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Abstract

Background: Theaflavins including theaflavin (TF), theaflavin-3-gallate (TF3G), theaflavin-39-gallate (TF39G), and theaflavin-
3,39-digallate (TFDG), are the most important bioactive polyphenols in black tea. Because of their poor systemic
bioavailability, it is still unclear how these compounds can exert their biological functions. The objective of this study is to
identify the microbial metabolites of theaflavins in mice and in humans.

Methods and Findings: In the present study, we gavaged specific pathogen free (SPF) mice and germ free (GF) mice with
200 mg/kg TFDG and identified TF, TF3G, TF39G, and gallic acid as the major fecal metabolites of TFDG in SPF mice. These
metabolites were absent in TFDG- gavaged GF mice. The microbial bioconversion of TFDG, TF3G, and TF39G was also
investigated in vitro using fecal slurries collected from three healthy human subjects. Our results indicate that TFDG is
metabolized to TF, TF3G, TF39G, gallic acid, and pyrogallol by human microbiota. Moreover, both TF3G and TF39G are
metabolized to TF, gallic acid, and pyrogallol by human microbiota. Importantly, we observed interindividual differences on
the metabolism rate of gallic acid to pyrogallol among the three human subjects. In addition, we demonstrated that
Lactobacillus plantarum 299v and Bacillus subtilis have the capacity to metabolize TFDG.

Conclusions: The microbiota is important for the metabolism of theaflavins in both mice and humans. The in vivo functional
impact of microbiota-generated theaflavins-derived metabolites is worthwhile of further study.
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Introduction

Tea is one of the most widely consumed beverages in the world,

with black tea accounting for 78% of the production. Consump-

tion of tea has been associated with many health benefits including

the prevention of cancer and heart disease [1–3], a phenomenon

mostly attributed to the presence of polyphenolic compounds.

Theaflavins including theaflavin (TF), theaflavin-3-gallate (TF3G),

theaflavin-39-gallate (TF39G), and theaflavin-3,39-digallate

(TFDG) (Figure 1) are the major bioactive polyphenols present

in black tea. They are formed from co-oxidation of selected pairs

of catechins in tea leaves during fermentation [4].

Recently, theaflavins have received extensive attention due to

their antioxidative, anti-inflammatory, and anti-tumor activities

[5,6]. However, it has been reported that theaflavins have poor

systemic bioavailability. Very limited amounts of TFDG

(,1 nmol/g tissue) were detected in tissue samples collected from

mice treated with decaffeinated black tea (50 mg/g diet) for two

weeks [7]. The Cmax of theaflavin in human plasma and urine

was only 1 ng/mL and 4.2 ng/mL, respectively, following

consumption of 700 mg of a pure mixture of theaflavins; which

is equivalent to about 30 cups of black tea [8]. Neither theaflavin

mono- nor di-gallates were detectable in this study. It has become

clear that the bioavailability of theaflavins generally is far too low

to explain direct bioactivities.

In general, large molecular weight polyphenols (eg, M.W. .500)

are thought to be poorly absorbed [9]. A major portion of

unabsorbed polyphenols will reach the large intestine where they

will be metabolized by the gut microbiota to a wide range of lower

molecular weight metabolites, which are generally better absorbed

by the host [10]. We have reported TF, TF3G, TF39G, and gallic
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acid (GA) as the major fecal metabolites of TFDG in mice and

hypothesized that these compounds are the microbial metabolites

of TFDG [11]. However, definitive involvement of bacteria in the

metabolism of TFDG remains to be established.

Culture models of human colonic microbiota that simulate

microbial processes in the large intestine have been widely used to

investigate the microbial metabolism of dietary polyphenols [12–

14]. The complexity of in vitro gut models is diverse, ranging from

simple fecal batch fermentation to advanced continuous models,

such as the Reading model, the Simulator of the Human Intestinal

Microbial Ecosystem (SHIME), and the TNO Intestinal Model 2

(TIM2) [14]. Compared to more sophisticated, but time consum-

ing in vitro gut models, fecal batch incubations provide a simple

mean to assess multiple experimental conditions by using fecal

samples from different subjects [15]. In addition, this approach

can help to shed light on the inter-individual variations on the

metabolism of polyphenols due to differences in microbial

community composition of different human subjects [14]. Another

powerful approach is the utilization of germ-free mice where

microbial status on a given rodent is amenable to experimental

manipulation, hence providing a unique opportunity to address

the role of bacteria in a specific biological process [16,17].

In the present study, we investigated the metabolism of TFDG

using specific pathogen free (SPF) and germ-free (GF) mice, to

determine the functional role of bacteria in the metabolism of

TFDG. We also used specific bacteria to investigate the

metabolism of TFDG. Furthermore, we utilized in vitro batch

fermentations using fecal samples from human volunteers to define

theaflavins metabolism. We report that the microbiota is essential

for the metabolisms of TFDG, TF3G, and TF39G.

Results

Metabolism of TFDG in SPF Mice and GF Mice
We have identified TF, TF3G, TF39G, and GA as the major

fecal metabolites of TFDG in mice and hypothesized that these

compounds are the product of microbial enzymatic activities [11].

To test this hypothesis, fecal samples were collected from SPF and

GF mice treated with 200 mg/kg TFDG via oral gavage and

analyzed by HPLC coupled with electrochemical detector (ECD)

(Figure 2). Compared with the samples collected from control

mice, 4 major metabolites (M22M5) were observed in fecal

samples collected from TFDG treated SPF mice (Figures 2A). The

four metabolites showed the same retention times as those of the

Figure 1. Structures of TFDG, TF3G, TF39G, TF, GA, and PG and the potential biotransformation pathways of TFDG, TF3G, TF39G,
and GA by human microbiota. TFDG: theaflavin 3,39-digallate; TF3G: theaflavin 3-gallate; TF39G: theaflavin 39-gallate; TF: theaflavin; GA: gallic acid;
and PG: pyrogallol.
doi:10.1371/journal.pone.0051001.g001
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authentic standards of GA, TF, TF3G, and TF39G (Figure 2A).

The structures of the four metabolites were confirmed by LC/MS

analysis (data not shown). Whereas, none of those metabolites

were detected in fecal samples collected from TFDG treated GF

mice (Figure 2B), indicating that those metabolites are indeed the

microbial metabolites of TFDG in mice.

Metabolism of Theaflavins by Human Microbiota
To investigate the metabolism of theaflavins by human

microbiota, TFDG, TF3G and TF39G were incubated with fecal

slurries collected from three healthy subjects. Samples were

collected as a function of time (0, 6, 12, 24, 48, and 72 h) and

analyzed by HPLC-ECD and LC/MS for characterization of the

derived microbial metabolites. Figure 3 shows the representative

HPLC chromatograms of TFDG incubated with human fecal

slurries. TFDG was degraded progressively with time increasing.

GA, TF, TF3G and TF39G (M2–M5) were identified as the

metabolites of TFDG by comparing their retention time and

tandem mass data with those of the authentic standards (data not

shown). In addition, a new peak (M1, RT: 6.5 min) appeared at

the time point of 12 h in all three samples. This new metabolite

had a molecular weight of 126 as determined by the mass ion at

m/z 125 [M2H]2, which is the same as that of pyrogallol (PG)

(m/z 125 in negative mode) (data not shown). Further tandem

mass analysis indicated that the mass fragments of M1 was almost

identical to those of the authentic PG (Figure 4D), suggesting that

M1 is PG. To further confirm this, we incubated GA with human

fecal slurries and analyzed those samples using HPLC-ECD

(Figures 4A–4C). Our results clearly indicated that PG is the

microbial metabolite of GA (Figure 1). Moreover, interindividual

differences were observed on the metabolism rate of GA to PG

among the three human subjects (Figures 4A24C). GA was almost

completely degraded to PG after 48 h incubation with fecal

slurries collected from subject C and very little GA was degraded

to PG even after 72 h incubation with fecal slurries collected from

subject B (Figures 4A24C). This phenomenon was also observed

in the incubation of TFDG with fecal slurries (Figure 3).

We hypothesized that TFDG can be metabolized to TF3G and

TF39G and then both TF3G and TF39G can be further degraded

to TF by gut microbiota. To test this hypothesis, TF3G and

TF39G were incubated with human fecal slurries for up to 72 h.

The samples were analyzed by HPLC-ECD as well as LC/MS.

Figures 5 and 6 showed that both TF3G and TF39G could be

metabolized to TF and GA, and GA was further metabolized to

PG by gut microbiota.

Effects of Specific Bacteria on the Metabolism of TFDG
It has been reported that Lactobacillus plantarum exhibited galloyl-

esterase and decarboxylase activities which allowed hydrolysis of

the grape seed polyphenols and leads to the formation of gallic

acid and pyrogallol, respectively [18]. In addition, different kinds

of esterases from Bacillus subtilis have been isolated and demon-

Figure 2. HPLC-ECD chromatograms of fecal samples collected from TFDG (treated, 200 mg/kg, oral gavage) or DMSO (control)
treated special pathogen free (SPF) mice (A) and germ-free (GF) mice (B). TFDG: theaflavin 3,39-digallate.
doi:10.1371/journal.pone.0051001.g002
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strated to hydrolyze various esters [19–21]. Therefore, we selected

these two bacteria to assess their impact on TFDG metabolism.

Lactobacillus plantarum 299v and Bacillus subtilis were incubated with

TFDG and samples were collected as a function of time (up to

72 h) and analyzed by HPLC-ECD and LC/MS. Figure 7 shows

the representative HPLC chromatograms of TFDG incubated

with Lactobacillus plantarum 299v (Figure 7A) and Bacillus subtilis

(Figure 7B). TFDG was degraded progressively with time

increasing. PG, GA, TF, TF3G and TF39G (M1–M5) were

identified as the metabolites of TFDG by comparing their

retention time and tandem mass data with those of the authentic

standards (data not shown).

Discussion

Increasing evidence has shown that theaflavins have antiox-

idative, anti-inflammatory, and antitumor activities [5,6]. Studies

have also reported that theaflavins have limited bioavailability

with extremely low or no circulating levels in plasma [4,7,8].

Therefore, a critical question is whether theaflavins-mediated

beneficial effects in peripheral tissues are accomplished by

theaflavin-derived metabolites. In general, the unabsorbed poly-

phenols will reach the large intestine where they will be

metabolized by the gut microbiota to lower molecular weight

metabolites [22]. We previously identified TF, TF3G, TF39G, and

GA as the major fecal metabolites of TFDG in C57BL/6J mice

[11]. Using GF mice, we observed the absence of TFDG-derived

metabolites compared to SPF mice. This finding definitely

established the critical role of the microbiota enzymatic activities

in generating TFDG-derived metabolites. These compounds are

the microbial metabolites of TFDG through the cleavage of its

galloyl groups.

Human colon plays host to a highly complex microbial

ecosystem, at concentrations of 1012 microorganisms per gram

of gut content [14]. Using in vitro fecal batch fermentation, we

found that TF, TF3G, TF39G, and GA are also the microbial

metabolites of TFDG in human. In addition, we also identified PG

as the metabolite of TFDG, TF3G, TF39G, and GA by human

microbiota. Furthermore, we directly demonstrated that pure

bacterial strains (Lactobacillus plantarum 299v and Bacillus subtilis) are

capable to metabolize TFDG into PG, GA, TF, TF3G and

TF39G.

Both L. plantarum and B. subtilis can be considered as gut

commensals. Several studies have shown that L. plantarum,

although commonly referred as a probiotic, could colonize the

human intestine [23–26]. Johansson and co-workers have isolated

this bacterium from jejunal and rectal biopsies 11 days after the

original administration in 11 of 13 individuals [24]. It has been

suggested that the human gastrointestinal tract can adapt to

harbor this species as part of the normal microbiota after

continuous exposure to it [23]. B. subtilis has been isolated from

human ileum biopsies as well as from fecal samples [27]. Studies

have also shown that L. plantarum has the capacity to metabolize

the galloylated polyphenols from grape seeds to gallic acid and

pyrogallol [18], and B. subtilis has a large spectrum of esterases that

hydrolyze various esters [19–21]. However, it is still unknown

Figure 3. HPLC-ECD chromatograms of microbial metabolites of TFDG after incubation with human fecal bacteria (A–C). A, B and C
represent the three human volunteers, respectively. TFDG: theaflavin 3,39-digallate.
doi:10.1371/journal.pone.0051001.g003
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whether these enzymes can metabolize theaflavin esters. Our study

demonstrates, for the first time, the capacity of L. plantarum and

B. subtilis to metabolize theaflavin mono- and di-gallate to TF,

gallic acid and pyrogallol.

Our results on the microbial metabolism of theaflavin esters

(TFDG, TF3G, and TF39G) are consistent with previous findings

that microbial enzymes cleave the gallate group of (–)-epigalloca-

techin 3-O-gallate (EGCG) and (–)-epicatechin 3-O-gallate (ECG)

[13,28]. PG was reported as the major metabolite detected in both

plasma and urine of rats fed ECG indicating that PG can be

absorbed from the colon and then enters into the circulating

system [29]. Both 2-O-sulfate-pyrogallol and 4-O-methyl-gallic

acid were identified as the markers for black tea intake in human

[30,31], which further demonstrated that lower molecular weight

microbial metabolites can be absorbed by the host.

Unbiased metagenomics sequencing has revealed that the

human distal intestinal microbiota comprises two predominant

phyla, the Firmicutes and Bacteroidetes, with lesser contributions

from Proteobacteria and Actinobacteria, and minor contributions

from Fusobacteria, Verrucomicrobia and Cyanobacteria [32,33].

Remarkably, at the phylum level the murine microbiota is very

similar to the one observed in human [34]. Our study shows a

similar profile of microbial metabolites of TFDG between mice

and human, suggesting that functional studies on these metabolites

could be performed in mice. Nevertheless, our human fecal batch

fermentation experiment has identified PG as metabolite of

TFDG, TF3G, TF39G, and GA suggesting that the human gut

microbiota has a slightly different capacity to metabolize

theaflavins as compared to the murine microbiota. This would

be consistent with the unique profile of human microbiota

compared to the murine one at the genus levels [34]. Future

experiments using human fecal transplantation in mice are

currently underway to better define the role of human biota in

TFDG metabolism.

Another important finding is the interindividual variation on the

metabolism rate of GA to PG between human donors. The

interindividual variability on the biotransformation of polyphenols

into their microbial metabolites has been reported and recognized

as an essential part of personalized nutrition approaches

[14,22,35]. For example, only 25–30% of the adult population

of Western countries and 50–60% of the adults from Japan,

Korea, or China produce equol, the microbial metabolite of soy

isoflavone daidzein [35]. It has been reported that isoflavone

treatment in equol producer differentially affects gene expression

as compared with nonproducers and a stronger effect on some

putative estrogen-responsive genes was observed in equol produc-

Figure 4. HPLC-ECD chromatograms of microbial metabolites of GA after incubation with human fecal bacteria (A–C); and MS/MS
(negative ion) spectra of M1 and authentic PG (D). A, B and C represent the three human volunteers, respectively. GA: gallic acid; and PG:
pyrogallol.
doi:10.1371/journal.pone.0051001.g004
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ers than in nonproducers [36]. In our study, subject B can hardly

metabolize GA to PG, whereas, subject C almost completely

metabolizes GA to PG within 48 h incubation. Subject A has

moderate activity in terms of metabolizing GA to PG. This

suggests that microbial composition may impact on the ability of a

given individual to generate theaflavins-derived metabolites. Next-

generation sequencing on fecal material would help identify

bacterial community associated with theaflavins-derived metabo-

lites. These experiments may prove important in defining the

human population better suited to generate theaflavins-derived

metabolites. This population may include better responders of

theaflavins-mediated beneficial effects.

Numerous studies have demonstrated that gut microbiota can

cleave the C-ring of tea catechins to generate several lower

molecular weight phenolic acids as well as ring-fission metabolites,

such as 4-hydroxylphenylacetic acid, 3-(3-hydroxyphenyl)-propio-

nic acid, 5-(39,49-dihydroxyphenyl)-c-valerolactone, and 5-

(39,49,59-trihydroxyphenyl)-c-valerolactone [4,22,37]. With the

unique benzotropolone structure, it is unlikely that theaflavins

can be metabolized to similar simple phenolic compounds as

catechins do. We did observe several metabolites of TF from fecal

samples collected from TF treated mice through oral gavage

(200 mg/kg) (data not shown). However, we were unable to

identify any benzotropolone-derived metabolites of TF by

searching potential degradation metabolites using LC/MS. It is

worthwhile to investigate how the benzotropolone structure of

theaflavins is metabolized by gut microbiota in order to gain a full

picture on the microbial metabolism of theaflavins.

The in vivo functional impact of microbiota-generated thea-

flavins-derived metabolites is unclear. However, multiple studies

have revealed that both GA and PG play an important role in the

inhibition of cancer. It is reported that GA induced apoptosis in

A375.S2 human melanoma cells and suppressed lipopolysaccha-

ride-induced nuclear factor-kB signaling by preventing ReIA

acetylation in A-549 lung cancer cells [38,39]. Several laboratory

animal studies have shown that GA can prevent cancer in different

organs including colon, prostate and lung [40–45]. In addition,

PG has been reported to inhibit the growth of human lung cancer

Calu-6 cells via multi pathways [46–49]. Han et al. found PG

inhibited the growth of human pulmonary adenocarcinoma A549

cells by arresting cell cycle and triggering apoptosis [50].

Furthermore, Yang et al. reported that PG induced G2-M arrest

in human lung cancer cells and inhibited tumor growth in a

xenograft nude mouse model [51]. However, the impact of these

microbial-derived metabolites on cancer prevention observed from

theaflavins is currently unknown. Moreover, the functional impact

of various member of the microbiota on metabolite generation

remains to be defined.

Materials and Methods

Chemicals and Reagents
TF, TF3G, TF39G, and TFDG were prepared previously in our

laboratory [52]. Gallic acid, pyrogallol and Tween 80 were

purchased from Sigma-Aldrich (St. Louis, MO). Peptone was

obtained from VWR Scientific (South Plainfield, NJ). HPLC-

Figure 5. HPLC-ECD chromatograms of microbial metabolites of TF3G after incubation with human fecal bacteria (A–C). A, B and C
represent the three human volunteers, respectively. TF3G: theaflavin 3-digallate.
doi:10.1371/journal.pone.0051001.g005
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grade and LC/MS-grade solvents and other reagents were

purchased from Thermo Fisher Scientific (Pittsburgh, PA).

Treatment of Mice and Feces Collection
Experiments with mice were carried out according to a protocol

approved by the Institutional animal Care and Use Committee of

the University of North Carolina at Chapel Hill. Eight week-old

129 SvEv mice were bred and housed in the Gnotobiotic Animal

Facility at the University of North Carolina at Chapel Hill. TFDG

was dissolved in dimethyl sulfoxide (DMSO) and then filtered

sterilized using 0.22 mm filters (Fisher, Pittsburgh, PA). To insure

sterility, aliquots of TFDG were placed on heart-brain infusion

agar (Becton Dickinson, Franklin Lakes, NJ) and incubated in

aerobic or anaerobic conditions for 24 h. After fasting for 12

hours, TFDG (200 mg/kg) was administered to germ-free (GF)

mice by oral gavage. All feces were collected from the cage within

24 h after administration of DMSO (control group, n = 5) or

TFDG (treated group, n = 5). Concurrently, age-matched 129

SvEv mice raised in specific pathogen free (SPF) (conventional-

ized-raised) conditions were administered TFDG (200 mg/kg;

n = 5/group) by oral gavage. Feces were collected as described

above. All samples were stored at 280uC before analysis.

Fecal Sample Preparation
For acquisition of the metabolic profile, eight pieces of each

fecal sample (control and treated) were chosen and put into 2 mL

tubes. Each set was weighted (control: 78 mg and treated: 81 mg)

and 1.2 mL of MeOH/H2O (50/50)+0.1% acetic acid was added

to each sample. Samples were sonicated for 90 minutes, and then

centrifuged at 17000 RPM for 10 minutes. The supernatants

(650 mL) were removed from the centrifuged samples and

transferred to LC/MS vials for analysis.

Human Fecal Slurry Preparation and in vitro
Fermentation

The Institutional Review Board approved the protocol for

human experimentation through the Protection of Human

Subjects in Research at North Carolina Agricultural and

Technical State University (Greensboro, NC). Three healthy male

volunteers (30–39 years old, weighing 60–80 kg, nonsmokers)

participated in the study. They had not taken antibiotics for at

least 6 months prior to the study, and had avoided polyphenol-rich

foods for at least 48 h before fecal collection. Fecal samples were

collected and transferred immediately to anaerobic condition to be

processed within 2 h. Under aseptic conditions, 50 g of fresh

collected fecal sample was homogenized under anaerobic condi-

tions with 100 mL 0.05% peptone water in a sterilized stomacher

bag using a Seward stomacher (Model: 400 circulator) for 3 min at

200 rpm. The mixture was briefly centrifuged (2–3 min at

3000 rpm) to remove particulate materials. The supernatant (fecal

slurry) was mixed with 35% pre-sterile glycerol, divided into

15 mL sterilized tubes, and stored at 280uC for later use.

The in vitro fermentation experiment was performed under

conditions described in Gross et al. with some modifications [13].

Figure 6. HPLC-ECD chromatograms of microbial metabolites of TF39G after incubation with human fecal bacteria (A–C). A, B and C
represent the three human volunteers, respectively. TF39G: theaflavin 39-gallate.
doi:10.1371/journal.pone.0051001.g006
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Fermentation basal medium was prepared by mixing 1000 mL of

distilled water with 4 mL of Tween 80 and 2 g of peptone and

autoclaved at 121uC for 15 minutes then stored in refrigerator for

later use. TFDG, TF3G, TF39G, and GA were dissolved in water/

ethanol (1:1) to obtain a concentration of 10 mg/mL. Then,

100 mL of the dissolved sample was added to 8.9 mL of

fermentation medium and 1 mL of fecal slurry. The mixture

was vigorously mixed and divided into six sets of samples

(,1.7 mL each) to represent 0, 6, 12, 24, 48, and 72 h time

points. Samples were incubated at 37uC under anaerobic

conditions and harvested according to the designated time points.

Once harvested, each sample was centrifuged at 10,000 rpm for 8

minutes and 20 mL of the supernatant was picked up and mixed

with 170 mL 99.9% methanol and 10 mL 2% acetic acid for HPLC

analysis.

In vitro Fermentation of TFDG by Different Bacterial
Strains

Two bacterial strains (Lactobacillus plantarum 299v and Bacillus

subtilis) were used in this study. Lactobacillus plantarum 299v was

kindly donated by the laboratory of Dr. R. Balfour Sartor of

University of North Carolina at Chapel Hill. Bacillus subtilis was

isolated from a human fecal sample and currently is part of the

bacterial strain culture collection in the Food Microbiology and

Biotechnology Laboratory at North Carolina A&T State Univer-

sity. These strains were stored at 280uC and were activated in

MRS (deMan Ragusa Sharp) (Neogen, Lansing, MI USA) broth

by transferring 100 mL of the stored culture to 5 mL MRS broth

and incubated under anaerobic conditions at 37uC for 24 h.

Activated strains were then stored at 4uC. Prior to each

experimental use, individual bacterial strain was streaked on

MRS agar, incubated under anaerobic conditions at 37uC for

24 h. A single colony was transferred to 10 mL MRS broth, and

incubated under anaerobic conditions at 37uC for 18 h.

Basal medium was prepared by mixing 200 mL of distilled

water with peptone (0.5 g), yeast extract (0.5 g), Tween 80

(0.2 ml), glucose (5 g), L-cysteine (0.2 g), ascorbic acid (0.15 g),

sodium bicarbonate (NaHCO3, 2 g), disodium phosphate

(Na2HPO4, 0.5 g), sodium acetate (CH3COONa, 2 g), magne-

sium sulfate (MgSO4?7H2O, 0.04 g and MnSO4?5H2O, 0.02 g),

and ammonium acetate (CH3COONH4, 0.5 g) and autoclaved at

121uC for 15 minutes. TFDG was dissolved in water/ethanol (1:1)

to obtain a concentration of 10 mg/mL and then, 100 mL of

dissolved sample was added to 9.0 mL of sterilized basal medium

and inoculated individually with 1 mL of active culture. Samples

were then divided into seven sets (,1.7 mL each) to represent 0, 6,

12, 24, 36, 48, and 72 h time points. Samples were incubated at

37uC under anaerobic conditions and harvested according to the

Figure 7. HPLC-ECD chromatograms of microbial metabolites of TFDG after incubation with Lactobacillus plantarum 299v (A) and
Bacillus subtilis (B). TFDG: theaflavin 3,39-digallate.
doi:10.1371/journal.pone.0051001.g007
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designated time points. Once harvested, each sample was

centrifuged at 10,000 rpm for 8 minutes and 20 mL of the

supernatant was mixed with 170 mL 99.9% methanol and 10 mL

2% acetic acid for HPLC analysis.

HPLC Analysis
An HPLC-ECD (ESA, Chelmsford, MA) consisting of an ESA

model 584 HPLC pump, an ESA model 542 autosampler, an ESA

organizer, and an ESA electrochemical detector (ECD) coupled

with two ESA model 6210 four sensor cells was used for analyzing

mouse fecal samples as well as the samples collected from the

in vitro fermentation experiments. A Gemini C18 column

(150 mm64.6 mm, 5 mm; Phenomenex, Torrance, CA) was used

for chromatographic analysis at a flow rate of 1.0 mL/min. The

mobile phases consisted of solvent A (30 mM sodium phosphate

buffer containing 1.75% acetonitrile and 0.125% tetrahydrofuran,

pH 3.35) and solvent B (15 mM sodium phosphate buffer

containing 58.5% acetonitrile and 12.5% tetrahydrofuran,

pH 3.45). The gradient elution had the following profile: 0% B

from 0 to 10 min; 0–30% B from 10 to 20 min; 30–40% B from

20 to 35 min; 40–50% B from 35 to 50 min; 50–100% B from 50

to 55 min; 100% B from 55 to 59 min; and then 0%B from 59.1 to

64 min. The cells were then cleaned at a potential of 1000 mV for

1 min. The injection volume of the sample was 10 mL. The eluent

was monitored by the Coulochem electrode array system (CEAS)

with potential settings at 50, 200, 300, 400, 500, 600, and

700 mV. Data for Figures 2, 3, 4, 5, 6 was from the channel set at

50 mV of the CEAS.

LC/ESI-MS Method
LC/MS analysis was carried out with a Thermo-Finnigan

Spectra System which consisted of an Accela high-speed pump, an

Accela refrigerated autosampler, and an LTQ Velos ion trap mass

detector (Thermo Electron, San Jose, CA) incorporated with

heated electrospray ionization (H-ESI) interfaces. A Gemini C18

column (5062.0 mm i.d., 3 mm; Phenomenex, Torrance, CA) was

used for separation of theaflavins and their potential metabolites at

a flow rate of 0.2 mL/min. The column was eluted with 100%

solvent A (H2O with 0.1% formic acid) for 3 min, followed by

linear increases in B (acetonitrile with 0.1% formic acid) to 70%

from 3 to 48 min and to 100% B from 48 to 49 min, and then

with 100% B from 49 to 54 min. The column was re-equilibrated

with 100% A for 5 min. A Gemini C18 column (15063.0 mm i.d.,

5 mm; Phenomenex, Torrance, CA) was used for separation of

phenolic acids and their potential metabolites at a flow rate of

0.3 mL/min. The column was eluted with 100% solvent A (H2O

with 0.1% formic acid) for 5 min, followed by linear increases in B

(acetonitrile with 0.1% formic acid) to 100% from 5 to 15 min,

and then with 100% B from 15 to 20 min. The column was re-

equilibrated with 100% A for 5 min. The LC eluent was

introduced into the H-ESI interface. The negative ion polarity

mode was set for the H-ESI source with the voltage on the H-ESI

interface maintained at approximately 4 kV. Nitrogen gas was

used as the sheath gas and auxiliary gas. To detect the theaflavins

and their metabolites, optimized source parameters, including ESI

capillary temperature (300uC), capillary voltage (–50 V), ion spray

voltage (3.6 kV), sheath gas flow rate (30 units), auxiliary gas flow

rate (5 units), and tube lens (–120 V), were tuned using authentic

TFDG. To detect the phenolic acids and their metabolites,

optimized source parameters were tuned using authentic gallic

acid. These parameters include ESI capillary temperature (300uC),

capillary voltage (–50 V), ion spray voltage (3.6 kV), sheath gas

flow rate (35 units), auxiliary gas flow rate (15 units), and tube lens

(–60 V). The collision-induced dissociation (CID) for H-ESI was

conducted with an isolation width of 2 Da and normalized

collision energy of 35 for MS2 and MS3. Default automated gain

control target ion values were used for MS, MS2, and MS3

analyses. The mass range was from 50 to 1000 m/z for detection

TFs and their metabolites, from 50 to 400 m/z for detection

phenolic acids and their metabolites. The mass resolution was 0.6

amu FWHM. Data acquisition was performed with Xcalibur

version 2.1.0 (Thermo Electron, San Jose, CA).

Author Contributions

Conceived and designed the experiments: SS CJ SAI. Performed the

experiments: HC SH JRG. Analyzed the data: HC SS. Contributed

reagents/materials/analysis tools: SS NDG. Wrote the paper: SS HC CJ.

References

1. Chacko SM, Thambi PT, Kuttan R, Nishigaki I (2010) Beneficial effects of green

tea: a literature review. Chin med 5: 13.

2. Yang CS, Wang X, Lu G, Picinich SC (2009) Cancer prevention by tea: animal

studies, molecular mechanisms and human relevance. Nat Rev Cancer 9: 429–

439.

3. Higdon JV, Frei B (2003) Tea catechins and polyphenols: Health effects,

metabolism, and antioxidant functions. Cri Rev Food Sci Nutr 43: 89–143.

4. Sang S, Lambert JD, Ho CT, Yang CS (2011) The chemistry and

biotransformation of tea constituents. Pharmacol Res 64: 87–99.

5. Kumar G, Pillare SP, Maru GB (2010) Black tea polyphenols-mediated In vivo

cellular responses during carcinogenesis. Mini Rev Med Chem 10: 492–505.

6. Sharma V, Rao LJM (2009) A thought on the biological activities of black tea.

Cri Rev Food Sci Nutr 49: 379–404.

7. Henning SM, Aronson W, Niu Y, Conde F, Lee NH, et al. (2006) Tea

polyphenols and theaflavins are present in prostate tissue of humans and mice

after green and black tea consumption. J Nutr 136: 1839–1843.

8. Mulder TP, van Platerink CJ, Wijnand Schuyl PJ, van Amelsvoort JM (2001)

Analysis of theaflavins in biological fluids using liquid chromatography-

electrospray mass spectrometry. J Chromatogr B Biomed Sci Appl 760: 271–

279.

9. Lipinski CA, Lombardo F, Dominy BW, Feeney PJ (2001) Experimental and

computational approaches to estimate solubility and permeability in drug

discovery and development settings. Adv Drug Deliv Rev 46: 3–26.

10. Selma MV, Espin JC, Tomas-Barberan FA (2009) Interaction between phenolics

and gut microbiota: role in human health. J AgricFood Chem 57: 6485–6501.

11. Chen H, Parks TA, Chen X, Gillitt ND, Jobin C, et al. (2011) Structural

identification of mouse fecal metabolites of theaflavin 3,39-digallate using liquid

chromatography tandem mass spectrometry. J Chromatogr A 1218: 7297–7306.

12. van de Wiele T, Boon N, Possemiers S, Jacobs H, Verstraete W (2007) Inulin-

type fructans of longer degree of polymerization exert more pronounced in vitro

prebiotic effects. J Appl Microbiol 102: 452–460.

13. Gross G, Jacobs DM, Peters S, Possemiers S, van Duynhoven J, et al. (2010) In

vitro bioconversion of polyphenols from black tea and red wine/grape juice by

human intestinal microbiota displays strong interindividual variability. J Agric

Food Chem 58: 10236–10246.

14. van Duynhoven J, Vaughan EE, Jacobs DM, Kemperman RA, van Velzen EJ,

et al. (2011) Metabolic fate of polyphenols in the human superorganism. Proc

Natl Acad Sci U S A 108 Suppl 1: 4531–4538.

15. Macfarlane GT, Macfarlane S (2007) Models for intestinal fermentation:

association between food components, delivery systems, bioavailability and

functional interactions in the gut. Curr Opin Biotechnol 18: 156–162.

16. Gordon JI, Klaenhammer TR (2011) A rendezvous with our microbes. Proc

Natl Acad Sci U S A 108: 4513–4515.

17. Gustafsson BE (1982) The physiological importance of the colonic microflora.

Scand J Gastroenterol Suppl 77: 117–131.

18. Tabasco R, Sanchez-Patan F, Monagas M, Bartolome B, Victoria Moreno-

Arribas M, et al. (2011) Effect of grape polyphenols on lactic acid bacteria and

bifidobacteria growth: resistance and metabolism. Food Microbiol 28: 1345–

1352.

19. Ribitsch D, Heumann S, Trotscha E, Herrero Acero E, Greimel K, et al. (2011)

Hydrolysis of polyethyleneterephthalate by p-nitrobenzylesterase from Bacillus

subtilis. Biotechnol Prog.

20. Fotakopoulou I, Barbayianni E, Constantinou-Kokotou V, Bornscheuer UT,

Kokotos G (2007) Enzymatic removal of carboxyl protecting groups. III. Fast

removal of allyl and chloroethyl esters by Bacillus subtilis esterase (BS2). J Org

Chem 72: 782–786.

Microbial Metabolites of Theaflavins

PLOS ONE | www.plosone.org 9 December 2012 | Volume 7 | Issue 12 | e51001



21. Droge MJ, Bos R, Quax WJ (2001) Paralogous gene analysis reveals a highly

enantioselective 1,2-O-isopropylideneglycerol caprylate esterase of Bacillus
subtilis. Eur J Biochem 268: 3332–3338.

22. Selma MV, Espin JC, Tomas-Barberan FA (2009) Interaction between phenolics

and gut microbiota: role in human health. J Agric Food Chem 57: 6485–6501.
23. Ahrne S, Nobaek S, Jeppsson B, Adlerberth I, Wold AE, et al. (1998) The

normal Lactobacillus flora of healthy human rectal and oral mucosa. J Appl
Microbiol 85: 88–94.

24. Johansson ML, Molin G, Jeppsson B, Nobaek S, Ahrne S, et al. (1993)

Administration of different Lactobacillus strains in fermented oatmeal soup:
in vivo colonization of human intestinal mucosa and effect on the indigenous

flora. Appl Environ Microbiol 59: 15–20.
25. Marco ML, de Vries MC, Wels M, Molenaar D, Mangell P, et al. (2010)

Convergence in probiotic Lactobacillus gut-adaptive responses in humans and
mice. ISME J 4: 1481–1484.

26. Molin G, Jeppsson B, Johansson ML, Ahrne S, Nobaek S, et al. (1993)

Numerical taxonomy of Lactobacillus spp. associated with healthy and diseased
mucosa of the human intestines. J Appl Bacteriol 74: 314–323.

27. Hong HA, Khaneja R, Tam NM, Cazzato A, Tan S, et al. (2009) Bacillus
subtilis isolated from the human gastrointestinal tract. Res Microbiol 160: 134–

143.

28. Meselhy MR, Nakamura N, Hattori M (1997) Biotransformation of (–)-
epicatechin 3-O-gallate by human intestinal bacteria. Chem Pharm Bull (Tokyo)

45: 888–893.
29. Kohri T, Suzuki M, Nanjo F (2003) Identification of metabolites of (–)-

epicatechin gallate and their metabolic fate in the rat. J Agric Food Chem 51:
5561–5566.

30. Daykin CA, Van Duynhoven JP, Groenewegen A, Dachtler M, Van Amelsvoort

JM, et al. (2005) Nuclear magnetic resonance spectroscopic based studies of the
metabolism of black tea polyphenols in humans. J Agric Food Chem 53: 1428–

1434.
31. Hodgson JM, Morton LW, Puddey IB, Beilin LJ, Croft KD (2000) Gallic acid

metabolites are markers of black tea intake in humans. J Agric Food Chem 48:

2276–2280.
32. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, et al. (2005)

Diversity of the human intestinal microbial flora. Science 308: 1635–1638.
33. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, et al.

(2009) A core gut microbiome in obese and lean twins. Nature 457: 480–U487.
34. Spor A, Koren O, Ley R (2011) Unravelling the effects of the environment and

host genotype on the gut microbiome. Nat Rev Microbiol 9: 279–290.

35. Setchell KD, Clerici C (2010) Equol: history, chemistry, and formation. J Nutr
140: 1355S–1362S.

36. Niculescu MD, Pop EA, Fischer LM, Zeisel SH (2007) Dietary isoflavones
differentially induce gene expression changes in lymphocytes from postmeno-

pausal women who form equol as compared with those who do not. J Nutr

Biochem 18: 380–390.
37. Roowi S, Stalmach A, Mullen W, Lean ME, Edwards CA, et al. (2010) Green

tea flavan-3-ols: colonic degradation and urinary excretion of catabolites by
humans. J Agric Food Chem 58: 1296–1304.

38. Choi K-C, Lee Y-H, Jung MG, Kwon SH, Kim M-J, et al. (2009) Gallic acid

suppresses lipopolysaccharide-induced nuclear factor-kappa B signaling by
preventing RelA acetylation in A549 lung cancer cells. Mol Cancer Res 7: 2011–

2021.

39. Lo C, Lai TY, Yang JH, Yang JS, Ma YS, et al. (2010) Gallic acid induces
apoptosis in A375.S2 human melanoma cells through caspase-dependent and -

independent pathways. In J Oncol 37: 377–385.
40. Giftson Senapathy J, Jayanthi S, Viswanathan P, Umadevi P, Nalini N (2011)

Effect of gallic acid on xenobiotic metabolizing enzymes in 1,2-dimethyl

hydrazine induced colon carcinogenesis in Wistar rats–a chemopreventive
approach. Food Chem Toxicol 49: 887–892.

41. Giftson JS, Jayanthi S, Nalini N (2010) Chemopreventive efficacy of gallic acid,
an antioxidant and anticarcinogenic polyphenol, against 1,2-dimethyl hydrazine

induced rat colon carcinogenesis. Invest New Drugs 28: 251–259.
42. Kaur M, Velmurugan B, Rajamanickam S, Agarwal R, Agarwal C (2009) Gallic

acid, an active constituent of grape seed extract, exhibits anti-proliferative, pro-

apoptotic and anti-tumorigenic effects against prostate carcinoma xenograft
growth in nude mice. Pharm Res 26: 2133–2140.

43. Choi KC, Lee YH, Jung MG, Kwon SH, Kim MJ, et al. (2009) Gallic acid
suppresses lipopolysaccharide-induced nuclear factor-kappaB signaling by

preventing RelA acetylation in A549 lung cancer cells. Mol Cancer Res 7:

2011–2021.
44. Kawada M, Ohno Y, Ri Y, Ikoma T, Yuugetu H, et al. (2001) Anti-tumor effect

of gallic acid on LL-2 lung cancer cells transplanted in mice. Anticancer Drugs
12: 847–852.

45. Raina K, Rajamanickam S, Deep G, Singh M, Agarwal R, et al. (2008)
Chemopreventive effects of oral gallic acid feeding on tumor growth and

progression in TRAMP mice. Mol Cancer Ther 7: 1258–1267.

46. Han YH, Kim SZ, Kim SH, Park WH (2008) Pyrogallol inhibits the growth of
human lung cancer Calu-6 cells via arresting the cell cycle arrest. Toxicol In

Vitro 22: 1605–1609.
47. Han YH, Kim SZ, Kim SH, Park WH (2009) Pyrogallol inhibits the growth of

lung cancer Calu-6 cells via caspase-dependent apoptosis. Chem Bio Interact

177: 107–114.
48. Han YH, Kim SH, Kim SZ, Park WH (2008) Caspase inhibitor decreases

apoptosis in pyrogallol-treated lung cancer Calu-6 cells via the prevention of
GSH depletion. Int J Oncol 33: 1099–1105.

49. Han YH, Kim SZ, Kim SH, Park WH (2008) Apoptosis in pyrogallol-treated
Calu-6 cells is correlated with the changes of intracellular GSH levels rather than

ROS levels. Lung Cancer 59: 301–314.

50. Han YH, Kim SH, Kim SZ, Park WH (2009) Pyrogallol Inhibits the growth of
human pulmonary adenocarcinoma A549 cells by arresting cell cycle and

triggering apoptosis. J Biochem Mol Toxicol 23: 36–42.
51. Yang CJ, Wang CS, Hung JY, Huang HW, Chia YC, et al. (2009) Pyrogallol

induces G2-M arrest in human lung cancer cells and inhibits tumor growth in an

animal model. Lung Cancer 66: 162–168.
52. Sang S, Lambert JD, Tian S, Hong J, Hou Z, et al. (2004) Enzymatic synthesis of

tea theaflavin derivatives and their anti-inflammatory and cytotoxic activities.
Bioorg Med Chem 12: 459–467.

Microbial Metabolites of Theaflavins

PLOS ONE | www.plosone.org 10 December 2012 | Volume 7 | Issue 12 | e51001


