the world's acceptance over the past 2,000 years. It is one of the most consumed
beverages in the world and the global tea market size is valued at $15 billion. 1 Of the total
quantity of tea produced and consumed in the world, approximately 78% is black tea, which is
mainly consumed in Europe and North America. Approximately 20% is green tea, which is mainly
consumed in Asia. The remaining 2% is oolong tea, which is mainly consumed in southeast
China. 2
The main classes of compounds in tea leaves are represented by phenolics, alkaloids, volatile
oils, polysaccharides, amino acids, lipids, vitamins, and inorganic elements.3 The major
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). 4 There are
distinctively different phenolic profiles between green tea and black tea, of which green tea
mainly contains monomeric flavan-3-ols, and black tea mainly contains oxidatively coupled
flavan-3-ols. 5
It has been widely recognized that tea is a healthy beverage, and it has long been used in Asian
traditional medicine to treat digestive issues, such as diarrhoea. 6 Over the past few decades, a
considerable number of studies has demonstrated that regular tea consumption can improve
human health, as it seems to counteract cardiovascular disease, obesity, and type 2 diabetes. 7-9
These health-promoting effects are generally attributed to the phenolic compounds in tea
because of their potent anti-oxidative, anti-inflammatory, anti-microbial, anti-tumour, and antiaging properties. 7 Due to the wide range of health-promoting properties of tea phenolics, they
are considered to be valuable phytochemicals.

1.2.2. Phenolic compounds in fresh tea leaves
Flavonoids are the dominant class of phenolic compounds in tea leaves. 4 The main subclasses of
flavonoids in tea leaves are flavan-3-ols and flavonols. 4 Among them, monomeric flavan-3-ols,
which are commonly referred to as catechins, are most abundant. They 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 (Figure
1.1). The C-ring has two chiral carbon atoms (C2, C3). Catechins with a 2R,3R configuration,
including (–)-epicatechin (EC), (–)-epicatechin gallate (ECG), (–)-epigallocatechin (EGC), and (–)epigallocatechin gallate (EGCG), are predominant in nature.10 Catechins possessing a 2S,3R
configurations are far less abundantly detected in fresh leaves of C. sinensis, but are present in
higher amounts in other Camellia species, such as Camellia ptilophylla.11 Of the four primary
catechins in tea leaves, EGCG is the most abundant compound, representing approximately 713% of dry weight of tea leaves, followed by ECG (3-6%), EGC (3-6%), and EC (1-3%). 5,12 It was
established that these catechins were not distributed evenly throughout the leaf structure, but
were concentrated in the mesophyll tissue, in specific, catechins were mainly localised in central
vacuoles of mesophyll cells. 13

3
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Figure 1.1. Chemical structures of the major flavan-3-ols, (A) and flavonols (B) present in fresh tea leaves. G
represents galloyl group.

Flavonols, which possess similar A- and B-rings as flavan-3-ols, in combination with a 3-hydroxy4-pyranone C-ring (Figure 1.1), are also found in tea leaves. The main flavonols in tea leaves are
quercetin, kaempferol, myricetin, and their glycosides. 4 Flavonols are mostly present in the plant
as glycosides, including mono-, di-, and tri-glycosides. 14 The sugar moieties mainly consist of
glucose, rhamnose, galactose, arabinose, and fructose, which are most commonly attached to
the flavonol backbone via 3-O-glycosylation and to a lesser extent via 7-O-glycosylation. 14 In
addition, gallic acid, coumaroylquinic acids, caffeoylquinic acids, and other phenolic acids are
present in fresh tea leaves in their free or conjugated forms (i.e. glucogallic acid).5 Flavonols and
their glycosides, and phenolic acids each constitute 3-5% of the dry weight of fresh tea
leaves. 5,10,12

1.2.3. Manufacturing process of green and black tea
Fresh tea leaves can be used to manufacture green tea, black tea, and oolong tea, as well as
other tea products. Among them green and black tea are the most widely consumed ones. Their
manufacturing processes are illustrated in Figure 1.2.

Figure 1.2. General outline of the manufacturing processes of green tea and black tea.
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In manufacturing of green tea, the fresh tea leaves undergo withering, heating, and drying. The
main goal in this process is the preservation of the catechins in fresh tea leaves. Endogenous
oxidases are rapidly inactivated by heating, which is crucial to prevent catechin oxidation. In the
production of black tea, the fresh tea leaves are withered, crushed, fermented, and dried. In
contrast to green tea, the main goal of black tea manufacturing is to fully oxidize the catechins.
By crushing, the cell structure of the tea leaves is disrupted, exposing catechins to oxygen and
endogenous oxidases which initiates the next step of fermentation, namely oxidation.

1.2.4. Phenolic compounds in green and black tea
Deactivation of endogenous oxidases, including polyphenol oxidase (PPO), peroxidase, and
catalase, prevents oxidation of catechins during green tea manufacturing.5 Therefore, leaf
phenolics remain intact, and green tea has a similar phenolic composition as fresh tea leaves,
namely mainly monomeric flavan-3-ols, referred to as green tea catechins (GTCs). During
fermentation to produce black tea, GTCs undergo an oxidative cascade, catalysed by the
endogenous oxidases, to afford a large array of oxidized flavan-3-ols. Black tea phenolics (BTPs)
are a complex mixture of dimeric, oligomeric, or polymeric oxidation products. 5
In this process, two major oxidation pathways of GTCs exist: (i) the condensation of a catecholtype 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
(Figure 1.3).15 BTPs like theaflavins, theaflagallins, theaflavates, and theaflavic acids belong to
the first category with a characteristic benzotropolone moiety, whereas theasinensins,
theogallinin, and theaflavonin belong to the second category featuring a characteristic biphenyl
moiety. 15,16 Theaflavins and theasinensins are the most abundant BTPs of their respective
categories.17 In addition, other relatively minor black tea phenolics, such as theacitrins, can be
formed via other oxidation pathways. 18 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. In literature, the term
thearubigins is often used to refer to a subgroup of these oxidative coupling products , 19 however,
this term is not very clearly defined. Thus, throughout this thesis we will collectively refer to all
oxidatively coupled flavan-3-ols as BTPs.
This complex mixture of oxidation products typically results in a large Gaussian-shaped hump
with a large number of compounds when they are analysed chromatographically by reversedphase (U)HPLC with UV-Vis detection (Figure 1.4). This hump represents the highly
heterogeneous nature of the oxidation products of monomeric flavan-3-ols. 15 By applying
petrolomics-style data interpretation strategies, Kuhnert et al. detected more than 5,000
individual phenolic compounds in black tea.19,20 Due to the complexity of this mixture, complete
chemical profiling and bioactivity elucidation of BTPs is challenging. In order to study the
bioactivity of BTPs, model systems of representative compounds possessing the typical
benzotropolone or biphenyl moieties present in these groups (e.g. theaflavins and theasinensins)
should be used.
5
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Figure 1.3. Schematic overview of the formation of the major dimeric oxidation products from catechins. EC,
epicatechin; ECG, epicatechin gallate; EGC, epigallocatechin; EGCG, epigallocatechin gallate; PPO, polyphenol
oxidase. * indicates one of the precursor of this compound is not catechin.

Figure 1.4. RP-UHPLC-UV420 chromatograms of green tea (A) and black tea (B) water extracts.
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1.3. Green biorefinery strategy for tea phenolics extraction from fresh old
tea leaves
1.3.1. Old tea leaves as a potential source of tea phenolics
Phenolic compounds in fresh tea leaves vary with species, season, age of the leaf ( i.e. plucking
position), climate, horticultural practices, soil type, altitude, and grow th location.10,21 It was
reported that the total phenolic content of fresh young leaves of tea was around 1.2-fold higher
than that of old (or mature) leaves, 22 and total catechin content was even found to be 2.7-fold
higher in young tea leaves. 23 In general, the light-green, young, top leaves and buds are
preferably harvested for tea production, 5 whereas the mature and old ones, with deeper green
colour are unsuitable for tea production, because of their undesirable flavour. Besides this,
accumulation of phenolic compounds in tea leaves is highest during summer. 24 Leaves are usually
plucked and processed once or twice per year (spring and occasionally autumn). Thus, a large
amount of old tea leaves remains unused, and is therefore considered to be agricultural
waste.25,26
Compared with young leaves and buds, the gross chemical composition of old tea leaves is
similar, including phenolic compounds (15–30% of dry matter), proteins (20–30% of dry matter),
and carbohydrates (30–40% of dry matter). If sustainable and economically viable green
biorefinery strategies can be designed to recover the valuable phenolic fraction from old tea
leaves, it would facilitate valorisation of this agricultural waste material as a potential renewable
resource of bioactive compounds. However, the phenolic profile of old tea leaves has not yet
been well-characterized, which will be an essential first step to enable valorisation of this waste
stream.

1.3.2. Green biorefinery strategies for tea phenolics extraction
With regard to the extraction of the phytochemicals from plant sources, e.g. to incorporate them
in food supplements, two primary processes are required: (i) cell wall and cell membrane
disruption, and (ii) migration of cellular compounds from the cell matrix. Mechanical pressing or
grinding is widely used to disrupt the cell, but it results in non-selective release of all cellular
components and creates large amounts of cell debris, which complicates the subsequent
fractionation. Drying is another widely used procedure for disruption of plant cells. This
procedure causes breakage and collapse of cell walls and the formation of large cavities and
intercellular spaces, consequently allowing the cellular components to be easily extracted. 27
However, conventional thermal dehydration is a time and energy intensive process. Moreover,
thermal dehydration may lead to degradation of thermally instable phenolic compounds.
Various techniques have been exploited for the second step of migration of phytochemicals from
disrupted cells. In general, hot water extraction and organic solvent extraction are easy to apply
and are, therefore, the most widely used techniques. 28 In tea phenolic extraction, thermal
dehydration of tea leaves followed by organic solvent extraction is a commonly used
combination of methods.28 The organic solvent can be evaporated to obtain the pure tea
7
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phenolics. Besides this conventional combination of methods, different processes, including
supercritical fluid extraction, microwave-assisted extraction, ultrason-assisted extraction, and
pulsed electric field-assisted extraction can be employed to extract phenolics from tea leaves.
Pulsed electric field (PEF) is an emerging technology for processing cells by means of brief pulses
of a strong electric field. It is especially interesting because of its low energy consumption. 29
Applying an external electric field to the cells results in pore formation in the plant cell
membranes, which facilitates the release of the cellular contents, such as phenolic compounds. 30
Due to the relatively mild disruption of cell membranes, some large intracellular molecules, such
as proteins and carbohydrates, will remain in the cell. Thus, PEF is considered to contribute to a
selective extraction procedure, which can reduce the amount of unwanted cell debris liber ated
upon cell disruption. 31 The process of cell membrane permeabilisation of plant mesophyll cells
by PEF to release phenolics or other intracellular compounds is schematically illustrated in Figure
1.5. Permeabilisation can be achieved at moderate electric fields (<10 kV/cm) and low specific
energies (<10 kJ/kg), and is thus a non-thermal and energy efficient extraction technique. 32 This
technique has been used for the extraction of bioactive compounds from various food
matrices. 30,33 However, there was only one report of PEF-assisted extraction of tea phenolics at
the start of this PhD research.34 In this study, it was shown that electroporation through PEF
treatment had potential for cell rupture of fresh tea leaves to replace the time and energy
intensive dehydration step. They reported that only 27% of total phenolics could be recovered
by PEF-assisted water extraction of fresh tea leaves. As the epicuticular waxes on the surface of
the leaves can act as a barrier to extraction, the efficiency of aqueous extraction with PEF is
relatively low. Therefore, there is still significant room for improvement of extraction yield s, for
example, by utilizing a combination of PEF pre-treatment and organic solvent extraction.

Figure 1.5. Schematic illustration of the application of PEF to plant mesophyll cells to extract phenolics.

In summary, the agricultural waste stream of old tea leaves may be valorised as a potential
renewable source of tea phenolics. This will require sustainable and cost -efficient extraction of
tea phenolics from old tea leaves, which might be achieved by PEF-assisted organic solvent
extraction. The effectiveness of combining PEF and organic solvent extraction for this application,
8
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and its effect on the quantity and composition of phenolic compounds obtained, is not yet known
and will have to be investigated.

1.4. Gut microbial metabolism and microbiota modulatory effects of tea
phenolics
Green tea and black tea are both considered to have various health-promoting effects. It would
be of great academic and public interest to distinguish the health benefits between th ese two
types of tea. It has been established that dietary phenolics have low bioavailability in the small
intestine. For GTCs, following administration, approximately 13.7% of EGC, 31.2% of EC and 0.1%
of EGCG were directly bioavailable. 35 For BTPs, due to their larger and more complex chemical
structure, even lower bioavailability in the small intestine is expected. Thus, a considera ble
amount of ingested GTCs and BTPs will pass through the small intestine and reach the colon,
where they are subject to microbial degradation. A better understanding of the metabolites
formed upon microbial degradation of tea phenolics is essential for t he interpretation of tea’s
health-promoting effects. Additionally, it has been widely recognized that gut microbiota play
an essential role in the maintenance of intestinal homeostasis and host health. 36 Tea phenolics
have been proven to possess gut microbiota modulatory effects, which may convey health
benefits to the host. 17,37 Thus, the overall health-promoting effect of tea phenolics may be
partially attributed to such reciprocal interactions between tea phenolics and gut microbiota,
rather than the direct effects of the parent compounds. Therefore, in order to distinguish the
health benefits of green and black teas, it is important to compare the gut microbial metabolism
and microbiota modulatory effects of GTCs and BTPs. The structural diversity and complexity of
compounds present in black tea complicates the study of the BTP mixture, thus theaflavins and
theasinensins can be used as representatives of BTPs. In this section, the current knowledge on
the colonic transformation and gut microbiota modulatory effects of GTCs and BTPs are reviewed.

1.4.1. Metabolism of tea phenolics by human gut microbiota
The population of microbiota that inhabits the large intestine is equipped with a diverse set of
enzymes capable of transforming various food ingredients that enter the colon. Microbial
metabolism plays an essential role in digestion of compounds that are natively poorly
bioavailable to the host. The enzymatic toolkit of gut microbiota enables them to catalyse
degradation of aromatic compounds, such as GTCs and BTPs, through intricate metabolic
pathways.
Metabolism of GTCs. A number of studies have been carried out to elucidate the degradation
pathway of catechins by gut microbiota. In general, the transformations can be grouped into two
phases: (i) upstream metabolism, including galloyl ester hydrolysis (if applicable) and C -ring
opening, (ii) downstream metabolism, including lactonization, aliphatic chain shortening, and
dehydroxylation. 38-42 In the case of galloylated catechins (ECG and EGCG), the microbial
metabolism usually starts with the galloyl ester hydrolysis by microbial esterases, producing
gallic acid which may be further decarboxylated to release pyrogallol. Both galloylated and non9
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galloylated catechins (EC and EGC) are prone to reductive cleavage of the C -ring, forming the
corresponding catechin-derived diphenylpropan-2-ols. The diphenylpropan-2-ols are then
converted into valerolactones. For example, EC and EGC derived diphenylpropan-2-ols are
converted into 5-(3',4'-dihydroxyphenyl)-γ-valerolactone or 5-(3',4',5'-trihydroxyphenyl)-γvalerolactone, respectively. The lactone ring can be opened, resulting in formation of
hydroxyphenylvaleric acids. Consecutive aliphatic chain shortening of hydroxyphenylvaleric
acids leads to formation of hydroxyphenylpropionic, hydroxyphenylacetic, and hydroxybenzoic
acids. Simultaneously, dehydroxylases can remove the aromatic hydroxyl groups, resulting in
various simpler (hydroxylated) phenylcarboxylic acids. The proposed pathway for microbial
metabolism of catechins is summarized in Figure 1.6. It was also reported that the benzene rings
of these (hydroxylated) phenylcarboxylic acids can be further opened and converted into short
chain fatty acids, such as acetate and butyrate. 42 However, valerolactones and (hydroxylated)
phenylcarboxylic acids are generally considered to be the primary microbial metabolites of
catechins.
Besides intact catechins, their glucuronidated, methylated, and sulfated conjugates (phase II
metabolites) that reach the colon via enterohepatic circulation are also susceptible to
degradation by the intestinal microbiota. 39 Gut microbiota are equipped with glucuronidases,
demethylases, and sulfatases, that can perform deconjugation, 17 although it is not yet known at
which stage of metabolism this happens.
Hydroxyphenyl-γ-valerolactones and (hydroxylated) phenylcarboxylic acids are readily absorbed
in the large intestine, and subsequently undergo phase I and II metabolism, distribution, and
finally excretion. This was demonstrated by Ottaviani et al., who used radio-labelled EC to show
that 82 ± 5% of radioactivity was recovered in the urine of eight male volunteers after absorption
and excretion.43 Moreover, ca. 70% of the recovered radioactivity was found to result from
microbial metabolites, namely 42 ± 5% as O-glucuronidated and sulfated derivatives of γvalerolactone and γ-hydroxyvaleric acid, and 28 ± 3% as other derivatives, including
(hydroxylated) phenylcarboxylic acids. 43
Metabolism of BTPs. Regarding black tea phenolics, the knowledge on their microbial metabolic
pathways is relatively limited. Due to the complexity of BTPs, it is extremely challenging to fully
elucidate their metabolism. Therefore, theaflavins and theasinensins are studied as
representatives of the benzotropolone and biphenyl type dimers, respectively. For theaflavins,
it is believed that degalloylation will occur first. 44,45 Then, after a series of degradation steps,
which are similar to the metabolism of monomeric catechins, several hydroxyphenyl -γvalerolactones and (hydroxylated) phenylcarboxylic acids will be formed. 44 Furthermore, 3phenylpropionic acid and its hydroxylated derivatives were reported to be key metabolites. 42
Following the identification of 5-(3',4'-dihydroxyphenyl)-γ-valerolactone, which contains an
intact catechin B-ring, it is evident that the benzotropolone moiety in the theaflavin skeleton is
degraded, releasing one intact flavan-3-ol molecule for further microbial degradation. However,
the metabolic pathways underlying the degradation of the benzotropolone moiety are not yet
known.
10
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Figure 1.6. Gut microbial degradation pathways of green tea catechins.

Currently, there are no reports on the degradation pathways of theasinensins. Considering the
similarities in interflavanic bonds between theasinensins and B-type procyanidins, it is
speculated that theasinensin degradation may occur via similar metabolic pathways. B-type
procyanidin dimers are subjected to A-ring and C-ring cleavage leading to formation of 5-(3',4'11
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dihydroxyphenyl)-γ-valerolactone and 2-(3',4'-dihydroxyphenyl)acetic acid, respectively, as the
main gut microbial metabolites.46
Taken together, GTCs and BTPs that reach the large intestine are expected to undergo extensive
microbial degradation, leading to the formation of numerous smaller metabolites. For both
groups of compounds, the most relevant reactions are probably degalloylation (i.e.
deesterification), non-aromatic ring cleavage, reduction, decarboxylation, demethylation,
isomerization, and dehydroxylation. Due to their similar flavan-3-ol skeletons, GTCs and BTPs
are expected to generate similar sets of downstream metabolites. However, as the group of BTPs
is much more complex and heterogeneous than GTCs, much less is known about their
fermentability, including the degradation rate and the amount of the metabolites, thus this
should be further investigated.

1.4.2. Gut microbiota involved in the metabolism of tea phenolics
As mentioned above, due to the microbial metabolism of green and black tea phenolics, a large
number of small molecules were formed as metabolites, which can be absorbed in the large
intestine. The bacteria involved in the metabolism of tea phenolics have been investigated in
several studies. For example, it was reported by Takagaki et al. that enteric bacteria, such as
Enterobacter aerogenes, Raoultella planticola, Klebsiella pneumoniae subsp. pneumoniae, and
Bifidobacterium longum subsp. Infantis, could hydrolyse EGCG to EGC. 47 These authors further
reported that intestinal bacteria Adlercreutzia equolifaciens JCM 14793, Asaccharobacter
celatus JCM 14811, and Slackia equolifaciens JCM 16059 had the ability to further degrade EGC
and gallocatechin (GC), i.e. performing dehydroxylation of the B-ring and the cleavage of the Cring. 48 In addition, many other gut microbiota, such as Eubacterium sp. Strain SDG-2,49
Eggerthella lenta rK3, 50 Eggerthella sp. CAT-1, 51 Lactobacillus plantarum IFPL935, 52 were also
found to have the ability to catalyse catechin C-ring opening to generate diphenylpropan-2-ols.
Furthermore, Flavonifractor plautii aK2 and DSM 6740 have been identified to be able to convert
1‐(3’,4’‐dihydroxyphenyl)‐3‐(2”,4”,6”‐trihydroxyphenyl)propan‐2‐ol
phenyl)‐γ‐valerolactone and 5‐(3’,4’‐dihydroxyphenyl)‐γ‐valeric

to

acid. 50

5‐(3’,4’‐dihydroxy‐

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 cleave the
ester bonds of theaflavin-3,3′-digallate (TFDG).45
It is noteworthy that the complete metabolism of GTCs and BTPs is most likely a concerted effort
by many different bacteria, which each possess specific metabolic activities, rather than a single
species capable of executing the complete degradation. Further work is needed to identify the
gut microbiota responsible for the individual steps of the metabolism of various tea phenolics.

1.4.3. Gut microbiota modulatory effect of tea phenolics
Along with the metabolism of GTCs and BTPs by gut microbiota, the composition of the intestinal
bacterial community changes by means of selective inhibition or promotion of certain intestinal
bacteria.
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Comparison of the gut microbiota modulatory effects of green and black tea. So far, several
studies on gut microbiota modulatory effects of green and black tea have been conducted with
different experimental approaches, including in vitro fermentation with human faeces, animal
trials, and human subject interventions. The intestinal bacteria that are affected by tea and its
constituents are summarized in Table 1.1.
Table 1.1. Gut microbiota modulatory effect of green and black tea.
Promoted bacteria
●
●

Green
tea

Inhibited bacteria

Akkermansia 53, 54 b
Alistipes

G‐

53 b

G‐
56, 57 b

○

Bacteroides

○

Bifidobacterium spp.58‐61 abc
59 a

∆

Escherichia coli

∆

Eubacterium–Clostridium 59 a
53 b

●

Lachnospiraceae

∆

Lactobacillus 54, 60 b

∆

Lactobacillus–Enterococcus

∆

Oscillospira 57 b

●

Rikenella 53 b

58 a

Staphylococcus saprophyticus
●

Black
tea

Akkermansia 53 b
53 b

●

Alistipes

∆

Enterococci 63 a
63 a

∆

Klebsiella

●

Lachnospiraceae 53 b

●

Rikenella

53 b

∆
●

Aerococcus urinaeequi 55 b
Allobaculum

G+

G‐

∆

Bacillus weihenstephanensis

G+

○

Bacteroides 53, 62 ab

G‐
G‐

∆

Bacteroides–Prevotella

∆

Clostridium spp.56, 58‐60, 62 ab

G+

∆

Eubacterium–Clostridium

G+

●

Parabacteroides 53 b
Peptostreptococcaceae

●

Allobaculum 53 b

G+
G‐

G+

∆

55 b

58 a

G‐

G+

G+

53 b

58 a

G+
G+

57 b

G‐

G+
G‐
55 b

G+
G‐

G+

63 a

G‐

∆

Anaeroglobus

G+

○

Bacteroides 53 b

G‐

63 a

G‐

○

Bifidobacteria

G+

∆

Blautia coccoides 63 a

G‐

●
∆

Parabacteroides
Victivallis

63 a

G‐

53 b

G+
G+
G‐
G‐

Note: (●) indicates bacteria that respond similarly towards green and black tea; (○) indicates bacteria that respond
oppositely towards green and black tea; (∆) indicates bacteria that was only reported in green tea or black tea.
Superscript letters indicate the type of study: a in vitro; b in vivo animal; c human intervention. G- indicates gramnegative bacteria; G+ indicates gram-positive bacteria.

In vitro fermentation studies indicated that green tea can increase the populations of beneficial
bacteria, such as Bifidobacterium spp. and Lactobacillus,58,59 and repress the growth of
pathogenic bacteria, such as Clostridium spp.58,59,62 However, Bifidobacterium spp. were
reported to be inhibited by black tea phenolics. 63 Opposite effects on Bacteroides by green tea
and black tea were also reported. 53,56,57 Several animal trials with normal or obese mice
suggested an increase in the diversity of gut microbiota and a decrease in the ratio of
Firmicutes/Bacteroidetes by both kinds of tea. 53,57,64 The increase of Akkermansia by both green
and black tea was also repeatedly reported. 53,54,63 In addition, the effect on some other intestinal
bacteria has been documented in various studies (Table 1.1). Hence, the majority of in vitro and
13
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animal studies show that green tea and black tea exert significant effects on the intestinal
environment by modulation of the gut microbiota composition. A human intervention study also
indicated that 10 days of green tea consumption could increase the proportion of the
Bifidobacterium spp.61 However, another randomized, single blind, placebo-controlled human
trial indicated that, after administration of capsules with green tea extract for 12 weeks, no
significant changes in gut microbiota diversity were found.65 Despite the strong indications from
in vitro and animal studies, further evidence should be presented to establish the extent and
nature of gut microbiota modulatory effect of tea catechins.
Due to the variation in intake dose, experimental subjects, duration of the experim ent, and
analytical methods employed, it is difficult to compare these studies and draw unambiguous
conclusions on the gut microbiota modulatory effects of green and black tea. Moreover,
contradictory findings were reported for some bacteria, for example, Bacteroides was reported
to be promoted in some papers, 56,57 whereas it was inhibited in others. 53,62
To compare the gut microbiota modulatory effect of green and black tea, or their representative
components, the best option is to study them with the same methodological approach. Several
studies have reported such direct comparisons.53,66-69 For example, it was reported that, with a
standardised intake of phenolic compounds, both green and black tea significantly altered the
proportions of a wide range of intestinal microbes in obese mice compared to the treatment
without tea intervention, and both treatments yielded similar gut microbiota profiles.53
Considering that GTCs are the building blocks of BTPs, it is speculated that they will have
comparable effects on gut microbiota composition. Nevertheless, the effect of various types of
monomeric and oxidatively coupled flavan-3-ols on the rate of microbial metabolism and on the
microbiota profile, should be further substantiated using purified compounds.
The mechanism of the gut microbiota modulatory effects of tea phenolics. The stimulatory
effect of tea phenolics on certain intestinal bacteria might be related to the capacity of certain
microorganisms to metabolize flavan-3-ols. For example, certain lactobacilli, such as
Lactobacillus plantarum strains, are able to use phenolic compounds as substrates to generate
energy. 70 Analogies can be drawn between the selective growth stimulation by phenolics and
the stimulatory effect of fibres and oligosaccharides (e.g. inulin and galactooligosaccharides),
which are commonly considered to be health beneficial prebiotics.
Regarding the selective inhibitory effect of tea phenolics on specific microorganisms, it has long
been recognized that phenolic compounds, as secondary plant metabolites, play an important
role in plant defence. 71 Numerous studies have demonstrated that both GTCs and BTPs could
inhibit the growth of a great variety of pathogenic and spoilage bacteria. For exampl e, catechins
are considered antibacterial agents against pathogenic bacteria, such as Bacillus cereus,
Campylobacter jejuni, Clostridium perfringens, Escherichia coli, Helicobacter pylori, Legionella
pneumophila, and Mycobacterium spp.72 Black tea in general also exhibits inhibitory effects
towards B. subtilis, E. coli, Proteus vulgaris, Pseudomonas fluorescens, Salmonella sp., and
Staphylococcus aureus.73 The most widely accepted mechanism behind the inhibitory effect of
tea phenolics on bacteria is that they interact with and disrupt bacterial membranes, leading to
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increased membrane porosity, and eventually reducing bacterial cell viability. 74 Besides this
mechanism, other hypotheses have also been put forward to explain the inhibitory effect of tea
phenolics. For instance, it was reported that catechins could produce hydrogen peroxide by
donating one electron to dissolved oxygen, 75 indirectly inducing cell surface damage and
oxidative stress in both gram-positive and gram-negative bacteria. 76 Last but not least,
Vandeputte et al. documented that catechins reduced the expression of several quorum sensingrelated genes (lasB, rhlA, lasI, lasR, rhlI, and rhlR), thereby inhibiting the virulence factor
production of Pseudomonas aeruginosa PAO1. 77 These studies provide preliminary explanations
of the gut microbiota modulatory effect of tea phenolics. Nonetheless, due to the complexity of
the gut microbial ecosystem, the precise mechanisms have not yet been elucidated.

1.4.4. Gut microbiota related health benefits of green tea and black tea
A considerable number of scientific publications have demonstrated the bioactivities of tea
phenolics, most of which were focused on their antioxidant properties and direct effects on the
host or mammalian cells. As mentioned above, following ingestion, a large proportion of tea
phenolics will not be absorbed, rather they reach the colon, where they are subsequently
converted into small metabolites by gut microbiota. Simultaneously, the composition of gut
microbiota will be modulated. Such reciprocal interactions between tea phenolics and gut
microbiota may play an essential role in the health benefits of tea phenolic s.
Health benefits derived from metabolites of GTCs and BTPs. Phenolic acids with various
hydroxylation patterns and side-chain lengths, which may be absorbed in the colon, are the main
metabolites of both GTCs and BTPs. Regarding the health beneficial properties of these phenolic
acids, Crozier et al. indicated that these compounds might exert modulatory effects on different
intracellular signalling components that are vital for cellular functions such as growth,
proliferation, and apoptosis.78 In addition, van Duynhoven et al.79 and Chen & Sang 80 reviewed
potential bioactivities of tea metabolites and reported that these included inhibition of platelet
aggregation, angiotensin-converting enzyme (ACE) activity, oxidation of low-density lipoproteins
(LDL) and erythrocytes, oxidative stress-induced cytotoxicity, enhancement of vasodilation, antiinflammatory potential, and protection of colon fibroblasts. Thus, considering the poor
bioavailability of GTCs and BTPs in the small intestine, one might speculate that these
metabolites, rather than their parent compounds, may be the main mediators of health benefits
for the host.
Health benefits derived from gut microbiota modulation induced by GTCs and BTPs. The
changes in the gut microbiota composition induced by tea phenolics may indirectly also lead to
certain health benefits for the host. The most apparent outcomes are the stimulation of
beneficial bacteria, such as Lactobacillus sp., and the inhibition of pathogenic bacteria, such as
Clostridium spp.. Beyond these effects, other profound health benefits may be conferred by tea
phenolics through gut microbial ecosystem modulation. For example, Akkermansia, as previously
indicated, is promoted by both GTCs and BTPs.53,54,63 This mucin-degrading microorganism
resides in the mucus layer and shows reverse correlation with endotoxemia, adipose tissue
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inflammation, fat body weight gain, and insulin resistance in mice. 81 Moreover, GTCs were found
to stimulate Bacteroidetes and Oscillospira, which were previously linked to the lean phenotype
in human and animal studies.57 GTCs also inhibited Peptostreptococcaceae, which were
previously linked to colorectal cancer, in an animal trial. 57 An increase in gut microbiota diversity
and a decrease of the ratio of Firmicutes/Bacteroidetes upon green tea or black tea intake were
found in several studies. 53,57,64 Data in human subjects and rodents revealed that obesity was
linked to a decrease in gut microbiota diversity and an increase of this ratio. In addition,
lipopolysaccharides (LPS), which is an immune response-inducing constituent of the outer
membrane of gram negatives, is reported to be reduced by tea ingestion in obese mice. 82
Summarizing, the modification of intestinal microbiota composition induced by tea phenolics
include contribution to the integrity of the intestinal mucus layer, attenuation of the
inflammatory process, and regulation of metabolic disorders. This underlines the prebiotic
potential of both green and black tea phenolics.
An overview of the health benefits derived from the metabolites of GTCs and BTPs and the gut
microbiota modulation induced by them is demonstrated in Figure 1.7.

Figure 1.7. Overview of the gut microbiota related health benefits of green tea and black tea.

Green tea is commonly considered to be healthier than black tea, and has been studied more
extensively. The higher antioxidant activity conferred by green tea is often cited as the reason
for its supposed superior health-promoting properties. Nevertheless, considering their
structural similarities, similar limited bioavailability, and potentially similar colonic metabolites,
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there is insufficient evidence that green tea truly possesses superior health -promoting
properties compared to black tea. To gain more insight in the health benefits of green and black
tea, it is important to systematically study monomeric flavan-3-ols and dimeric black tea
phenolics, as potential prebiotics.

1.5. Aim and outline of this thesis
Tea phenolics are valuable phytochemicals, with various health benefits, including prebiotic
effects. Extraction and application of tea phenolics, especially those present in agricultural waste
streams, such as old tea leaves, is of interest for the food and pharmaceutical industries. The
first aim of this thesis is to establish a novel strategy to sustainably extract tea phenolics from
fresh old tea leaves with the assistance of pulsed electric field. Secondly, we aim to investigate
the gut microbial metabolism of green and black tea phenolics and their effect on gut microbiota
composition. Our overall goal is to unveil the mechanisms underlying the health benefits
resulting from the reciprocal interactions between tea phenolics and gut microbiota. In the
future this may serve as a stepping stone to better understand the health benefits of green and
black tea
In Chapter 2, the phenolic profiles of old tea leaves and young tea leaves were compared by
comprehensive analysis using UHPLC-Q-Orbitrap-MS and multivariate statistical analyses. In
Chapter 3, we proposed and evaluated a novel extraction strategy using a combination of PEF
pre-treatment and organic solvent extraction to obtain phenolics from fresh tea leaves. In
Chapter 4, the microbial metabolism of EGCG by human gut microbiota and its gut microbiota
composition modulatory effect were simultaneously investigated by an integrated approach
using UHPLC-Q-Orbitrap-MS-based metabolomics and bacterial 16S rRNA sequencing,
respectively. Following a similar approach, in Chapter 5, the reciprocal interactions between
TFDG and gut microbiota were studied, and compared with those of EGCG. In Chapter 6,
theasinensin A was purified from black tea, and its microbial metabolism by human gut
microbiota was investigated in comparison with EGCG and procyanidin B2. Furthermore,
computational analyses based on density functional theory were applied to rationalize the
observed differences in the metabolic fates of these three phenolics. In Chapter 7, the results
obtained in previous chapters are put into perspective in an integrated discussion, in which the
green biorefinery of old tea leaf biomass is evaluated, and future opportunities for application
of tea phenolics as novel prebiotics are explored.
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B. a., Capability of Lactobacillus plantarum IFPL935 to catabolize flavan-3-ol compounds and complex
phenolic extracts. Journal of Agricultural and Food Chemistry 2012, 60 (29), 7142-7151.
Liu, Z.; Chen, Z.; Guo, H.; He, D.; Zhao, H.; Wang, Z.; Zhang, W.; Liao, L.; Zhang, C.; Ni, L., The modulatory
effect of infusions of green tea, oolong tea, and black tea on gut microbiota in high -fat-induced obese
mice. Food & Function 2016, 7 (12), 4869-4879.
Axling, U.; Olsson, C.; Xu, J.; Fernandez, C.; Larsson, S.; Ström, K.; Ahrné, S.; Holm, C.; Molin, G.; Berger,
K., Green tea powder and Lactobacillus plantarum affect gut microbiota, lipid metabolism and
inflammation in high-fat fed C57BL/6J mice. Nutrition and Metabolism 2012, 9 (1), 1-18.
Wang, L.; Zeng, B.; Zhang, X.; Liao, Z.; Gu, L.; Liu, Z.; Zhong, Q.; Wei, H.; Fang, X., The effect of green tea
polyphenols on gut microbial diversity and fat deposition in C57BL/6J HFA mice. Food & Function 2016,
7 (12), 4956-4966.
Unno, T.; SAkUMA, M.; Mitsuhashi, S., Effect of dietary supplementation of (−)-epigallocatechin gallate
on gut microbiota and biomarkers of colonic fermentation in rats. Journal of Nutritional Science and
Vitaminology 2014, 60 (3), 213-219.
Wang, J.; Tang, L.; Zhou, H.; Zhou, J.; Glenn, T. C.; Shen, C.-L.; Wang, J.-S., Long-term treatment with
green tea polyphenols modifies the gut microbiome of female sprague -dawley rats. The Journal of
nutritional biochemistry 2018, 56, 55-64.
Zhang, X.; Zhu, X.; Sun, Y.; Hu, B.; Sun, Y.; Jabbar, S.; Zeng, X., Fermentation in vitro of EGCG, GCG and
EGCG3" Me isolated from Oolong tea by human intestinal microbiota. Food Research International 2013,
54 (2), 1589-1595.
Tzounis, X.; Vulevic, J.; Kuhnle, G. G.; George, T.; Leonczak, J.; Gibson, G. R.; Kwik-Uribe, C.; Spencer, J.
P., Flavanol monomer-induced changes to the human faecal microflora. British Journal of Nutrition
2008, 99 (4), 782-792.
Ishihara, N.; Chu, D.-C.; Akachi, S.; Juneja, L., Improvement of intestinal microflora balance and
prevention of digestive and respiratory organ diseases in calves by green tea extracts. Livestock
Production Science 2001, 68 (2), 217-229.
Jin, J. S.; Touyama, M.; Hisada, T.; Benno, Y., Effects of green tea consumption on human fecal
microbiota with special reference to Bifidobacterium species. Microbiology and Immunology 2012, 56
(11), 729-739.
Lee, H. C.; Jenner, A. M.; Low, C. S.; Lee, Y. K., Effect of tea phenolics and their aromatic fecal bacterial
metabolites on intestinal microbiota. Research in Microbiology 2006, 157 (9), 876-884.
Kemperman, R. A.; Gross, G.; Mondot, S.; Possemiers, S.; Marzorati, M.; Van de Wiele, T.; Doré, J.;
Vaughan, E. E., Impact of polyphenols from black tea and red wine/grape juice on a gut model
microbiome. Food Research International 2013, 53 (2), 659-669.
Cheng, M.; Zhang, X.; Miao, Y.; Cao, J.; Wu, Z.; Weng, P., The modulatory effect of ( -)-epigallocatechin
3-O-(3-O-methyl) gallate (EGCG3 ″Me) on intestinal microbiota of high fat diet-induced obesity mice
model. Food Research International 2017, 92, 9-16.
Janssens, P. L.; Penders, J.; Hursel, R.; Budding, A. E.; Savelkoul, P. H.; Westerterp -Plantenga, M. S.,
Long-term green tea supplementation does not change the human gut microbiota. PloS One 2016, 11
(4), e0153134.

General introduction
66. Henning, S. M.; Yang, J.; Hsu, M.; Lee, R.-P.; Grojean, E. M.; Ly, A.; Tseng, C.-H.; Heber, D.; Li, Z.,
Decaffeinated green and black tea polyphenols decrease weight gain and alter microbiome populations
and function in diet-induced obese mice. European Journal of Nutrition 2018, 57 (8), 2759-2769.
67. Unno, T.; Osakabe, N., Green tea extract and black tea extract differentially influence cecal levels of
short‐chain fatty acids in rats. Food Science & Nutrition 2018, 6 (4), 728-735.
68. Liu, J.; Hao, W.; He, Z.; Kwek, E.; Zhao, Y.; Zhu, H.; Liang, N.; Ma, K. Y.; Lei, L.; He, W.-S., Beneficial effects
of tea water extracts on the body weight and gut microbiota in C57BL/6J mice fed with a high -fat diet.
Food & Function 2019, 10 (5), 2847-2860.
69. Annunziata, G.; Maisto, M.; Schisano, C.; Ciampaglia, R.; Daliu, P.; Narciso, V.; Tenore, G. C.; Novellino,
E., Colon bioaccessibility and antioxidant activity of white, green and black tea polyphenols extract after
in vitro simulated gastrointestinal digestion. Nutrients 2018, 10 (11), 1711.
70. Rodríguez, H.; de las Rivas, B.; Gómez-Cordovés, C.; Muñoz, R., Degradation of tannic acid by cell-free
extracts of Lactobacillus plantarum. Food Chemistry 2008, 107 (2), 664-670.
71. Mayer, A. M., Polyphenol oxidases in plants and fungi: going places? A review. Phytochemistry 2006, 67
(21), 2318-2331.
72. Friedman, M., Overview of antibacterial, antitoxin, antiviral, and antifungal activities of tea flavonoids
and teas. Molecular Nutrition & Food Research 2007, 51 (1), 116-134.
73. Bancirova, M., Comparison of the antioxidant capacity and the antimicrobial activity of black and green
tea. Food Research International 2010, 43 (5), 1379-1382.
74. Yoda, Y.; Hu, Z.-Q.; Shimamura, T.; Zhao, W.-H., Different susceptibilities of Staphylococcus and Gramnegative rods to epigallocatechin gallate. Journal of Infection and Chemotherapy 2004, 10 (1), 55-58.
75. Arakawa, H.; Maeda, M.; Okubo, S.; Shimamura, T., Role of hydrogen peroxide in bactericidal action of
catechin. Biological and Pharmaceutical Bulletin 2004, 27 (3), 277-281.
76. Xiong, L.-G.; Chen, Y.-J.; Tong, J.-W.; Huang, J.-A.; Li, J.; Gong, Y.-S.; Liu, Z.-H., Tea polyphenol
epigallocatechin gallate inhibits Escherichia coli by increasing endogenous oxidative stress. Food
Chemistry 2017, 217, 196-204.
77. Vandeputte, O. M.; Kiendrebeogo, M.; Rajaonson, S.; Diallo, B.; Mol, A.; El Jaziri, M.; Baucher, M.,
Identification of catechin as one of the flavonoids from Combretum albiflorum bark extract that reduces
the production of quorum-sensing-controlled virulence factors in Pseudomonas aeruginosa PAO1.
Applied and Environmental Microbiology 2010, 76 (1), 243-253.
78. Crozier, A.; Jaganath, I. B.; Clifford, M. N., Dietary phenolics: chemistry, bioavailability and effects on
health. Natural Product Reports 2009, 26 (8), 1001-1043.
79. van Duynhoven, J.; Vaughan, E. E.; van Dorsten, F.; Gomez-Roldan, V.; de Vos, R.; Vervoort, J.; van der
Hooft, J. J.; Roger, L.; Draijer, R.; Jacobs, D. M., Interactions of black tea polyphenols with human gut
microbiota: implications for gut and cardiovascular health. The American Journal of Clinical Nutrition
2013, 98 (6), 1631S-1641S.
80. Nash, V.; Ranadheera, C. S.; Georgousopoulou, E. N.; Mellor, D. D.; Panagiotakos, D. B.; McKune, A. J.;
Kellett, J.; Naumovski, N., The effects of grape and red wine polyphenols on gut microbiota–A systematic
review. Food Research International 2018, 113, 277-287.
81. Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J. P.; Druart, C.; Bindels, L. B.; Guiot, Y.; Derrien, M.;
Muccioli, G. G.; Delzenne, N. M., Cross-talk between Akkermansia muciniphila and intestinal epithelium
controls diet-induced obesity. Proceedings of the National Academy of Sciences of the United States of
America 2013, 110 (22), 9066-9071.
82. Chen, G.; Xie, M.; Dai, Z.; Wan, P.; Ye, H.; Zeng, X.; Sun, Y., Kudingcha and fuzhuan brick tea prevent
obesity and modulate gut microbiota in high‐fat diet fed mice. Molecular Nutrition & Food Research
2018, 62 (6), 1700485.

21

1

Chapter

2

A comparison of the phenolic composition of old and young
tea leaves reveals a decrease in flavanols and phenolic acids
and an increase in flavonols upon tea leaf maturation

Old tea leaves (OTL), which are normally discarded as agricultural waste, are potential sources
of tea phenolic compounds. However, little details are known about their phenolic composition.
In this study, the phenolic profiles of OTL and young tea leaves (YTL) were compared by using
ultra-high performance liquid chromatography coupled to hybrid quadrupole Orbitrap mass
spectrometry (UHPLC-Q-Orbitrap-MS) analyses, with an untargeted approach. A total of 60
phenolic compounds were tentatively identified. Principal component analysis (PCA) illustrated
distinct differences in overall phenolic profiles between OTL and YTL. In particular, after
maturation, flavanols and phenolic acids decreased 1.7- and 3.0-fold, respectively, whereas
flavonols increased 1.5-fold. In addition, degalloylation commonly occurred with leaf
maturation, as evidenced by a decrease in galloylated catechins and flavanol dimers upon aging.
Furthermore, by applying linear discriminant analysis effect size (LEfSe) algorithm, 14
representative phenolic compounds were identified which underwent extensive quantitative
changes upon leaf aging, including rutin, epigallocatechin, epicatechin, epigallocatechin gallate,
epicatechin gallate, and epiafzelechin gallate. In conclusion, this study provides detailed insights
in the phenolic composition of old and young tea leaves, facilitating the future utilisation of OTL
as a new and cost-effective source of tea phenolics.

Based on: Liu, Z., Bruins, M. E., de Bruijn, W. J. C., & Vincken, J. -P., A comparison of the phenolic
composition of old and young tea leaves reveals a decrease in flavanols and phenolic acids and
an increase in flavonols upon tea leaf maturation. Journal of Food Composition and Analysis,
2020, 86, 103385.

Chapter 2

2.1.

Introduction

Tea, derived from the leaves of Camilla sinensis, is one of the most widely consumed beverages
in the world. Flavonoids, such as flavanols (flavan-3-ols), flavonols, flavones, flavanones, and
anthocyanidins are major constituents of tea leaves, collectively accounting for up to 30% of the
dry weight of tea leaves. 1, 2 Most abundant among the flavonoids are the flavanols, which are
commonly referred to as catechins, including epigallocatechin gallate ( EGCG), epigallocatechin
(EGC), epicatechin gallate (ECG), epicatechin (EC), and their corresponding stereoisomers. 3 It is
widely recognized that regular consumption of tea has numerous health benefits, including
antioxidant activity, anti-inflammatory activity, anti-microbial effects, and anti-carcinogenic
effects. 4, 5 In general, these effects are attributed to the phenolic compounds in tea .4 Therefore,
tea phenolics are considered to be valuable phytochemicals and have attracted considerable
attention.
Green tea, oolong tea, and black tea, the three major tea categories, are mainly produced from
the young green shoots of the tea plant.6 One of the common features of fine teas is that only
the young, top leaves and the unopened leaf bud are used. Hence, the immature, light -green
leaves are preferably harvested for tea production, whereas the ma ture and old ones, with
deeper green colour are unsuitable for tea production because of their undesirable flavour. It is
not fully understood why tea produced from OTL has an inferior flavour. In addition, tea leaves
are usually plucked and processed once or twice a year (spring and occasionally autumn). In
other seasons, mature and old tea leaves need to be removed from plants to guarantee the
quality of tea harvested in the following year. Thus, a large amount of old tea leaves is unused
and considered to be agricultural waste.6, 7 Farhoosh et al. stated that due to the relatively high
antioxidant activity of OTL, they might be used as a source of natural antioxidants. 7 In addition,
considering the other bioactivities of tea phenolics, this agricultural waste stream could be
valorised as a source of bioactive compounds.
Several studies have shown significant changes in the phenolic composition of tea leaves during
maturation. For example, it was reported that YTL were richer in EGCG and ECG than OTL,
whereas OTL had higher levels of EGC and EC.8 The total catechin content (i.e. the sum of EGCG,
EGC, ECG, EC, and catechin) was reported to be 2.7-fold higher in YTL than that in OTL.9 However,
in another study, higher EGCG and total catechin content were found in OTL than in YTL.10
Regardless of the contradictions, the currently available data regarding the phenolic composition
of OTL mainly focused on a single class of compounds (catechins), whereas other classes of
phenolic compounds are also known to occur in tea leaves.11, 12 The effect of tea leaf maturation
on other classes of phenolics has not been thoroughly investigated. Detailed phenolic
fingerprints of OTL and YTL are currently lacking. In recent years, ultra-high performance liquid
chromatography (UHPLC) coupled to high-resolution mass spectrometry (HRMS), such as timeof-flight (TOF) and Orbitrap analysers, has become available, providing excellent mass resolving
power and mass accuracy. These advances in analytical techniques remarkably improve the
reliability of compound identification.13
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The present study aimed to compare the phenolic profiles of OTL and YTL, by utilising an
untargeted approach based on UHPLC coupled to hybrid quadrupole Orbitrap mass spectrometry
(UHPLC-Q-Orbitrap-MS) analyses to achieve tentative structural identification of a wide range of
phenolic compounds. Multivariate statistical analyses, such as principal component analysis
(PCA) and linear discriminant analysis effect size (LEfSe) were employed to determine the
differences between OTL and YTL. In addition, the feasibility of solvent extraction of old tea
leaves to obtain valuable phenolic compounds was preliminarily evaluated.

2.2.

Materials and methods

2.2.1. Chemicals
Gallic acid and Folin–Ciocalteu's reagent were purchased from Sigma Aldrich (St. Louis, MO, USA).
Acetone was purchased from Merck (Darmstadt, Germany). Standards of epica techin,
epicatechin gallate, epigallocatechin, epigallocatechin gallate, rutin trihydrate were purchased
from Sigma Aldrich (St. Louis, MO, USA). Ultra-high performance liquid chromatography / mass
spectrometry grade acetonitrile with 0.1% (v/v) formic acid and water with 0.1% (v/v) formic
acid were purchased from Biosolve (Valkenswaard, The Netherlands). Water was prepared using
a Milli-Q water purification system (Millipore, Billerica, MA, USA).

2.2.2. Tea leaves
OTL and YTL samples were collected from 4 different tea farms in the southern part of China in
March and April. For OTL, 5 tea leaves of at least 3 months old plucked from one random tea
plant (Camellia sinensis var. sinensis) were treated as one OTL sample. For YTL, 5 tea leaves
sprouted for less than 2 weeks plucked from one random tea plant were treated as one YTL
sample. In this way, a total of 15 OTL samples and 15 YTL samples were collected. After harvest,
the fresh tea leaves were chilled at 4 °C during transportation from the farms to the labo ratory
(approx. 5 h), and were dried and extracted immediately after arrival at the laboratory.

2.2.3. Drying and extraction of phenolics
The fresh tea leaves were dried to constant weight at 80 °C first.14 After drying, the moisture
content and dry mass of each sample were determined. The dried tea leaves were then cut into
small pieces (2 mm × 2 mm), and approximately 10 g was extracted with a 50% (w/w) aqueous
acetone at a solid-liquid ratio of 1:20 (w/v) for 2 h on a horizontal shaker (100 rpm).15 The
mixture was then centrifuged at 13,800 × g for 10 min at 4 °C and subsequently decanted. The
residue was re-extracted twice following the same extraction procedure and all the supernatants
(600 mL) were combined for further analysis.

2.2.4. Analysis of total phenolic content
The total phenolic content of the OTL and YTL samples was determined using the Folin–Ciocalteu
method.16 Briefly, 1 mL sample, 5 mL Folin–Ciocalteu's reagent (diluted 10 times), and 4 mL
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sodium carbonate (7.5%, w/v) were mixed. After 60 min, the absorbance at 765 nm was
measured with a spectrophotometer (Shimadzu UV-1800, Kyoto, Japan). Total phenolic content
was expressed as a mass percentage on dry matter basis. Gallic acid was used as an external
standard.

2.2.5. UHPLC-Q-Orbitrap-MS analysis
Separation of the tea extracts was performed on a Vanquish UHPLC system (Thermo Fisher
Scientific, Bremen, Germany) equipped with a binary pump, split loop autosampler, column
compartment and diode array detector (range 190–680 nm). An Acquity UHPLC Ethylene Bridged
Hybrid (BEH) C18 column (150 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA) with an Acquity
UHPLC BEH C18 VanGuard guard column (5 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA) was
used to perform the chromatographic separation. The column compartment heater was
operated in still air mode at 45 °C; the eluent preheater was set to 45 °C and the post -column
cooler was set to 40 °C. The injection volume was 1.0 μL. Mobile phases consisting of 0.1% ( v/v)
formic acid in water (A) and 0.1% (v/v) formic acid in acetonitrile (B) were used to elute the
column, at a flow rate of 400 μL/min. The elution program was set as follows: 1% B from 0 to 1.1
min; 1%–99% gradient elution with B from 1.1 to 37.3 min; 99% B from 37.3 to 42.8 min; 99% –
1% gradient elution with B from 42.8 to 43.9 min; 1% B from 43.9 to 50 min.
After chromatographic separation, a Thermo Q-Exactive hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated electrospray
ionization (ESI) source was used for analysis. The mass spectrometer was operated in negative
mode. The ESI parameters were set as follows: spray voltage, –3000 V; source heater
temperature, 350 °C; sheath gas (nitrogen) pressure, 50 arbitrary units; auxiliary gas (nitrogen)
pressure, 12.5 arbitrary units; capillary temperature, 350 °C; S-lens RF, 50 V; resolution, MS full
scan 70,000 full width at half maximum (FWHM), MS/MS scan 17,500 FWHM; scan range, m/z
150–1,500; scanning mode, full scan to data-dependent MS/MS (intensity threshold 800,000).
Instrument control and data acquisition were performed with Xcalibur software (version 2.2,
Thermo Fisher Scientific, Bremen, Germany). An external calibration for mass accuracy was
carried out before the analysis according to the manufacturer’s guidelines.
External standards of EC, EGC, ECG, EGCG, and rutin, dissolved in acetonitrile, were used to
confirm the identification of compounds by comparing their retention times and accurate
masses. Calibration curves of all external standards exhibited correlation coefficients between
0.991 to 0.999, within the concentration range of 0.78 to 50 μg/mL. Semi-quantitative
information regarding other phenolic compounds was based on their peak area in the mass
chromatogram, uncorrected for possible difference in their MS response, which could not be
determined due to the lack of available standards. For quality control purposes, one EC standard
injection was performed after every 10 samples.
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2.2.6. Data processing
The acquired raw data files of the OTL and YTL samples were processed using Compound
Discoverer software (version 2.0, Thermo Fisher Scientific, Bremen, Germany) to tentatively
identify the phenolic compounds. A ‘Food research unknown compound detection’ workflow
was employed for the untargeted profiling of the phenolic compounds in the samples. The
workflow chart is provided in Figure S2.1, supplementary information. Generally, where
necessary, the settings regarding the mass accuracy and retention time tolerances were set to 3
ppm and 0.5 min, respectively. Briefly, after data input, peak alignment was performed using a
linear model. Subsequently, compounds were detected based on the following criteria: intensity
tolerance for isotope search, 30%; minimum peak intensity, 10 6; signal/noise ratio threshold, 3;
maximum peak width for detection, 0.5 min. The detected unknown compounds were grouped
among different raw data files and 3 blank samples were used for the subtraction of the
background. The minimum ratio between sample vs. blank was set to 5. The resulting list of
compounds with the features of retention time, peak area, accurate mass, isotopic pattern, and
fragment ions was used for further structural identification. The elemental compositions were
first predicted automatically by the software based on accurate masses. Then, the ChemSpider
database and mzCloud database were used for tentative identification of these compounds
based on their accurate mass, isotopic pattern, and fragment ions. Furthermore, Human
Metabolome Database (HMDB) and Metlin databases were used manually for plausibility check
of the identification results of each detected compound. Afterw ards, phenolic compounds were
chosen to form a data matrix for statistical analyses.
The resultant data matrix was then imported into R software (Version 3.4.0, R Core Team, New
Zealand) for PCA analysis, with a zero-centering approach. PCA was used to differentiate the
statistical significance of the phenolic profiles of the two types of tea leaves. Subsequently, LEfSe
algorithm was performed to identify the representative phenolic compounds characterizing the
differences between the two types of tea leaves, by utilising the Huttenhower Lab Galaxy Server
(http://huttenhower.sph.harvard.edu/galaxy/), with an alpha value of 0.05 and an linear
discriminant analysis (LDA) score threshold of 3.6.17 The LEfSe algorithm identifies the
differentially abundant features between two or more data sets by using the non-parametric
factorial Kruskal-Wallis (KW) sum-rank test. Subsequently, it uses LDA to estimate the effect size
of each differentially abundant feature, and returns an LDA score for each feature. The peak
areas of the representative phenolic compounds were further visualized with heatmap and
clustered by hierarchical clustering, by utilising the ‘pheatmap’ package of R software.
Other data are expressed as mean ± SD. Furthermore, the statistical significance among different
data sets were analysed by Student's t-test using SPSS software (Version 23.0.0.2, IBM, USA).
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2.3.

Results and discussion

2.3.1. Moisture and total phenolic content in OTL and YTL
The moisture content and total phenolic content (% dry weight) in both OTL and YTL are shown
in Table 2.1. Tea leaves lost considerable amounts of water during maturation, dropping from
72.53% to 58.23% (P < 0.01). In addition to the water loss, total phenolic content was found to
decline after maturation, dropping from 18.82% in YTL to 9.52% in OTL ( P < 0.01). It was
previously reported that the total phenolic content of fresh young leaves of Assam tea (C.
sinensis var. assamica) were around 1.2-fold higher than that in the old (or mature) ones.18 A
similar decline in phenolic content of foliage upon aging occurs across various plant species. For
example, young leaves from thornless blackberry (Rubus sp.), red raspberry (Rubus idaeus L.),
black raspberry (Rubus occidentalis L.), and strawberry (Fragaria × ananassa D.) were reported
to possess higher total phenolic content compared to older leaves.19 Young oak leaves were also
found to contain higher total phenolic content than old leaves.20 It is worth noting that the total
phenolic content mentioned here are commonly referred to as soluble phenolics. In regard to
insoluble cell wall-bound phenolics in plant cells, such as lignin and condensed tannins, it is a
well-established fact that these polymers accumulate with plant maturity.21-24 Lignin and
condensed tannins share phenolic biosynthesis pathways and precursors with various soluble
phenolic compounds, therefore, it is plausible that during maturation of leaves, the biosynthesis
flow is diverted from soluble phenolics towards lignin and condensed tannins.
Table 2.1. Moisture, total phenolic, EC, EGC, ECg, EGCg, and rutin content in OTL and YTL.

a

OTL

YTL

Moisture content (%, w/w)

58.23±1.57

72.53±3.97**

Total phenolic content (% dry matter, w/w)

9.52±3.24

18.82±3.65**

EC (% dry matter, w/w)

0.31±0.08

0.25±0.06*

EGC (% dry matter, w/w)

1.27±0.32

0.75±0.18**

ECG (% dry matter, w/w)

0.59±0.10

1.20±0.21**

EGCG (% dry matter, w/w)

2.14±0.50

4.24±1.11**

Rutin (% dry matter, w/w)

0.37±0.10

0.24±0.10**

a Data

were expressed as mean ± SD (n=15);
value of OTL vs YTL was lower than 0.01;
P value of OTL vs YTL was lower than 0.05.

** P
*

2.3.2. Identification of phenolic compounds in OTL and YTL
Based on the untargeted UHPLC-Q-Orbitrap-MS approach, tea leaves were found to contain a
complex mixture of phenolic compounds. Representative base peak chromato grams of OTL and
YTL are shown in Figure S2.2, supplementary information. Based on the accurate masses,
isotopic patterns, and fragment ions of the detected compounds, a total of 60 individual
phenolics were tentatively identified. Corresponding retention time (RT), tentative identification,
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molecular formulas, accurate masses [M–H]–, mass errors (difference between calculated and
experimental masses, Δ m/z), MS/MS fragments, average peak areas of OTL and YTL, and their
fold changes are shown in Table 2.2. In general, flavanols, flavonols and phenolic acids were the
predominant classes of phenolics in both OTL and YTL.
Flavanols. Flavanols are the most abundant class of phenolics in tea leaves.25 In the present
study, a total of 19 flavanols were tentatively identified. EGCG, ECG, EGC, and EC were identified
by means of comparing their retention times and accurate masses to those of authentic
standards. Their stereoisomers (gallocatechin gallate, catechin gallate, gallocatechin and
catechin) were identified based on the fact that they possessed the same parent masses an d
fragment patterns, but eluted at different retention times. For the identification of other
catechin derivatives, the ‘epi’ configuration was putatively assigned, because it was reported
that over 95% of catechins in tea were present in the ‘epi’ configuration.26 These flavanols were
further identified based on mass spectrometric analyses. The MS/MS fragments at m/z
273.07685, 289.07185 and 305.06665, indicating, respectively, an epiafzelechin, epicatechin and
epigallocatechin unit, were used as diagnostic fragments for the basic flavanol skeletons.
Furthermore, the MS/MS fragment at m/z 125.02441, representing the phloroglucinol moiety
formed after retro-Diels-Alder (RDA) fragmentation of the flavanol, was used to confirm the
flavanol skeletons.26 Regarding the substituents, an MS/MS fragment at m/z 169.01425
corresponding to the gallic acid anion, together with the loss of 152 mass units from the
precursor ion, was used as evidence for galloylation (compounds T11, T19 and T18). The loss of
308 mass units from the precursor ion was used as an indication of the presence of a rutinosyl
group (compound T17).27 Following this approach, a total of 12 monomeric flavanols were
tentatively identified in both OTL and YTL (Table 2.2).
Taking compound T11 as a representative example, this compound (tR = 8.604 min) gave an [M–
H]– ion with a m/z value of 471.09344, indicating a molecular formula of C 23H 20O 11 (Δ m/z = 0.33
ppm). The data-dependent MS/MS fragmentation gave four main fragment ions with m/z values
of 125.02438, 183.02980, 168.00645, and 305.06665. The m/z 125.02438 and 305.06665 ions
indicated the presence of an epigallocatechin moiety, whereas m/z 183.02980 and 168.00645
ions might correspond to a methylated gallic acid group and a radical gallic acid group after
cleavage of the methyl group, respectively.28 Thus, this compound was tentatively identified as
epigallocatechin-methylgallate. The full MS scan, MS/MS spectrum, and proposed structures of
precursor and fragments are shown in Figure 2.1A and B.
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4.228

4.648

5.466

5.697

6.090

6.452

6.566

7.236

7.276

7.280

8.604

9.029

9.036

9.036

9.040

9.314

9.497

10.212

10.268

T02

T03

T04

T05

T06

T07

T08

T09

T10

T11

T12

T13

T14

T15

T16

T17

T18

T19

RT
(min)

T01

Flavanols

ID

C 23H 20O10

C 22H 18O9

C 27H 34O15

C 22H 18O10

C 22H 18O11

C 44H 34O21

C 22H 18O10

C 44H 34O20

C 23H 20O11

C 44H 34O22

C 22H 18O11

C 15H 14O6

C 30H 26O12

C 44H 34O22

C 15H 14O6

C 15H 14O7

C 30H 26O13

C 30H 26O14

C 15H 14O7

Formula

3,4

3,4

3,5

b

3

6

Epicatechin-methylgallate 3

Epiafzelechin gallate

6

c

1,2

Epicatechin-rutinoside

Catechin gallate 1,2

Gallocatechin gallate

Theasinensin F 3

Epicatechin gallate

b

Digalloylprocyanidin B2

Epigallocatechin-methylgallate

Theasinensin A or D

Epigallocatechin gallate

Epicatechin b

B type Procyanidin dimer

Theasinensin A or D

Catechin 1,2

Epigallocatechin

b

Epicatechin-gallocatechin 5

Theasinensin C or E

Gallocatechin 1,2

Tentative identification

6

455.09882

425.08807

597.18286

441.08297

457.07782

897.15210

441.08295

881.15704

471.09344

913.14636

457.07782

289.07185

577.13550

913.14795

289.07196

305.06665

593.13074

609.12598

305.06680

[M–H]–
(m/z)

Table 2.2. Phenolic compounds tentatively identified in OTL and YTL.

0.99

0.62

0.61

0.57

0.40

0.13

0.52

-0.03

0.33

-0.59

0.40

0.30

0.61

1.15

0.68

-0.06

1.14

1.64

0.43

Δ m/z
(ppm)

183.02965; 168.00641; 125.02440; 139.04010

125.02444; 169.01439; 97.02959; 273.07721

125.02446; 109.02944; 289.07184

125.02442; 169.01429; 109.02958

125.02446; 169.01428; 255.03064

n.d.

125.02444; 169.01427; 203.07121; 109.02953

n.d.

125.02438; 183.02980; 168.00645; 305.06665

169.01441; 125.02443; 762.25586; 455.05986

125.02442; 169.01424; 161.02432; 137.02464

109.02951; 125.02431; 137.02463

125.02449; 289.07126; 407.07788; 161.02429

169.01364; 317.02957; 125.02387; 455.05981

109.02951; 125.02443; 137.02409; 159.04524

125,02442; 109.02956; 137.02438

125.02445; 305.06689; 423.07016; 137.02449

n.d.

125.02441; 109.02946; 137.02426

MS/MS fragments

4.6E+05

5.5E+04

6.5E+04

4.1E+05

6.3E+05

9.2E+03

4.1E+06

1.3E+04

1.1E+06

6.0E+04

8.2E+06

3.8E+06

2.4E+05

4.7E+03

2.9E+05

5.2E+06

1.3E+05

4.9E+04

3.9E+05

OTL

a

4.0E+05

8.6E+05

1.0E+05

7.3E+05

1.4E+06

8.7E+04

1.2E+07

9.9E+04

7.6E+05

3.1E+05

1.9E+07

2.6E+06

4.0E+05

1.5E+05

6.5E+05

2.0E+06

6.4E+04

2.8E+04

3.8E+05

YTL

Average peak area
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5.682

8.052

8.117

8.243

8.633

8.662

8.810

8.952

8.955

8.990

9.025

9.046

9.210

9.375

9.734

9.775

9.775

10.041

12.036

12.223

T21

T22

T23

T24

T25

T26

T27

T28

T29

T30

T31

T32

T33

T34

T35

T36

T37

T38

T39

RT
(min)

T20

Flavonols

ID

C 36H 36O18

C 41H 44O22

C 21H20O11

C 34H 30O14

C 27H 30O15

C 21H 20O11

C 33H 40O20

C 21H 20O12

C 21H20O12

C 27H 30O14

C 33H 40O20

C 27H 30O16

C 27H 28O17

C 21H 18O13

C 27H 30O15

C 33H 40O21

C 26H 28O14

C 21H 20O13

C 27H 30O17

C 28H 24O17

Formula

c
5

1,2

c

4

Kaempferol-pentosyl-deoxyhexosyl-pcoumaroylhexoside c
Quercetin-deoxyhexosyl-pcoumaroylhexoside 5

Kaempferol-diacetylcoumaroyldeoxyhexoside
Kaempferol-hexoside 1

Kaempferol-hexosyl-hexoside

Kaempferol-hexosyl-hexosyldeoxyhexoside 1
Kaempferol-hexoside 7

Quercetin-hexoside

Kaempferol-hexosyl-hexosyldeoxyhexoside 4
Kaempferol-deoxyhexosyldeoxyhexoside 4
Quercetin-hexoside 1,2

Rutin (quercetin 3-rutinoside) b

Quercetin-hexosyl-deoxyhexoside

755.18353

887.22601

447.09375

661.15747

593.15152

447.09360

755.20471

463.08838

463.08862

577.15662

755.20428

609.14612

623.12537

477.06754
6

593.15131

771.19940

563.14099

Quercetin-glucuronide c

6

479.08334

625.14136

631.09473

[M–H]–
(m/z)

Quercetin-hexosyl-hexosyldeoxyhexoside 5
Kaempferol-hexosyl-deoxyhexoside 5,6

Kaempferol-pentosyl-deoxyhexoside

Myricetin-hexoside 1

Myricetin-hexosyl-deoxyhexoside

Myricetin-galloylhexoside

Tentative identification

0.85

0.97

1.04

1.80

0.55

0.70

0.92

0.39

0.91

0.59

0.35

0.03

0.00

0.16

0.20

0.61

0.64

0.47

0.54

1.04

Δ m/z
(ppm)

2.6E+05
4.0E+05
2.3E+05

301.03537; 741.18604; 92.08257
301.03519; 300.02786; 92.08207; 162.68120

2.1E+05

284.03268; 255.03000; 227.03519

2.4E+06
285.04028; 593.15405

1.6E+05

284.03268; 255.02994; 227.03482
285.04041; 284.03262; 257.04483; 467.51770

5.9E+05

5.8E+05

300.02762; 301.03528; 271.02490; 125.02443

285.04044; 327.05060; 650.68726

1.7E+05

285.04038; 431.09849

4.8E+05

1.9E+05

285.04044; 650.21271

300.02744; 301.03592; 271.02475; 255.03044

5.7E+06

9.8E+04

1.0E+03

300.02768; 301.03549; 178.99847; 151.00351

301.03533; 300.02736

n.d.

1.6E+05

7.9E+05

301.03540; 300.02740; 178.99889; 151.00380
285.04038

3.0E+05

2.2E+05

9.5E+04

4.4E+04

OTL

3.0E+04

1.8E+04

1.4E+05

4.2E+04

5.2E+05

4.2E+05

5.1E+05

4.7E+05

1.3E+06

6.9E+04

3.8E+05

2.6E+06

3.1E+04

5.4E+04

1.1E+05

1.2E+06

3.6E+05

3.3E+05

2.0E+05

7.0E+04

YTL

Average peak area a

353.06720; 383.07715; 443.1007; 413.08646

316.02249; 271.02505; 287.02109

316.02219; 380.34470

316.02224

MS/MS fragments
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33

34

RT
(min)

2.404

3.147

4.222

4.301

4.528

5.460

5.701

5.707

5.980

6.103

7.199

7.498

7.842

8.636

T41

T42

T43

T44

T45

T46

T47

T48

T49

T50

T51

T52

T53

T54

7.286

7.436

8.709

11.002

11.765

T56

T57

T58

T59

T60

C 47H 54O27

C 27H 36O12

C 20H 30O12

C 18H 26O10

C 21H 18O11

C 30H 24O13

C 43H 36O18

C 27H 24O18

C 16H 18O8

C 16H 18O8

C 16H 18O8

C 20H 20O14

C 16H 18O11

C 8H8O4

C 17H 18O8

C 14H 18O10

C 13H 16O9

C 13H 16O10

C 14H 16O10

C 7H6O5

C 13H 16O10

Formula

c
7
c

8

c

c

c

c

551.21393

461.16696

Verbasoside c

Prupaside

401.1456

445.07803

591.11493

839.18677

Benzyl-pentosyl-hexioside c

Genistein/apigenin-hexoside

Protoleucomelone

Tetracaffeoylquinic acid

Trigalloyl-hexoside

635.08948

337.09302

1

p-Coumaroylquinic acid

337.09308

p-Coumaroylquinic acid 1

483.07813
337.09320

8

385.07782

167.03493

349.09311

345.08279

315.07233

331.06729

p-Coumaroylquinic acid 1

Digalloyl-hexoside

O-Feruloylgalactarate c

Vanillic acid

c

Feruloylquinic acid lactone

Methyl-galloyl-hexoside

Gentisic acid hexoside

Glucogallic acid 2,8

343.06702

169.01430

Galloylquinic acid

331.06729

Gallic acid 1,2

[M–H]–
(m/z)

Glucogallic acid 6

1

Tentative identification

0.91

1.11

0.70

0.89

0.87

4.60

0.78

0.38

0.56

0.92

0.21

0.48

-0.31

0.63

0.20

0.54

0.66

-0.15

0.31

0.66

Δ m/z
(ppm)

n.d.

n.d.

n.d.

269.04561

n.d.

n.d.

169.01413; 313.05609; 465.06445; 423.05759

93.03468; 119.05027; 173.04550; 102.94893

93.03465; 119.05035; 173.04547

93.03461; 119.05039; 173.04558

169.01436; 211.02443; 271.04639; 125.02463

n.d.

n.d.

n.d.

107.01385; 139.04030; 168.00638; 124.01650

n.d.

59.01365; 125.02443; 169.01454; 107.01381

191.05621; 85.02958; 93.03473

69.03462; 125.06424; 79.01900; 161.73521

59.01365; 125.02443; 169.01454; 107.01381

MS/MS fragments

2.3E+05

8.9E+04

6.1E+05

6.0E+05

5.3E+04

6.3E+04

2.4E+03

2.3E+05

7.8E+04

5.9E+04

1.3E+03

1.3E+05

1.0E+05

2.7E+05

3.4E+03

1.0E+05

8.6E+04

1.3E+03

3.6E+04

7.2E+03

OTL

3.0E+04

1.5E+05

6.0E+05

1.1E+06

2.5E+04

9.6E+04

4.7E+05

5.3E+05

1.8E+05

8.1E+04

1.9E+05

4.6E+04

4.0E+04

4.9E+04

1.2E+05

3.2E+04

6.7E+04

6.4E+05

2.8E+05

7.3E+05

YTL

Average peak area a

Cyanidin-hexosyl-pentosyl-hexosyl1049.27905
1.00
n.d.
1.3E+05
3.5E+04
p-coumaroylhexoside c
a Mean value of peak areas which were obtained from the extracted ion chromatograms (n=15). b Identified by authentic standards. c Tentatively identified by accurate mass and
isotopic pattern. n.d.: not detected.
1 , (Roda et al., 2019); 2 , (Guo et al., 2018); 3 , (Tan et al., 2016); 4 , (Xin et al., 2018); 5 , (van der Hooft et al., 2012); 6 , (Sun et al., 2011); 7 , (Fang et al., 2017); 8 , (Singh et al., 2016).

5.468

T55

Others

2.293

T40

Phenolic acids

ID
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Figure 2.1. Accurate full MS and data-dependent fragmentation spectra with proposed structures of precursor and fragments of representative phenolic
compounds. (A) Full MS spectrum of compound T11; (B) MS/MS spectrum of compound T11; (C) Full MS spectrum of compound T24; (D) MS/MS spectrum of
compound T24; (E) Full MS spectrum of compound T53; (F) MS/MS spectrum of compound T53. In (A), (C), and (E), purple bars and green bars indicate the
measured monoisotopic and isotopic ions matching the prediction.
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In addition to the monomeric flavanols, seven dimers (compounds T02, T03, T06, T07, T10, T12
and T14) were identified in both OTL and YTL. For example, compound T07 was ionized to an
[M–H]– ion at m/z 577.13556 (C 30H 26O 12, Δ = 0.61 ppm) and diagnostic fragments at m/z
125.02449 (phloroglucinol moiety), 289.07126 (epicatechin moiety), and 407.07788 (fragment
ions formed by RDA decomposition at positions 1/3 of C-ring in extension unit), and thus was
tentatively identified as B-type procyanidin dimer, as described previously.29 Due to the low
abundance of parent ions, no fragmentation spectra compounds T02, T12 and T14 were obtained.
Thus, the tentative identification was only based on their accurate masses, isotopic pattern
matching, and database searching.
Flavonols. Apart from flavanols, tea leaves were also abundant in flavonols, either in
glycosylated or acylated forms. Rutin was identified by comparing its retention time and accurate
mass with that of an authentic standard. In addition, 19 other flavonols, with kaempferol,
quercetin, and myricetin aglycones (skeletons), were tentatively identified by LC -MS/MS
analyses. The MS/MS fragments at m/z 285.04046, 301.03538, and 317.03029 were used to
identify the aglycones of kaempferol, quercetin, and myricetin, respectively. Furthermore, the
MS/MS fragment at m/z 151.00351, a typical fragment of RDA cleavage of flavonols (C-ring
cleavage at positions 1/3), was used to confirm the flavonol skeletons.30, 31 The loss of specific
mass units from precursor ions could be used for glycoside identification. The losses of 162, 146,
and 132 mass units from the precursor ions allowed the tentative identification of hexoside,
deoxyhexoside, and pentoside attachments, respectively. Moreover, the various combination s
of these mass unit losses were used to identify the di- or tri-glycosides. Following this approach,
five flavonol hexosides (compounds T22, T31, T32, T34 and T37), six flavonol di -glycosides
(compound T21, T23, T25, T27, T30 and T35), and three flavonol tri-glycosides (compounds T24,
T29 and T33) were tentatively identified.
Taking compound T24 as an example, this compound (tR = 8.625 min) produced an [M–H]– ion
with m/z value of 771.19940, indicating a molecular formula of C 33H 40O 21 (Δ m/z = 0.61 ppm).
The MS/MS fragmentation yielded four main fragment ions with m/z values of 301.03540,
300.02740, 178.99889, and 151.00380. The fragments with m/z 301.03540 and 300.02740
corresponded to the aglycone fragment ion and radical aglycone fragment ion, respective ly,
which are diagnostic for a quercetin skeleton. The fragment with m/z 178.99889 might
correspond to the fragment ion formed by RDA decomposition at positions 1/2 of the C -ring,30
whereas m/z 151.00380 might correspond to the fragment ion formed by RDA decomposition at
positions 1/3 of the C-ring, both of which were used to confirm the flavonol skeleton. As the
aglycone ion was formed by the cleavage of 470 mass units from its precursor ion, its glycoside
was putatively assigned to -hexosyl-hexosyl-deoxyhexoside (162+162+146). As a result, this
compound was tentatively identified as quercetin-hexosyl-hexosyl-deoxyhexoside. The full MS
scan, MS/MS spectrum, and proposed structures of precursor and fragments are shown in Figure
2.1C and D.
In addition, four acylated flavonols were tentatively identified as -deoxyhexosyl-p-coumaroylhexoside (compound T39), -diacetyl-p-coumaroyl-deoxyhexoside (compound T36), -galloyl36
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hexoside (compound T20), and -pentosyl-deoxyhexosyl-p-coumaroylhexoside (compound T38),
based on losses of 454, 376, 314, and 586 mass units from the precursor ions, respectively. No
fragmentation spectrum of compound T26 was obtained. On the basis of its accurate mass,
isotopic pattern matching, and database searching, it was putatively identified as quercetin glucuronide. The occurrence of various flavonol glycosides in tea leaves has been widely
reported in numerous studies,32-34 however, acylated flavonols are documented to a lesser
extent. Three of the four acylated flavonols detected in this study (T36, T20, and T38) were
reported in tea leaves for the first time.
Phenolic acids. Hydroxybenzoic acid, hydroxycinnamic acid, and their derivatives are the main
phenolic acids present in tea.35 In the present study, the MS/MS fragment at m/z 169.01425,
formed by compound T40, T41, T43, T45, T49, and T53, indicated the presence of a gallic acid
substituent in these compounds. Hence these compounds were classified as hydroxybenzoic acid
derivatives. Taking compound T53 as an example,, this compound (tR = 7.842 min) gave an [M–
H]– ion at m/z 635.08948, indicating a molecular formula of C 27H 24O 18 (Δ m/z = 0.78 ppm). The
data-dependent MS/MS fragmentation yielded three main fragment ions with m/z values of
169.01413, 313.05609 and 465.06445. Besides the gallic acid anion ( m/z 169.01413), the other
two ions corresponded to the parent losing two gallic acid units plus H 2O ([M–H-322]–), and the
parent losing a gallic acid unit plus H 2O ([M–H–170]–), respectively. Hence, this compound was
tentatively identified as trigalloyl-hexoside. The full MS scan, MS/MS spectrum, and proposed
structures of precursor and fragments are shown in Figure 2.1E and F. Compound T42 gave the
[M–H]– ion at m/z 343.06702 (C 14H 16O 10, Δ m/z = –0.15 ppm) and a diagnostic fragment at m/z
191.05621 (quinic acid moiety), and thus was tentatively identified as galloylquinic acid and
classified as a hydroxybenzoic acid derivative. Compounds T50, T51, and T52 produced similar
[M–H]– ions at m/z 337.09320, 337.09308 and 337.09302 (C 16H18O 8, Δ = 0.92, 0.56 and 0.38 ppm,
respectively) and diagnostic fragments at m/z 173.04550 (parent without an dehydroquinic acid
moiety) and 119.04969 (decarboxylated coumaroyl moiety). Therefore, they wer e tentatively
identified as p-coumaroylquinic acids and classified as hydroxycinnamic acid derivatives. As
multiple isomers of these phenolic acids are possible, i.e. 3-, 4-, 5-p-coumaroylquinic acid, and
similar positions for galloylquinic acid, the regiochemical identification of these isomers requires
further study. In addition, five compounds (T44, T46, T47, T48, and T54) were tentatively
identified as phenolic acids only based on their accurate masses, isotopic pattern matching, and
database searching, as no fragmentation spectra were obtained.
Other phenolic compounds. In addition to flavanols, flavonols and phenolic acids, six other
phenolic compounds (compounds T55, T56, T57, T58, T59 and T60) were detected in the 30 tea
leaf samples. Compound T56 produced [M–H]– ions at m/z 445.07803 (C 21H 18O 11, Δ = 0.89 ppm),
and a diagnostic fragment at m/z 269.04561 (genistein or apigenin moiety). Thus this compound
was tentatively identified as genistein/apigenin-hexoside. Considering that apigenin aglycone is
often found in tea, 32, 34 it is plausible that this peak represents apigenin hexoside. Nonetheless,
no fragments of the remaining five phenolic compounds were observed. Hence, the
identification of these compounds was only based on accurate masses, isotopic pattern, and
37
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database searching. After maturation of the tea leaves, varying changes in the contents of these
phenolic compounds were found in this study.

2.3.3. Quantification and semi-quantification of phenolic compounds in OTL and YTL
The quantification of EC, EGC, ECG, EGCG, and rutin was performed by using the calibration
curves of corresponding external authentic standards. Their contents in tea leaves (% dry weight)
were reported in Table 2.1. In particular, EGCG was found to be the most abundant flavanol in
both OTL and YTL, followed by EGC and ECG. Significant differences of these five compounds
were found between OTL and YTL (P < 0.05). Furthermore, for comparison, semi-quantification
of other phenolic compounds was performed based on their peak areas, as shown in Table 2.2.
Flavanols. Based on the peak areas of the 19 tentatively identified flavanols, EGCG, ECG, EGC,
and EC were found to be the major compounds in OTL as well as YTL. A general decrease of the
total peak areas of flavanols was observed after aging of tea leaves. The total flavanol content
in OTL (sum of the average peak areas of the 19 flavanols detected) was 1.66 -fold lower than
that in YTL. In particular, EGCG and ECG contents in OTL were 2.29- and 2.92-fold lower than
those in YTL, respectively. On the contrary, the amount of EGC and EC increased upon aging,
with a 2.61- and 1.49-fold increase, respectively. These results are in accordance with the
findings of Chen et al. (2003). It was previously reported that the activities of two enzymes
involved

in

the

biosynthesis

of

galloylated

catechins,

UDP-glucose:galloyl-1-O-β-D-

glucosyltransferase (UGGT), and epicatechin:1-O-galloyl-β-D-glucose O-galloyltransferase
(ECGT), decreased with aging of tea leaves, whereas the activity of galloylated catechin
hydrolase (GCH) showed the reverse trend, resulting in a decrease of EGCG and ECG and a
concomitant increase in EGC and EC.36 Furthermore, other galloylated flavanols, such as
gallocatechin gallate, catechin gallate, epiafzelechin gallate, theasinensin A, theasinensin F, and
digalloylprocyanidin B2 were also found to decrease upon aging (Table 2.2), which has not been
reported before. It seems that the biosynthesis of galloylated flavanols tends to decline, or that
the ester bonds connecting gallic acid to flavanols are prone to cleavage during maturation.
Nevertheless, the decrease in the EGCG and ECG content did not match the increase in the EGC
and EC content; moreover, the degalloylation of EGCG and ECG did not induce a clear increase
of free gallic acid in OTL (Table 2.2). Possible explanations for this might be the conversion or
condensation of these flavanols with other compounds, for example to for m cell wall-bound
phenolics.
Flavonols. The average peak areas of the 20 flavonols detected in both OTL and YTL are listed in
Table 2.2. Quercetin glycosides were found to be the most abundant flavonols, which is in line
with what was reported by Ohgami et al.37 Following quercetin glycosides, the next most
abundant were those of kaempferol and myricetin. In general, the total flavonol content (sum
of the average peak areas of the 20 flavonols detected) in OTL was significantly highe r than that
in YTL, with a 1.47-fold increase (P < 0.01), which was contrary to the trend observed for flavanols.
The content of rutin, the predominant flavonol in OTL as well as YTL, increased remarkably upon
aging, with a 2.15-fold increase (P < 0.01). Kaempferol-hexosyl-hexoside, which was also
38
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abundantly found in OTL and YTL, had a 4.58-fold higher content in OTL than that in YTL (P <
0.01). The glycosyltransferase gene UGT73A17, which is involved in the flavonol biosynthesis,
was found to be preferentially expressed in mature tea leaves rather than in young leaves, which
might explain the increase in flavonols with leaf maturation.37
Phenolic acids. A total of 15 phenolic acids were tentatively identified in the 30 tea leaf samples,
with p-coumaroylquinic acid as the most abundant compound, followed by glucogallic acid and
galloylquinic acid. A general decrease of phenolic acids was observed after maturation of tea
leaves. The total phenolic acid content in OTL (sum of the average peak areas of the 15 phenolic
acids detected) was 33% of that in YTL. For example, after maturation, p-coumaroylquinic acid
was found to decrease significantly, with approximately 43% remaining in the tea leaves.
Moreover, the glucogallic acid and galloylquinic acid contents in OTL were both less than 1% of
those in YTL. The decline of galloylquinic acid in OTL was consistent with the findings of Tan et
al.34 These phenolic acids could function as building blocks for biosynthesis of lignin or other cell
wall bound components.38 Moreover, the observed degalloylation of flavanols upon aging was
also widely observed in phenolic acids with galloyl groups (except for compound T43).

2.3.4. Multivariate statistical analysis of the differences of phenolic compounds in OTL
and YTL
The results of (semi-)quantitation of the 60 phenolic compounds by LC-MS were further used for
PCA and LEfSe analyses. The overall distribution and variation between OTL and YTL were first
compared using PCA. Clear distinction in the phenolic profiles was found be tween samples of
OTL and YTL, as illustrated in Figure 2.2. The PCA scatterplot indicated that the aging resulted in
a significant change of phenolic profiles in the tea leaves.

Figure 2.2. PCA scatter plots of entire phenolic profiles of OTL and YTL. Each dot represents one sample of either
OTL or YTL (n=15).
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To further identify the specific phenolic compounds that differentiate OTL and YTL, a LEfSe
analysis was applied. With an LDA score threshold of 3.6, the LEfSe analysis identified 14
individual phenolic compounds as being the most differentially abundant in OTL and YTL. Thus ,
these 14 compounds were considered to illustrate the main changes in phenolics upon
maturation of tea leaves (Figure 2.3A). Six of these phenolic compounds were more abundant in
OTL, namely, rutin, epigallocatechin, epicatechin, kaempferol-hexoside-hexoside, epigallocatechin-methylgallate, and kaempferol-pentoside-deoxyhexoside-p-coumaroyl-hexoside. On
the other hand, eight phenolic compounds were more abundant in YTL, namely, epigallocatechin
gallate, epicatechin gallate, epiafzelechin gallate, glucogallic acid, galloylquinic acid,
gallocatechin gallate, quercetin-hexoside, and trigalloyl-glucopyranose. Among the six phenolic
compounds which were more abundant in OTL, rutin and EGC had the highest LDA scores of 4.67
and 4.66, respectively. Among the eight phenolic compounds which were more abundant in YTL,
EGCG and ECG had the highest LDA scores of 4.84 and 4.78, respectively. Higher LDA score
indicate a greater contribution to the discrimination of the two data sets.

Figure 2.3. Representative phenolic compounds in OTL and YTL. (A) LEfSe comparison of phenolic compounds in
OTL and YTL; (B) Heatmap comparison and hierarchical clustering dendrogram based on the peak areas of the 14
representative phenolic compounds in OTL and YTL. The full names of compound ID can be found in Table 2.2.

Based on the peak areas of these 14 representative phenolic compounds, heatmap plots and
hierarchical clustering were then employed, to provide an overall, visual comparison of the
40
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differences between OTL and YTL (Figure 2.3B). The clustering depicted two clearly separated
groups, which indicated that the corresponding phenolic compounds can be used to distinguish
OTL and YTL, and that their contents change significantly as a consequence of aging.
These extensive changes upon aging of tea leaves may partially contribute to the deterioration
of tea quality. For example, as catechins are largely associated with taste, colour, and aroma of
tea,25 the significant decrease in the amount of EGCG and ECG upon aging may contribute to the
inferior taste of tea produced from old leaves. Rutin is known for its strong bitterness in taste,39
thus, the accumulation of rutin in OTL might be one of the sources of t he undesirable flavour of
tea from OTL. In addition, galloylquinic acid (LDA score = 3.79) has been reported to act as an
umami-enhancing compound.40 Hence, a lower content of this component in OTL might result in
lower flavour quality of tea.

2.4.

Conclusions

The results of this study showed that tea leaf aging, led to significantly reduced moisture and
total phenolic content. The phenolic profiles were also significantly changed upon tea leaf aging.
In general, a decrease in flavanol and phenolic acid content, and accumulation of flavonols, was
observed upon tea leave maturation. In addition, degalloylation commonly occurred upon tea
leaf aging, resulting in lower galloylated phenolic (i.e. EGCG and ECG) content and higher
ungalloylated phenolic (i.e. EGC and EC) content. LEfSe analysis identified 14 individual phenolics
as the major contributors to the differences between OTL and YTL. The extensive changes
observed in these compounds may explain the inferior flavour of tea produced from old leaves.
Despite the undesirable flavour characteristics of OTL, it is noteworthy that substantial amounts
of valuable flavonols, such as rutin, were also accumulated, which presents an opportunity for
the application of industrial extraction to obtain these tea phenolics. This study provides
comprehensive information on the phenolic composition in old tea leaves, and indicat es
opportunities for further exploitation of this agricultural waste steam.
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2.6.

Supplementary material

Figure S2.1. Compound Discoverer workflow chart.
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Figure S2.2. Representative UHPLC-Q-Orbitrap-MS base peak chromatogram (m/z 150–1,500, negative ionization
mode) of extracts from old tea leaves (A) and young tea leaves (B). Peak labels indicate retention time (bold) and
base peak m/z.
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Pulsed electric field as an alternative pre-treatment
for drying to enhance polyphenol extraction
from fresh tea leaves

Drying is an essential pre-treatment prior to extraction of tea phenolics from tea leaves, which
is a time and energy intensive process. In this study, pulsed electric field (PEF) was utilized to
replace the conventional thermal dehydration procedure before the phenolics extraction. The
influence of different PEF conditions on total polyphenol yield from fresh tea leaves combined
with a solid-liquid extraction were compared. PEF treatment at 1.00 kV/cm electric field
strength, 100 pulses of 100 μs pulse duration and 5 s pulse repetition, which delivered 22 kJ/kg
and induced 1.5 °C of temperature increase, was used for further study on the extraction
kinetics of green tea catechins. The results indicated that compared to oven drying, PEF pre treatment increased the extraction rate by approximately 2 times, without significantly altering
the phenolic profiles, as revealed by using liquid chromatography combined with mass
spectrometry. Scanning electron microscopy imaging revealed that PEF pre-treatment induced
the formation of inhomogeneously distributed pores and protuberances on the surface of leaf
tissues, which might facilitate the penetration of extraction solvent and the migration of
phenolics. This study demonstrates that PEF as a time and energy efficien t processing method
is a promising alternative for the conventional drying process before further tea polyphenol
extraction.

Based on: Liu, Z., Esveld, E., Vincken, J. -P., & Bruins, M. E., Pulsed electric field as an alternative
pre-treatment for drying to enhance polyphenol extraction from fresh tea leaves. Food and
Bioprocess Technology, 2019 12(1), 183-192.
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3.1. Introduction
It has been widely accepted that tea, derived from the leaves of Camilla sinensis, is a healthy
beverage. The pharmaceutical benefits of tea are generally attributed to its phenolic compounds,
because of their anti-oxidative, anti-inflammatory, anti-microbial, anti-tumour, and anti-aging
properties.1, 2 Extracted tea phenolics are widely used in various applications like functional
beverages, functional food, dietary supplements, cosmetics. Increasing demand for tea
phenolics in food and healthcare applications has boosted the growth of the tea phenolic market.
Extraction of phenolics from tea leaves into a concentrated form is attracting considerable
attention of industry.
With regard to the extraction of phytochemicals from plant-based materials, two primary
processes are required: (i) cell wall & cell membrane disruption, and (ii) migration of cellular
compounds from the cell matrix. Mechanical pressing or grinding is widely used to completely
disrupt the cell, but it results in non-selective release of all cell components and creates large
amounts of cell debris, which complicates the subsequent fractionation.3 Drying is another
widely used procedure for disruption of plant cells. This procedure causes breakage and collapse
of cell walls and the formation of large cavities and intercellular spaces, consequently allowing
the cellular substances to be easily extracted.4 However, the conventional thermal dehydration
procedure is considered to be time and energy intensive. Moreover, drying may also reduce the
bioactivities of thermally instable constituents. For intracellular substance migration, aqueous
and organic solvent extraction are the primary methods.5 In tea phenolics extraction, thermal
dehydration of tea leaves followed by organic solvent extraction is the most widely used
method.6 The organic solvent can be evaporated to obtain the pure tea phenolics. Besides these
conventional extraction methods, different processes including supercritical fluid extraction,
microwave-assisted extraction, ultrasonic-assisted extraction, pulsed electric field-assisted
extraction, can be employed to extract phenolics from tea leaves.6 Different extraction
techniques have various impacts on the rate, yield, purity and composition of final products.
Moreover, the time and energy input are also different.
Pulsed electric field (PEF) is an emerging technology for processing cells by means of brief pulses
of a strong electric field.7 Applying an external electric field to the cells results in pore formation
in the membrane of plant cells, facilitating the release of the cellular contents, such as phenolic
components.8 This permeabilisation of cell membranes can be achieved at moderate electric
fields (<10 kV/cm) and low specific energies (<10 kJ/kg), and thus is a non-thermal and energy
efficient technique of extraction.9 This technique has been used for the extraction of bioactive
compounds from various food matrices.8, 10 However, there is currently only one report of PEFassisted extraction of tea phenolics.11 In this study, it was shown that electroporation through
PEF treatment had potential for cell rupture of fresh tea leaves to replace the time and energy
intensive dehydration step. Unfortunately, they reported that only 27% of total phenolics could
be recovered by PEF-assisted water extraction of fresh tea leaves. As the epicuticular waxes on
the surface of the leaves can act as a barrier to extraction, the efficiency of aqueous extraction
with PEF is relatively low. Therefore, there is still significant room for improvement of extraction
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yields, for example, by utilizing a combination of PEF pre-treatment and organic solvent
extraction. In addition, besides the electroporation effect of PEF treatment, other effects, such
as the alteration of phenolic profile and ultrastructural morphology, are not previously discussed
in current literatures.
In the present study, PEF pre-treatment was combined with organic solvent extraction for tea
phenolics from fresh tea leaves. The extraction yield, catechin extraction kinetics and phenolic
profiles of extracts were evaluated by using Folin–Ciocalteau assay and liquid chromatography
combined with mass spectrometry (LC/MS). Furthermore, the changes in leaf morphology
induced by PEF were further assayed by using scanning electron microscopy (SEM) for the first
time.

3.2. Materials and methods
3.2.1. Fresh tea leaves and other chemicals
Fresh tea leaves (Camilla sinensis) were collected from tea plants grown in the Netherlands.
Immediately following the collection, leaves were transferred to the laboratory and washed with
distilled water for further treatment.
Gallic acid and Folin–Ciocalteu's reagent were purchased from Sigma Aldrich (St. Louis, MO, USA).
Pure acetone, methanol and ethanol were purchased from Merck (Darmstadt, Germany).
Standards of epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), a nd
epigallocatechin gallate (EGCG) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Ultrahigh-performance liquid chromatography / mass spectrometry (UHPLC/MS) -grade
acetonitrile with 0.1% (v/v) formic acid and water with 0.1% (v/v) formic acid were purchased
from Biosolve (Valkenswaard, The Netherlands). Water was prepared using a Milli-Q water
purification system (Millipore, Billerica, MA, USA).

3.2.2. PEF pre-treatment
PEF pre-treatments were conducted by using a batch PEF system (NP110-60, IXL Netherlands
b.v.) at room temperature (ca. 20 °C), which consisted of a high voltage pulse generator (50 μF
capacitance) and a PEF treatment chamber, as shown in Figure 3.1. The distance between the 5
cm semi-diameter (r) parallel stainless steel electrodes was set to 2 cm (d). The voltage (U) and
current (I) during the pulse over the treatment chamber were recorded via a high voltage probe
and peak current sensor on a digital oscilloscope (DS1054Z, Rigol, USA). The conductivity (σ) was
𝐼

𝑑

𝑈

𝜋𝑟 2

calculated as: σ = ( ) ∙ (

). The temperature elevation and electrical conductivity change of

the solution in PEF chamber before and after PEF treatment were recorded.
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Figure 3.1. Schematic diagram of PEF chamber.

One piece of whole fresh tea leaf (200–400 mg) was introduced into the chamber with 200 mL
of 1.86 g/L KCl solution 11 and 1.0 g/L ascorbic acid to prevent browning by tea phenolics.
Subsequently, samples were subjected to various PEF treatment conditions. The monopolar
pulses of near rectangular shape were delivered resulting in an electric field strength of E = 0.75
kV/cm, 1.00 kV/cm or 1.25 kV/cm. The pulse duration τ =100 μs and pulse repetition time △t =5
s were fixed and the number of pulses was varied from n = 10, 50, 100, to 200. The total PEF
treatment time (t) refers to the product 𝑛 ∙ 𝜏. Specific energy input (Q) is calculated as: 𝑄 = (𝑈 ∙
𝐼 ∙ 𝑡)/𝑚 , 12, 13 where U is the voltage, I is the electric current strength, t is total treatment time
of PEF and m is the total mass of water-sample mixture exposed to the PEF pulses.

3.2.3. Acetone extraction
After the PEF pre-treatment, the tea leaves were transferred into a beaker for further organic
solvent extraction. A 50% acetone / water (w/w) solution with a biomass to solvent ratio of 1:100
was used for extraction.14 The extraction was operated at room temperature with stirring at 250
rpm (Variomag multipoint magnetic stirrer HP 15, Oberschleißheim, Germany). For optimization
of the PEF treatment conditions, the samples extracted for 2 h were compared on the basis of
total polyphenol content, assayed with Folin–Ciocalteu's reagent. Extraction kinetics were
studied during 24 h under optimized PEF treatment conditions. During the extraction, at selected
time points (0 min, 10 min, 0.5 h, 1 h, 1.5 h, 2 h, 4 h and 24 h), 200 μL of extr act was collected
for the determination of the concentration of the four native green tea catechins, including EC,
EGC, ECG and EGCG, by using LC/MS. These four catechins have been reported to be the main
native tea phenolics. 15 The phenolic profiles of the extract at 2 h was further analysed by LC/MS.
Fresh (untreated) and oven dried (80 °C for 12 h) tea leaves were also extracted with the same
procedure for comparison.
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3.2.4. Total phenolics analysis
The total amount of phenolics of the extracts was determined using the Folin–Ciocalteu
method.16 Briefly, 1.0 mL sample, 5.0 mL Folin–Ciocalteu's reagent (diluted 10 times) and 4 mL
sodium carbonate (7.5% w/v) were introduced into test tubes. After 60 min, the absorbance at
765 nm was measured. Gallic acid (concentration ranging from 0.02 to 0.1 mg/mL) was used as
an external standard.

3

3.2.5. Native catechin content and phenolic profile analysis
The native catechin content and phenolic profile analysis were performed on an Accela UHPLC
system (Thermo Scientific, San Jose, CA, USA) equipped with a binary pump, an autosampler at
15 °C and a diode array detector. An Acquity UHPLC BEH C18 column (150 mm × 2.1 mm, 1.7 μm;
Waters, Milford, MA) with a VanGuard guard column (5 mm × 2.1 mm, 1.7 μm; Waters, Milford,
MA) was used to perform the chromatographic separation. The injection volume was 1.0 μL. The
flow rate was 400 μL/min at a column temperature of 20 °C. Eluents used were water (A) and
acetonitrile (B), both containing 0.1% (v/v) formic acid. The elution program was started by
running isocratically at 1% B for 1.0 min, followed by 1.0−3.0 min linear gradient to 15% B,
3.0−15.0 min linear gradient to 50% B, 15.0−17.0 min linear gradient to 99% B, 17.0−18.0 min
linear gradient to 1% B, and 18.0−21.0 min isocratic at 1% B. The eluent was adjusted to its
starting composition in 1 min, followed by equilibration for 7 min. Detection wavelengths for
ultraviolet−visible (UV−vis) were set to the range of 200−600 nm. Data were recorded at 20 Hz.
After chromatographic separation, a Velos Pro linear ion trap mass spectrometer (Thermo
Scientific, San Jose, CA, USA) equipped with a heated ESI probe coupled to the UHPLC system
was used for analysis. Nitrogen was used as sheath gas and auxiliary gas. Data were collected in
negative ionization mode over the m/z range of 150–1500. Data-dependent MS2 analysis was
performed with a normalized collision energy of 35%. The MS 2 fragmentation was performed on
the most intense product ion in the MS spectrum, with a dynamic exclusion for 5 s. Most settings
were optimized via automatic tuning using LTQ Tune Plus 2.7 (Thermo Scientific, San Jose, CA,
USA). The transfer tube temperature was 350 °C, and the source voltage was 4.0 kV. Data
acquisition and reprocessing were performed with Xcalibur 2.2 (Thermo Scientific, San Jose, CA,
USA). Contents of the four primary catechins, including EC, EGC, ECG and EGCG, in each samples
were calculated by using external standards of EC, EGC, ECG and EGCG.

3.2.6. Micromorphology imaging
The micromorphology of PEF treated, fresh and oven-dried tea leaves were analysed by SEM.
Pieces of leaf tissues (10 × 20 mm) were cut with a blade from the middle of the leaf avoiding
the central vein and fixed overnight in 100% methanol. Before further treatment the pieces were
cut to smaller pieces (about 10 × 10mm) and brought into a 50/50 mixture of methanol / ethanol
followed by 100% ethanol.17 Hereafter the samples were critical point dried with carbon dioxide
(EM CPD 300, Leica, Vienna, Austria), attached on SEM sample holders using c arbon adhesive
tabs (EMS, Washington, USA) and sputter coated with 15 nm tungsten (EM SCD 500, Leica,
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Vienna, Austria). The upper side of the leaves was analyzed with a field emission scanning
electron microscope (Magellan 400, FEI, Eindhoven, The Netherlands) with SE detection at 2 kV
and 6.3 pA.

3.2.7. Statistical Analysis
All data were expressed as means ± standard deviations (SD) of triplicate measurements. The
differences between various treatments were analysed by Duncan's multiple range test using
SPSS software (Version 19.0.0, IBM, USA), while the significance threshold was established at
0.05.

3.3. Results and discussion
3.3.1. PEF conditions
Many studies have shown the efficiency of the application of PEF as pre-treatment combined
with organic solvent extraction for bioactive compound transfer from plant matrices.18-20 In the
present study, various PEF pre-treatment conditions were used on the fresh tea leaves, followed
by a two-hour extraction with 50% acetone / water (w/w). Turkmen et al. have highlighted the
efficiency of a mixture of acetone and water (1:1) for tea polyphenol extraction ,14 and this was
accordingly chosen as the extraction solvent in this study. In order to take more samples in time
during extraction without disturbing the experiment, a relatively high solid to liquid ratio (1:100)
was used. The yield of total phenolics (based on fresh weight of leaves) resulting from these PEF
conditions are compared in Figure 3.2.

Figure 3.2. The total phenolics extracted from fresh tea leaves pre-treated with PEF at different electric field
strength and number of pulses. Values represent the means ± SD of triplicate measurements.

Their temperature elevation, solution conductivity change and specified energy inpu t are
presented in Figure 3.3. With the increase of electric field intensity and pulse number, higher
recovery of total phenolics was observed. The highest yields are obtained at the most intense
treatment condition tested (1.25 kV/cm, 200 pulses), which also resulted in the highest
conductivity changes. This increment of solution conductivity relates to the release of
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intracellular ions, which can be interpreted as the extent of cell disruption.21 Both the field
strength and number of pulsed can be used to increase polyphenol extraction for all phenolics
tested. The most extreme condition used an energy consumption of 81 kJ/kg and led to a
temperature increment of 9.1 °C. Under thermally isolated conditions, this would be maximally
20°C given the specific energy input. It was reported that the specific energy consumption for
convective drying of grapes was ca. 81 MJ/kg.22 Compared with this, the 1000 times lower energy
consumption of 81 kJ/kg used in the PEF pre-treatment is negligible. However, the temperature
increment of 9.1 °C was undesirable.

Figure 3.3. The temperature change (A1-A3), conductivity change (B1-B3) and specific energy input (C1-C3) during
the PEF treatment at different electric field strength and number of pulses. Values represent the means ± SD of
triplicate measurements.

Following the most intense treatment condition, the samples exposed to the next three PEF
conditions (1.25 kV/cm, 100 pulses; 1.00 kV/cm, 200 pulses; and 1.00 kV/cm, 100 pulses) had
similar tea polyphenol yields (p > 0.05), which were significantly higher than those from the rest
samples (p < 0.05). Under these three PEF conditions, the energy consumption and temperature
elevation were significantly lower than the most extreme condition (p < 0.05). Thus for further
testing of the kinetics of polyphenol extraction and the comparison to drying as a pre-treatment,
a field strength of 1.00 kV/cm and 100 pulses was chosen. Here, the energy consumption and
temperature elevation were 22 kJ/kg and 1.5 °C, respectively. These PEF conditions enabled
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subsequent extraction of 398 mg/L tea phenolics in 2 h, which accounted for approximately 77%
of total phenolics (based on a 24 h acetone extraction). In absence of PEF-treatment, under the
same two-hour acetone extraction, only approximately 37% of total phenolics were extracted
from fresh tea leaves. The substantial increase in extraction recovery implied the improvement
of permeability of cell membranes after PEF treatment.

3.3.2. Extraction kinetics
In order to evaluate the extraction efficiency of PEF pre-treatment, the release of phenolics from
tea leaves was studied along the extraction time. The Folin–Ciocalteau assay used in the
optimization of the PEF conditions mainly determines the number of aromatic rings, and
therefore its accuracy and specificity is relatively low. Thus, LC/MS target ing the four primary
catechins, including EC, EGC, ECG and EGCG, was employed to better monitor the dynamics of
phenolics during the extraction. A 24-h kinetic experiment of the catechins extracted with
acetone (50%, w/w) was conducted after the PEF pre-treatment (E = 1.00 kV/cm ; n = 100; τ =
100 μs and △t = 5 s). The fresh and oven-dried samples with the same acetone extraction
procedures were used for comparison. To assess the residual phenolics after the 24-h extraction,
an additional two-hour extraction with fresh acetone (50%, w/w) was performed. LC/MS analysis
indicated that the residual contents of EC, EGC, ECG and EGCG in the subsequent 2 -h extraction
were less than 2% of those in the extracts at 24 h (data not shown). Thus, the 24-h extraction
was considered as a complete extraction for the four catechins in both PEF treated and untreated
samples, and gave similar yields for all treatments. The extraction yields of each catechin at
certain time points are plotted against their extraction time, as presented in Figure 3.4.

Figure 3.4. Extraction kinetics of EC (A), EGC (B), ECG (C), and EGCG (D) from fresh tea leaves pre-treated with PEF,
oven-drying and untreated. Values represent the means ± SD of triplicate measurements.
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It shows that notably the extraction yield of the PEF treated samples after the first few hours is
significantly larger compared to dried and fresh leaves. After 24 h extraction, all pre -treatments
result in a similar maximal yield, which were approximately 1.7, 9.8, 2.0 and 15.8 mg/g fresh tea
leaf for EC, EGC, ECG and EGCG, respectively. These values were generally in line with the
catechins contents reported by Rahim et al.23
In addition, extraction kinetics were modelled assuming first order kinetics to analyse the
apparent extraction rate of the four catechins:

𝑑𝐶𝑡
𝑑𝑡

= 𝑘𝑜𝑏𝑠 (𝐶𝑒 − 𝐶𝑡 )

, Where Ct is the

concentration of catechin at time t, and Ce is the equilibrium concentration of catechin and kobs
is the first order observed extraction rate constant. If we assume that the initial concentration
of catechin is zero at time t=0, then kobs can be calculated as the slope of the linear regression
of ln (

𝐶𝑒 −𝐶𝑡
𝐶𝑒

) = −𝑘𝑜𝑏𝑠 𝑡.24 Data outside the linear range was not used for the regression. The

catechin extraction rate constants of PEF treated, oven-dried and fresh tea leaves are
summarized in Table 3.1. As expected, fresh tea leaves without any pre-treatment had the
lowest catechin extraction rate constant compared to the PEF-treated or oven-dried samples.
The low extraction rate constant observed for un-treated tea leaves was probably due to the
integrity of cell membrane. PEF-assisted extraction appeared more promising for extraction of
tea phenolics, with an approximately 3.6 times higher extraction rate constant than that for
untreated leaves. The improvement of extraction yield was attributed to the permeabilization
effect of PEF on tea leaf cells. It has also been reported that the extraction of phenolics from
orange peel,25 grape skin,26 and flaxseed hulls 19 were significantly improved after PEF treatment.
Moreover, higher extraction rate constants of catechins (2.3-fold higher) were also observed for
PEF treated samples compared to conventional oven dried samples.
Table 3.1. Acetone extraction rate constants (kobs, h-1) for the four major catechins from the tea leaves of
PEF treated, oven-dried and fresh ones.
PEF treated

Oven-dried

Fresh ones

EC

0.82

0.41

0.26

EGC

1.06

0.45

0.33

ECG

0.44

0.30

0.15

EGCG

1.12

0.35

0.22

3.3.3. Phenolic profiles of extracts
It has not yet been reported whether the application of an external electric field would modify
the profile of tea phenolics. Thus, RP-UHPLC-MS was further utilized to compare the phenolic
profile of the PEF treated tea leaf (E = 1.00 kV/cm ; n = 100; τ = 100 μs and △t = 5 s), followed
with a 2-h acetone extraction, with fresh and oven-dried samples with the same acetone
extraction procedure. The chromatograms obtained are presented in Figure 3.5. Peaks shown in
the chromatograms were annotated based on the comparison of MS/MS fragmentation and λ max
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with published data, 27-30 as listed in Table 3.2. A total of 22 components were tentatively
annotated, of which EC (peak no.8), EGC (peak no.5), ECG (peak no.17) and EGCG (peak no.9)
were recognized as the most abundant native catechins. Other components, including 10
flavanols and 8 flavonols, were also detected from LC-MS analysis. Due to their relatively low
abundance, some of these compounds did not clearly show in chromatograms. In general, the
three phenolic profiles were similar and in line with our previous observations .28, 31

Figure 3.5. RP-UHPLC–MS base peak chromatogram (m/z 150−1500, negative ionization mode) of the extracts
from PEF treated (A), fresh (B), and oven-dried (C) tea leaves.

It is noteworthy that three minor oxidation products of catechins, including theaflavin (peak
no.20), theaflavin-3-gallate (peak no.21) and theaflavin-3'-gallate (peak no.22), were tentatively
annotated in PEF treated samples, which were not presented in fresh or oven-dried samples.
These compounds were likely formed upon catalysis by endogenous oxidative enzymes in fresh
tea leaves during permeabilization by the PEF treatment. Thus, oxidation of phenolics should be
considered when applying PEF treatment in aqueous environment, because permeabilization by
PEF will facilitate contact between phenolics, oxygen and endogenous oxidative enzymes, even
though these enzymes will be inactivated by the subsequent acetone extraction. Shortening of
the PEF treatment time or addition of reducing agents during PEF treatment might inhibit such
oxidation.
Generally, in addition to minor oxidation, the moderate PEF treatments conducted in this study
did not affect the composition of tea phenolics. Similar results were obtained by Puértolas et al.,
who reported that the application of a PEF treatment to purple-fleshed potato before extraction
did not affect the profile of anthocyanin, but only obtained more anthocyanins.9 Such findings
could be related to the permeabilization of cells by PEF treatment. Furthermore, the phenolic
profiles at different pulsed electric field strength (E = 0.75 kV/cm, 1.00 kV/cm and 1.25 kV/cm)
were also compared. In general, similar phenolic profiles were obtained (data not shown).
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RT (min)

λ max
(nm)b

[M−H] −
m/z

MS 2 fragments
m/z

1
4.12
270;380
625
581;443;563
2
4.95
270
305
221;179;261;165;287
3
5.16
270
759
607;589;451
4
5.41
270
467
305;329;423;261
5
5.78
270
305
221;261;179;165;125;287
6
6.09
271
289
245;205;179
7
6.44
270
593
473;503;353;383
8
6.81
272;329
289
245;204;179
9
6.94
273
457
169;331;305
10
7.28
351;266
771
301;609
11
7.38
351;266
771
301;609
12
7.53
270
577
413;293
13
7.67
270
609
301
14
7.94
270;355
755
285
15
8.02
270;375
463
301
16
8.15
277
755
285
17
8.29
274
441
289;331;169
18
8.55
273;375
447
284;327
19
8.97
273;375
759
589;607
20
10.76
375
563
545;407;519;379;425
21
11.22
375
715
527;563;545;577;501
22
11.50
375
715
563;545;407;577;697
a Peak numbers were assigned from the chromatograms in Figure 3.5.
b
Only λmax above 250 nm are shown.

Peak
no. a
Dehydrotheasinensin C
Gallocatechin
Theacitrin-3-gallate
Catechin-hexoside
Epigallocatechin
Catechin
Kaempferol-rhamnoside-hexoside
Epicatechin
Epigallocatechin-gallate
Rutin-hexoside
Rutin-hexoside
Procyanidin B2
Rutin (quercetin-rutinoside)
Quercetin-rhamnosyl-rutinoside
Quercetin hexoside
Quercetin-rhamnosyl-rutinoside
Epicatechin-gallate
Kaempferol-hexoside
Theacitrin-3'-gallate
Theaflavin
Theaflavin-3-gallate
Theaflavin-3'-gallate

Tentative identification

Table 3.2. Phenolic compounds tentatively identified by RP-UHPLC–MS from PEF treated, oven-dried and fresh tea leaves.

C 15H 14O6
C 30H 26O13
C 15H 14O6
C 22H 18O11
C 33H 40O21
C 33H 40O21
C 27H 30O14
C 27H 30O16
C 33H 40O20
C 21H 20O12
C 33H 40O20
C 22H 18O10
C 21H 20O11
C 37H 28O18
C 29H 24O12
C 36H 28O16
C 36H 28O16

C 21H 24O12
C 15H 14O7

C 27H 30O17
C 15H 14O7
C 37H 28O18

Formula
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3.3.4. Tissue morphology analysis
In addition to the extraction yield and phenolic composition assays, the micromorphology
changes of tea leaf tissues after PEF treatment were also studied. SEM studies carried out on the
surface of PEF treated and untreated (fresh and oven-dried) tea leaf tissues displayed
remarkable differences, as shown in Figure 3.6. The fresh untreated tea leaf samples preserved
their integrity, with relatively smoother cell surface. Some regular pellets and epicuticular wax
crystals diffused on the cell surface, but no pores were clearly visible (Figure 3.6B1-B3). After
PEF treatment, unevenly distributed pores could be clearly observed on the surface ( Figure
3.6A3), with a diameter of 50-100 nm. The extended surface of tea leaf tissue as a conductor
gives the perpendicular field for charge to accumulate on either side, which leads to a high local
electric field and a local breakdown, thus releasing enough energy to puncture a hole. The
occurrence of pores after PEF treatment was previously descripted by other researcher s. For
example, it was observed by Koubaa et al. that the cells of Opuntia stricta fruit peels presented
pores on their surfaces after PEF treatment (20 kV/cm, 50 pulses) .32
In addition to the electroporation, a considerable number of protuberances with highly
corrugated surface were formed after PEF treatment (Figure 3.6A1-A3). The impact of the
external electric field might be the cause of the corrugation. It is also worthy of note that the
pores seem to be mainly located on these protuberances (Figure 3.6A2, A3). The increase of the
porosity and formation of protuberances on the tea leaf cells may improve the capacity of
penetration of the acetone into the cells and the diffusion of phenolics through the cell
membranes, which explains the improvement of polyphenol extraction observed.
For oven-dried samples, significant roughness and plication emerged on the surface of tea leaf
(Figure 3.6C1, C2). Due to the loss of water during oven-drying, cell shrinkage and distortion can
occur, and thus large cavities can be formed.4 However, unlike PEF treated samples, the
protuberances seemed to be smooth without significant cracks or pores (Figure 3.6C3), which
might indicate that the structural disorder effect of drying occurred at micron-scale, whereas for
PEF it was at nano-scale phenomenon. This might also explain why PEF treatment exerts better
permeabilization than conventional thermal dehydration. The results presented here provided
visual comparison of the different impacts of PEF treatment and thermal dehydration process
on the micromorphology of tea leaf tissues.
In addition, it was also found that similar protuberances and pores were observed among
different electric field intensities (figures not shown). It was difficult to relate the number or size
of protuberances and pores to the electric field intensity.
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Figure 3.6. SEM images of upper surface of tea leaf tissue pre-treated with PEF (A1-A3), untreated (B1-B3) and
oven-drying (C1-C3), with the magnifications of ×2,000 (A1, B1, C1), ×10,000 (A2, B2, C2), and ×50,000 (A3, B3, C3).

3.4. Conclusions
The results obtained in this study demonstrated that compared to the conventional thermal
drying, PEF treatment on fresh tea leaves before extraction had the advantages of improving the
extraction yield, shortening the extraction time, lowering the energy input and controlling the
operational temperature, but without significantly altering the phenolic profiles. Thus, PEF pre treatment can be used to replace the time and energy intense drying procedure. The improved
extraction efficiency observed in this study was due to the application of the external electric
field that induced the formation of large numbers of pores and protuberances on the surface of
tea leaf tissues, thus improving the permeability and facilitating the releas e of phenolics.
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Reciprocal interactions between epigallocatechin-3-gallate
(EGCG) and human gut microbiota in vitro

Interaction of tea phenolics with gut microbiota may play an integral role in health benefits of
these bioactive compounds, yet this interaction is not fully understood. Here, metabolic fate of
epigallocatechin-3-gallate (EGCG) and its impact on gut microbiota were integrally investigated
via in vitro fermentation. As revealed by UHPLC-Q-Orbitrap-MS, EGCG was promptly degraded
into a series of metabolites, including 4-phenylbutyric acid, 3-(3′,4′-dihydroxyphenyl)propionic
acid, and 3-(4′-hydroxyphenyl)propionic acid, through consecutive ester hydrolysis, C -ring
opening, A-ring fission, dehydroxylation, and aliphatic chain shortening. Microbiome profiling
indicated that, compared to the blank, EGCG treatment resulted in stimulation of the beneficial
bacteria Bacteroides, Christensenellaceae, and Bifidobacterium. Additionally, t he pathogenic
bacteria

Fusobacterium

varium,

Bilophila,

and

Enterobacteriaceae,

were

inhibited.

Furthermore, changes in concentrations of metabolites including 4-phenylbutyric acid and
phenylacetic acid, were strongly correlated with changes in abundance of specific gut
microbiota. These reciprocal interactions between EGCG and gut microbiota may collectively
contribute to health benefits of EGCG.

Based on: Liu, Z., de Bruijn, W. J. C., Bruins, M. E., & Vincken, J. -P., The reciprocal interactions
between epigallocatechin-3-gallate (EGCG) and human gut microbiota in vitro. Journal of
Agricultural and Food Chemistry, 2020 68(36), 9804–9815.
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4.1. Introduction
Green tea, produced from Camellia sinensis, is widely consumed around the world. Numerous
epidemiological and pharmacological studies have shown that green tea consumption confers
various beneficial effects on human health, including antioxidant, antibacterial and antiviral
activities, body-weight control, and reduction in the risk of cardiovascular disease and some
forms of cancer. 1 These health benefits are generally attributed to the phenolic compounds
present in green tea, particularly catechins. 2 The four most abundant green tea catechins are
epicatechin (EC), epicatechin-3-gallate (ECG), epigallocatechin (EGC), and epigallocatechin-3gallate (EGCG) (Figure 4.1).3 However, it has been established that these compounds are poorly
bioavailable in the small intestine. Stalmach et al. reported that approximately 70% of the
ingested green tea catechins were recovered in the large intestine. 4 EC and EGC reportedly are
approximately 31 and 14% bioavailable, respectively, whereas bioavailability of EGCG, t he most
abundant catechin in green tea, is very poor (approx. 0.1%). 5 The relatively low bioavailability of
catechins seems to be in contrast with their beneficial health effects.

Figure 4.1. The chemical structures of EC, EGC, ECG and EGCG.

After consumption of green tea, the majority of catechins will reach the colon, where they will
be subject to enzymatic degradation by a large and diverse population of microorganisms. The
primary metabolites of catechins after extensive microbial degradation were found to be
phenolic acids. 6, 7 These metabolites can be absorbed by the colon and distributed throughout
the human body. 8 Possibly, the health effects derived from green tea consumption are, at least
partially, an effect of catechin metabolites rather than the intact catechins. For example, it was
reported that the catechin C-ring opening product 1-(3′,4′-dihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)propan-2-ol had higher antioxidant activity than intact catechin. 9
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Additionally, it has been widely recognized that gut microbiota play an essential role in the
maintenance of intestinal homeostasis and host health. The beneficial bacteria extract nutrients
and energy, and constitute a physical and immunologic barrier against pathogens. 10 Hence, gut
microbiota composition can affect host health. Therefore, several strategies have been
developed to modulate the composition, and thereby the metabolic and immunological activity
of the gut microbiota, such as using pro- and prebiotics. 11 Recent studies show that dietary
intervention with phenolic compounds, most notably those from tea, red wine, or cocoa,
promote a more health-beneficial human gut microbiota composition. 12-14 Several in vitro and in
vivo studies have indicated that green tea can promote growth of beneficial bacteria, such as
Bifidobacterium and Lactobacillus, and inhibit pathogenic bacteria, such as Clostridium. 15-17
Such reciprocal interactions between the catechins and gut microbiota could explain the
biological activities of catechins, despite their low bioavailability. However, the majority of
studies on this topic focus on either the metabolism of catechins by gut microbiota or the
modulatory effects of catechins on gut microbiota composition. The study of both of these
aspects within a single experimental setup may provide deeper insights in the reciprocal
interactions between tea phenolics and gut microbiota. To the best of our knowledge, such a
study has not yet been performed with green tea catechins. Therefore, in the present study, we
aimed to investigate the two-way interplay between catechins and gut microbiota. To this end,
catechins were subjected to in vitro fermentation by human gut microbiota. Throughout the
fermentation, the metabolic fate of catechins, as well as the influence of catechins and their
metabolites on gut microbiota composition were monitored.

4.2. Materials and methods
4.2.1. Chemicals
Standards of EC, EGC, ECG, EGCG, gallic acid, pyrogallol, benzoic acid, 4 -hydroxybenzoic acid, 3(3′,4′-dihydroxyphenyl)propionic acid, 2-(4′-hydroxyphenyl)acetic acid, 4-phenylbutyric acid, 5(4′-hydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)propionic acid, and 5-phenylvaleric acid
were purchased from Sigma Aldrich (St. Louis, MO, USA). Acetonitrile (ACN) was purchased from
Biosolve (Valkenswaard, The Netherlands). ULC/MS grade ACN and water, both with 0.1% ( v/v)
formic acid were purchased from Biosolve (Valkenswaard, The Netherlands). Water for purposes
other than UHPLC-MS was prepared using a Milli-Q water purification system (Millipore, Billerica,
MA, USA).

4.2.2. In vitro fermentation of catechins with human gut microbiota
The in vitro faecal fermentation of catechins was performed according to the methodology of
Gu et al.18 with some modifications. Faecal materials were obtained from 4 healthy volunteers
(3 males and 1 female, 24 to 38 years), who reported no consumptio n of tea in the week prior
to the donation and declared no antibiotic treatment in the three months prior to the donation.
Freshly passed faeces were immediately transferred to an anaerobic chamber (4% H 2, 15% CO2,
and 81% N2; Bactron, Cornelius, OR, USA) and mixed with culture medium at a ratio of 1:40 (w/v).
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The culture medium was the standard ileal efflux medium (SIEM), which simulates the conditions
in the human colon. 19 The SIEM medium contained 0.4% (v/v) CHO medium (pectin, xylan,
arabinogalactan, amylopectin, and starch, 12 g/L each), 40% (v/v) BCO medium (60 g/L
bactopeptone, 60 g/L casein, and 1 g/L ox-bile), 1.6% (v/v) salt mixture solution, 0.8% (v/v)
MgSO 4 (50 g/l), 0.4% (v/v) cysteine hydrochloride (40 g/L), 0.08% (v/v) vitamin mixture solution,
and 10% (v/v) MES buffer (1 M, pH 7.0) in water. All medium ingredients were purchased from
Tritium Microbiologie (Veldhoven, The Netherlands). After mixing fresh faeces and the culture
medium, the resulting faecal slurries from the four volunteers were pooled and homogenized.
To obtain a homogeneous human faecal suspension (HFS), the slurry was strained through 4
layers of cheese cloth. Separate aliquots of 0.9 mL HFS were spiked with solutions of each of the
four catechins (EC, ECG, EGC, and EGCG) in water at a final catechin concentration of 0.1 mmol/L.
The mixtures were then incubated at 37 °C in the anaerobic chamber for 48 hours. After 0, 1, 2,
4, 6, 12, 24, and 48 h of fermentation, 100 µL samples were taken and diluted in 300 µL ACN to
stop the fermentation. Following centrifugation (20 min, 22,000 × g, 4 °C), the supernatant were
stored at -20 °C until UHPLC-MS analysis.
A separate EGCG fermentation was performed for combined UHPLC-MS and microbiome analysis.
For EGCG fermentation, 9 mL HFS was mixed with 1 mL of EGCG in water to a final EGCG
concentration of 0.1 mmol/L. As a blank, 1 mL water was added to 9 mL HFS. All fermentations
were performed in triplicate. Mixtures were incubated at 37 °C in an anaerobic chamber for 72
hours. For UHPLC-MS analysis, samples were taken after 0, 2, 4, 6, 9, 12, 24, 48, and 72 h of
fermentation, and treated as described previously. For gut microbiota composition analysis, 1
mL samples were taken at 0, 12, 24, 48, and 72 h and immediately frozen at -80 °C until further
bacterial DNA extraction and analysis.

4.2.3. UHPLC-ESI-IT-MS analysis of the degradation of green tea catechins
Separation of samples was performed on a Vanquish UHPLC system (Thermo Fisher Scientific,
Bremen, Germany) equipped with a binary pump, split loop autosampler, column compartment
and diode array detector. Samples were separated on an Acquity UHPLC BEH C18 column (150
mm × 2.1 mm, 1.7 μm; Waters, Milford, MA) with a VanGuard guard column of the same material
(5 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA). The column compartment heater was operated
in still air mode at 45 °C, and the post-column cooler was set to 40 °C. The injection volume was
1.0 μL. Mobile phases consisting of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v) formic acid
in ACN (B) were used at a flow rate of 400 μL/min. The elution program was set as follows:
isocratic at 1% B for 2 min; 2-3 min linear gradient to 10% B; 3-20 min linear gradient to 60% B;
20-23 min linear gradient to 99% B; 23-26 min isocratic at 99% B. The mobile phase was adjusted
to starting conditions in 1 min, followed by equilibration for 3 min.
A Velos Pro linear ion trap mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped
with a heated electrospray ionization (ESI) probe was coupled to the UHPLC system. Nitrogen
was used as sheath gas (15 arbitrary units) and auxiliary gas (10 arbitrary units). Data were
collected in negative ionization mode over the m/z range of 100-1,500. Data-dependent MS2
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analysis was performed with a normalized collision energy of 35%. Dynamic exclusion, with a
repeat count of 2, repeat duration of 5.0 s and an exclusion duration of 5.0 s, was used to obtain
MS2 spectra of multiple different ions present in full MS at the same time. Most settings were
optimized via automatic tuning using LTQ Tune Plus 2.7 (Thermo Scientific, San Jose, CA, USA).
The transfer tube temperature was 350 °C, the source heater temperature was 408 °C, and the
source voltage was 4.0 kV. Data acquisition and reprocessing were performed with Xcalibur
software (version 4.1, Thermo Fisher Scientific, Bremen, Germany). External calibration curves
(R 2 > 0.99) of standards of EC, EGC, ECG, and EGCG in the concentration range 3.125 to 100
μmol/L were used to quantify the four catechins.

4

4.2.4. UHPLC-Q-Orbitrap-MS analysis of the degradation pathway of EGCG
For EGCG fermentation, the same UHPLC separation was performed as described previously. A
Thermo Q-Exactive Focus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany) equipped with heated ESI source was coupled to the UHPLC system.
Nitrogen was used as sheath gas (15 arbitrary units) and auxiliary gas (10 arbitrary units). Data
were collected in negative and positive ionisation mode over the m/z range o f 100-1,500. The
resolution of MS full scan and MS/MS were 70,000 and 17,500 full width at half maximum
(FWHM), respectively. Instrument control and data acquisition were performed with Xcalibur.
An external calibration for mass accuracy was carried out before the analysis according to the
manufacturer’s guidelines. The acquired raw data files of each sample were processed by using
Compound Discoverer software (version 2.1, Thermo Fisher Scientific, Bremen, Germany).
External standards of EC, EGC, ECG, EGCG, gallic acid, pyrogallol, benzoic acid, 4-hydroxybenzoic
acid, 3-(3′,4′-dihydroxyphenyl)propionic acid, 2-(4′-hydroxyphenyl)acetic acid, 4-phenylbutyric
acid, 5-(4′-hydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)propionic acid, and 5-phenylvaleric
acid were used to confirm the identification of metabolites by comparing retention times and
accurate masses. The concentrations of these compounds and compounds with similar
structures were further calculated based on the respective calibration curves (0.3125 t o 10
μmol/L, R 2 > 0.99).

4.2.5. DNA extraction and high-throughput sequencing of gut microbiota
Gut microbiota DNA was extracted from each sample by using QIAamp Fast DNA Stool Mini Kit
(Qiagen, Germany), according to the manufacturer’s instructions, and DNA samp les were stored
at -20 °C until used. The quantity and quality of the extracted DNA was checked by 1% agarose
gel electrophoresis. DNA was diluted to 1 ng/μL using sterile water. Bacterial primers 341 -F (5’CCT AYG GGR BGC ASC AG-3’) and 806-R (5’- GGA CTA CNN GGG TAT CTA AT-3’) with specific
barcodes were used to amplify the V3–V4 region of bacterial 16S rRNA genes (466 bp). After
amplification, PCR products were checked by 1% agarose gel electrophoresis. Samples with
bright main strip between 450-550 bp were chosen and purified with QIAquick Gel Extraction Kit
(Qiagen, Germany). Subsequently, the sequencing library of the bacterial 16S rRNA genes was
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generated by utilizing the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA), and
the sequencing library was then sequenced on an Illumina HiSeq2500 platform.

4.2.6. Statistical analysis
Raw sequencing reads obtained from the Illumina platform were then merged using FLASH
software (Version 1.2.7), 20 and filtered with QIIME software (Version 1.7). 21 All quality filtered
sequencing reads were then clustered into operational taxonomic units (OTUs) with 97%
sequence similarity, by using Uparse software (Version 7.0). 22 The representative sequence for
each bacterial OTU was annotated by comparison against the Silva SSU rRNA database
(https://www.arb-silva.de/) with Mothur software (Version 1.30.2). 23 The relative abundance of
each OTU across all samples was calculated and used for further data mining. The overall
differences among samples were evaluated by Principal Component Analysis (PCA), by using the
ade4 package in R (Version 3.4.0). Subsequently, linear discriminant analysis effect size (LEfSe)
algorithm was performed to identify the representative OTUs characterizing the differences
among different groups, by using the Huttenhower Lab Galaxy Server. The amount of
representative OTUs was optimized by adjusting the alpha value and linear discriminant analysis
(LDA) score threshold of the LEfSe analysis. With an alpha value of 0.05 and LDA score threshold
of 3.1, a total of 37 representative OTUs were obtained for further analysis. Their relative
abundances were further visualized with heatmap and clustered with hierarchical clustering, by
using pheatmap package in R. The pairwise Spearman’s rho non-parametric correlation analysis
between EGCG metabolites and gut microbiota was calculated by using Hmisc package in R and
visualized by using pheatmap package in R.

4.3. Results and discussion
4.3.1. General degradation of the four primary green tea catechins
The degradation kinetics of the four catechins by the human gut microbiota in freshly collected
faecal samples from four healthy volunteers was firstly assessed by UHPLC-ESI-IT-MS. The
quantitative changes of the four catechins throughout the fermentation and the representative
chromatograms (incubation time 0, 2, 12, 24, and 48 h) of each catechin are shown in Figure 4.2
and 4.3, respectively. Degradation of EC, EGC, ECG, and EGCG followed similar kinetics, starting
within 2 h of fermentation, and undergoing the most significant decrease between 12 and 24 h.
After 48 h, EC, EGC, ECG, and EGCG were extensively degraded with only 12%, 15%, 4% and 5%
remaining, respectively. Interestingly, all four catechins were promptly degraded by gut
microbiota from the initial stage of fermentation. The short survival time of catechins observed
in this study was in line with the observations reported by Chen et al. that EC and catechin were
both rapidly degraded within 12 h by rat faecal microbiota. 9 This indicates that, in vivo, green
tea catechins will only remain intact for a short period of time upon entering the colon.
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Figure 4.2. Comparison of the degradation rate of the four catechins by human gut microbiota.

Figure 4.3. RP-UHPLC-MS base peak chromatograms of 8 extracted ions (EC, EGC, ECG, EGCG and corresponding
diphenylpropanols) in negative mode. A1-A5 EC inoculum samples; B1-B5 EGC inoculum samples; C1-C5 ECG
inoculum samples; D1-D5 EGCG inoculum samples; A1, B1, C1, D1: 0 h; A2, B2, C2, D2: 2 h; A3, B3, C3, D3: 12 h;
A4, B4, C4, D4: 24 h; A5, B5, C5, D5: 48 h.

Following the decrease of EC (m/z 289), a peak with m/z 291 was observed (Figure 4.3A3-A5).
This compound gave three major fragment ions of 247, 167, and 205 ( Figure S4.1,
supplementary material), resulting in a fragmentation spectrum similar to that of EC, albeit at 2
mass units higher, suggesting a catechin-like structure. The 1-2 bond in the catechin C-ring
(Figure 4.1) is prone to reductive cleavage by several bacteria such as Adlercreutzia equolifaciens,
Asaccharobacter celatus, and Slackia equolifaciens, resulting in the formation of a
diphenylpropanol.24,

25

Thus the peak at m/z 291 was tentatively identified as 1-(3′,4′69
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dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)-propan-2-ol. Similar diphenylpropanols were
also found during the incubation of EGC (m/z 305), ECG (m/z 441), and EGCG (m/z 457), namely
1-(3′,4′,5′-trihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)-propan-2-ol (m/z 307, Figure 4.3B3B5), 1-(3′,4′-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)-propan-2-yl gallate (m/z 443,
Figure

4.3C5),

and

1-(3′,4′,5′-trihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)-propan-2-yl

gallate (m/z 459, Figure 4.3D5) respectively. Their MS 2 spectra and proposed chemical structures
are shown in Figure S4.2-S4.4, supplementary material. For galloylated catechins (ECG and
EGCG), degalloylation (i.e. galloyl-ester hydrolysis) was also observed during the fermentation,
as shown by the formation of EC (m/z 289, Figure 4.2C2-4) and EGC (m/z 305, Figure 4.2D2-4).
The combination of degalloylation and C-ring opening was also observed for ECG and EGCG,
yielding the EC- and EGC-derived diphenylpropanols.
The degalloylated catechins and diphenylpropanols formed as the initial degradation products
seemed to be further metabolised (Figure 4.3). No notable other metabolites could be detected
and identified in UHPLC-IT-MS. High resolution UHPLC-Orbitrap-MS, which is more sensitive, was
employed to elucidate the subsequent degradation steps. Due to the similarity of the
degradation kinetics and initial degradation products among the four catechins, EGCG was
selected as the representative catechin for further study.

4.3.2. Complete degradation pathway of EGCG by human gut microbiota
The metabolic fate of EGCG during 72 h incubation with human gut microbiota was monitored
by untargeted UHPLC-Q-Orbitrap-MS analysis. A total of 14 potential metabolites of EGCG were
identified, 7 of which were confirmed with authentic standards ( Table 4.1). All of these
metabolites, except for 2-(4′-hydroxyphenyl)acetic acid and 4-hydroxybenzoic acid, were absent
from the blank samples (data not shown). These two exceptions were identified in some blank
samples, in which they may have been derived from other food phenolics, but at much lower
relative abundance (less than 10%, data not shown) compared to EGCG treated samples. These
14 metabolites were quantified by using either the corresponding authentic standard or an
authentic standard with similar structure. To be specific, EC was used to quantify the
concentration of 1-(3′,4′-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)propan-2-ol, 5-(4′hydroxyphenyl)valeric acid was used to quantify 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone and
5-(3′,4′,5′-trihydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)-propionic acid was used to
quantify 4-phenylpropionic acid, and 2-(4′-hydroxyphenyl)-acetic acid was used to quantify 4(3′,4′-dihydroxyphenyl)acetic acid and phenylacetic acid.
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Table 4.1. Metabolites of EGCG Fermentation with HFS Annotated by UHPLC-Orbitrap-MS.
ID
M00
M01

Tentative identification

Formula

Measured
mass

Δ mass
(ppm)

6.38

EGCG a

C22H18O11

458.08481

0.22

5.19

EGC a

C15H14O7

306.07403

0.16
0.29

M02

2.43

Gallic acid

C7H6O5

170.02147

M03

2.80

C6H6O3

126.03168

0.08

M04

6.03

C15H16O6

292.09460

0.31

M05

5.12

Pyrogallol a
1-(3′,4′-Dihydroxyphenyl)-3-(2″,4″, 6″trihydroxyphenyl)propan-2-ol
5-(3′,4′-Dihydroxyphenyl) -γ-valerolactone

C11H12O4

208.07346

0.48

M06

5.46

5-(3′,4′,5′-Trihydroxyphenyl)valeric acid

C11H14O5

226.08410

0.31

C10H12O2

164.08372

0.06

C9H10O4

182.05788

0.16

C9H10O3

166.06291

0.48

C9H10O2

150.06806

0.67

C8H8O4

168.04215

0.65

C8H8O3

152.04730

0.26

C8H8O2

136.05243

0.00

C7H6O3

138.03167

0.14

M07

13.12

M08

5.85

a

4-Phenylbutyric acid
3-(3′,4′-Dihydroxyphenyl)propionic acid a

M09

7.07

3-(4′-Hydroxyphenyl)propionic acid

M10

8.28

3-Phenylpropionic acid

M11

4.36
5.87

2-(4′-Hydroxyphenyl)acetic

M13

9.20

Phenylacetic acid

5.37

a

2-(3′,4′-Dihydroxyphenyl)acetic acid

M12

M14
a

RT
(min)

4-Hydroxybenzoic

acid a

acid a

4

Confirmed with authentic standards.

The changes in the content of these 14 metabolites during fermentation of EGCG are shown in
Figure 4.4. As can be seen in Figure 4.4 M00-M02, EGCG decreased rapidly during the first 12 h
of fermentation resulting in formation of EGC and gallic acid, both of which were subject to
further metabolism. Pyrogallol was detected as one of the metabolites of gallic acid, which can
be formed upon decarboxylation (Figure 4.4 M03). Pyrogallol concentrations decreased again
after 12 h, suggesting further degradation, for example to butyric acid and acetic acid. 26, 27 An
increase in pyrogallol toward the end of the fermentation indicates that it can also be derived
via another metabolic route.
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Figure 4.4. Changes in the concentrations of EGCG and its metabolites during fermentation with human gut
microbiota for 72 h (M00-M14 are listed in Table 4.1). Error bars indicate standard error (n=3).

Additionally, a peak was detected with a mass corresponding to a C -ring opened and
dehydroxylated derivative of EGC, which was tentatively identified as 1-(3′,4′-dihydroxyphenyl)3-(2′′,4′′,6′′-trihydroxyphenyl)propan-2-ol (Figure 4 M04). Further microbial metabolism of this
diphenylpropanol led to the formation of a phenylvalerolactone derivative, 5 -(3′,4′72
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dihydroxyphenyl)-γ-valerolactone (Figure 4.4 M05), which is formed via A-ring fission, as
reported previously by others. 6, 7 The lactone can be opened, resulting in phenylvaleric acids, 7
explaining the formation of 5-(3′,4′,5′-trihydroxyphenyl)valeric acid. Phenyl-γ-valerolactones
and phenylvaleric acids were reported as important metabolic intermediates formed fro m
different

types

of

flavan-3-ols. 28

Subsequent

successive

alkyl

shortening

of

this

hydroxyphenylvaleric acid on the sidechain might occur and result in a series of phenylcarboxylic
acids with various sidechain length, such as hydroxyphenylbutyric, hydroxyphenylpropionic,
hydroxyphenylacetic and hydroxybenzoic acids. 29 In addition, dehydroxylation can also occur at
C-3, 4 and 5 of the benzene ring of these hydroxylated phenylcarboxylic acids. Theoretically, a
total of 20 possible hydroxylated phenylcarboxylic acids with 1-5 carbon atoms in the side chain
and 0-3 hydroxyl groups on the aromatic ring could be formed via aliphatic chain shortening and
dehydroxylation of hydroxyphenylvaleric acid. In the present study, 9 such hydroxylated
phenylcarboxylic acids were detected, and the changes of the concentrations in each of these
compounds are shown in Figure 4.4 M06-14. Several studies have shown that phenylcarboxylic
acids are rapidly absorbed in the gastrointestinal tract and can exhibit potent antioxidative and
anti-inflammatory properties in blood, tissues, or locally in the intestinal lumen. 30 In addition,
Mena et al. highlighted the biological properties of phenyl-γ-valerolactones and phenylvaleric
acids, which include anti-inflammatory effects and preventive effects on some chronic
diseases. 28
In summary, EGCG was extensively catabolized by gut microbiota. The initial steps of metabolism
include degalloylation, C-ring opening and A-ring fission, leading to formation of the upstream
metabolites, which include diphenylpropanols, phenylvalerolactones, and phenylvaleric acids.
Subsequent degradation reactions include aliphatic chain shortening of phenylvaleric acids and
the dehydroxylation of the phenyl moiety, leading to the formation of the downstream
metabolites, which consist of a series of hydroxylated phenylcarboxylic acids. Enzymes involved
in these reactions are most likely microbial esterases, dehydroxylases, and decarboxylases;
however there is limited information available on these enzymes. The complete pathway of
EGCG metabolism was summarized in Figure 4.5.
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Figure 4.5. Microbial degradation pathways of EGCG by human gut microbiota. The compounds in black (M00M14) are the detected metabolites, which are listed in Table 4.1, the compounds in grey are theoretical
intermediates that were not detected.

4.3.3. EGCG changed the gut microbiota composition
The faecal microbiota composition at fermentation time of 0, 12, 24, 48 and 72 h were analyzed
by using high-throughput bacterial 16S rRNA gene (V3–V4 region) sequencing to evaluate the
gut microbiota modulatory effect of EGCG. After merging and filtration of raw sequencing reads,
a total of 1,719,926 reads were generated from the 30 fermentation broth samples (blank and
EGCG treated samples over 5 time points in triplicate), with an average length of 412 bp. After
taxonomic annotation, the relative abundance of these OTUs in each sample was used for further
analysis. These OTUs were assigned to 8 different phyla, whose average relative abundances are
depicted in Figure S4.5, supplementary material. At the genus level, a total of 211 bacterial
genera were identified across all samples. The changes in the average relative abundance of the
10 most abundant genera during the incubation are shown in Figure 4.6. In the EGCG samples,
as well as in the blank, a decrease of Bacteroides and increase of Lachnoclostridium were
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observed. However, EGCG treated samples had significantly higher relative abundances of
Bacteroides and Lachnoclostridium than the blank (p < 0.05). Thus, the supplementation of EGCG
for 72 h significantly affected the microbiota composition.

4
Figure 4.6. Relative abundances of the most abundant bacterial taxa at genus level during fermentation without
(blank) or with EGCG.

To compare the overall differences of gut microbiota among all samples, the relative abundance
of all OTUs from each sample was analyzed by PCA, as shown in Figure 4.7. The first two principal
components of PCA accounted for 75.6% of the total variation, which was sufficient to interpret
most of the information of the gut microbiota in each sample. The baseline (0 h) samples f or the
blank and EGCG were clustered together, as expected. At 12 h, slight differences between EGCG
treated samples and blank samples were observed, but the samples were still clustered.
Thereafter, more pronounced differences between the blank and EGCG samples emerged,
leading to the formation of two additional separate clusters in PCA score plot. These results
suggested that the gut microbiota required time to adapt to the presence of EGCG (up to 12 h),
after which the microbiota composition was modulated by EGCG supplementation.

Figure 4.7. PCA scatter plots based on relative abundance of bacterial 16S gene OTUs of microbial communities in
the samples from different fermentation time (n=3).
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4.3.4. Identification of the key EGCG responding gut microbiota
In order to further identify the gut microbiota most affected by EGCG, a LEfSe analysis was

performed. This algorithm first detects the features with significant differential abundance
between two or more data sets by using the non-parametric factorial Kruskal-Wallis sum-rank
test. Subsequently, it uses linear discriminant analysis (LDA) to estimate the effect size of each
differentially abundant feature, and returns an LDA score for each feature. The higher LDA score
of a certain feature indicates the greater contribution in the discrimination of the data sets. 31 As
the influence of EGCG to gut microbiota was mainly induced after 24 h, LEfSe analysis was
applied to the relative abundance of OTUs at fermentation time of 24, 48, and 72 h, and 37
OTUs were thus identified to differentiate the two groups of samples (Figure 4.8A). Based on
their relative abundance, heatmap plots and hierarchical clustering were then employed, so as
to provide a visual and overall comparison for differentiating the two sample groups, as reflected
in Figure 4.8B. With Ward's method, the hierarchical clustering of these OTUs was depicted in a
multi-layer dendrogram. In the first layer, two groups were clustered, corresponding to the EGCG
treatment and the blank. Nine OTUs were significantly more abundant in EGCG treated samples.
These OTUs were considered to be promoted by EGCG supplementation. Twenty eight OTUs
were significantly more abundant in blank samples. These OTUs were considered to be inhibited
by EGCG supplementation. The detailed taxonomic information of these 37 OTUs are listed in
Table S4.1, supplementary material.
Most notably, among these OTUs, 5 Bacteroides species (B. uniformis, B. vulgatus, B. stercoris,
B. thetaiotaomicron and B. cellulosilyticus) were promoted by EGCG addition as compared to
blank. The genus Bacteroides is one of the dominant genera in human gut microbiota, which
constitutes 20-40% of the human colonic bacteria and imparts substantial metabolic,
immunologic, and defensive functions in gastrointestinal tract. 10 For example, infant colonic B.
uniformis exhibits the ability of boosting anti-inflammatory cytokine production and
ameliorating metabolic and immune dysfunction. 32, 33 Faecal B. vulgatus was found to negatively
correlate with coronary artery disease, and it was demonstrated to reduce gut microbial
lipopolysaccharide production and thus exerted anti-inflammatory properties. 34 Due to the
potent health promoting benefits, several species and strains of genus Bacteroides are now
considered as next generation probiotics. 35 However, OTU_9, representing B. ovatus, was found
to be inhibited by EGCG treatment, indicating that even within genera EGCG may differentially
affect bacterial species.
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Figure 4.8. The key OTUs differentiating (LDA score > 3.1) EGCG treatment from the blank. (A) LEfSe comparison
between EGCG and blank samples; (B) Heatmap comparison and hierarchical clustering dendrogram based on the
relative abundance of the 37 key OTUs.

In addition to the stimulation of these 5 Bacteroides species, Clostridium symbiosum,
Christensenellaceae, Ruminococcus bromii and Bifidobacterium adolescentis were also increased
by EGCG supplementation. Bifidobacteria are well-known probiotics which are widely used for
their beneficial effects on human health. The bacterial family Christensenellaceae is linked to
low body mass index and increased longevity. 36 Thus, Christensenellaceae and B. adolescentis
could be considered as potentially beneficial bacteria. C. symbiosum is a butyrate-producing and
non-toxin-producing anaerobe, 37 whereas R. bromii is an amylolytic bacteria, which plays an
important role in the degradation of dietary resistant starch. 38 However their effects on human
health are not yet fully understood.
The promotion of Bacteroides and Bifidobacterium by green tea catechins was also reported in
other studies. 16, 39, 40 It was also reported that some other beneficial gut microbiota, such as
Akkermansia and Lactobacillus, were increased by green tea, 16, 41 however we did not observe
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this in our study. The promotion of 5 Bacteroides species and several other health-promoting
species by the addition of EGCG might indicate that EGCG supplementation in food contributes
to overall improved gut health.
In contrast, 5 OTUs representing F. varium (OTU_12, 17, 21, 46, and 47) were repressed by EGCG
treatment. This microorganism can invade colonic epithelial cells and initiate a pro -inflammatory
response, and thus is considered to be a gastrointestinal pathogen. 42 Similarly, the inhibitory
effect of EGCG on several other harmful bacteria was observed, such as Bilophila (OTU_6), a
hydrogen sulphide producing colonic virulent microorganism. 43 Moreover, Enterobacteriaceae
(OTU_7) were reduced upon EGCG treatment, this large bacterial family includes pathogenic
organisms, such as Salmonella, Escherichia coli, Yersinia pestis, Klebsiella, and Shigella, and
Eggerthella (OTU_43), which are implicated as a cause of ulcerative colitis, liver and anal
abscesses and systemic bacteraemia. 44

4.3.5. Correlation between EGCG metabolites and gut microbiota
To preliminarily assess the reciprocal effects between EGCG metabolism and modulation of the
gut microbiota composition, correlations between the EGCG metabolites and the 37 key OTUs
were assessed by Spearman correlation analysis (Figure 4.9). To this end, the correlations of the
14 detected metabolites were assessed individually and divided into two groups: six upstream
metabolites (M01 to M06) and eight downstream metabolites (M07 to M14). Positive
correlations between metabolite concentration and microbial OTU abundance suggest that the
bacteria may be involved in the production of the metabolites or that their growth is stimulated
by the metabolites. Negative correlations imply the bacteria may be inhibited by the metaboli tes
or that the metabolites are consumed or further metabolized by the bacteria. The results
indicated that the upstream metabolites showed high correlation with two bacterial taxa ( R.
bromii and Eggerthella, r > 0.60, p < 0 .01, Figure 4.10A), whereas 12 bacterial taxa were
positively or negatively correlated with the downstream metabolites (|r| > 0.60, p < 0.05, Figure
4.10B). Notably, three of the downstream metabolites (M07, M13 and M14) presented
significantly strong correlations with various gut microbiota (|r| > 0.80, p < 0.001). Specifically,
4-phenylbutyric acid (M07) positively or negatively correlated with 11 bacterial taxa ( Figure S4.6,
supplementary material). Phenylacetic acid (M13) showed significant positive or negative
correlation with five bacterial taxa (Figure S4.7, supplementary material). 4-Hydroxybenzoic
acid (M14) showed significant negative correlation with H. parainfluenzae (Figure S4.8,
supplementary material).
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Figure 4.9. Heatmap of Spearman's correlation between 14 EGCG metabolites and 37 key OTUs affected by EGCG
treatment. M01-M14 are listed in Table 4.1, M01-06 is the sum of the concentration of the upstream metabolites
(M01 to M06), and M07-14 is the sum of the concentration of the downstream metabolites (M07 to M14). Full
names of each OTU are listed in Figure 4.8. The colors range from red (negative correlation) to blue (positive
correlation). Significant correlations are noted by * (p < 0.05) and ** (p < 0.01).

The initial steps of degradation of EGCG mainly include degalloylation, C-ring opening, and Aring fission. Cleavage of the ester linkage between gallic acid and the flavan -3-ol by microbial
esterases, which are widely distributed in microorganisms, has been well documented. 45 It has
been reported that reductive cleavage of the C-ring, can be performed by several bacteria, such
as Lactobacillus plantarum IFPL935 46, and Eggerthella lenta and Flavonifractor plautii. 47 In this
study, the genus Eggerthella was also found to have a positive correlation with the upstream
metabolites (Figure 4.10A). The bacterial species responsible for the reactions involved in the
formation of downstream metabolites, i.e. A-ring fission and the subsequent chain shortening
and dehydroxylation, have not yet been identified. In this study, the formation of downstream
metabolites was found to be highly correlated with multiple gut microbiota (Figure 4.10B). These
findings imply that formation of downstream metabolites might require a diverse set of bacteria
that cooperate simultaneously or sequentially to complete the degradation of EGCG. This
experimental approach, featuring the comprehensive simultaneous determination of
metabolites and gut microbiota composition, provides valuable leads for follow -up studies.
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Figure 4.10. The significant Spearman's correlation (|r| > 0.6, p < 0.05) between the relative abundance of bacterial
OTUs and the sum of the concentration of upstream (A) or downstream (B) metabolites during the incubation of
EGCG with human gut microbiota. The fit lines with 95% confidence bands were generated by linear regression
analysis.

Several limitations need to be considered regarding this experimental approach. First, EGCG was
applied directly for the fermentation by faecal microbiota. In practice, a small percentage of
ingested catechins will be absorbed by enterocytes, and be subject to phase II metabolism,
resulting in glucuronidation, methylation and sulfonation. 48 These conjugates can be returned
to the intestinal lumen via efflux. 48 However, considering the low abundance of these conjugates
in the colon, this study focusses on intact catechins as the starting point of gut microbial
fermentation. Second, a short-term batch fermentation model was utilized in this study to
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facilitate sampling at different time points and to gain better insights in the interactions taking
place between catechins and gut microbiota. Changes in microbiota composition were observed
over time, even in the absence of EGCG. For follow-up studies we suggest evaluation of these
results in more intricate in vitro models, such as simulation of the human intestinal microbial
ecosystem (SHIME) 49 or TNO intestinal models (TIMs). 50 Third, the role of human intestinal
immunity has not been taken into account in this study. Both catechins and their microbial
metabolites are known to be able to act as immunomodulators. 51, 52 Modification of the colonic
immune status will further influence the gut microbiota composition.

4.4. Conclusions
We investigated the reciprocal interactions between EGCG and human gut microbiota. The
results indicated that EGCG, as well as other green tea catechins, was prone to metabolism by
human gut microbiota. The main microbial metabolites formed via consecutive ester hydrolysis,
C-ring opening, A-ring fission, dehydroxylation, and aliphatic chain shortening are
phenylcarboxylic acids. Due to the short survival time of intact catechins during fermentation,
combined with their poor absorption, we speculate that their metabolites may play an important
role in the health benefits associated with tea consumption. Simultaneously, the composition of
the gut microbiota was altered by EGCG towards a healthier profile. We further explored the
possible correlations between EGCG metabolites and gut microbiota, and found that a wide
range of gut microbiota may be involved in the downstream metabolism of EGCG. The
experimental approach and findings described in this study provide novel insights in the
reciprocal interactions between EGCG and gut microbiota, which are valuable leads for follow up studies on the health benefits of EGCG and other green tea phenolics.
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4.6. Supplementary material

4

Figure S4.1. MS2 spectrum (A) and proposed chemical structure (B) of EC-derived diphenylpropanol.

Figure S4.2. MS2 spectrum (A) and proposed chemical structure (B) of EGC-derived diphenylpropanol.
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Figure S4.3. MS2 spectrum (A) and proposed chemical structure (B) of ECG-derived diphenylpropanol.

Figure S4.4. MS2 spectrum (A) and proposed chemical structure (B) of EGCG-derived diphenylpropanol.
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Figure S4.5. Relative abundances of the most abundant bacterial taxa at phylum level during fermentation without
(blank) or with EGCG.
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Figure S4.6. The significant Spearman's correlation (|r| > 0.8, p < 0.001) between the relative abundance of
bacterial OTUs and the concentration of 4-phenylbutyric acid (M07) during the incubation of EGCG with human
gut microbiota. The fit lines with 95% confidence bands were generated by linear regression analysis.
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Figure S4.7. The significant Spearman's correlation (|r| > 0.8, p < 0.001) between the relative abundance of
bacterial OTUs and the concentration of phenylacetic acid (M13) during the incubation of EGCG with human gut
microbiota. The fit lines with 95% confidence bands were generated by linear regression analysis.

Figure S4.8. The significant Spearman's correlation (|r| > 0.8, p < 0.001) between the relative abundance of
bacterial OTUs and the concentration of 4-hydroxybenzoic acid (M14) during the incubation of EGCG with human
gut microbiota. The fit line with 95% confidence bands was generated by linear regression analysis.
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Microbial metabolism of theaflavin-3,3′-digallate and its gut
microbiota composition modulatory effects

Theaflavin-3,3′-digallate (TFDG), a bioactive black tea phenolic, is poorly absorbed in small
intestine, and it has been suggested that gut microbiota metabolism plays a crucial role in its
bioactivities. However, information on its metabolic fate and impact on gut microbiota is
limited. Here, TFDG was anaerobically fermented in vitro by human faecal microbiota, and
epigallocatechin gallate (EGCG) was used for comparison. Despite the similar flavan -3-ol
skeletons, TFDG was more slowly degraded and yielded a distinctively different metabolic
profile. The formation of theanaphthoquinone as the main metabolites was unique to TFDG.
Additionally, a number of hydroxylated phenylcarboxylic acids were formed with low
concentrations, when comparing to EGCG metabolism. Whereas, microbiome profiling
demonstrated several similarities in gut microbiota modulatory effects, including growth
promoting effects on Bacteroides, Faecalibacterium, Parabacteroides, and Bifidobacterium, and
inhibitory effects on Prevotella and Fusobacterium. In conclusion, TFDG and EGCG underwent
significantly different microbial metabolic fates, yet their gut microbiota modulatory effects
were similar.

Based on: Liu, Z., de Bruijn, W. J. C., Bruins, M. E., & Vincken, J. -P., Microbial metabolism of
theaflavin-3,3′-digallate and its gut microbiota composition modulatory effects. Journal of
Agricultural and Food Chemistry, 2021. 69(1), 232–245.
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5.1. Introduction
Theaflavins are one of the major characteristic phenolic compounds contributing to the colour,
taste, and beneficial health effects of black tea.1 Four well characterized theaflavins were
documented to exist in black tea, including theaflavin (TF), theaflavin-3-gallate (TF3G),
theaflavin-3′-gallate (TF3′G), and theaflavin-3,3′-digallate (TFDG). Theaflavins are characterized
by their 1′,2′-dihydroxy-3,4-benzotropolone moiety (Figure 5.1).2 This group of phenolic
compounds are products of the oxidation and dimerization of catechins, the major phenolic
compounds in green tea, by endogenous polyphenol oxidases and peroxidases during the
fermentation process of black tea. 3, 4 Of the four theaflavins, TFDG was reported as the most
abundant one in black tea. 5 TFDG is formed by the condensation of epicatechin gallate (ECG) and
epigallocatechin gallate (EGCG) via the fusion of their respective catechol- and pyrogallol-type
B-rings. 4

Figure 5.1. Chemical structures of major catechins and theaflavins in green and black tea. Blue shading in the
theaflavin structure highlights the characteristic 1′,2′-dihydroxy-3,4-benzotropolone moiety.

Phenolic compounds, including catechins and theaflavins, have been reported to possess
numerous health benefits, however, it is also well known that many of them are poorly absorbed
in the small intestine. 6 Approximately 70% of the ingested monomeric catechins were reported
to be recovered in the large intestine. 7 Dimeric derivatives of catechins, such as theaflavins have
even lower bioavailability in the small intestine. It is reported that theaflavins and their phase II
metabolites were not detected in urine excreted 0−30 h after intake. 8 Therefore, a substantial
proportion of consumed catechins and theaflavins will enter the large intestine, where they can
be subject to bioconversion by resident microorganisms. A better understanding of the colonic
metabolic fate of tea and its components is essential for the interpretation of their health
promoting effects.
The metabolic fate of green tea catechins in the colon has been studied extensively. 9-12 The
general consensus in the field is that catechins are bioconverted into a series of ( hydroxylated)
phenylcarboxylic acids through consecutive ester hydrolysis, C-ring opening, A-ring fission,
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dehydroxylation, and aliphatic chain shortening. 11, 13, 14 On the other hand, the metabolic fate of
theaflavins and other black tea phenolics has been studied to a lesser extent, despite the fact
that black tea is more widely consumed than green tea. 2 To date, only three papers have been
published regarding the microbial metabolism of theaflavins. It was reported that TFDG could be
degraded to TF, TF3G, and TF3′G by gut microbiota. 15, 16 Following the degalloylation, theaflavins
could be further converted to some smaller phenolic compounds, such as 5 -(3′,4′dihydroxyphenyl)-γ-valerolactone

and

3-(3′,4′-dihydroxyphenyl)propionic

acid. 8

Similar

metabolites were also identified upon microbial metabolism of green tea catechins. 11
Considering that theaflavins are formed by the condensation of green tea catechins, similar
metabolites can be expected from microbial metabolism of catechins and theaflavins. However,
critical knowledge gaps still exist about the rate of theaflavin metabolism, abundance of
individual metabolites, and the possibility that unique metabolites may be formed. The
comparison of the colonic metabolic fates of pure TFDG and EGCG will help in filling these
knowledge gaps.
Besides the formation of metabolites by gut microbiota, there is evidence from in vitro and in
vivo studies which shows that pure catechins and green or black tea extracts could al ter the
composition and metabolic activities of gut microbiota towards a healthier profile. 17-19 It was
reported that consumption of green or black tea with a standardised phenolic content results in
similar gut microbiota modulatory effects, including the growth promoting effects on
Lachnospiraceae and Akkermansia, and inhibitory effects on Clostridium leptum. 20 Nonetheless,
the effects of dimerization of catechins on gut microbiota modulation are poorly understood and
should be further investigated using purified compounds. To the best of our knowledge, this is
the first study which reports on the gut microbiota modulatory effects of pure galloylated
theaflavin, and how it compares to green tea catechins in this respect.
Theaflavins and green tea catechins share similar flavan-3-ol building blocks. It is therefore
expected that fermentation of these compounds will result in formation of similar metabolites,
i.e. mainly (hydroxylated) phenylcarboxylic acids, and that they will exhibit similar gut microbiota
modulatory effects. We aim to perform a direct comparison between TFDG and EGCG with
respect to their microbial metabolism and gut microbiota composition modulatory effects in an
in vitro anaerobic fermentation.

5.2. Materials and methods
5.2.1. Chemicals
Theaflavin -3,3′-digallate (TFDG) and theaflavin (TF), both with purity of 98%, were
purchased from Chromadex (Santa Ana, CA, USA). Epicatechin (EC), epigallocatechin
(EGC), epicatechin gallate (ECG), epigallocatechin gallate (EGCG), gallic acid, pyrogallol,
4-hydroxybenzoic acid, 4-hydroxyphenylacetic acid, 4-phenylbutyric acid, 5-(4′hydroxyphenyl)valeric acid, all with purities of at least 98%, were purchased from Sigma
Aldrich (St. Louis, MO, USA). Ultra-high performance liquid chromatography / mass spectrometry
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(UHPLC-MS) grade acetonitrile (ACN), ACN with 0.1% (v/v) formic acid, and water with 0.1% (v/v)
formic acid were purchased from Biosolve (Valkenswaard, The Netherlands). Water for other
purposes than UHPLC-MS was prepared using a Milli-Q water purification system (Millipore,
Billerica, MA, USA).

5.2.2. In vitro fermentation of TFDG and EGCG with human gut microbiota
The in vitro faecal fermentation of TFDG and EGCG was performed following the methodology
described by Gu et al. 21 with some modifications. Faecal materials were obtained from 4 healthy
volunteers (3 males and 1 female, 24 to 38 years old), who reported no consumption of tea in
the week prior to the donation and declared no antibiotic treatment in the three months prior
to the donation. After collection, all the faecal materials were sto red at –80 °C. Equal amounts
of faecal materials (1.0 g) from the four volunteers were transferred to an anaerobic chamber
(10% H 2, 5% CO 2, and 85% N 2; Bactron, Cornelius, OR, USA) to thaw for 3 h at 37 °C, and after
thawing they were mixed with culture medium in a ratio of 1:40 (w/v). The culture medium was
a phenol-free standard ileal efflux medium (SIEM), which simulates the fermentation conditions
of food components in the human colon 22. All ingredients were purchased from Tritium
Microbiologie (Veldhoven, The Netherlands). After mixing faecal material and culture medium,
the faecal slurries of the four volunteers were pooled and homogenized, then further strained
through 4 layers of cheese cloth to obtain a homogeneous human faecal suspension (HFS). This
HFS was incubated at 37 °C in the anaerobic chamber for 12 h to activate the bacteria.
Subsequently, aliquots of 4.5 mL HFS were spiked with 0.5 mL TFDG solution (0.5 mmol/L), EGCG
solution (1 mmol/L), or water. The final concentrations of TFDG and EGCG were 50 and 100
µmol/L, respectively. The mixtures were then incubated at 37 °C in the anaerobic chamber for
48 h. All fermentations were performed in quadruplicates. For analysis of TFDG, EGCG, and their
metabolites, 100 µL samples were taken after 0, 2, 6, 12, 24, 36 and 48 h of fermentation, and
immediately diluted in 300 µL ACN to stop the fermentation. After centrifugation (30 min, 22,000
× g, 4 °C), the supernatants were collected and stored at –20 °C until UHPLC-HRMS analysis. For
gut microbiota analysis, 1 mL of the samples at fermentation time of 0, 12, 24, and 48 h were
collected and immediately frozen at –80 °C until bacterial DNA extraction.

5.2.3. Analysis of the microbial metabolites of TFDG and EGCG by UHPLC-HRMS
Chromatographic separations were performed on a Vanquish UHPLC system (Thermo Fisher
Scientific, Bremen, Germany) equipped with a binary pump, split loop autosampler, column
compartment and diode array detector. Samples were separated on an Acquity UHPLC BEH C18
column (150 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA) with a VanGuard guard column of the
same material (5 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA). The column compartment heater
was operated in still air mode at 45 °C, and the post-column cooler was set to 40 °C. The injection
volume was 1.0 μL. Mobile phases consisting of 0.1 % (v/v) formic acid in water (A) and 0.1 %
(v/v) formic acid in ACN (B) were used at a flow rate of 400 μL/min. The elution program was set
as follows: isocratic at 1 % (v/v) B for 2 min; 2–22 min linear gradient to 99 % (v/v) B; 22–25 min
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isocratic at 99 % (v/v) B. The mobile phase was adjusted to starting conditions in 1 min, followed
by equilibration for 4 min.
For mass spectrometric analysis, a Thermo Q-Exactive hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated ESI source
was connected in line to the UHPLC system. The mass spectrometer was operated in both
negative and positive mode. The ESI parameters were set as follow s: spray voltage, +3500 V/–
3000 V; atomization temperature, 350 °C; sheath gas (nitrogen) pressure, 50 arb; auxiliary gas
(nitrogen) pressure, 12.5 arb; capillary temperature, 350 °C; S-lens RF, 50 V; resolution, MS full
scan 70,000 full width at half maximum (FWHM), MS/MS 17,500 FWHM; scan range, m/z 100–
1,500; scanning mode, full scan to data-dependent MS/MS (intensity threshold 800,000). An
external calibration for mass accuracy was performed before the analysis according to the
manufacturer’s guidelines. Instrument control and data acquisition were performed with
Xcalibur software (version 4.1, Thermo Fisher Scientific, Bremen, Germany). External standards
of TFDG, TF, EGCG, ECG, EGC, EC, gallic acid, pyrogallol, 4-hydroxybenzoic acid, 4hydroxyphenylacetic acid, 4-phenylbutyric acid and 5-(4′-hydroxyphenyl)valeric acid were used
for qualification and quantification of the metabolites detected by comparing retention times
and accurate masses. The concentrations of these compounds and compounds with simila r
structures were further calculated based on the respective calibration curves (0.1 to 100 μmol/L,
R 2 > 0.99). In addition, a quality control sample containing 10 μmol/L EGCG was injected to
UHPLC-HRMS every 12 samples to assess system stability. The relative standard deviation of peak
intensities was approximately 20%, and the retention time shifts was lower than 0.3 min, which
indicated the analytic platform was stable and reliable.
In order to investigate the effect of TFDG and EGCG to the general metabolic profiles after 48 h
of fermentation, an untargeted metabolomics approach was applied. The raw LC -MS data files
acquired at 48 h were processed by Compound Discoverer (version 3.1, Thermo Fisher Scientific,
Bremen, Germany) with an untargeted metabolomics workflow (Figure S5.1, supplementary
material). This workflow includes retention time alignment, unknown compound detection,
compound grouping, and gaps filling across all samples. Briefly, after data input, peak alignment
was performed using a linear model with 5 ppm mass accuracy tolerances and 0.5 min retention
time shift. Subsequently, compounds were detected based on the following criteria: mass
accuracy tolerances, 5 ppm; retention time tolerances, 0.5 min; intensity tolerance for isotope
search, 30%; minimum peak intensity, 10 5; signal-to-noise ratio threshold, 3; maximum peak
width for detection, 0.5 min. The detected unknown compounds were then grouped among all
raw data files. Afterwards, the missing peaks were automatically filled with chromat ographic
peaks based on the spectrum noise level. The peaks were then tentatively identified by matching
the mzCloud and ChemSpider databases with accurate mass, isotopic pattern, and fragment ions.
The detected metabolites together with their peak intensities were used for further multivariate
data analysis. First, the overall differences among all samples were evaluated through the
principal coordinates analysis (PCoA), by using ade4 package in R (Version 3.6.1). Subsequently,
the partial least-squares discriminant analysis (PLS-DA) was applied to further compare the
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different treatment groups, by using DiscriMiner package in R. In addition, variable importance
for the projection (VIP) from PLS-DA modelling was used to identify the metabolites for
distinguishing the different treatments.

5.2.4. Analysis of gut microbiota composition after fermentation with TFDG and
EGCG
Genomic DNA was extracted from each samples by using QIAamp Fast DNA Stool Mini Kit (Qiagen,
Germany), according to the manufacturer’s instructions. The quantity and quality of the
obtained DNA were then checked by 1% agarose gel electrophoresis and stored at –20 °C until
use. The V3–V4 region of bacterial 16S rRNA genes of the gut microbiota strains was amplified
by employing two universal bacterial primers, 341-F (5’-CCT AYG GGR BGC ASC AG-3’) and 806R (5’- GGA CTA CNN GGG TAT CTA AT-3’) with specific barcodes. After amplification, PCR products
were checked by 1% agarose gel electrophoresis. Samples with bright main strip between 450 –
550 bp were selected and purified with QIAquick Gel Extraction Kit (Qiagen, Germany).
Subsequently, the sequencing library of bacterial 16S rRNA genes was generated by utilizing the
NEBNext® Ultra™ IIDNA Library Prep Kit (NEB, USA), and DNA samples were paired -end
sequenced on an Illumina NovaSeq 6000 platform.
Raw sequencing reads obtained from the Illumina platform were then merged using FLASH
(Version 1.2.7) 23, and filtered with the QIIME (Version 1.7). 24 All quality filtered sequencing reads
were then clustered into operational taxonomic units (OTUs) with a 97% sequence similarity, by
using Uparse (Version 7.0). 25 The representative sequence for each bacterial OTU was then
annotated against Silva SSU rRNA database with Mothur (Version 1.30.2). 26 The relative
abundance of each OTU across all samples was calculated and used for further data mining. A
hierarchical clustering dendrogram was constructed with Ward's method to determine the
similarity across all samples, by using factoextra package in R. The overall differences among all
samples were evaluated through principal component analysis (PCA), by using ade4 package in
R. Subsequently, linear discriminant analysis effect size (LEfSe) algorithm was performed to
identify the bacterial taxa that were most affected by TFDG or EGCG, by using the Huttenhower
Lab Galaxy Server, 27 with an alpha value of 0.05 and a linear discriminant analysis (LDA) score
threshold of 4.0. The relative abundances of the significantly affected bacterial taxa were further
visualized with heatmap and clustered with hierarchical clustering, by using pheatmap package
in R. In addition, the significances of all pairwise comparisons among the three treatment groups
were conducted by using Student’s t-test, and the results were visualized in a heatmap. A value
of p <0.05 was considered statistically significant.
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5.3. Results and discussion
5.3.1. Comparison of degradation kinetics of TFDG and EGCG
The stability of TFDG and EGCG was assessed prior to performing the fermentations. Without
the addition of fecal samples, both compounds were incubated in the SIEM medium in the
anaerobic chamber at 37 °C for 48 h. A modest decrease of TFDG and EGCG (20.9% and 12.4%,
respectively) was observed after 48 h, which suggested that these two phenolic compounds were
relatively stable in the medium under the experimental conditions. Their degradation by the
human gut microbiota was then investigated. TFDG and EGCG were added into the HFS at a final
concentration of 50 and 100 μmol/L, respectively, and fermented for 48 h under the same
conditions. With these concentrations, equal moles of monomeric flavan-3-ol unit as starting
materials were applied to facilitate the quantitative comparison of the metabolites. The
quantitative changes in TFDG and EGCG concentration throughout the fermentation and the
representative extracted ion chromatograms (fermentation time: 0, 2, 6, 24, and 48 h) are shown
in Figure 5.2. A faster degradation was observed for EGCG compared to TFDG. After 2 h of
fermentation, compared to the initial concentration (0 h), 72% of EGCG was degraded by human
gut microbiota, while only 44% of TFDG was degraded. After 12 h, EGCG was almost completely
degraded (99.5%), whereas for TFDG 68% was degraded. EGCG was completely depleted after
24 h, whereas 7% of TFDG remained at the end of fermentation (48 h). The slower microbial
degradation of TFDG can be attributed mainly to its more complex chemical structure . TFDG has
a benzotropolone core structure, which may make it less accessible for bacterial enzymes than
simpler green tea catechins. Even cleavage of the ester bonds to release gallic acid proceeded
more slowly for TFDG than for EGCG.
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60
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Figure 5.2. Changes in the concentration of TFDG and EGCG throughout the fermentation.
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5.3.2. Phenolic metabolites formed during the fermentation of TFDG and EGCG
The degradation of TFDG and EGCG gave rise to a series of phenolic metabolites in the
fermentation samples. A total of 18 metabolites of TFDG and EGCG were tentatively identified.
Their corresponding retention times, tentative identifications, molecular formulas, detected
mass-to-charge ratios (m/z) in negative ionization mode, mass errors (Δ m/z), and concentrations
at different fermentation times are shown in Table 5.1. Their MS2 fragment ions, which were
used for their tentative identification, are listed in the Table S5.1, supplementary material.
According to their chemical structures, these metabolites are categoriz ed into four classes,
including TFs and derivatives, catechins and diphenylpropanols, phenylvalerolactones, and
phenylcarboxylic acids. As the metabolites in the class of ‘TFs and derivatives’ retained their
dimeric structure, they were defined as upstream metabolites of TFDG, whereas monomeric
phenolic products resulting from the degradation of the benzotropolone moiety were defined
as downstream metabolites of TFDG. These two phases of the bacterial metabolism of TFDG are
further discussed in the following sections. The concentrations of these metabolites were
calculated based on the calibration curves of corresponding authentic standards when available.
The metabolites, for which authentic standards were not available, were quantified using the
calibration curves of standards with similar structures. Specifically, TFDG was used for the
quantification of M01 and M02; TF was used for the quantification of M04; EGCG, EGC and EC
were

used

for

the

quantification

of

M06,

M07

and

M08,

respectively;

5 -(4′-

hydroxyphenyl)valeric acid was used for the quantification of M09–13; 4-hydroxyphenylacetic
acid was used for the quantification of M15.
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Tentative identification

Theaflavin-3′-gallate

M02

Theanaphthoquinone

M04

EGC b

1-(3′,4′,5′-Trihydroxyphenyl)-3(2′′,4′′,6′′-trihydroxyphenyl)-propan-2yl gallate

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

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

M06

M07

M08

a

M05

Catechins and diphenylpropanols

Theaflavin

M03

b

Theaflavin-3-gallate

M01

TFs and derivatives

ID

C 15H 16O6

C 15H16O7

C 22H 20O11

C 15H 14O7

C 28H 22O11

C 29H 24O12

C 36H 28O16

C 36H 28O16

Formula

291.08740

307.08243

459.09363

305.06686

533.10925

563.11932

715.13092

715.12970

[M–H]−
(m/z)

5.96

5.35

6.43

5.13

9.10

9.42

9.77

9.64

RT
(min)

-0.05

0.35

0.75

0.60

0.59

-0.32

0.65

-1.06

Δ m/z
(ppm)

n.d.
n.d.

TFDG

n.d.

EGCG

n.d.

TFDG

n.d.

EGCG

EGCG

n.d.

0.58

EGCG
TFDG

n.d.

n.d.

EGCG

TFDG

n.d.

n.d.

EGCG
TFDG

n.d.

n.d.

TFDG

0.14

TFDG

n.d.

EGCG

0.23

TFDG

0h

6h

0.10
n.d.
0.11
n.d.
0.33
n.d.
0.06
n.d.

n.d.
n.d.
n.d.
2.14

n.d.
n.d.
n.d.
0.26

2h

0.45
n.d.
0.22
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.
0.89
n.d.
13.94

n.d.
1.49
n.d.
0.86

0.08

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.15

n.d.

1.54

n.d.

0.34

n.d.

0.51

12 h

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

6.56

n.d.

2.28

n.d.

0.30

n.d.

0.62

24 h

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

12.66

n.d.

1.53

n.d.

0.15

n.d.

0.20

36 h

c

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

12.11

n.d.

0.93

n.d.

n.d.

n.d.

0.08

48 h

Concentration at different fermentation times (μmol/L)

EGCG

Source

Table 5.1. Tentative identifications and dynamic changes of metabolites of TFDG and EGCG during fermentation with HFS.
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5-(3′,5′-Dihydroxyphenyl)-γvalerolactone

5-(3′,4′-Dihydroxyphenyl)-γvalerolactone

M10

M11

C 11H 14 O5

C 11H 14 O4

C 10H 12 O2
C8H8O2
C7H6O5
C7H6O3
C6H6O3

5-(3′,4′,5′Trihydroxyphenyl)valeric acid

5-(3′,4′Dihydroxyphenyl)valeric acid

4-Phenylbutyric acid b

Phenylacetic acid

Gallic acid b

4-Hydroxybenzoic acid

Pyrogallol b

M13

M14

M15

M16

M17

M18

C 11H 12 O4

C 11H 12 O4

C 11H 12 O5

M12

Phenylcarboxylic acids

5-(3′,4′,5′-Trihydroxyphenyl)-γvalerolactone

M09

Formula

125.02438

137.02425

169.01424

135.04503

163.07645

209.08177

225.07681

207.06624

207.06625

223.06123

[M–H]−
(m/z)

-0.21

6.56

-0.02
-0.91
-0.02
-1.22
-0.27

9.01
2.16
5.31
2.65

-0.78

5.03

7.70

-0.15

-0.16

5.54

5.55

0.16

Δ m/z
(ppm)

5.32

RT
(min)

n.d.

n.d.

EGCG

0.61

EGCG
TFDG

0.65

0.18

EGCG
TFDG

0.02

1.46

TFDG

2.13

TFDG

n.d.

EGCG

n.d.

TFDG

0.28

EGCG

0.32

TFDG

0.33

EGCG

0.57

TFDG

2.40

EGCG

0.39

TFDG

n.d.

EGCG

n.d.

TFDG

n.d.

EGCG

0.31

TFDG

0h

10.57

0.04

0.92

0.80

2.89

0.12

1.87

1.94

0.37

n.d.

0.32

0.37

2.29

0.33

9.99

0.45

1.34

n.d.

24.91

n.d.

2h

19.82

0.14

1.08

0.62

0.61

0.27

2.72

2.72

2.96

n.d.

0.36

0.40

15.36

0.35

11.6

0.73

10.92

n.d.

24.1

n.d.

6h

31.96

0.45

0.92

0.82

0.01

0.26

3.86

3.27

5.84

n.d.

0.89

0.27

31.52

0.06

12.03

1.64

22.02

n.d.

7.74

n.d.

12 h

31.63

1.79

1.55

1.15

n.d.

0.34

7.47

6.61

6.21

n.d.

5.53

0.18

33.13

0.06

7.30

1.04

24.74

n.d.

5.55

n.d.

24 h

17.20

0.81

1.58

1.38

n.d.

0.06

9.31

9.70

6.03

n.d.

14.12

0.23

31.27

0.03

4.29

0.81

22.26

n.d.

5.82

n.d.

36 h

c

10.54

1.07

1.86

1.49

n.d.

n.d.

13.40

12.17

5.46

n.d.

27.10

0.14

27.11

0.02

1.80

0.34

19.68

n.d.

5.00

n.d.

48 h

Concentration at different fermentation times (μmol/L)

EGCG

Source

c

Supporting mass spectrometric data can be found in Table S5.1, supplementary material; b these identifications were confirmed with authentic standards;
mean value of compound concentration (n=4); n.d., not detected. The colours range from light blue to dark blue indicating the range from low to high
relative concentration for each metabolite detected in all samples.

a

Tentative identification a

Phenylvalerolactones

ID
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5.3.3. Upstream metabolism of TFDG
Two theaflavin monogallates (M01 and M02) and TF (M03), which can be formed from TFDG via
degalloylation, were detected in samples incubated with TFDG. According to the report of
Ganguly et al., TF3G eluted earlier than TF3′G in reverse-phase liquid chromatography. 28
Therefore, M01 and M02 were tentatively identified as TF3G and TF3′G, respectively. Chen et al.
first reported the degalloylation of TFDG by faecal microbiota after identifying TF, TF3G, and
TF3′G as metabolites of TFDG. 15, 16 Our results are in agreement with these findings, and the
cleavage of ester bonds was further confirmed by the identification of gallic acid (M16) and
pyrogallol (M18, decarboxylation product of gallic acid). However, the maximum concentrations
of theaflavin monogallate and TF (detected at 24 h) were found to be relatively low in the TFDG
samples during the fermentation, together accounting for approximately 7 % of the initial
amount of TFDG.
Instead, a more abundant metabolite (M04) of TFDG was observed in samples incubated with
TFDG that was not found in EGCG or blank samples. Its concentration increased during
fermentation, and peaked at 36 h with a concentration of 12.7 μmol/L, corresponding to 32% of
the initial amount of TFDG. The extracted ion chromatograms of M04 at various fermentation
times are shown in Figure S5.2, supplementary material. This compound was detected as its
[M−H]− ion with a m/z value of 533.10925, indicating a molecular formula of C 28H 22O 11 (Δ m/z =
0.59 ppm). The higher energy C-trap dissociation (HCD) fragmentation of this compound gave six
major fragment ions with m/z values of 349.07147, 125.02283, 137.02303, 165.01845,
377.06494, and 241.05064 (Figure 5.3). As neither a deprotonated ion corresponding to gallic
acid (m/z 169) nor an ion corresponding to neutral loss of gallic acid (m/z 381) was observed,
M04 is most likely a fully degalloylated TFDG-derivative. The MS2 fragments at m/z 125.02283,
137.02303, and 165.01845 correspond to retro Diels-Alder (RDA) fragmentation of the flavan-3ol heterocyclic ring. 29 The most abundant fragment ion at m/z 349.07147 (C 20H 13O 6) corresponds
to the combined loss of a H 2O and C 8H 6O 4 (resulting from RDA cleavage) from the parent ion.
The fragment ion at m/z 377.06494 (C 21H 13O 7) originates from the loss of a H 2O and C 7H 6O 3
(resulting from RDA cleavage) from the parent ion. The fragment ion at m/z 241.05064 (C 14H 10O4)
may be formed by the neutral loss of a 126 Da fragment and a 166 Da fragment through two
successive RDA fissions, which suggests that M04 retains the intact A- and C-rings of TFDG. We
hypothesized that its structure was similar to theaflavin (563.11932, C29H 24O 12), potentially
corresponding to a derivative in which CH 2O is lost via ring contraction of the 7-membered ring
of the benzotropolone moiety.
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Figure 5.3. High resolution HCD fragmentation spectrum (NCE=35) of theanaphthoquinone (TNQ) in negative
ionization mode obtained from UHPLC-Q-Orbitrap-MS. The characteristic peaks are labelled with their
corresponding fragmentation pathways as shown in the embedded structure.

In order to obtain further mass spectrometric information of this metabolite, TF was fermented
with HFS following the same incubation conditions as described in 5.2.2, but with a higher final
concentration of 500 µmol/L to facilitate acquisition of more in-depth fragmentation data with
UHPLC-ESI-IT-MS. As shown in Figure S5.3, supplementary material, the metabolite with m/z
value of 533 (in negative ionization mode) was formed along with the concomitant decrease of
TF. We confirmed that this metabolite was identical to metabolite M04 found in the TFDG
fermentation due to its identical retention time, accurate mass and HCD fragmentations as
determined by UHPLC-Q-Orbitrap-MS. Thus, the microbial metabolism of both TFDG and TF
resulted in formation of M04 as a major metabolite. Furthermore, in UHPLC-ESI-IT-MS, M04
showed collision-induced dissociation (CID) MS 2 fragments at m/z 515, 505 and 471, and CID MS3
fragments at m/z 471, 349, 305, 453 and 165 (Figure S5.4, supplementary material), which were
in accordance with the spectral data previously reported for theanaphthoquinone (TNQ) by
Yassin et al.30 TNQ was first reported by Tanaka et al. as an oxidation product of TF formed by
polyphenol oxidase or auto-oxidation, they used NMR spectroscopy to confirm its structure
which includes a 1,2-naphthoquinone moiety. 31 Thus, an additional model incubation system of
TF with tyrosinase was performed to further confirm the identity of this metabolite. It was
observed that a major product peak with the same m/z value, fragmentation pattern, and
retention time as M04 (m/z 533 and 9.10 min, respectively) was formed after 30 min of
incubation (Figure S5.5, supplementary material). This is also in agreement with another study
which reported that TNQ is the main tyrosinase oxidation product of TF. 32 Therefore M04 was
identified as TNQ. Its chemical structure and high resolution HCD spectrum and fragmentation
pathways are shown in Figure 5.3. Considering that no TNQ was detected without the addition
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of fecal samples, we conclude that the conversion of theaflavins to TNQ was mediated by gut
microbiota. Anaerobic oxidation widely occurs in the kingdom of bacteria. For example, many
bacteria have been reported to possess the ability to oxidize different substrates using azo
compounds as the terminal electron acceptor instead of oxygen. 33 Additionally, anaerobic
ammonia oxidation (anammox) plays an important role in the nitrogen cycle and this process
can be performed by several species of gut microbiota, such as Candidatus scalindua
Candidatus

brocadia.35

34

and

Moreover, it was reported that a strictly anaerobic species, Clostridium

bryantii sp. nov., can anaerobically oxidize fatty acids to yield acetate and H 2.36 We assume that
TF, which is formed by degalloylation of TFDG, can be anaerobically oxidized to TNQ by a
bacterial oxidase. Further investigation will be necessary to elucidate the microorganisms and
enzymes involved in the anaerobic oxidation process responsible for the formation of this unique
metabolite.

5

5.3.4. Downstream metabolism of TFDG
Several downstream metabolites of TFDG with a single phenyl moiety were detected, which
resulted from degradation of the benzotropolone moiety and subsequent loss of the
interflavanic linkage. These metabolites include 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (M11),
5-(3′,4′-dihydroxyphenyl)valeric acid (M13), phenylacetic acid (M15), gallic acid (M16), 4hydroxybenzoic acid (M17), and pyrogallol (M18), as listed in Table 5.1. Regarding the
downstream metabolic fate of TFDG, Gross et al. reported that when a theaflavin-containing
black tea extract was incubated with human faecal slurry, phenylpropionic acid, phenylacetic
acid, benzoic acid and their hydroxylated derivatives would be formed.37 However, due to the
complex chemical composition of black tea extract, these metabolites could have been derived
from other phenolic compounds. Pereira-Caro et al. provided the first direct evidence of the
degradation of the theaflavin skeleton by gut microbiota, leading to formation of theaflav inrelated metabolites. 8 The metabolites reported in that study include 5-(3′,4′-dihydroxyphenyl)γ-valerolactone, 5-(3′-hydroxyphenyl)-γ-valerolactone, 5-(3′-hydroxyphenyl)-γ-hydroxyvaleric
acid, 5-(phenyl)-γ-hydroxyvaleric acid, 3-(3′,4′-dihydroxyphenyl)-propionic acid, gallic acid, 3,4dihydroxybenzoic acid, 3-hydroxybenzoic acid, benzoic acid, and pyrogallol. Qualitatively, our
findings are in agreement with these observations, and similar metabolites are well known
colonic degradation products of flavan-3-ol monomers.19 Such metabolites were also detected
in the fermentation of EGCG in this study, as described in the next section.

5.3.5. Comparison of downstream metabolites of TFDG and EGCG
In comparison with the downstream metabolites detected in TFDG samples, a wider variety of
phenolic metabolites were found in EGCG samples (Table 5.1). A small amount of EGC was found
at 0 h in samples incubated with EGCG, which was due to minor EGC impurity (< 0.6 %) in the
EGCG standard we used. During the fermentation of EGCG, the concentration of EGC was
observed to transitorily increase at 2 h, and completely deplete at 6 h. The increase in EGC was
attributed to the degalloylation of EGCG. Three diphenylpropanols (M06−08) corresponding to
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the C-ring opening products of EGCG, EGC and EC, respectively, were found in samples incubated
with EGCG, but not in TFDG and blank samples. These metabolites were mainly derived from the
successive degalloylation, dehydroxylation and C-ring opening of EGCG, as described by Takagaki
et al.14 Three hydroxyphenylvalerolactones (M09−11), which are formed by A-ring fission of
diphenylpropanols, 9 were identified in samples incubated with EGCG. Further degradation of the
hydroxyphenylvalerolactones led to the formation of seven hydroxylated phenylcarboxylic acids
(M12–18), which was line with previous studies. 11,

14

Quantitative analysis revealed that, in

general, fermentation of EGCG led to higher amount of hydroxylated phenylcarboxylic acids than
fermentation of TFDG (Table 5.1). Specifically, samples incubated with EGCG contained
significantly higher concentrations of hydroxylated phenylvaleric acids (M12 and M13),
phenylbutyric acid (M14), gallic acid (M16) and pyrogallol (M18) than those of samples incubated
with TFDG. Both samples contained similar concentrations of phenylacetic acid (M15) and 4hydroxybenzoic acid (M17).
The identification of similar downstream metabolites of TFDG and EGCG indicates that they may
share a common microbial degradation pathway, which includes consecutive ester hydrolysis, C ring opening, A-ring fission, dehydroxylation, and aliphatic chain shortening, as proposed by
Pereira-Caro et al. 8 However, these downstream metabolites were generally present at relatively
low abundance in samples incubated with TFDG, when compared with the contents observed in
EGCG samples. Additionally, we identified TNQ as one of the main metabolites of TFDG. Thus,
these results suggest that over a 48 h of fermentation by human gut microbiota, which is roughly
the normal retention time for food components in colon, hydroxylated phenylcarboxylic acids
are not the main metabolites of TFDG. The total concentration of the detected metabolites of
TFDG at 48 h was estimated to be 28.9 μmol/L, accounting for 63% of the initial concentration
of TFDG. The remaining TFDG may have been converted to volatile or yet to be identified
metabolites, such as the further oxidation products of TNQ.

5.3.6. Comparison of untargeted metabolic profiles of TFDG and EGCG
To further investigate the changes in the metabolic profile upon fermentation of TFDG and EGCG
by gut microbiota, untargeted metabolomics analysis was conducted on the fermentation
samples collected at 48 h. Overall, 607 and 793 metabolites were detected in UH PLC-HRMS
across 12 samples (quadruplicates of TFDG, EGCG, and blank samples at 48 h), by using negative
and positive ionization modes, respectively. Their peak areas were introduced into R software
for multivariate statistical analysis. First, based on the peak area of metabolites detected in
negative and positive ionization modes, two PCoA score plots were made to visualize the
differences between the three treatments (Figure 5.4A and 4B). Clear segregations were
observed for both ionization modes in the PCoA plots, which explained a total of 62.4% and 76.1%
of variances, respectively. When compared with the blank samples, the PCoA score plot showed
a significant shift of the general metabolic profile after TFDG or EGCG treatment. There is also
clear distinction between TFDG and EGCG treatments. In order to identify the metabolites
distinguishing the three groups, PLS-DA was performed for both ionization modes, as shown in
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Figure 5.4C and 4D. In the cross-validation of PLS-DA model derived from negative ionization,
the model fit (R 2) and predictiveness (Q 2) values were found to be 0.98 and 0.94, respectively,
suggesting good fitness and predictive power of this model. For positive ionization, R 2 and Q2
values were 0.98 and 0.87, respectively. In these supervised models, complete separation among
the three treatment groups was observed in both ionization modes. Next, VIP scores were
calculated to evaluate the contribution of each metabolite to the total variance in the PLS-DA
models. Based on the results of PLS-DA modelling, we screened for the metabolites
distinguishing the three groups. The screening criteria included (i) high contribution to sample
classification in PLS-DA (VIP score > 1.5); (ii) considerable peak area change in the pairwise
comparison among three groups (fold change > 3); (iii) statistically significant change in the
pairwise comparison among three groups (p <0.05 in Student’s t-test). With these criteria, a total
of 12 metabolites were selected, 7 in negative ionization mode and 5 in positive ionization mode.
These metabolites are summarized in Table 5.2 with their corresponding retention time,
tentative identification, molecular formulas, m/z values, mass errors, fragment ions, and
pairwise comparison fold changes and p values.
Among these distinguishing metabolites, 5-(3′,4′-dihydroxyphenyl)valeric acid, 5-(3′,4′dihydroxyphenyl)-γ-valerolactone,

5-(3′,4′,5′-trihydroxyphenyl)valeric

acid,

5-(3′,5′-

dihydroxyphenyl)-γ-valerolactone, and TNQ were derived from the degradation of TFDG or EGCG.
The three remaining distinguishing metabolites could not be identified but may be derived from
other compounds present in the fermentation samples, e.g. microbial metabolites of medium
constituents. The effects of TFDG or EGCG treatment on seemingly unrelated bacterial metabolic
pathways need to be further explored by identification of these unknown metabolites.
Nevertheless, the data generated from the untargeted UHPLC-Q-Orbitrap-MS metabolome
profiling approach implied that TFDG and EGCG considerably altered the metabolic profiles of
faecal microbiota, as shown in Figure 5.4. This alteration may be attributed to modulation of the
microbial community as well as changes in metabolic activity of faecal microbiota. Our findings
hereby emphasize the potential impact of TFDG and EGCG on the colonic environment and
therefore the health status of the human host.
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RT
(min)

Tentative identification

5.55

5.54

5.69

9.10

8.27

3

4

5

6

7

Unknown

Theanaphthoquinone

5-(3′,4′-Dihydroxyphenyl)
-γ-valerolactone
5-(3′,4′,5′-Trihydroxyphenyl) -valeric
acid
5-(3′,5′-Dihydroxyphenyl)
-γ-valerolactone
Unknown

5.54

5.55

9.10

8.72

9

10

11

12

Unknown

5-(3′,4′-Dihydroxyphenyl)
-γ-valerolactone
5-(3′,4′,5′Trihydroxyphenyl)valeric
acid
5-(3′,5′-Dihydroxyphenyl)
-γ-valerolactone
Theanaphthoquinone

199.06039

207.06569

225.07640

207.06569

209.08130

m/z a

209.08101

227.09152

209.08096

243.02988

-

169.08500

C 28H 22O11 535.12311

C 11H 12O4

C 11H 14O5

C 11H 12O4

-

C 28H 22O11 533.10870

-

C 11H 12O4

C 11H 14O5

C 11H 12O4

C 11H 14O4

Formula

-

0.71

-0.80

-0.52

-0.56

-

0.43

-

2.86

1.96

2.86

2.98

Δ m/z
(ppm) b

n.d.

68.99792; 123.04436;
121.06515; 149.05972
n.d.

123.04430; 68.99796;
149.05981; 84.96044
n.d.

349.07144; 125.02302;
137.02310; 165.01793
n.d.

75.00152; 87.92372;
122.03590; 118.99174
n.d.

123.08011; 81.03308;
87.92377; 147.07928;
149.45479
81.03300; 122.03589;
75.00153; 163.07542
81.03300; 123.04277;

MS2 fragments

1.50

1.64

2.04

2.06

2.10

1.56

1.62

1.72

1.97

1.97

1.98

1.98

VIP
score

-0.73

2.89

0.06

0.09

0.10

2.70

4.83

0.27

-0.06

1.36

0.14

0.03

Fc

0.02

0.00

0.22

0.17

0.05

0.01

0.00

0.34

0.61

0.41

0.31

0.89

Pd

TFDG vs Blank

0.68

0.02

5.05

4.84

3.67

-0.10

-0.06

2.87

4.73

5.21

4.15

3.66

Fc

0.14

0.64

0.00

0.00

0.00

0.71

0.66

0.03

0.00

0.00

0.00

0.00

Pd

EGCG vs Blank

-1.74

2.93

-4.70

-4.51

-3.55

2.72

5.03

-1.90

-4.72

-3.83

-3.97

-3.58

Fc

0.19

0.00

0.03

0.03

0.03

0.01

0.00

0.04

0.07

0.00

0.04

0.00

Pd

TFDG vs EGCG

Measured [M–H] – in negative ionization mode, or measured [M+H] + in positive ionization mode; b difference between calculated and experimental m/z;
log2 fold change of average peak areas (n = 4); d p value in Student’s t-test (n = 4); n.d., not detected.

a

6.55

8

Positive ionization mode

6.55

2

Negative ionization mode
1
7.69
5-(3′,4′-Dihydroxyphenyl)valeric acid

ID

Table 5.2. Tentative identifications and comparison of the discriminant metabolites in TFDG and EGCG treated samples after 48 h of fermentation.
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Figure 5.4. PCoA and PLS-DA score plots of metabolic profiles determined by UHPLC-Q-Orbitrap-MS analysis after
48 h of fermentation. (A) PCoA score plot based on the data obtained from negative ionization mode; (B) PCoA
score plot based on the data obtained from positive ionization mode; (C) PLS-DA score plot based on the data
obtained from negative ionization mode; (D) PLS-DA score plot based on the data obtained from positive ionization
mode.
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5.3.7. Comparison of gut microbiota composition
Microbiota community compositions in the fermentation samples at 0, 12, 24 and 48 h were
assessed by Illumina high-throughput sequencing of bacterial 16S rRNA genes. After merging and
filtration, a total of 6,123,109 reads were obtained for the microbiome analysis across all
samples. These sequencing reads were clustered into 302 OTUs with 97% similarity. Of these
OTUs, 9 phyla were observed, including Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria,
Actinobacteria, Cyanobacteria, Lentisphaerae, Verrucomicrobia, and Tenericutes (Figure S5.6,
supplementary material). At genus level, a total of 289 genera were identified, with Bacteroides,
Prevotella, Lachnoclostridium, Fusobacterium, Parabacteroides, Alistipes, Faecalibacterium,
Escherichia-Shigella, Sutterella, and Dialister as the top ten most abundant ones. Their relative
abundances and shifts over the fermentation time across the three groups are depicted in Figure
5.5. In general, the initial bacterial community compositions were similar in all three treatment
groups. During fermentation, the bacterial community compositions in the samples incubated
with TFDG and EGCG were comparable, both showing an increase in Bacteroides and
Lachnoclostridium, and a decrease in Prevotella. On the contrary, a decrease in Bacteroides and
an increase in Fusobacterium were observed in blank samples.

Figure 5.5. Relative abundances of the most abundant bacterial taxa at genus level during fermentation with TFDG,
EGCG, and blank.

Further comparison of the bacterial community composition among all samples was performed
by using hierarchical clustering analysis and PCA, as shown in Figure 5.6. In hierarchical
clustering analysis, the faecal microbiota compositions were clearly clustered into four groups:
(i) TFDG, EGCG and blank samples at 0 h; (ii) TFDG and EGCG samples at 12 and 24 h; (iii) TFDG
and EGCG samples at 48 h; (iv) blank samples at 12, 24 and 48 h (Figure 5.6A). Similarly, as shown
in Figure 5.6B, PCA shows that the bacterial community composition changed in response to
treatment of TFDG and EGCG. Particularly, after 48 h, there was a distinct clustering of
microbiota composition between the samples incubated with tea phenolic (TFDG or EGCG) and
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blank samples. Moreover, both hierarchical cluster analyses and PCA scatter plot suggested that
TFDG and EGCG had a similar modulatory effect on the gut microbiota composition after 48 h. It
should be noted that during the in vitro fermentation changes in microbiota composition were
observed over time, even without the addition of tea phenolics. This is most likely caused by the
fact that the sophisticated colonic environment could not be precisely mimicked in vitro.
Nevertheless, the gut microbiota modulatory effects of TFDG and EGCG are apparent when
compared to blank samples.

5

Figure 5.6. Hierarchical clustering analysis (A) and PCA score plots (B) based on relative abundance of bacterial 16S
gene OTUs of microbial communities in the samples from different fermentation treatments and times.
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To gain insight in which bacteria were most affected by TFDG and EGCG after 48 h of
fermentation, LEfSe analysis with an LDA score threshold of >4.0 was performed. A total of 34
bacterial taxa were identified to be differentially enriched in the three treatment groups. Their
phylogenetic relationships and LDA scores are shown in a cladogram (Figure 5.7A) and a
histogram (Figure5. 7B), respectively. Comparison with the blank revealed that 8 taxa were
increased by TFDG, 12 taxa were increased by EGCG, and 14 taxa were decreased by both TFDG
and EGCG, as reflected in a heatmap based on their scaled relative abundance (Figure 5.7C).
Significance of the pairwise comparisons of the specific bacterial taxon among the three groups
is depicted in an adjacent heatmap (Figure 5.7C). It is notable to mention that at genus level,
both TFDG and EGCG significantly promoted Bacteroides, Faecalibacterium, Parabacteroides,
and Bifidobacterium (p <0.05), and significantly inhibited Prevotella and Fusobacterium (p <0.05).
In this study, we identified eight Bacteroides species with average relative abundance above 1%.
Most of these species were significantly increased by TFDG and/or EGCG, with the exceptions of
Bacteroides ovatus and Bacteroides cellulosilyticus (Figure S5.7, supplementary material). The
genus Bacteroides is one of the dominant genera in human gut microbiota, which constitutes
20–40% of the human colonic bacteria and imparts substantial metabolic, immunologic , and
defensive functions in the gastrointestinal tract. 38 An in vivo study demonstrated that long-term
treatment with green tea phenolics would lead to colonic enrichment of Bacteroides in rats. 39
Increased abundance of Bacteroides species in the colon can contribute to improved metabolism
of undigested nutrients and attenuation of colon inflammation.40 Therefore, our results on the
promotion of Bacteroides species by TFDG and EGCG indicate that tea consumption may support
a healthier colonic environment.
In addition, several bacterial taxa were revealed to be differentially affected by TFDG and EGCG.
For example, Dialister was only significantly promoted by TFDG (p <0.01), Clostridium symbiosum
was only significantly promoted by EGCG (p <0.05), and Escherichia coli was only significantly
inhibited by EGCG (p <0.05). It is well known that catechins exhibit antimicrobial activities against
the growth of some pathogens including E. coli and Clostridium perfringens.41 Lee et al. found
that E. coli was more susceptible to bacterial metabolites of catechins than to their parent
compounds. 42 Therefore, more potent inhibitory effect of EGCG against E. coli compared to TFDG
observed in this study could be explained by the formation of a higher amount of hydroxylated
phenylcarboxylic acids after EGCG fermentation as described in 5.3.2.
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Figure 5.7. Comparison of taxonomic abundance between TFDG, EGCG, and blank samples by linear discriminant
analysis effect size (LEfSe) analysis. (A) Cladogram represents the phylogenetic relationships among the
significantly different taxa with LDA score > 4.0. From inside out, black rings represent the taxonomic ranks of
phylum, class, order, family, and genus. Nodes and branches in red, green, and blue represent significant
enrichment in a bacterial taxon by the corresponding treatment; those in yellow were not found to be significantly
enriched by any specific treatment. (B) LDA scores of each discriminant bacterial taxon. (C) Left heatmap, scaled
relative abundance of discriminant bacterial taxa; right heatmap, significant pairwise comparisons of the three
groups. Open circles indicate p value <0.05; closed circles indicate p value <0.01.
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The faecal microbiota performed complex conversions of the compounds present in the medium,
including TFDG and EGCG. The alteration in the bacterial composition induced by TFDG and EGCG
subsequently resulted in further divergence of the general metabolic profiles, which was
demonstrated in Table 5.2 and Figure 5.4. More in-depth studies are required to explore the
microorganisms mediating the bioconversion of theaflavins to TNQ, and the microorganisms and
metabolic machinery responsible for the downstream metabolism of both theaflavins and
catechins. In addition, it should be noted that, the faecal inoculum used in this study originated
from pooled faecal material from four volunteers. Recent studies have indicated that interindividual variation in microbiota composition can prompt differences in metabolism of dietary
bioactive small molecules, like phenolic compounds in coffee, 43 and anthocyanins in fruits. 44
Thus, it would be also interesting to further investigate the extent of inter-individual variation
in the gut microbial metabolism of tea phenolics, such as the bioconversion of theaflavins to
TNQ.

5.4. Conclusions
Our results show that human gut microbiota convert TFDG into a number of metabolites,
including TNQ as one of its main metabolites, over 48 h of fermentation. When compared with
the metabolism of EGCG, TFDG metabolism yielded a distinctive overall metabolite profile,
slower degradation rate, and lower concentrations of downstream metabolites. Despite these
differences in their metabolism, EGCG and TFDG demonstrated similar effects on gut microbiota
composition, including the promotion of Bacteroides, Faecalibacterium, Parabacteroides, and
Bifidobacterium, and the inhibition of Prevotella and Fusobacterium. These findings indicate that,
even though the metabolic fates of TFDG and EGCG are distinctly different, their gut microbiota
composition modulatory effects are similar. The integrated metabolite and microbiome profiling
approach used in this study resulted in new insights on the reciprocal interactions between TFDG
and gut microbiota. Moreover, the presented comparison between microbial metabolism and
gut microbiota composition modulatory effects of TFDG and EGCG contribute to a more
comprehensive understanding of the health promoting effects of black and green tea. As TFDG
with its benzotropolone moiety is representative for one of the main classes of blac k tea
phenolics, our results may be extrapolated to a large percentage of the black tea phenolic
composition. Thereby, the presented comparison of TFDG and EGCG contributes to a more
comprehensive understanding of the health-promoting effects of black and green tea.
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5.6. Supplementary material

Figure S5.1. Untargeted metabolomics workflow used in Compound Discoverer.
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Table S5.1. Mass spectrometric data of TFDG and EGCG metabolites tentatively identified by UHPLC -QOrbitrap-MS.
ID

RT
(min)

Tentative identification

Chemical
formula

[M–H]−
(m/z)

MS2

a

TFs and derivatives
M01

9.64

Theaflavin-3-gallate

C36H28O16

715.12970

n.d.

M02

9.77

Theaflavin-3′-gallate

C36H28O16

715.13092

n.d.

M03

9.42

Theaflavin

C29H24O12

563.11932

M04

9.10

Theanaphthoquinone

C28H22O11

533.10925

241.05017; 125.02290; 137.02296;
167.03371; 269.04538; 389.06641
349.07159;125.02296; 137.02293;
165.01828; 377.06677; 241.04951

C15H14O7

305.06686

1-(3′,4′,5′-Trihydroxyphenyl)-3(2′′,4′′,6′′-trihydroxyphenyl)-propan-2yl gallate
M07
5.35
1-(3′,4′,5′-Trihydroxyphenyl)-3(2′′,4′′,6′′-trihydroxyphenyl)-propan-2ol
M08
5.96
1-(3′,4′-Dihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)-propan-2-ol
Phenylvalerolactones

C22H20O11

459.09363

C15H16O7

307.08243

139.03874; 214.92589; 151.03882;
167.03387; 125.02300

C15H16O6

291.08740

123.04369; 135.04385; 167.03362

M09

5-(3′,4′,5′-Trihydroxyphenyl)-γvalerolactone
M10
5.54
5-(3′,5′-Dihydroxyphenyl)-γvalerolactone
M11
6.56
5-(3′,4′-Dihydroxyphenyl)-γvalerolactone
Phenylcarboxylic acids

C11H12O5

223.06123

C11H12O4

207.06625

C11H12O4

207.06624

91.05374; 171.78961; 133.06442;
122.70895
75.00163; 87.92365; 103.91849;
118.99162; 147.04387
75.00163; 87.92365; 103.91849;
118.99162; 147.04387

M12

5.55

C11H14O5

225.07681

81.03294; 123.04369; 101.02281

M13

7.70

5-(3′,4′,5′-Trihydroxyphenyl)valeric
acid
5-(3′,4′-Dihydroxyphenyl)valeric acid

C11H14O4

209.08177

M14

5.03

4-Phenylbutyric acid

C10H12O2

163.07645

M15

9.01

Phenylacetic acid

C8H8O2

135.04503

123.08006; 81.03296; 107.04872;
91.05378; 149.05963
145.88959; 81.03287; 121.02875;
156.77078; 75.57929
n.d.

M16

2.16

Gallic acid

C7H6O5

169.01424

M17

5.31

4-Hydroxybenzoic acid

C7H6O3

137.02425

M18

2.65

Pyrogallol

C6H6O3

125.02438

Catechins and diphenylpropanols

a

M05

5.13

M06

6.43

EGC

5.32

125.02302; 137.02312; 146.95995;
167.03407; 219.06551
267.09863; 129.10191; 169.01317;
223.10832; 307.08218

5

69.03293; 125.02317; 97.02796;
79.01718
93.03298; 65.03806; 125.88489
69.03297; 67.01733; 124.01511;
97.02785; 79.01739

MS 2 data are sorted in order of relative intensity; n.d., not detected.
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Figure S5.2. Extracted ion chromatograms of M04 (m/z 533.10925) in negative ion mode UHPLC-Q-Orbitrap-MS
of TFDG fermentation samples at different fermentation times (0, 2, 6, 12, 24, 36, and 48 h).

Figure S5.3. Extracted ion chromatograms of theaflavin (TF, m/z 563) and theanaphthoquinone (TNQ, m/z 533) in
negative ion mode UHPLC-ESI-IT-MS of TF fermentation samples at different fermentation times (0, 12, 24, 36, and
48 h).
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Figure S5.4. Fragmentation spectra of theanaphthoquinone (m/z 533) in negative ion mode UHPLC-ESI-IT-MS:
MS2 (top) and MS3 (precursor ion m/z 515) (bottom).

Figure S5.5. UHPLC-ESI-IT-MS negative ion mode (m/z 100-1000) base peak chromatogram of TF incubated with
tyrosinase (171 U/mL, TF:tyrosinase = 1:1) for 30 min.
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Figure S5.6. Relative abundances of the most abundant bacterial taxa at phylum level during fermentation with
TFDG, EGCG, and blank. Due to their low relative abundance (<0.05%), Cyanobacteria, Lentisphaerae,
Verrucomicrobia, Tenericutes are not visible in the figure.

Figure S5.7. Comparison of the relative abundance of Bacteroides species with average relative abundance above
1% across all fermentation samples.

122

Chapter

6

Insights in the recalcitrance of theasinensin A to human gut
microbial degradation

Due to low bioavailability of dietary phenolic compounds in small intestine, their metabolism by
gut microbiota is gaining increasing attention. The microbial metabolism of theasinensin A
(TSA), a bioactive catechin dimer found in black tea, has not been studied yet. Here, TSA was
extracted and purified for in vitro fermentation by human faecal microbiota, and
epigallocatechin gallate (EGCG) and procyanidin B2 (PCB2) were used for comparison. Despite
the similarity in their flavan-3-ol skeletons, metabolic fate of TSA was distinctively different.
After degalloylation, its core biphenyl-2,2′,3,3′,4,4′-hexaol structure remained intact during
fermentation. Conversely, EGCG and PCB2 were promptly degraded into a series of hydroxylated
phenylcarboxylic acids. Computational analyses comparing TSA and PCB2 revealed that TSA’s
stronger interflavanic bond and more compact stereo-configuration might underlie its lower
fermentability. These insights in the recalcitrance of theasinensins to degradation by human gut
microbiota are of key importance for a comprehensive understanding of its health benefits.

Based on: Liu, Z.; de Bruijn, W. J. C.; Sanders, M. G.; Wang, S.; Bruins, M. E.; Vincken, J.-P. Insights
in the recalcitrance of theasinensin A to human gut microbial degradation. Journal of
Agricultural and Food Chemistry, 2021. Accepted (In press).

Chapter 6

6.1. Introduction
Black tea, as one of the most consumed beverages worldwide, has been reported to possess
numerous health benefits.1 The bioactive compounds in black tea are generally considered to be
the flavonoids, accounting for approximately 30% of the dry weight of black tea .2 The unique
constituents differentiating black tea from green tea are dimeric, oligomeric, and polymeric
flavan-3-ols, such as theaflavins, theasinensins.3 Due to the structural complexity of black tea
phenolics, complete elucidation of their exact chemical structures and bioactivities is challenging.
Therefore, selecting less complex compounds which possess substructures representative for
black tea phenolics is a commonly used approach to gain insights in their reactivity and
bioactivity. During the oxidation process of catechins, 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′-dihydroxy3,4-benzotropolone moiety; and (ii) the coupling of two pyrogallol-type B rings to form a
biphenyl-2,2′,3,3′,4,4′-hexaol moiety.3, 4 The major oxidation products representing these two
substructures include theaflavins and theasinensins, respectively. Hence, theaflavins and
theasinensins could be used as the representatives to study black tea phenolics. So far,
theaflavins have been studied to a greater extent than theasinensins, even though both are
major contributors to black tea phenolic content.
Theasinensins are a group of dimeric flavan-3-ols with an interflavanic C-C bond connecting two
pyrogallol-type catechin B-rings. Five theasinensins have been identified from black tea and
oolong tea, namely theasinensin A, B, C, D, and E (Figure 6.1). Among these five compounds,
theasinensin A (TSA) is reported as the most abundant one. 5, 6 Several studies have reported that
theasinensins can exhibit health promoting effects. 7 For example, in an animal study with type
2 diabetic male KK-Ay mice, Miyata et al. observed that addition of 0.1 % (w/w) TSA (purity 59%)
to the mice’s diet for 6 weeks resulted in a >30% reduction of serum glucose levels compared to
a control diet. 8 However, it has also been reported that tea phenolics are poorly absorbed in the
small intestine, and pass into the colon where they are subject to metabolism by gut microbiota. 9
Thus, microbial metabolism may play a critical role in the digestion and bioactivity of
theasinensins. However, to the best of the authors’ knowledge, there have been no reports so
far on the metabolic fate of theasinensins in the colon.
On the other hand, studies on the microbial metabolism of monomeric flavan-3-ols, such as
epigallocatechin gallate (EGCG, Figure 6.1), are abundant. In general, the bioconversion of
catechins can be summarized as follows: galloyl ester hydrolysis (if applicable) is succeeded by
consecutive C-ring opening, A-ring fission, dehydroxylation, and aliphatic chain shortening. This
eventually results in degradation of catechins to a series of smaller metabolites, such as
phenylvalerolactones, phenylvaleric acids, phenylpropionic acids, phenylacetic acids, and
benzoic acids. 4,

10-12

It has also been reported that B-type procyanidin dimers, such as

procyanidin B2 (PCB2, Figure 6.1), which consist of two catechin subunits linked via an
interflavanic C-C bond between one of the A and one of the C rings, could be converted into
similar metabolites. 13 Considering the structural similarities between theasinensins and B -type
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procyanidins, it is expected that theasinensins will be subject to similar microbial conversions.
However, it is unclear to which extent theasinensins can be degraded by human gut microbiota.

6

Figure 6.1. Chemical structure of theasinensins A–E, epigallocatechin gallate (EGCG) and Procyanidin B2 (PCB2).

The aim of this study was to investigate the metabolic fate of theasinensins. To this end, purified
TSA was incubated with human faecal microbiota under anaerobic conditions, and its
metabolites were monitored by UHPLC-Q-Orbitrap-MS. Additionally, the same treatment was
performed with EGCG and PCB2 for comparison. Furthermore, a computational study was
performed with theasinensins and PCB2 to compare the stereo-configurations and bond strength
of several potential microbial cleavage sites.
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6.2. Materials and methods
6.2.1. Chemicals
Standards of epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), epigallocatechin
gallate (EGCG), procyanidin B2 (PCB2), gallic acid, pyrogallol, benzoic acid, 4-hydroxybenzoic acid,
3-(4′-hydroxyphenyl)propionic acid, 3-(3′-hydroxyphenyl)propionic acid, 3-(3′,4′-dihydroxyphenyl)propionic acid, 4-hydroxyphenylacetic acid, 4-phenylbutyric acid, 5-(4′-hydroxyphenyl)valeric acid, and 5-phenylvaleric acid were purchased from Sigma Aldrich (St. Louis, MO,
USA). Ultra-high performance liquid chromatography / mass spectrometry grade acetonitrile
(ACN), ACN with 0.1% (v/v) formic acid, and water with 0.1% (v/v) formic acid were purchased
from Biosolve (Valkenswaard, The Netherlands). Water for other purposes th an UHPLC-MS was
prepared using a Milli-Q water purification system (Millipore, Billerica, MA, USA).

6.2.2. Extraction and purification of TSA
It was reported that TSA occurred abundantly in black tea and oolong tea. 7, 14 In order to select
the most suitable raw material for TSA purification, the TSA content in 15 black tea samples and
6 oolong tea samples was compared. The Lapsang souchong black tea sample contained the
highest TSA content (7.07 mg TSA/g DW), thus this tea was selected for purification of TSA. The
results of TSA quantification in all tea samples is shown in Table S6.1, supplementary material.
In the further extraction of TSA, dry leaves (15 g) were cut into small pieces (approximately 5
mm in length) and extracted twice with 500 mL of acetone/water (50:50, v/v) using ultra sonication for 30 minutes at room temperature. After filtration over a paper filter (Whatman,
Maidstone, UK), the black tea extracts were combined and the organic solvent was evaporated
under reduced pressure. Subsequently, the aqueous solution was decaffeinated by liquid -liquid
partitioning with an equal volume of chloroform for 30 min. The aqueous phase was collected
and centrifuged (20 min, 3000 × g). The supernatant was collect and lyophilised to yield the
cleaned extract.
The cleaned extract was then pre-purified using a Reveleris flash chromatography system (Grace,
Columbia, USA). The sample was separated on a C18 column (40 μm, 40 g; Reveleris; Grace,
Columbia, USA). Mobile phases consisting of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v)
formic acid in methanol (B) were used to elute the column at a flow rate of 40 mL/min. The
elution program was set as follows: 0–4.5 min, isocratic on 10% (v/v) B; 4.5–14.5 min, linear
gradient from 10% to 20% (v/v) B; 14.5–16 min, linear gradient from 20% to 50% v/v B; 16–21 min,
linear gradient from 50% to 95% (v/v) B; 21-22.5 min, isocratic on 95% (v/v) B; 22.5–25.5 linear
gradient from 95% to 10% (v/v) B; 25.5-28 min isocratic on 10% (v/v) B. The collected fractions
were analysed by UHPLC-ESI-IT-MS (Thermo Fischer Scientific, San Jose, CA, USA) and those
containing TSA were pooled. The method and instrument used for UHPLC-ESI-IT-MS analyses
were the same as previously described.15 The organic solvent was evaporated under reduced
pressure at 45 °C, and water was removed by lyophilisation. The pools obtained from Flash
chromatography were further purified using a Waters preparative RP-HPLC system (Waters,
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Milford, MA, USA) as previously described.16 The pools were solubilised at 50 mg/mL in a
methanol/water (17:83, v/v) solution and injected (2.0–2.5 mL) on a Waters XBridge Prep C18
OBD column (19×250 mm, 5 μm). A mobile phase consisting of 0.1% ( v/v) formic acid in water
(A) and 0.1% (v/v) formic acid in methanol (B) was used to elute the column at a flow rate of 17
mL/min at room temperature. The elution program was as follows: 0–2.17 min, isocratic on 5%
(v/v) B; 2.17–72.17 min, linear gradient from 5% to 15% (v/v) B; 72.17–75.67 min, linear gradient
from 15% to 99 % (v/v) B; 75.67–93.17 min, isocratic on 99% (v/v) B; 93.17-96.67 min, linear
gradient from 99% to 5% (v/v) B; 96.67-114.17 min isocratic on 5% (v/v) B. Data was acquired
and analysed with MassLynx (version 4.1, Waters). The collected fractions were analysed by
UHPLC-ESI-IT-MS and those containing TSA were pooled. The organic solvent was evaporated
under reduced pressure at 45 °C, and water was removed by lyophilisation. The purity of the
obtained TSA was analysed based on peak-purity analysis using photo diode array (PDA) detector
at 280 nm in UHPLC-PDA-ESI-IT-MS. The structure of the obtained TSA was confirmed by UHPLCQ-Orbitrap-MS and nuclear magnetic resonance (NMR) spectrometry. The NMR method is
described in Supplementary material.

6

6.2.3. Tannase treatment of TSA to obtain theasinensins B and C
In order to obtain mass spectrometric information of theasinensin B (TSB, single degalloylation
product of TSA) and theasinensin C (TSC, double degalloylation product of TSA), TSA was
degallolylated with tannase. A 500 μL aqueous TSA solution (1.0 mmol/L) was incubated with
500 μL tannase (0.15 U/mL, from Aspergillus ficuum, Sigma Aldrich) for 30 min at room
temperature. The resulting mixture, containing TSB and TSC, was analysed by UHPLC -Q-OrbitrapMS. In addition, to obtain solely TSC, an excess of tannase (900 μL, 0.15 U/mL) was added to an
aqueous TSA solution (100 μL, 1.0 mmol/L) for 24 h at room temperature. The resulting solution
was used as a TSC standard for identification and quantification.

6.2.4. In vitro fermentation with human gut microbiota
The in vitro faecal fermentation of TSA, EGCG, and PCB2 were performed according to the
methods described by Gu et al 17, with some modifications. Faecal materials were obtained from
4 healthy volunteers (3 males and 1 female, 24 to 38 years old), who reported no consumptio n
of tea in the week prior to the donation and declared no antibiotic treatment in the three months
prior to the donation. After collection, all faecal materials were stored at –80 °C. Faecal materials
were thawed for 3 h at 37 °C in an anaerobic chamber (10% H 2, 5% CO 2, and 85% N2; Bactron,
Cornelius, OR, USA), and 1.0 g of faecal material from each of the four volunteers was mixed
with culture medium in a ratio of 1:40 (w/v). The culture medium was a phenol-free standard
ileal efflux medium (SIEM), which simulated the fermentation conditions of food components in
the human colon. 18 All ingredients were purchased from Tritium Microbiologie (Veldhoven, The
Netherlands). After mixing the faecal material and culture medium, the faecal slurries of the four
volunteers were pooled together and homogenized, and then strained through 4 layers of cheese
cloth to obtain a homogeneous human faecal suspension (HFS). The HFS was incubated at 37 °C
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in the anaerobic chamber for 12 h to activate the bacteria. Subsequently, aliquots of 0.9 mL HFS
were spiked with 0.1 mL TSA solution (0.5 mmol/L), EGCG solution (1 mmol/L), PCB2 solution
(0.5 mmol/L), or water. The final concentrations of TSA, EGCG, and PCB2 were 50, 100 and 50
µmol/L, respectively. The mixtures were then incubated at 37 °C in the anaerobic chamber for
48 hours. All fermentations were performed in triplicates. For analysis of TSA, EGCG, PCB2, and
their metabolites, 100 µL of the fermentation samples was taken after 0, 2, 6, 12, 24, 36 and 48
h of fermentation, and immediately diluted in 300 µL ACN to stop the fermentation. After
centrifugation (30 min, 22,000 × g, 4 °C), the supernatants were collected and stored at -20 °C
until analysis.

6.2.5. UHPLC-Q-Orbitrap-MS analysis of the degradation pathway
Chromatographic separations were performed on a Vanquish UHPLC system (Thermo Fisher
Scientific, Bremen, Germany) equipped with a binary pump, split loop autosampler, column
compartment and diode array detector. Samples were separated on an Acquity UHPLC BEH C18
column (150 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA) with a VanGuard guard column of the
same material (5 mm × 2.1 mm, 1.7 μm; Waters, Milford, MA). The column compartment heater
was operated in still air mode at 45 °C, and the post-column cooler was set to 40 °C. The injection
volume was 1.0 μL. Mobile phases consisting of 0.1% (v/v) formic acid in water (A) and 0.1% (v/v)
formic acid in ACN (B) were used at a flow rate of 400 μL/min. The elution program was set as
follows: isocratic at 1% (v/v) B for 2 min; 2-22 min linear gradient to 99% (v/v) B; 22-25 min
isocratic at 99% (v/v) B. The mobile phase was adjusted to starting conditions in 1 min, followed
by equilibration for 4 min.
For mass spectrometric analysis, a Thermo Q-Exactive Focus hybrid quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated ESI source
was connected in line to the UHPLC system. The mass spectrometer was operated in negative
mode. The ESI parameters were set as follows: spray voltage, +3500 V/–3000 V; atomization
temperature, 350 °C; sheath gas (nitrogen) pressure, 50 arb; auxiliary gas (nitrogen) pressure,
12.5 arb; capillary temperature, 350 °C; S-lens RF, 50 V; resolution, full MS scan at 70,000 full
width at half maximum (FWHM), MS2 scans of fragments from higher energy C-trap dissociation
(HCD) at 17,500 FWHM; normalized collision energy (NCE), 35 arbitrary units; scan range, m/z
100–1,000; scanning mode, full scan to data-dependent MS/MS (intensity threshold 800,000).
An external calibration for mass accuracy was carried out before the analysis according to the
manufacturer’s guidelines. Instrument control and data acquisition were performed with
Xcalibur software (version 4.1, Thermo Fisher Scientific, Bremen, Germany). External standards
of TSA, EGCG, PCB2, ECG, EGC, EC, gallic acid, pyrogallol, benzoic acid, 4-hydroxybenzoic acid, 3(3′,4′-dihydroxyphenyl)propionic acid, 4-hydroxyphenylacetic acid, 4-phenylbutyric acid, 5-(4′hydroxyphenyl)valeric acid, 3-(4′-hydroxyphenyl)propionic acid, and 5-phenylvaleric acid were
used for qualification of the metabolites detected by comparing retention times and accurate
masses. The concentrations of these compounds, and compounds with similar structures, were
further calculated based on the respective calibration curves (6.25 to 100 μmol/L, R 2 > 0.99). In
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addition, a quality control sample containing 10 μmol/L EGCG was injected every 12 samples to
assess the system stability. The relative standard deviation of peak intensities was approximately
20%, and retention time shifts were lower than 0.3 min, which indicated the analytic platform
was stable and reliable.

6.2.6. Computational analysis
In order to compare the geometrical conformations and the bond strength of several potential
microbial cleavage sites (interflavanic bonds and C-ring O1-C2 bonds) between theasinensins
(TSA and TSC) and PCB2, density functional theory (DFT) calculations were performed.
Geometrical optimization and frequency analysis of TSA, TSC, PCB2, and related radicals were
calculated using Gaussian 09 software package at the DFT//B3LYP/6-311G(d,p) theoretical level,
combined with conductor-like polarizable continuum model (CPCM) for water at 298.15 K. The
B3LYP model with the 6-311G(d,p) basis set was chosen because it was reported to be suitable
for phenolic compounds.19 Subsequently, the bond dissociation enthalpy (BDE) of the
interflavanic C-C bond in each phenolic compound was computed. BDE is defined as the enthalpy
change between the product radicals formed by the homolytic fission of a chemical bond, and
the starting reactant. 20 It is a widely used thermodynamic parameter for the estimation of the
strength of chemical bonds. Theoretically, the homolytic fission of interflavanic bonds of TSA,
TSC, or PCB2 will form two monomeric flavan-3-ol radicals. BDE of the interflavanic bond was
described by the following equations:
BDETSA = 𝐻(EGCG ∙) + 𝐻(EGCG ∙) − 𝐻(TSA)

(1)

BDETSC = 𝐻(EGC ∙) + 𝐻(EGC ∙) − 𝐻(TSC)

(2)

BDEPCB2 = 𝐻(EC ∙) + 𝐻(EC ∙) − 𝐻(PCB2)

(3)

All the molecular enthalpies (H) were calculated by using Gaussian 09.

6.3. Results and discussion
6.3.1. Purification and identification of TSA
Liquid-liquid extraction of the crude black tea extract with chloroform efficiently removed 90%
of the caffeine, without affecting the phenolic profile (data not shown). After decaffeination, the
phenolic profile of the black tea extracts (Figure 6.2 A1 and B1) was comparable to that reported
in other studies. After pre-purification by Flash chromatography, a pool enriched in TSA was
obtained, which still contained several other phenolics, such as p-coumaroylquinic acid, EGCG,
kaempferol-deoxyhexosyldeoxyhexoside, quercetin-hexoside (Figure 6.2 A2 and B2). After
purification by preparative RP-HPLC separation, purified TSA was obtained (Figure 6.2 A3 and
B3). The purity of TSA was approximately 99% based on peak-purity analysis using PDA detector
in UHPLC-PDA-ESI-IT-MS. The structure of TSA was confirmed based on high resolution QOrbitrap-MS and NMR spectroscopy. In Q-Orbitrap-MS analysis, this compound was detected as
its [M−H]− and [M+H]+ ions with respective m/z values of 913.14731 and 915.16095, which were
in agreement with its theoretical deprotonated and protonated monoisot opic accurate masses
(Δ m/z of 0.45 and −0.49 ppm, respectively). Its HCD spectrum and corresponding fragmentation
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pathways in both negative and positive ionization modes are shown in Figure S6.1,
supplementary material. Its structure was further confirmed with 1H,

13 C,

heteronuclear

multiple bond correlation (HMBC), and heteronuclear single quantum coherence (HSQC) NMR
spectra (Figure S6.2, supplementary material). The spectroscopic data of 1H and
in line with the published

13 C

NMR was

data.21-23

Figure 6.2. UHPLC-UV280 nm (A1−A3) and UHPLC-MS base peak (B1−B3, negative ionization mode) chromatograms
of decaffeinated black tea extract (A1, B1), Flash chromatography pre-purified TSA (A2, B2), and preparative RPHPLC purified TSA (A3, B3).

6.3.2. Degradation of TSA by human gut microbiota
Purified TSA was then used for the fermentation by human gut microbiota, with separate
fermentations of EGCG and PCB2 for comparison. The stability of these three compounds under
experimental conditions was assessed first. Without the addition of fecal material, TSA, EGCG,
and PCB2 were incubated in the SIEM medium in the anaerobic chamber at 37 °C for 48 h.
Approximately 90% of all three compounds (93%, 88%, and 89%, respectively) remained intact
after 48 h, suggesting they were relatively stable in the medium under the experimental
conditions. Then TSA, EGCG, and PCB2, with final concentrations of 50, 100 and 50 μmol/L,
respectively, were added into the HFS for anaerobic fermentation. With these concentrations,
equal molar amounts of monomeric flavan-3-ol subunits were used as the starting point for
fermentation, to facilitate the quantitative comparison of their degradation and the formation
of metabolites. The dynamic changes in concentration of the three starting compounds are
shown in Figure S6.3, supplementary material. EGCG and PCB2 showed fast degradation within
a similar time scale. After 2 h, approximately 30% of EGCG and PCB2 were degraded. After 6 h,
approximately 89% of EGCG was degraded and it was undetectable after 12 h, whereas PCB2
was almost completely depleted after 6 h. For TSA, a relatively slower degradation was observed.
After 6 h, approximately 53% of TSA was degraded and it gradually decreased until the end of
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fermentation (at 48 h), at which point it was undetectable. Similar rapid initial degradation of
EC, catechin, and procyanidins was also observed in other studies.24, 25 These results revealed
that all the three flavan-3-ols were degradable by human gut microbiota, but the overall
degradation rate of TSA was slower than that of EGCG and PCB2

6.3.3. Identification and quantification of metabolites of TSA, EGCG, and PCB2
Following the degradation of TSA, EGCG, and PCB2, a series of phenolic metabolites were
detected by UHPLC-Q-Orbitrap-MS. A total of 26 metabolites of these three phenolic compounds
were tentatively identified. Their corresponding retention times, tentative identification,
molecular formulas, detected mass-to-charge ratios (m/z) in negative ionization mode, mass
errors (Δ m/z), and concentrations at different fermentation times are shown in Table 6.1.
Comparison of their MS2 fragments (Table S6.2, supplementary material) to previously
published data was used for their tentative identification. The concentrations of each metabolite
at various time points throughout the fermentation were calculated based on calibration curves
of corresponding authentic standards, if they were available. The metabolites for which
authentic standards were not available, were quantified using the calibration curves of standar ds
with similar structures. Specifically, TSA was used for the quantification of M01; TSC, was used
for the quantification of M02 and M03; EGCG, EGC, and EC were used for the quantification of
M06, M07, and M08, respectively; PCB2 was used for the quantification of M09–11; 5-(4′-

hydroxyphenyl)valeric acid was used for the quantification of M12–19; and 3-(3′,4′dihydroxyphenyl)-propionic acid was used for the quantification of M21. Metabolites were
divided into upstream and downstream metabolites based on their structure. Metabolites which
retained the characteristic flavan-3-ol structural elements (i.e. intact A and B rings) were defined
as upstream metabolites (M01–11), whereas metabolites formed from further degradation of
these characteristic structures were defined as downstream metabolites (M12–26). The
upstream and downstream phases of metabolism are discussed separately in the following
sections.
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RT
min

5.35

2.30

5.16

5.75

6.71

6.80

5.95

6.87

7.83

id

M01

M02

M03

M04

M05

M06

M07

M08

M09

C 30H 26O14

C 30H 26O14

C 15H 14O7

C 15H 14O6

Theasinensin C

Theasinensin E

Epigallocatechin b

Epicatechin b

2-(3-(3,4-Dihydroxyphenyl)-2-hydroxy-1-(2,4,6trihydroxyphenyl)propyl)-4-(3-(3,4dihydroxyphenyl)-2-hydroxypropyl)benzene-1,3,5triol

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

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

C 30H 30O12

C 15H 16O6

C 15H 16O7

C 22H 20O11

C 37H 30O18

Theasinensin B

1-(3′,4′,5′-Trihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)-propan-2-yl gallate

Formula

Tentative identification a

581.16687

291.08762

307.08252

459.09369

289.07181

305.06680

609.12506

609.12500

761.13617

[M–H]−
(m/z)

0.72

-0.71

-0.64

-0.88

-0.17

-0.41

-0.13

-0.03

-0.31

Δ m/z
(ppm)

n.d.
n.d.
n.d.

EGCG
PCB2

n.d.

PCB2
TSA

n.d.

EGCG

n.d.

PCB2

n.d.

n.d.

EGCG
TSA

n.d.

n.d.

PCB2
TSA

n.d.

EGCG

0.04

PCB2

n.d.

0.11

EGCG
TSA

0.03

n.d.

PCB2
TSA

3.09

EGCG

n.d.

PCB2
n.d.

n.d.

EGCG
TSA

n.d.

n.d.

PCB2
TSA

n.d.

EGCG

n.d.

PCB2
n.d.

n.d.

EGCG
TSA

n.d.

0h

0.66

n.d.

0.03

11.90

0.27

n.d.

n.d.

11.39

0.01

n.d.

0.09

n.d.

3.05

n.d.

n.d.

n.d.

5.44

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

2h

2.58

n.d.

0.11

n.d.

n.d.

n.d.

n.d.

0.48

n.d.

n.d.

0.55

n.d.

n.d.

n.d.

n.d.

n.d.

0.13

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.15

6h

1.43

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.07

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

3.12

n.d.

n.d.

10.68

12 h

0.10

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

18.29

n.d.

n.d.

16.16

24 h

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

30.62

n.d.

n.d.

6.94

36 h

c

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

4.95

n.d.

n.d.

41.61

n.d.

n.d.

n.d.

48 h

Concentration at different fermentation times (μmol/L)

TSA

Source

Table 6.1. Tentative identifications and dynamic changes of metabolites of TSA, EGCG and PCB2 during fermentation with HFS.
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RT
min

7.68

8.78

5.99

6.69

7.80

5.02

5.96

5.65

7.80

id

M10

M11

M12

M13

M14

M15

M16

M17

M18

a

C 11H 14O5

C 11H 14O5

C 11H 14O4

5-(3′,4′,5′-Trihydroxyphenyl)-valeric acid

5-(3′,5′-Dihydroxyphenyl)-valeric acid

C 11H 14O6

C 11H 12O3

C 11H 12O4

C 11H 12O5

C 30H 28O11

C 30H 28O12

Formula

4-Hydroxy-5-(3′,4′-dihydroxyphenyl)-valeric acid

4-Hydroxy-5-(3′,4′,5′-trihydroxyphenyl)-valeric
acid

5-(4′-Hydroxyphenyl)-γ-valerolactone

5-(3′,4′-Dihydroxyphenyl)-γ-valerolactone

5-(3′,4′,5′-Trihydroxyphenyl)-γ-valerolactone

2-(3-(3,4-Dihydroxyphenyl)-2-hydroxy-1-(2,4,6trihydroxyphenyl)propyl)-4-(2-hydroxy-3-(3hydroxyphenyl)propyl)benzene-1,3,5-triol

2-(3,4-Dihydroxyphenyl)-8-(3-(3,4dihydroxyphenyl)-2-hydroxy-1-(2,4,6trihydroxyphenyl)propyl)chromane-3,5,7-triol

Tentative identification

209.08165

225.07632

225.07631

241.07146

191.07103

207.06607

223.06055

563.15564

579.15143

[M–H]−
(m/z)

1.36

2.33

2.39

1.25

1.75

1.03

2.89

-0.44

1.09

Δ m/z
(ppm)

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

PCB2

EGCG

TSA

Source

n.d.
n.d.
n.d.
0.11
0.01
0.01

n.d.
n.d.
n.d.
n.d.
n.d.
0.01

0.01

n.d.

n.d.

0.01

n.d.

n.d.

0.02

n.d.

n.d.

0.02

n.d.

n.d.

n.d.

n.d.

n.d.

0.02

n.d.

n.d.

0.02

n.d.

n.d.

n.d.

0.01

8.06

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.07

0.44

n.d.

n.d.

3.97

n.d.

n.d.

n.d.

n.d.

n.d.

0.14

n.d.

0.49

0.69

n.d.

0.07

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.92

0.01

3.26

n.d.

n.d.

n.d.

n.d.

n.d.

6h
n.d.

n.d.

2h
0.02

0h
n.d.

0.01

1.66

n.d.

0.01

5.98

n.d.

0.33

0.59

0.01

n.d.

1.34

n.d.

n.d.

n.d.

n.d.

n.d.

0.94

n.d.

n.d.

0.27

n.d.

0.54

n.d.

n.d.

0.44

n.d.

n.d.

12 h

0.01

33.66

n.d.

n.d.

11.13

n.d.

0.07

0.19

0.01

n.d.

0.25

n.d.

n.d.

0.18

n.d.

n.d.

1.52

n.d.

n.d.

0.67

n.d.

1.05

n.d.

n.d.

n.d.

n.d.

n.d.

24 h

0.02

67.02

n.d.

0.01

6.56

n.d.

0.05

0.01

0.02

n.d.

0.05

n.d.

n.d.

0.43

n.d.

n.d.

1.77

n.d.

n.d.

1.16

n.d.

1.35

n.d.

n.d.

n.d.

n.d.

n.d.

36 h

0.02

n.d.

1.76

n.d.

0.08

n.d.

0.04

n.d.

n.d.

n.d.

n.d.

0.81

n.d.

n.d.

1.67

n.d.

n.d.

1.77

0.01

2.20

n.d.

n.d.

n.d.

n.d.

n.d.

48 h

0.03

124.87

Concentration at different fermentation times (μmol/L) c

d
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136

8.52

9.92

5.81

6.31

7.80

2.38

5.82

2.80

M19

M20

M21

M22

M23

M24

M25

M26

C 9H 10O4

C 9H 10O3

C 7H 6O5

C 7H 6O3

3-(3′,4′-dihydroxyphenyl)-propionic acid b

3-(3′-Hydroxyphenyl)-propionic acid b

Gallic acid

4-Hydroxybenzoic acid

C 6H 6O3

C 9H 10O4

3-(3′,5′-Dihydroxyphenyl)-propionic acid

Pyrogallol

C 11 H 14O3

5-(4′-Hydroxyphenyl)-valeric acid b

Formula
C 11 H 14O4

a

5-(3′,4′-dihydroxyphenyl)-valeric acid

Tentative identification

125.02412

137.02398

169.01403

165.05543

181.05040

181.05032

193.08691

209.08164

[M–H]−
(m/z)

2.35

3.19

1.28

1.72

1.29

1.73

0.56

1.40

Δ m/z
(ppm)

0.03
n.d.

EGCG
PCB2

0.05

PCB2

0.03

0.05

EGCG
TSA

0.03

n.d.

PCB2
TSA

0.55

EGCG

n.d.

PCB2

0.83

n.d.

EGCG
TSA

n.d.

n.d.

PCB2
TSA

n.d.

EGCG

n.d.

PCB2
n.d.

n.d.

TSA

n.d.

0.24

PCB2
EGCG

0.24

TSA

0.28

0.11

PCB2
EGCG

0.11

EGCG
TSA

0.12

0h

n.d.

0.16

0.06

0.06

0.05

0.03

n.d.

5.47

1.51

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.35

0.35

0.33

0.13

0.15

0.14

2h

n.d.

7.53

0.56

0.03

0.03

0.02

0.02

14.78

8.38

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.17

0.15

0.17

2.64

0.01

0.01

6h

n.d.

12.57

1.85

0.05

0.04

0.11

0.02

10.32

7.51

0.01

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

0.01

n.d.

0.64

0.20

0.20

23.16

0.23

0.01

12 h

n.d.

10.15

10.65

0.08

0.07

0.17

0.01

7.21

8.55

0.13

0.04

0.06

n.d.

n.d.

n.d.

n.d.

0.02

n.d.

5.85

0.35

0.25

24.16

2.37

0.01

24 h

n.d.

8.49

25.32

0.10

0.10

0.21

n.d.

7.83

13.11

0.17

0.04

0.06

n.d.

n.d.

n.d.

n.d.

0.05

n.d.

9.32

0.92

0.31

25.69

3.43

0.05

36 h

c

n.d.

7.63

27.92

0.16

0.14

0.29

n.d.

0.55

4.19

0.28

0.07

0.09

n.d.

0.01

n.d.

n.d.

0.10

0.01

20.33

5.14

0.42

32.94

6.13

0.31

48 h

Concentration at different fermentation times (μmol/L)

TSA

Source

Supporting mass spectrometric data can be found in Table S6.1, supplementary material. b These identifications were confirmed with authentic standards; c mean value
of compound concentration (n=3); n.d., not detected. The colours range from light blue to dark blue indicating the range from low to high relative concentration for each
metabolite detected in all samples. d The quantification of this compound was calculated based on 5-(4′-hydroxyphenyl)valeric acid, which may have different response
factor, and thus resulted in overestimation in concentration.

a

RT
min

id
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Upstream metabolism of TSA. Three unique metabolites (M01–03) were observed in
fermentation samples incubated with TSA. The corresponding ions observed in negative mode
full MS were 761.13617, 609.12500, and 609.12506, indicating molecular formulas of C37H 30O 18
(Δ m/z = -0.31), C 30H 26O 14 (Δ m/z = -0.03), and C 30H 26O 14 (Δ m/z = -0.13), respectively. Extracted
ion chromatograms of these metabolites over the course of the fermentation are shown in
Figure 6.3. The mass spectrometric information of these compounds suggested they might be
derived from the degallolylation of TSA through the loss of one or two galloyl groups. In specific,
the mass of M01 corresponded to the loss of one galloyl group, which was in accordance with
TSB. The masses of M02 and M03 corresponded to the loss of two galloyl groups, which was in
accordance with the two stereo-isomers theasinensin C and E (TSC and TSE). M02 and M03 had
identical HCD fragments (Table S6.2., supplementary material), further hinting at the fact that
these were indeed a set of stereo-isomers. Isomerization of monomeric flavan-3-ols during gut
microbiota fermentation was previously reported 26, thus we speculate that isomerization of the
TSC to TSE may have occurred through the action of a gut microbial isomerase. The
identifications of R-isomers TSB and TSC in fermentation samples were confirmed by comparing
their retention times and mass spectra to the peaks obtained upon degallolylation of TSA (also
R) by tannase. Thus, M01 is TSB and M02 is TSC, whereas M03 was identified as TSE (S-isomer of
TSC). It is also worth mentioning that a minor retention time shift (0.07-0.08 min) was observed
in the 12 h sample (Figure 6.3), however, this did not affect identification and subsequent
quantification of TSA, TSB, and TSC.

Figure 6.3. Extracted ion chromatograms of TSA (m/z 913.14734), TSB (m/z 761.13617), TSC (m/z 609.12500), and
TSE (m/z 609.12506) in negative ion mode UHPLC-Q-Orbitrap-MS of TSA fermentation samples over 48 h.

137

6

Chapter 6
In addition, the degalloylation of TSA resulted in production of gallic acid (M24) and pyrogallol
(M26, decarboxylation product of gallic acid) during the fermentation. Ester bond cleavage
during microbial fermentation is commonly observed, and has been descr ibed for various
phenolic compounds, such as EGCG, theaflavin digallate, quercetin glycosides, and chlorogenic
acids. 27-30 More strikingly, after 48 h of TSA fermentation, high concentrations of TSC and TSE
accumulated. In total, these degalloylation products accounted for approximately 93% of the
initial amount of TSA, and these compounds did not appear to be subject to further degradation
(Figure 6.3). Moreover, the recalcitrance of the theasinensin backbone to microbial degradation
was demonstrated by the fact that the total concentration of TSC and TSE remained stable even
after 72 h of fermentation (Figure S6.4, supplementary material).
Upstream metabolism of EGCG and PCB2. The degradation of EGCG and PCB2 resulted in the
formation of a total of eight upstream metabolites. Similar to TSA, degalloylation products of
EGCG were identified in the EGCG fermentation samples. These degalloylation products were
EGC (M04), gallic acid (M24), and pyrogallol (M26). As PCB2 does not contain any galloyl moiety,
no degalloylation products were detected. Further degradation of EGCG, EGC, and PCB2 led to
the formation of five C-ring opened products in samples incubated with EGCG and PCB2 (Table
6.1). In specific, M06 (EGCG-derived diphenylpropanol) and M07 (EGC-derived diphenylpropanol)
were tentatively identified in the samples incubated with EGCG. For PCB2, M09 (double C -ring
opened product of PCB2), M10 (single C-ring opened product of PCB2), and M11 (single C-ring
opened and dehydroxylated product of PCB2) were tentatively identified. Note that, for M10
and M11 it is unknown which specific positional isomer, with regards to C-ring opening and
dehydroxylation, was formed. The extracted ion chromatograms of the C -ring opened products
of EGCG and PCB2 at various fermentation times are shown in Figure S6.5 and S6.6,
supplementary material. The O1-C2 bond in the C-ring of flavan-3-ols is known to be prone to
reductive cleavage by several bacteria, such as Adlercreutzia equolifaciens, Asaccharobacter
celatus, and Slackia equolifaciens, resulting in the formation of a diphenylpropanols. 31,

32

In

contrast, C-ring opened products of theasinensins were not detected in samples incubated with
TSA, indicating that the C-rings in theasinensins are less prone to reductive cleavage than those
in EGCG and PCB2.
EC (M05) and its corresponding C-ring opened derivative (M08) appeared in the PCB2 samples
after 2 h of incubation (Figure S6.7, supplementary material). The detection of EC, which is the
building block of PCB2, indicated that the interflavanic bond of PCB2 was cleaved during the
fermentation. These results were in agreement with a previous study in which it was reported
that the microbial degradation of PCB2 might proceed through three routes: C-ring opening of
the upper unit, interflavanic bond cleavage, and C-ring cleavage plus A-ring fission of the lower
unit. 13 However, it was reported that only 10% of PCB2 was converted to EC by cleavage of the
interflavanic bond. 33 This was generally in line with the concentrations of M05 and M08 formed
in our fermentations (Table 6.1). Interestingly, no monomeric flavan-3-ols, such as EGCG, EGC,
EC, or their corresponding C-ring opened derivatives, were formed from TSA over the entire
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course of our fermentation. These results revealed that the interflavanic bond of theasinensins
was more recalcitrant to gut microbial degradation than that of PCB2.
Downstream metabolism of TSA, EGCG, and PCB2. As expected, following the C-ring opening,
A-ring fission of monomeric flavan-3-ols was observed. This resulted in the formation of a series
of phenyl-γ-valerolactones, phenylvaleric acids, phenyl propionic acids, and their hydroxylated
derivatives (Table 6.1). These results are in agreement with previous reports on these
degradation processes. 10, 34 Only trace amounts of downstream metabolites of TSA were found,
for example, a total of 0.79 μmol/L of hydroxyphenylvaleric acids was detected at 48 h. A s
indicated before, 93% of TSA was converted to TSC (and TSE) via degalloylation by gut microbiota,
and no C-ring opening products or monomeric flavan-3-ols were observed. Thus, substantial
amounts of the core biphenyl-2,2′,3,3′,4,4′-hexaol moiety remained intact during the 48 h
incubation. It is therefore concluded that the downstream metabolism of TSA was negligible,
which was in contrast to extensive downstream metabolism of EGCG and PCB2. In order gain
further insight in the structural and molecular properties underlying these differences, a
computational analysis of TSA, TSC, and PCB2 was performed.

6

6.3.4. Quantum chemical calculations of TSA, TSC and PCB2
In PCB2, the upstream metabolism of cleavage in C-ring O1-C2 bond and interflavanic C-C bond
led to further downstream metabolism to form (hydroxylated) phenylcarboxylic acids via
subsequent A-ring fission, aliphatic chain shortening, and dehydroxylation. On the other hand,
no such C-ring opened or interflavanic C-C bond cleaved metabolites were detected in the
fermentation of TSA. Thus, we conclude that the C-ring O1-C2 bond and interflavanic C-C bond
in TSA are more recalcitrant than those bonds in PCB2. To gain more insight in these differences
in recalcitrance to microbial metabolism, a computational chemistry study was used to obtain
more in-depth information on the differences in the chemical structures of PCB2 and TSA. In
order to exclude the potential influence of the galloyl groups of TSA, its non -galloylated
equivalent, TSC, has also been computed for comparison. The structures of TSA, TSC, and PCB2
were first optimized and characterized using a DFT method at B3LYP/6-311G(d,p) level of theory
in aqueous phase. The optimized geometries of the three compounds are shown in Figure 6.4.
The molecular van der Waals surfaces with 0.001 au electron density are also depicted to
visualize their difference in stereo-configuration. As demonstrated in Figure 6.4, apart from the
two galloyl groups in TSA, the two theasinensin compounds are present in comparable
conformations, especially with regards to the interflavanic C-C bond length of 1.499 Å. The two
monomeric catechin subunits in TSA and TSC form a near vertical cross, with dihedral angles
(C5′-C6′-C6′′-C5′′) of –85.89° and –87.81°, respectively. Their C-ring O1-C2 bonds are located in
the “interior” of the molecules, facing each other closely. Such spatial arrangement of the
catechin subunits may make C-ring O1-C2 bonds less accessible, due to steric hindrance by the
other catechin subunit. Unlike theasinensins, the two monomeric catechin subunits in PCB2
molecule are linked with a dihedral angle (C3-C4-C8′-C7′) of 83.45° and a C-C bond distance of
1.530 Å. This interflavanic C-C bond length is 0.031 Å longer than those of TSA and TSC.
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Additionally, the shorter interflavanic C-C bond length also makes the theasinensins more
compact. The two B rings in PCB2 are pointing in different directions, with a distance of 9.827 Å,
whereas the distances of the two A rings in TSA and TSC are 7.002 a nd 7.927 Å, respectively.
Thus, the molecular structure of PCB2 is more extended and open than that of theasinensins.
This more extended conformation makes the two C-ring O1-C2 bonds less sterically hindered,
especially in the upper unit. Regarding the O1-C2 bond lengths, all three molecules show
comparable values (1.440–1.454 Å).
As the bond length of interflavanic C-C bonds of TSA and TSC is noticeably shorter than that of
PCB2, it was implicated that the strength of these bonds in TSA and TSC are stronge r than that
in PCB2. In order to validate this, bond dissociation enthalpy (BDE) values of these bonds in the
three phenolic compound were computed. The total molecular enthalpies of the three optimized
compounds and four optimized corresponding radicals (Figure S6.8, supplementary material)
were calculated at the same theory level as was used for structure optimization. Using equations
(1)-(3), it was found that the BDE values of interflavanic C-C bonds in the TSA, TSC and PCB2 were
452.86, 466.65, 332.03 kJ/mol, respectively. PCB2 had the lowest BDE value for the interflavanic
C-C bond, which was lower by 120.83 kJ/mol (–36.4%) and 134.63 kJ/mol (–40.6%) than those of
TSA and TSC, respectively. A lower BDE value is an indication of lower enthalpy change up on
homolytic C-C bond cleavage, in other words, it indicates lower bond strength.

Figure 6.4. Optimized geometries of TSA (A), TSC (B), and PCB2 (C) and their van der Waals surface (electron density
= 0.001 au). The balls in cyan, red, and white represent carbon, oxygen and hydrogen atoms, respectively. The
blue circles represent the interflavanic bonds, where bond lengths are labelled. The yellow circles represent the
C-ring O1-C2 bond. The black arrows indicate the distances between the two A rings (TSA and TSC) or B rings (PCB2).
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Overall, through the quantum chemical calculations of TSA, TSC, and PCB2, it was found that the
interflavanic C-C bonds in TSA and TSC were shorter than that of PCB2. Additionally, this C-C
bond strength of the theasinensins, as estimated by BDE, was stronger than that of PCB2.
Regarding the C-ring O1-C2 bond in each flavan-3-ol subunit, they presented comparable bond
length. Therefore, we argue that the observed different sensitivity to cleavage of this bond
between the theasinensins and PCB2 could be explained by their stereo-configuration rather
than the O1-C2 bond strength. Based on the optimized configurations calculated by DFT and the
overall more compact structure of theasinensins compared to PCB2, we suggest that the C-ring
O1-C2 bond in theasinensins is more sterically hindered and may therefore not be accessible to
bacterial enzymes. In general, the computational analyses support the experimentally observed
differences in the metabolic fates of TSA and PCB2 during gut microbial fermentation.

6.4. Conclusions
In this study, we investigated the degradation of TSA by human gut microbiota, and compared
its metabolic fate to EGCG and PCB2. The results indicated that degalloylation occurred rea dily
upon fermentation of TSA, yielding TSC as its main metabolite. In contrast, both EGCG and PCB2
went through more extensive degradation by human gut microbiota to form a series of
hydroxylated phenylcarboxylic acids as their main metabolites. The exper imentally observed
differences in the metabolism of these flavan-3-ols could be explained by the shorter bond
length and stronger bond strength of the interflavanic bond in theasinensins, as determined
computationally. In addition, the more compact stereo-configuration of theasinensins suggested
that steric hindrance may limit degradation of their C-ring by bacterial enzymes during gut
microbial fermentation. Our experimental results and the additional structural information
obtained from computational analyses shed light on the recalcitrance of theasinensins to
degradation by human gut microbiota. It is also noted that a follow-up in vivo study is necessary
to corroborate the recalcitrance of theasinensins throughout the gastrointestinal tract. Overall,
these insights will be of importance for elucidation of the potential health benefits of
theasinensins, and other black tea phenolics which possess a biphenyl moiety .
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6.6. Supplementary material
Table S6.1. Theasinensin A (TSA) and Theaflavin-3,3′-digallate (TFDG) Contents in 15 Black Tea Samples
and 6 Oolong Tea Samples.
Black tea
No.

Name & source

Oolong tea
TSA
(mg/g) a
6.30

TFDG
(mg/g) b
2.56

No.

1

Jinjunmei, Fujian, China

2

7.07

3.08

2

3

Lapsang souchong, Fujian,
China
Dianhong, Yunnan, China

6.49

1.53

3

4

Qimen, Anhui, China

2.20

0.52

4

5

Black tea, Guangxi, China

2.38

0.68

5

6.78

3.03

6

c

c

6

Black tea, Fujian, China

7

Zhenda, Fujian, China

1.05

0.95

8

Fuyun, Fujian, China

2.79

0.97

9

Wuyi, Fujian, China

1.30

2.20

10

Minbei, Fujian, China

1.21

1.17

11

Black tea, Kenya c

1.66

1.84

1.59

1.98

6.64

3.03

5.44

3.55

2.72

1.54

3.71

1.91

12

Black tea, Indonesia

13

Black tea, Sri Lanka

14

Black tea, India

15

Lipton black tea,
Wageningen, The
Netherlands

c

c

c

Average
a

1

Name & source
Tieguanyin ,
Fujian, China
Baijiguan , Fujian,
China
Bantianyao ,
Fujian, China
Shuijinggui ,
Fujian, China
Rougui , Fujian,
China
Tieluohan , Fujian,
China
Average

TSA
(mg/g) a
0.71

TFDG
(mg/g) b
0.27

2.20

0.90

1.91

0.44

2.24

0.79

3.41

0.65

3.03

1.17

2.25

0.70

TSA content was expressed as mg per g dry weight of tea leaves, quantified using an external calibration curve of
the purified TSA.
b TFDG content was expressed as mg per g dry weight of tea leaves, quantified using an external calibration curve
of the TFDG standard.
c
Brand names are unkown.

144

Recalcitrance of TSA to microbial degradation

6

Figure S6.1. High resolution HCD fragmentation spectrum (NCE=35) of purified TSA in negative (A) and positive (B)
ionization mode obtained from UHPLC-Q-Orbitrap-MS. The characteristic peaks are labelled with their
corresponding fragmentation pathways (C).
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Figure S6.2. NMR analysis of TSA in acetone-d6 was performed on a Bruker Avance III 600 MHz spectrometer
equipped with a cryogenic probe (Bruker BioSpin, Rheinstetten, Germany). Recorded 1D 1H and 13C, and 2D HSQC
(red) and HMBC (blue) spectra (A), chemical structure of TSA (B), and NMR spectroscopic data for TSA (δ in ppm)
(C).
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Concentration (μmol/L)
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Fermentation time (h)
Figure S6.3. Changes in the concentrations of TSA, EGCG, and PCB2 during the fermentation. Error bars show
standard deviation of three biological replicates.
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Table S6.2. Mass spectrometric data of metabolites of TSA, EGCG, and PCB2 tentatively identified by
UHPLC-Q-Orbitrap-MS.
id

Tentative identification

[M–H]−
(m/z)

M01

Theasinensin B

761.13617

M02

Theasinensin C

609.12500

M03

Theasinensin E

609.12506

M04

Epigallocatechin

305.06680

M05

Epicatechin

289.07181

M06

459.09369

M12

1-(3′,4′,5′-Trihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)-propan-2-yl gallate
1-(3′,4′,5′-Trihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)-propan-2-ol
1-(3′,4′-Dihydroxyphenyl)-3-(2′′,4′′,6′′trihydroxyphenyl)-propan-2-ol
2-(3-(3,4-Dihydroxyphenyl)-2-hydroxy-1-(2,4,6trihydroxyphenyl)propyl)-4-(3-(3,4-dihydroxyphenyl)2-hydroxypropyl)benzene-1,3,5-triol
2-(3,4-Dihydroxyphenyl)-8-(3-(3,4-dihydroxyphenyl)-2hydroxy-1-(2,4,6-trihydroxyphenyl)propyl)chromane3,5,7-triol
2-(3-(3,4-dihydroxyphenyl)-2-hydroxy-1-(2,4,6trihydroxyphenyl)propyl)-4-(2-hydroxy-3-(3hydroxyphenyl)propyl)benzene-1,3,5-triol
5-(3′,4′,5′-Trihydroxyphenyl)-γ-valerolactone

M13

M07
M08
M09

291.08762

591.11475; 609.12634; 453.08325;
169.01302; 327.05096; 339.05133
471.09274; 167.03378; 303.05090;
453.08359; 333.06113
471.09274; 167.03378; 303.05090;
453.08359; 333.06113
125.02302; 137.02312; 146.95995;
167.03407; 219.06551
109.02795; 123.04369; 125.02293;
151.03882; 97.02792
267.09863; 129.10191; 169.01317;
223.10832; 307.08218
139.03874; 214.92589; 151.03882;
167.03387; 125.02300
123.04369; 135.04385; 167.03362

581.16687

291.08759; 125.02300; 167.03386;
333.09814; 455.13519

579.15143

291.08759; 409.09299; 125.02302

563.15564

n.d.

223.06055

91.05374; 171.78961;133.06442;122.70895

5-(3′,4′-Dihydroxyphenyl)-γ-valerolactone

207.06607

M14

5-(4′-Hydroxyphenyl)-γ-valerolactone

191.07103

75.00163; 87.92365; 103.91849; 118.99162;
147.04387
n.d.

M15

4-Hydroxy-5-(3′,4′,5′-trihydroxyphenyl)-valeric acid

241.07146

M16

4-Hydroxy-5-(3′,4′-dihydroxyphenyl)-valeric acid

225.07631

124.02633; 111.01853; 169.09735;
129.10194; 153.10263
123.04369; 163.07510; 135.04396

M17

5-(3′,4′,5′-Trihydroxyphenyl)-valeric acid

225.07632

81.03294; 123.04369; 101.02281

M18

5-(3′,5′-Dihydroxyphenyl)-valeric acid

209.08165

n.d.

M19

5-(3′,4′-Dihydroxyphenyl)-valeric acid

209.08164

M20

5-(4′-Hydroxyphenyl)-valeric acid

193.08691

M21

3-(3′,5′-Dihydroxyphenyl)-propionic acid

181.05032

123.08006; 81.03296; 107.04872; 91.05378;
149.05963
121.02799; 90.92209; 175.07524; 147.08031;
106.04085
92.99213; 136.98221; 123.03127

M22

3-(3′,4′-Dihydroxyphenyl)-propionic acid

181.05040

92.99213; 136.98221; 123.03127

M23

3-(3′-Hydroxyphenyl)-propionic acid

165.05543

119.04870; 121.02797; 106.04082; 92.02517

M24

Gallic acid

169.01403

69.03293; 125.02317; 97.02796; 79.01718

M25

4-Hydroxybenzoic acid

137.02398

93.03298; 65.03806; 125.88489

M26

Pyrogallol

125.02412

69.03297; 67.01733; 124.01511; 97.02785;
79.01739

M10

M11

a

307.08252

MS2 a

MS2 data are sorted in order of relative intensity; n.d., not detected.
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Figure S6.4. Extracted ion chromatograms of TSC (m/z 609.12500) and TSE (m/z 609.12506) in negative ion mode
UHPLC-Q-Orbitrap-MS of TSA fermentation samples at fermentation times of 48 and 72 h.

Figure S6.5. Extracted ion chromatograms of M04 (m/z 305.06680), M06 (m/z 459.09369), and M07 (m/z
307.08252) in negative ion mode UHPLC-Q-Orbitrap-MS of EGCG fermentation samples at fermentation times 0,
2, and 6 h.
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Figure S6.6. Extracted ion chromatograms of M09 (m/z 581.16669), M10 (m/z 579.15106), and M11 (m/z
563.15613) in negative ion mode UHPLC-Q-Orbitrap-MS of PCB2 fermentation samples at fermentation times 0,
6, 12, and 24 h. Note that for M10 and M11 just one possible positional isomer, with regards to C-ring opening
and dehydroxylation, respectively, is shown.

Figure S6.7. Extracted ion chromatograms of PCB2 (m/z 577.13562), M05 (m/z 289.07181), and M08 (m/z
291.08762) in negative ion mode UHPLC-Q-Orbitrap-MS of PCB2 fermentation samples at fermentation times 0,
2, and 6 h.

150

Recalcitrance of TSA to microbial degradation

6
Figure S6.8. Optimized geometries of the interflavanic bond homolytically fissioned radicals of TSA (A), TSC (B),
and PCB2 (C, upper unit; D, lower unit). The radical atoms are indicated with arrows.
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7.1. Green biorefinery of old tea leaf biomass
In Chapter 2, we demonstrated that fresh old tea leaves (OTL) were a potential renewable source
of tea phenolics. In Chapter 3, pulsed electric field (PEF) was proposed as a pre-treatment to
replace the conventional thermal dehydration procedure for the fresh tea leaves prior to organic
solvent extraction. We demonstrated that PEF pre-treatment was effective for cell disruption,
even with short treatment time (10 min) and low temperature elevation (1.5 °C). Moreover,
different from technologies that evaporate moisture, the brief electric pulses applied only form
nanoscale pores in the membranes of leaf cells, and remarkably less energy is required for PEF
than for drying. The energy consumption for PEF in this study was 22 kJ/kg, whereas this value
for conventional drying was estimated around 81 MJ/kg.1 Thus, PEF is considered to be a time
and energy efficient technique, which makes it promising for application in green biorefinery of
OTL biomass. In spite of these compelling advantages, large scale application of PEF is held back
by the required capital investments, and safety issues due to the application of high voltage.
Nevertheless, PEF has already been applied in industrial scale processing of potato as a pretreatment for easier cutting, in juices as a treatment to increase shelf life, and for the treatment
of sludge from waste water prior to aerobic–anaerobic biodegradation. Such applications
demonstrate the feasibility of PEF pre-treatment, and its future implementation for extraction
of tea phenolics. Besides this, it should be noted that the conventional organic solvent extraction,
as used in Chapter 3, is a simple, well established, widely used, and efficient extraction technique.
However, it poses hazards for environmental pollution and operator’s health, and it is relatively
expensive.2 Hence, PEF pre-treatment should preferably be followed up with more eco-friendly
and cost-efficient extraction techniques, for example, supercritical fluid extraction with carbon
dioxide that does not create unwanted side-streams. 3 At present, due to the high capital
investments required, there is still a long way ahead for the cost-efficient industrial application
of supercritical fluid extraction.
In this thesis we mainly focussed on recovery of phenolics from OTL, however, this agricultural
waste stream also contains, amongst others, 20–30% of proteins, 30–40% of carbohydrate, and
6-10% of lignin. 4, 5 As indicated above, only nanoscale pores are formed in the tea cells after
brief PEF pre-treatment, facilitating the selective release of small molecules. Mac romolecules
like proteins, and cell wall materials (e.g. pectin and cellulose), remain after organic solvent
extraction. These remaining components can be further valorised. Currently, several strategies
have been proposed to obtain the protein, pectin, and lignocellulose from leafy biomass. 6-9 A
brief scheme of an integrated green biorefinery is proposed in Figure 7.1. Here, step-wise
extraction with increasing concentrations of alkali is used to disentangle the cell wall, releasing
mainly pectin and protein at first and at the end also lignocellulose, which can be further
hydrolysed or/and fermented for the production of biofuels. 7 The integrated extraction of tea
phenolics, protein, carbohydrate and other valuable resources within a green biorefinery
framework will encourage valorisation of tea leaf biomass and contribute to the development of
sustainable agricultural systems.
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Figure 7.1. Schematic diagram of the integrated biorefinery of OTL biomass. Concept and values are based on
Zhang et al.7 HG, homogalacturonan; RG-I, rhamnogalacturonan I; RG-II, rhamnogalacturonan II. The percentage
values indicate the extracted proportion of a certain component in tea leaves.

7.2. Experimental set-up for the study on the reciprocal interactions
between tea phenolics and human gut microbiota
In Chapter 4–6, we aimed to elucidate the microbial metabolism of different types of tea
phenolics, and their gut microbiota modulatory effects, by using an in vitro gut fermentation
model. Here, we reflect on our experimental set-up, including the fermentation model and
sources of bacteria.

7.2.1. How well do in vitro gut fermentation models represent the in vivo situation?
Due to extensive regulation of in vivo studies and human intervention studies, in vitro gut
fermentation models have been established as alternatives to mimic human digestion of foods
and the metabolic fate of food constituents. These gut fermentation models mainly include two
categories: (i) batch static fermentation models, and (ii) continuous dynamic fermentation
models. These two categories of in vitro models have different scopes of application. Batch static
fermentation models are the simplest and most frequently used models for the studies on gut
microbial metabolism of a wide variety of compounds.10 These models are characterized by a
closed anaerobic environment and simulation time similar to colonic transit time, typically 2472 h. 11 For more long-term studies on prolonged or repeated exposure to specific diets or food
constituents, continuous dynamic fermentation models are the preferred platform, because they
enable up to several weeks of fermentation.11 Examples of such models include simulation of the
human intestinal microbial ecosystem (SHIME) 12, TNO intestinal models (TIMs) 13, and
Polyfermentor intestinal model (PolyFermS) 14. Table 7.1 lists the advantages and limitations of
batch static fermentation models and continuous dynamic fermentation models.
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Table 7.1. Advantages and limitations of in vitro gut fermentation models. a

Batch static
fermentation
models

Continuous
dynamic
fermentation
models

a

Advantages
 Fast, cheap, easy to operate
 Requires only small quantities of
compounds of interest
 High-throughput and automatable

 Simulates different colon regions
 Simulation time up to several
weeks
 Maintains microbiota stability
over a long timeframe
 Simulates dialysis and peristalsis

Limitations
 Nutrients depletion
 Lack of dialysis, metabolite
accumulation
 Lack of peristalsis
 Limited range of culturable
bacteria
 Absence of host cells
 Requires large quantities of
compounds of interest
 Limited range of culturable
bacteria
 Absence of host cells

Adapted from Pham et al.10, Payne et al. 11, Nissen et al.15, and von Martels et al16.

In this thesis, small scale batch static fermentation for 48-72 h was selected due to the
limited amount of the available pure tea phenolic compounds, and because our primary
goal was to unveil their metabolic fate upon human gut microbiota fermentation. Our
results indicated that green tea phenolics were degraded at a relatively fast rate, i.e.
degradation of catechins started at the initial phase of fermentation and was
completed after 12 h. It was reported that the average colonic transit time of food
components in healthy human beings was approximately 40-48 h.17 Therefore, our
results regarding the metabolic fate of tea phenolics are considered to be of practical
relevance. Some black tea phenolics on the other hand, for example theasinensins,
demonstrated recalcitrance upon gut microbiota fermentation even up to 72 h. It may
be interesting to further investigate whether theasinensins could be degraded in other
regions of the gastrointestinal tract. To simulate this, continuous dynamic fermentation
models are required, where various subsequent intestinal regions can be included.12 It
is also possible that the degradation of theasinensins requires some host specific
enzymes and bacteria. To explore such enzymes or bacteria, large scale faecal sample
collection from a variety of volunteers, and individual incubation experiments are
necessary.
It was also found in Chapters 4 and 5 that the bacterial composition changed over time
in background fermentation without the addition of tea phenolics (Figure 4.6 and 5.5),
whereas in the human gut, most bacterial strains are remarkably stable for years. 18 In
in vitro fermentation models, it is almost impossible to exactly reflect the trillions of
human colonic microbes, which are comprising of more than 1,000 'species-level'
phylotypes.19 Even the maintenance of the stability of a successfully cultured bacterial
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community is challenging. In addition, in the model used throughout this thesis, the
roles of human epithelial cells and immune cells have not been taken into account.
These roles include the continuous absorption of the metabolites by human epithelial
cells, 20 which may change the extent of metabolism of tea phenolics, and maintenance
of the homeostasis of the gut microbial community by human immune cells. 21
Additionally, both catechins and their microbial metabolites are known to be able to
act as immunomodulators. 22, 23 Thus the complex interactions between tea phenolics,
gut microbiota, and host epithelial and immune cells that co-exist in the human
intestinal lumen are not taken into account in our experimental setup. Hence, a more
sophisticated experimental set-up, or even in vivo studies, are required to
comprehensively understand the metabolic fate of tea phenolics, their gut microbiota
modulatory effects, and their potential effect on intestinal immune cells. Nevertheless,
the batch static in vitro gut fermentation model still has value for gaining a first insight
in the reciprocal interaction between the investigated compounds and the successfully
cultured gut microbiota.
7.2.2. Inter-individual variation in metabolism of tea phenolics
It has been widely recognized that there is significant inter-individual variation in gut microbiota
composition and function among different individuals. 24 In this thesis, in order to minimize this
inter-individual variation, faecal materials from four healthy adult volunteers were pooled for
the fermentation studies reported in Chapter 4–6. It would be interesting to further explore
whether there is inter-individual variation in degradation of tea phenolics and formation of host
specific metabolites. To preliminarily assess this variability, an additional experiment with six
healthy adult volunteers (3 females and 3 males, 23 to 38 years) was conducted. Based on the
daily tea consumption reported by the volunteers, they were divided into three groups: low tea
drinkers (daily tea consumption <100 mL), medium tea drinkers (daily tea consumption 100-2000
mL), and high tea drinkers (daily tea consumption >2000 mL). Each group included two
volunteers, one female and one male. Faecal materials from the six volunteers were collected
and used for the fermentation of epigallocatechin gallate (EGCG) under the same fermentation
conditions reported in Chapter 4–6. The degradation of EGCG and the formation of metabolites
were monitored by UHPLC-Q-Orbitrap-MS. It was found that EGCG was promptly degraded in all
experimental groups (Figure 7.2A). Moreover, the degalloylation and C-ring opened product, 1(3′,4′,5’-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)propanol, was also detected in all
groups (Figure 7.2B). This suggested the degalloylation and C-ring opening might be the common
abilities of gut microbiota. Among the detected metabolites, 5-(3′,4′-dihydroxyphenyl)-γvalerolactone and 5-(3′,4′,5′-trihydroxyphenyl)valeric acid were the most abundant ones. Their
quantitative changes over the fermentation time were shown in Figure 7.2C and D. Variation in
the quantities and the formation time of these two metabolites seemed noticeable among the
six volunteers, but no clear pattern associated with the daily tea consumption was shown. It was
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also interesting that one downstream metabolite, 2-(4-hydroxyphenyl)-acetic acid, was only
formed in the fermentation with the faecal materials from two of the six volunteers (low tea
drinker 1 and high tea drinker 2) at 48 h (Figure 7.2E). It is therefore hypothesized that specific
metabolites may be accumulated by some of the tea consumers. And thus, individuals may be
categorized into microbial metabolism types, for example, based on whether or not they
accumulate 2-(4-hydroxyphenyl)-acetic acid.

Figure 7.2. Changes in the peak area of EGCG (A), 1-(3′,4′,5’-dihydroxyphenyl)-3-(2′′,4′′,6′′-trihydroxyphenyl)
propanol (B), 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (C), 5-(3′,4′,5′-trihydroxyphenyl)valeric acid (D) and 2-(4hydroxyphenyl)-acetic acid (E) throughout the fermentation of EGCG by faecal microbiota from six healthy
volunteers with varying daily tea consumption habits.

The variability in the formation of metabolites can be attributed to the highly variable
composition and function of human gut microbiota communities between individuals. The
variability in gut microbiota can be further associated with genetic, environmental, and habitual
dietary factors. 25, 26 Pharmaceutical studies have demonstrated that, for some drugs, individuals
can be categorized into poor, intermediate, or extensive absorbers or metabolizers, and dosing
has to be adapted clinically. 27 Therefore, the inter-individual variation is not only expected in
158

General discussion
the microbial metabolism of tea phenolics, but also in the absorption, distribution, and biological
activities of tea phenolics and their microbial metabolites. These inter-individual differences
should be taken into account in future studies on the health benefits of tea and other phenolicrich food products. To this end, distinguishing the different microbial metabolism types between
individuals could be an advisable start.

7.3. Microbial metabolic fates of tea phenolics
This thesis elucidates the microbial metabolic fates of tea phenolics, including EGCG, which is
the representative compound of green tea catechins (GTCs), and theaflavin-3,3′-digallate (TFDG)
and theasinensin A (TSA), which respectively contain the benzotropolone and biphenyl core
structures characteristic for black tea phenolics (BTPs). The results obtained with these
individual pure compounds, and an additional fermentation experiment with crude aqueous
extracts of green tea and black tea were combined, and integrally discussed in this section.

7.3.1. Microbial degradation of BTPs is slower than that of GTCs
Flavan-3-ol monomers, such as epicatechin (EC), epigallocatechin (EGC), epicatechin gallate
(ECG), and EGCG, were promptly degraded by gut microbiota from the initial stage of
fermentation. In comparison, the dimeric BTPs, including TFDG and TSA, were degraded in a
much slower manner. Specifically, EGCG was completely degraded after 12 h of fermentation,
whereas after the same fermentation time only 68% of TFDG (Chapter 5) and 83% of TSA
(Chapter 6) were degraded. Rapid degradation of flavan-3-ol monomers by human gut
microbiota was also observed in other study, 28 whereas the relatively slower degradation of
flavan-3-ol dimers was first reported in this thesis.
As multicomponent mixtures, green tea and black tea beverages contain a wide range of
phenolic compounds, such as flavan-3-ols, flavonols, and phenolic acids. To assess whether
crude aqueous extracts of green tea and black tea will be degraded following the same pat tern
observed in model compound fermentations, an additional experiment was performed. Five
commercial green teas and five commercial black teas were used to represent each type of tea.
After decaffeination, water extraction, and total phenolic content sta ndardization (diluted to
160-180 μg/mL with Milli-Q water), the crude extracts of green and black teas were used for the
in vitro anaerobic fermentation by human gut microbiota, under the same fermentation
conditions reported in Chapter 4–6. In accordance with those chapters, the GTCs (EC, EGC, ECG
and EGCG), in both green and black teas were degraded promptly, as shown in Figure 7.3A. BPTs
such as theaflavins, including theaflavin (TF), theaflavin-3-gallate (TF3G), theaflavin-3′-gallate
(TF3′G), and TFDG, in black tea were degraded much more slowly than GTCs (Figure 7.3B). Note
that, the increase in TF was due to the degalloylation of TF3G, TF3’G, and TFDG. Unfortunately,
in the current experimental setup, theasinensins and other BTPs were not detected due to their
low absolute abundance.
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Figure 7.3. Changes in abundance of catechins in green and black tea extracts (A) and theaflavins in black tea
extract (B) during the fermentation with human gut microbiota.

In addition to flavan-3-ols, flavonols and phenolic acids were also detected in green tea and black
tea samples. During the fermentation with human gut microbiota, the predominant flavonols
(i.e.

kaempferol-hexosyl-hexosyl-deoxyhexoside,

quercetin-rutinoside,

and

kaempferol-

hexoside), and major phenolic acids (i.e. coumaroylquinic acids and chlorogenic acids) were
degraded promptly within a similar time span as GTCs (data not shown). The fast degradation of
monomeric flavonols and phenolic acids was mainly due to rapid cleavage of the glycosidic bonds
in quercetin and kaempferol glycosides, and ester bonds in coumaroylquinic and chlorogenic
acids. It was also interesting to find that ellagic acid, a dimeric derivative of gallic acid, was
degraded more slowly than catechins and monomeric flavonols and phenolic acids, only 40% was
degraded after 12 h of fermentation (Figure 7.4).

Figure 7.4. Extracted ion chromatograms of ellagic acid (m/z 300.99911) in negative ion mode UHPLC-Q-OrbitrapMS at different fermentation times.
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Based on these observations and those for fermentation of pure tea phenolics (Chapters 4-6), it
was concluded that monomeric phenolics, including GTCs, flavonol glycosides and simple
phenolic acids, were more quickly degraded by human gut microbiota than dimeric phenolics,
such as theaflavins, theasinensins, and ellagic acid. Therefore, after ingestion, phenolic
compounds in green tea will only remain intact for a short period of time (few hours) upon
entering the colon, whereas the survival time of the dimeric, oligomeric or polymeric phenolics
in black tea will be longer.

7.3.2. Microbial degradation of BTPs yields lower amount of (hydroxylated)
phenylcarboxylic acids than those from GTCs
Microbial degradation of GTCs and BTPs resulted in distinctively different metabolite profiles
(Chapters 4-6). The main metabolites of GTCs were a series of (hydroxylated) phenylcarboxylic
acids, whereas TFDG yielded theaflavin degalloylation products (including TF, TF monogallates,
and gallic acid), and theanaphthoquinone (TNQ). Similar to TFDG, TSA was subject to
degalloylation but the theasinensin (TS) core structure was even more recalcitrant to
degradation. However, once the benzotropolone (TF-type) or biphenyl (TS-type) core structures
are degraded, BTPs will also be converted to a series of (hydroxylated) phenylcarboxylic acids as
the final metabolites, following similar degradation pathways as catechins.
As expected based on the aforementioned, the fermentation of green tea and black tea extracts
resulted in a series of (hydroxylated) phenylcarboxylic acids as their metabolites (Figure 7.5).
These metabolites mainly included hydroxyphenylvaleric acids (with 5 carbon aliphatic side chain,
i.e.

N=5),

hydroxyphenylbutyric

acids

(N=4),

hydroxyphenylpropionic

acids

(N=3),

(hydroxy)phenylacetic acids (N=2), hydroxyl-benzoic acids (N=1), and pyrogallol (N=0). Among
these metabolites, hydroxyphenyl-valeric acids were the predominant ones, which was in line
with our findings from EGCG model system fermentations described in Chapter 4–6 and with the
general consensus in literature. 20, 29 The high abundance of hydroxyphenylvaleric acids indicated
that the reactions of side chain shortening were relatively minor degradation steps in the
microbial metabolism of tea phenolics. It is also noteworthy that the relatively high abundance
of hydroxyphenylpropionic acids may be due to their formation upon C-ring fission of quercetin
and kaempferol, 30, 31 or via reduction of the unsaturated bond in the carboxylic acid side chain
in p-coumaric and caffeic acids. 32 It is expected that the relatively high abundance of pyrogallol
originated mainly from decarboxylation of gallic acids released upon degall oylation.
When comparing the abundance of the (hydroxylated) phenylcarboxylic acids with different side
chain lengths, differences between green and black teas were found (Figure 7.5). Fermentation
of green tea extracts resulted in a remarkably higher total amount of (hydroxylated)
phenylcarboxylic acids, in particular, the hydroxyphenyl-valeric acids (N=5) stood out in this
respect. This is in line with the conclusion of the previous section (7.3.1), lower degradation rate
of BTPs resulted in lower amounts of downstream metabolites.
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Based on the combined results of the fermentation of pure compounds and crude aqueous
extracts of green and black tea, we concluded that phenolic compounds in black tea presented
lower fermentability than phenolics in green tea.

Figure 7.5. Metabolites of phenolic compounds in green tea (green bars) and black tea (brown bars) at
fermentation time of 24 h (A) and 48 (h). N: aliphatic side chain length.

7.3.3. Steric hindrance may decrease the fermentability of dimeric flavan-3-ols
In Chapter 6, we explored the underlying mechanism of the low fermentability of theasinensins
by using in silico computational analyses. We hypothesized that the recalcitrance of
theasinensins upon microbial degradation could be explained by their compact str ucture, which
led to steric hindrance, and by the shorter bond length and stronger bond strength of the
interflavanic bond (Figure 6.4). Regarding theaflavins, it is not clear yet why they are less prone
to degradation by human gut microbiota than flavan-3-ols monomers. Therefore, we conducted
an additional computational study on TF and EGC to explore the possible mechanism. Note that,
due to the similarity of the C-ring between EGC and EC, only EGC was analysed here.
Geometrical optimization and frequency analysis of TF and EGC were computed using Gaussian
09 software package at the DFT//B3LYP/6-311G(d,p) theoretical level, combined with conductorlike polarizable continuum model (CPCM) for water at 298.15 K. The chemical structures and the
optimized geometries of EGC and TF are shown in Figure 7.6. It has been widely recognized that
the microbial degradation of non-galloylated flavan-3-ols commonly starts from the cleavage of
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O1-C2 bond in the C-ring. 20, 33, 34 Therefore, we focused on the comparison of this bond in both
phenolic compounds. As shown in Figure 7.6, the bond angles of O1-C2-C1′ and O1″-C2″-C9′ of
TF are smaller than those of EGC (107.60 ° / 108.59 ° vs 112.11 °). Additionally, the distances
between O1 and C2′, and O1″ and C10′ in TF are shorter than those in EGC (2.649 Å / 2.741 Å vs
2.825 Å). Both of these measures indicate that the O1-C2 bonds in TF are more likely to be
sterically hindered. Moreover, the spatial arrangement of the two C-rings in TF may shield the
O1″-C2″ bond and make it less accessible to microbial enzymes. Based on these simulations, we
propose that TF is more recalcitrant due to the steric hindrance and shielding of one of its O1C2 bonds, which may explain the lower fermentability of theaflavins upon i ncubation with
human gut microbiota.

7

Figure 7.6. Chemical structures and optimized geometries of epigallocatechin (top) and theaflavin (bottom).

For theasinensins, we found that both of the O1-C2 bonds may be shielded (Figure 6.4).
Therefore, we hypothesize that degradation of theasinensins is even more sterically hindered
than that of TF. This is also in accordance with our experimental findings that TSA was more
recalcitrant and yields fewer downstream metabolites than TFDG. Thus, it is hypothesized that
accessibility of the O1-C2 bond is a crucial factor in determining the fermentability of flavan-3ols. To test this hypothesis, the mechanism underlying the C-ring opening should be further
investigated to assess the role of steric hindrance in the stability of the O1-C2 bond to microbial
degradation.
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7.4. Monomeric and dimeric flavan-3-ols as novel prebiotics: from in vitro to
application
According to

the earliest definition and classification of prebiotics, plant-derived

oligosaccharides, such as fructooligosaccharides (FOS) and galactooligosaccharides (GOS), are
the main sources of prebiotics.35 In December 2016, the International Scientific Association for
Probiotics and Prebiotics (ISAPP) updated the definition of prebiotic, which now reads: a
substrate that is selectively utilized by host microorganisms conferring a health benefit .36 Notably,
this definition expands the scope of prebiotics to include non-carbohydrate substances,
including polyunsaturated fatty acids and phenolics.36 In Chapter 4 and 5, we demonstrated the
reciprocal interaction of monomeric and dimeric flavan-3-ols with human gut microbiota. Our
findings implicated that these compounds, through their positive effect on gut microbiota
composition, may confer health benefits to the host. This led us to conclude that tea phenolics
may potentially be suitable as prebiotics. In this section, the prebiotic effects of tea phenolics
and conventional oligosaccharide prebiotics are briefly discussed. In addition, the comparison of
the prebiotic effects of monomeric and dimeric flavan-3-ols, and their further application, are
shortly discussed.

7.4.1. Tea phenolics possess prebiotic effects comparable with conventional prebiotics
The first argument to support the notion that tea phenolics are prebiotics is their selective
stimulation of some beneficial bacteria and the inhibition of some harmful bacteria as discussed
in Chapter 4 and 5. For example, the supplementation 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. With regards to green and black tea extracts, their gut microbiota modulatory
effects have already been well-documented in in vitro and in vivo studies, as discussed in Chapter
1. Similarly, conventional non-digestible oligosaccharide prebiotics, like FOS and GOS, have long
been proven to selectively stimulate Lactobacillus and Bifidobacterium in human colon, leading
to their wide acceptance as prebiotics. 37 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 of the populations of Bifidobacterium breve and Bifidobacterium longum,
respectively. 38
As a second argument, the colonic degradation of tea phenolics by gut microbiota generates
bioactive metabolites. It has now 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 in this thesis. These phenolic acids can be more easily
absorbed than their precursors, as evidenced by recovery of their methylated, glucuronated and
sulphated metabolites in plasma after ingestion of tea and coffee. 39-41 For example, Stalmach et
al. identified a total of 17 conjugated phenolic acids in urine samples of volunteers after
ingestion of coffee, accounting for 29% of the ingested phenolic compounds. 42 Moreover, these
phenolic acids are able to convey various health benefits, including inhibition of: platelet
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aggregation, angiotensin-converting enzyme activity, oxidation of low-density lipoproteins and
erythrocytes, and oxidative stress-induced cytotoxicity. 20,

43, 44

Additionally, SCPAs were also

reported to be able to enhance vasodilation, anti-inflammatory potential, and colon fibroblasts
protection. 20,

43, 44

As a comparison, the fermentation of oligosaccharide prebiotics by gut

microbiota will generate a series of short chain fatty acids (SCFAs) as the end products, which
are easily absorbed. It has been widely recognized that SCFAs can modulate certain aspects of
metabolic activity, including colonocyte function, gut homeostasis, energy gain, the immune
system, blood lipids, appetite, and renal physiology.36
Overall, the health benefits conferred by the gut microbiota modulatory effect and formation of
health-promoting metabolites of tea phenolics is analogous to the prebiotic action of
conventional oligosaccharides prebiotics in many ways, which sustains the concept that tea
phenolics can function as prebiotics.

7.4.2. Health benefits derived from SCPAs and SCFAs: a comparison
When comparing the prebiotic effects of tea phenolics and conventional oligosaccharide
prebiotics, they show comparable gut microbiota modulatory effects. However, their main
metabolites belong to distinct chemical classes, namely SCPAs and SCFAs, which may possess
different health-promoting effects. In addition to the diverse health benefits of SCPAs and SCFAs
after absorption, as listed in 7.4.1, different biological functions in human intestinal lumen are
also expected. One notable, unique bioactivity of SCPAs is that, like their precursors, SCPAs
possess anti-oxidant activities. 45 For example, 3,4-dihydroxyphenylacetic acid and 3,4dihydroxyphenylpropionic acid were reported to possess DPPH and ABTS scavenging activities
similar to those of catechin and EC. 46 Such anti-oxidant activities have not been demonstrated
for SCFAs. This is particularly interesting because human intestinal epithelial cells and gut
microbiota can generate reactive oxygen metabolites and reactive nitrogen metabolites.47 These
oxidants can overwhelm the colon’s anti-oxidant defenses, and initiate an inflammatory
cascade. 47 The anti-oxidant potential of SCPAs and their precursors, together with other dietary
anti-oxidants, may contribute to maintaining oxidative balance in the colon by scavenging
hydroxyl, superoxide, peroxyl, and amino radicals in the intestinal lumen. For instance, it was
reported that 200 µM γ-tocopherol was able to completely inhibit the chromosomal instability
inflicted on hamster cells that were treated with Enterococcus faecalis.48 E. faecalis is an
intestinal commensal that produces extracellular superoxide and promotes chromosome
instability via macrophage-induced bystander effects. 49 However, to the best of our knowledge,
the significance of SCPAs in maintenance of colonic oxidative balance has not been
comprehensively assessed yet. On the other hand, due to their simpler chemical structure, SCFAs
may serve as a better energy source for the growth of gut microbiota than SCPAs.
Furthermore, the yields of SCPAs and SCFAs are also different. The most abundant SCPAs formed
from the supplementation of tea phenolics are phenylvaleric acids, with a catechin B-ring and a
5-carbon side chain. 20,

50

In contrast, the most abundant SCFAs formed are acetic acid and

propionic acid, which possess much simpler chemical structures. 51, 52 In this thesis, one mole of
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EGCG yielded approximately one mole of phenylvaleric acids after 48 h fermentation. For FOS,
it was reported that in an in vitro faecal batch culture model, the supplementation of 0.3% w/v
of FOS in BMIF medium for 48 h fermentation generated 25 mmol/L of total SCFAs (thus, o ne
mole of FOS was shown to yield approximately 7.6 mole of SCFAs; for the calculations an average
degree of polymerization of 5 was assumed).53 Thus, higher molar yields of SCFAs from
oligosaccharide fermentation are expected compared to SCPAs from tea phenolic fermentation,
assuming that equal molar amounts are supplemented. Nevertheless, this quantitative
comparison should be related to the potency of the metabolites to elicit certain bioactivities,
which could be diverse. At present it is not yet possible to draw an explicit conclusion on which
group of metabolites confers superior health benefits to consumers.

7.4.3. 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,
with regards to both formation of health beneficial microbial metabolites and the gut microbiota
modulation. In section 7.3, the difference in microbial metabolism between monomeric and
dimeric flavan-3-ols has been discussed. Regarding the gut microbiota composition modulatory
effects, as discussed in Chapter 4, in general, EGCG and TFDG had a similar modulatory effect on
the gut microbiota composition, when equal amounts of flavan-3-ol units were supplemented.
This is despite the fact that the metabolite profiles of EGCG and TFDG were shown to be
distinctively and significantly different. 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 gut microbiota composition. It is possible that the observed
changes in gut microbiota composition were induced by universal effects of 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 was not investigated in
this thesis. Follow-up studies on theasinensins should be performed to further elucidate the
mechanisms of microbiota modulation by tea phenolics.
As per the newly proposed definition of prebiotics, three criteria are required for a prebiotic: (i)
the ability to resist host digestion; (ii) they are fermented by intestinal microorganisms; and (iii)
they selectively stimulate the growth and/or activity of intestinal bacteria associated with health
and wellbeing. 36 As discussed in Chapter 1, both GTCs and BTPs are poorly absorbed or
metabolized in the small intestine (i). In Chapter 5, we demonstrated that EGCG and TFDG had
comparable gut microbiota modulatory effects (iii). However, with regards to (ii), i.e.
fermentability, we observed higher degradation rates and metabolite yields from monomeric
flavan-3-ols compared to dimeric flavan-3-ols in our pure flavan-3-ol model systems, as well as
in fermentation of green and black tea crude extracts. Thus, from the perspective of
fermentability, it could be concluded that prebiotic effects exerted by green tea are superior to
those of black tea, and with this in mind, monomeric flavan-3-ols would be recommended by the
author for future application as prebiotics. In addition to these three criteria, the (potency of)
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bioactivities of metabolites should also be taken into account when evaluating the prebioti c
effect of their precursors.
It is commonly believed that green tea possesses superior health-promoting properties
compared to black tea, which may partially be due to the more potent anti-oxidant properties
associated with non-oxidized monomeric tea phenolics. 54 However, it has become controversial
to link the health benefits of tea solely to anti-oxidant activity. In this thesis, we demonstrated
that green tea catechins possessed higher fermentability than black tea phenolics. From the
perspective of their prebiotic effect, these findings support the common belief that green tea is
healthier than black tea.

7.4.4. Future perspective of using tea phenolics as prebiotics
With the rising interest among consumers in food products that can contribute to gut health,
and the growing emphasis on the influence of gut microbiota on the host’s overall health,
prebiotics are becoming prominent in the dietary supplement market. Driven by this booming
market, there is an increasing demand in developing new food products and food ingredients
with prebiotic effects. Tea phenolics, derived from the natural healthy drinks, fit the newly
updated definition of prebiotics. The application of tea phenolics as prebiotics in functional
foods and beverages, dietary supplements, and animal feed could potentially be of high value.
In this thesis, we proposed a novel strategy to sustainably extract tea phenolics, which included
using fresh old tea leaves as a renewable source, and applying pulsed electric field as a pretreatment. Furthermore, fermentation studies furthered our insight in the metabolic fates and
gut microbiota modulatory effects of phenolics from green and black tea, which underlined the
superiority of monomeric flavan-3-ols in this respect. It is hereby concluded that for future
application of tea phenolics from old tea leaves as prebiotics, their original monomeric form
should be preserved.
We also urge further investigation of the effect of tea phenolics on gut health by in vivo animal
and human intervention trials, to fully establish their prebiotic effect. In specific, the actual
mechanism underlying the health benefit of supplementation with monomeric or dimeric flavan3-ols should be more closely examined. In addition, the issues of effective dosage and inter individual variability should also be carefully considered prior to large scale application .
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Tea is the world’s most commonly consumed beverage after water. Besides its widely
appreciated flavour and taste, its popularity is also due to various health-promoting effects,
which are mainly attributed to its high content of phenolic compounds. Therefore, sustainable
production and high-value application of tea phenolics is of great industrial interest.
Implementation of green biorefinery strategies aiming at sustainable production of tea phenolics
can be facilitated by the valorisation of agricultural waste streams and the utilization of emerging
energy-efficient extraction technologies. The first aim of this thesis was to evaluate the potential
of using fresh old tea leaves as a renewable source of tea phenolics, and to explore the use of
pulsed electric field assisted extraction as a novel sustainable method of obtaining phenolics
from tea leaves. As a second aim, the prebiotic potential of tea phenolics will be investigated.
Comprehensive understanding of the metabolic fates of tea phenolics upon fermentation by
human gut microbiota, and the gut microbiota modulatory effects of tea phenolics is essential
for the further application of tea phenolics as prebiotics in food and pharmaceutical industries.
With regards to this, the reciprocal interactions between monomeric and dimeric flavan -3-ols,
and human gut microbiota were investigated in this thesis as well.
In Chapter 1, the current knowledge on the phenolic compounds in green and black tea, the
green biorefinery strategy for tea phenolics extraction, and their prebiotic effect were
summarised. Green tea contains green tea catechins (GTCs), which are mainly monomeric flavan3-ols, whereas black tea mainly contains oxidatively coupled black tea phenolics (BTPs), which
includes dimeric, oligomeric, and polymeric compounds. Furthermore, the differences in gut
microbial metabolism and gut microbiota modulatory effects between GTCs and BTPs were
compared. To simplify this comparison, epigallocatechin-3-gallate (EGCG) was selected as the
representative compound of GTCs, whereas theaflavin-3,3′-digallate (TFDG) and theasinensin A
(TSA) were selected as the representative compounds of BTPs.
The detailed profiling of the phenolic composition of old tea leaves (OTL) is an essential first step
to enable the valorisation of this waste stream. In Chapter 2, the phenolic composition of OTL
was studied and compared with that of young tea leaves (YTL), by using untargeted UHPLC-QOrbitrap-MS analyses. Principal component analysis illustrated distinct differences in overall
phenolic profiles between OTL and YTL. Of all the detected phenolic compounds, 14 phenolic
compounds, including rutin, epigallocatechin, epicatechin, EGCG, epicatechin gallate, and
epiafzelechin gallate, underwent the most extensive quantitative changes upon leaf aging.
Degalloylation of flavan-3-ols commonly occurred during leaf aging. Overall, after aging of the
leaves, we observed a 1.7- and 3.0-fold decrease in flavanols and phenolic acids, respectively,
and a 1.5-fold increase in flavonols.
Conventionally, a thermal dehydration procedure, which is a time and energy intensive process,
is performed prior to phenolics extraction from fresh tea leaves. In Chapter 3, we proposed to
utilize pulsed electric field (PEF) to replace the conventional thermal dehydration procedure as
pre-treatment before extraction. The optimized PEF conditions required a n energy input of 22
kJ/kg and induced a temperature increase of 1.5 °C. Compared to oven drying, PEF pre-treatment
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increased the extraction rate by approximately 2 times, without significantly altering the
phenolic profiles of the extracts. Scanning electron microscopy imaging revealed that PEF pretreatment induced the formation of inhomogeneously distributed pores and protuberances on
the surface of leaf tissues, which might facilitate the penetration of extraction solvent and allow
the migration of phenolics out of the cell.
Due to the poor absorption of tea phenolics in the small intestine, it has been suggested that
the interactions of tea phenolics and gut microbiota may play a crucial role in health benefits of
tea phenolics. In Chapter 4, metabolic fate of EGCG and its impact on gut microbiota were
integrally investigated via in vitro fermentation. As revealed by UHPLC-Q-Orbitrap-MS, EGCG was
promptly degraded into a series of (hydroxylated) phenylcarboxylic acids, through consecutive
ester hydrolysis, C-ring opening, A-ring fission, dehydroxylation, and aliphatic chain shortening.
Microbiome profiling indicated that EGCG stimulated beneficial bacteria Bacteroides,
Christensenellaceae, and Bifidobacterium, and inhibited the pathogenic bacteria Fusobacterium
varium, Bilophila, and Enterobacteriaceae. Furthermore, changes in concentrations of
metabolites including 4-phenylbutyric acid and phenylacetic acid, were strongly correlated with
changes in abundance of specific gut microbiota.
TFDG, which is characterized by its benzotropolone moiety, is a representative black tea phenolic.
In Chapter 5, we investigated the microbial metabolic fate of TFDG and its gut microbiota
modulatory effect in comparison with EGCG. Despite the similar flavan-3-ol skeletons, TFDG was
more

slowly

degraded

and

yielded

a

distinctively

different

metabolic

profile.

Theanaphthoquinone was discovered to be the main microbial metabolite of TFDG. Additionally,
a number of (hydroxylated) phenylcarboxylic acids were formed, albeit at low concentrations
compared to EGCG metabolism. Despite the distinctively different metabolite profiles found for
EGCG and TFDG, microbiome profiling demonstrated several similarities in gut microbiota
modulatory effects. This included growth promoting effects on Bacteroides, Faecalibacterium,
Parabacteroides, and Bifidobacterium, and inhibitory effects on Prevotella and Fusobacterium.
TSA, a dimer of EGCG with a biphenylhexaol moiety, is also a representative black tea phenolic.
In Chapter 6, the microbial metabolism of TSA by human gut microbiota was investigated.
Purified TSA was incubated with human faecal microbiota, and EGCG and procyanidin B2 (PCB2)
were used for comparison. After degalloylation, the core biphenylhexaol structure of T SA
remained intact during fermentation. Conversely, EGCG and PCB2 were promptly degraded into
a series of (hydroxylated) phenylcarboxylic acids. Computational analyses comparing TSA and
PCB2 revealed that TSA’s stronger interflavanic bond and more compact stereo-configuration
might underlie its lower fermentability.
In Chapter 7, the results obtained in previous chapters were put into perspective in an integrated
discussion. Firstly, the sustainable production of tea phenolics from old tea leaf biomass was
evaluated. For further valorisation of OTL, tea phenolic extraction should be followed up with
extraction of proteins, carbohydrates, and lignocellulose. To this end, a green biorefinery
framework was proposed. Secondly, we discussed the differences in metabolic fates of pure tea
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phenolic compounds of EGCG, TFDG and TSA. Additionally, the microbial metabolism of crude
extracts of green tea and black tea was compared. Overall, our findings indicated that dimeric
tea phenolics had lower fermentability by human gut microbiota, resulting in reduced
degradation rate and lower yield of downstream metabolites of (hydroxylated) phenylcarboxylic
acids. Thirdly, we discussed the prebiotic potential of GTCs and BTPs, and based on the results
of Chapter 5, we concluded that both GTCs and BTPs possess prebiotic properties. Moreover,
we argued that tea phenolics fit well within the recently updated definition of prebiotics, due to
their reciprocal interactions with gut microbiota. The higher fermentability of GTCs suggests that
green tea possesses more pronounced prebiotic properties than black tea and may, thereby, also
have superior health benefits.
In conclusion, we proposed an integrated green biorefinery strategy for tea phenolic production,
and illustrated their potential application as novel prebiotics.
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