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Absorption, metabolism and excretion of Choladi
green tea flavan-3-ols by humans
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Ten healthy human subjects consumed 500 mL of Choladi green tea, containing 648 umol of flavan-
3-ols after which plasma and urine were collected over a 24 h period and analysed by HPLC-MS.
Plasma contained a total of ten metabolites, in the form of O-methylated, sulphated and glucuronide
conjugates of (epi)catechin and (epi)gallocatechin, with 29—126 nM peak plasma concentrations
(Cinax) occurring 1.6—2.3 h after ingestion, indicative of absorption in the small intestine. Plasma also
contained unmetabolised (—)-epigallocatechin-3-gallate and (—)-epicatechin-3-gallate with respective
Ciax values of 55 and 25 nM. Urine excreted 0—24 h after consumption of green tea contained 15
metabolites of (epi)catechin and (epi)gallocatechin, but (-)-epigallocatechin-3-gallate and (—)-epica-
techin-3-gallate were not detected. Overall flavan-3-ol metabolite excretion was equivalent to 8.1% of
intake, however, urinary (epi)gallocatechin metabolites corresponded to 11.4% of (epi)gallocatechin
ingestion while (epi)catechin metabolites were detected in amounts equivalent to 28.5% of (epi)cate-
chin intake. These findings imply that (epi)catechins are highly bioavailable, being absorbed and
excreted to a much greater extent than most other flavonoids. It is also evident that flavan-3-ol metab-
olites are rapidly turned over in the circulatory system and as a consequence Cp,, values are not an
accurate quantitative indicator of the extent to which absorption occurs.
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1 Introduction

Tea produced mainly from infusions of dried leaves of Cam-
ellia sinensis is a popular beverage throughout the world.
There is much interest in the potential health benefits of
green tea as animal models and in vitro studies have demon-
strated that it has antioxidant, antimutagenic, anticarcino-
genic and antihypertensive properties [1—4]. However, epi-
demiological studies present conflicting reports on the pro-
tective role of green tea against cancer [5—7], cardiovascu-
lar disease [8, 9] and diabetes [10]. The protective effects of
green tea have been attributed to its high flavan-3-ol (aka
catechins) content (Fig. 1), the most abundant component
being (—)-epigallocatechin-3-gallate [11, 12] although in
some less common teas (—)-epicatechin-3-gallate predomi-
nates [13].
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In order for green tea flavan-3-ols to exert protective
effects on human health in vivo, they need to be absorbed
and reach target specific tissues in a bioactive form. After
acute ingestion flavan-3-ols are absorbed and metabolised,
and appear in blood and urine [14—16]. There are reports of
catechins, including (—)-epigallocatechin-3-gallate, being
detected in blood as both intact forms and metabolites, and
reaching micromolar concentrations in plasma [17—19].
Typically, HPLC with absorbance or electrochemical detec-
tion has been used to analyse plasma and/or urine after
treatment with glucuronidase/sulphatase to convert metab-
olites to the native aglycone flavan-3-ol structures [16, 19,
20]. As a consequence, only indirect information on the
metabolites has been obtained. Recently, HPLC with multi-
stage mass MS detection (i.e. MS? and MS?) has been used
to analyse flavan-3-ols in body fluids and this has facilitated
the identification of metabolites [21, 22].

This paper reports on a quantitative pharmacokinetic
study of the absorption and metabolism of flavan-3-ols in
healthy human volunteers after the ingestion of 500 mL of
Choladi green tea. This was achieved by analysing flavan-
3-ols and their metabolites in plasma and urine samples col-

ST SWILEY R
i, InterScience’

www.mnf-journal.com



Mol. Nutr. Food Res. 2009, 53, S44—S53

OH OH OH

OH @OH t OH
HO@()),\\ij Hom HO 0NNy
“/0H OH mOH

OH OH OH

(-)-Epicatechin (+)-Catechin (+)-Gallocatechin

OH OH OH

@OH @OH @EOH
HO@»\ HO O HO@.\\ OH
0.0 mo o 0.0

OH OH OH
HO f OH HO OH HO’\j;LOH

OH OH OH

(-)-Epicatechin gallate

Figure 1. Structures of green tea flavan-3-ols.

lected over a 24 h period after intake. Compounds were
identified by HPLC-MS? and subsequently quantified using
HPLC with MS in the selective ion monitoring (SIM)
mode.

2 Materials and methods

2.1 Teaand chemicals

Five hundred millilitre bottles of Choladi green tea bever-
age were supplied by Beverage Partners Worldwide (Ziir-
ich, Switzerland). The green tea (Choladi GTFT; Nestlé,
Choladi, India) is a cold, water-soluble extract prepared
from hand picked leaves. The tea factory is located in the
midst of tea gardens in the Nilgiris (Blue Mountain) district
of Tamil Nadu state in South India so as to enable process-
ing to take place within 24 h of the leaves being picked.
Choladi is located at an altitude of 850 m above sea level.
(-)-Gallocatechin, (—)-epicatechin, (+)-catechin and (-)-
gallocatechin-3-gallate were obtained from Sigma (Poole,
Dorset, UK), and (-)-epigallocatechin, (—)-epigallocate-
chin-3-gallate and (—)-epicatechin-3-gallate were pur-
chased from Apin Chemicals (Abingdon, UK). Ethyl gal-
late was obtained from Fluka (Sigma Aldrich, Poole, Dor-
set, UK). (—)-Epicatechin-7-O-glucuronide was a gift from
Professor Junji Terao and Dr. Yoshichika Kawai (University
of Tokushima, Japan). Dr. Yukihiko Hara (Mitsui Norin,
Tokyo, Japan) kindly supplied standards of 3'- and 4'-O-
methyl-(—)-epicatechin. HPLC grade solvents were
obtained from Rathburn Chemicals (Walkerburn, Pebbles,
Scotland, UK). Formic acid was supplied by Fisher Chemi-
cals.

2.2 Human feedings studies

The feeding study was carried out with ten human volun-
teers. For 2 days prior to, and 24 h after the ingestion of
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green tea, the subjects followed a diet low in flavonoids and
phenolic compounds by avoiding fruit, nuts, vegetables,
tea, coffee, fruit juices, wine and dietary antioxidant sup-
plements. On the day of the study, after an overnight fast,
each subject drank 500 mL of Choladi green tea. Basal
venous blood samples were collected at 0 h and, after drink-
ing the tea, further blood samples were collected at 0.5, 1, 2,
4, 6, 8 and 24 h time points. The blood was collected in hep-
arin tubes and centrifuged immediately at 3000 x g for
15 min at 4°C, after which the plasma was divided into
1 mL aliquots to which was added 30 uL of 50% aqueous
formic acid and 100 pL. of 10 mM ascorbic acid, before
being stored at —80°C prior to extraction and analysis.
Urine was collected before the volunteers drank the tea and
0-5, 5—-12, 12—-24 h after consumption. The volume of
urine collected during each period was measured and ali-
quots stored at —80°C prior to analysis by HPLC-DAD-
MS? without further processing.

2.3 Extraction of plasma

Plasma samples were extracted using a method developed
by Day et al. [23], and consisted of adding dropwise 450 puL
of plasma to 1125 uLL of ACN in a 2 mL Eppendorf tube.
Each sample was spiked with 20 pL of 10% aqueous ascor-
bic acid containing 0.5 mM EDTA and 1 pg of ethyl gallate
as an internal standard (method adapted from ref. [19]). The
samples were vortexed for 30 s every 2 min, and after
10 min were centrifuged for 20 min at 1500 x g at 4°C. The
supernatant was decanted and the pellet re-extracted with
1125 pL of methanol; after centrifugation the two superna-
tants were combined and reduced to dryness under a stream
of nitrogen at 35°C. The residues were resuspended in
25 uL of methanol to which was added 225 pL of 0.1%
aqueous formic acid. Once resuspended, the plasma
extracts were centrifuged at 16 100 x g for 10 min at 4°C, in
a 0.2 um Micro-Spin™ Eppendorf filter (Alltech Associ-
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ates Applied Sciences, Lancashire, UK) prior to analysis by
HPLC-DAD-MS.

2.4 HPLC-DAD-ESI-MS analysis

Flavan-ols and their metabolites in green tea, plasma and
urine were analysed using a Surveyor HPLC with a DAD
and a Finnigan LCQ Duo IT mass spectrometer fitted with
an electrospray interface (ESI) (Thermo Finnigan, San
Jose, USA). Separations were performed at 40°C using a
Phenomenex Synergi 4 pm RP-MAX 80 A 250 x 4.6 mm
(id) RP column (Phenomenex, Macclesfield, UK). Injec-
tions were carried out using an autosampler maintained at
4°C. The mobile phase, pumped at a flow rate of 1 mL/min,
was a 60 min gradient of 4—25% ACN in 0.1% aqueous for-
mic acid. The column eluant passed through the flow cell of
the DAD and was then split and 0.3 mL/min directed to the
mass spectrometer with ESI operating in full scan negative
ionisation mode (100—1000 m/z). Analyses of samples
were initially carried out using full scan, data dependant
MS scanning from m/z 100 to 1000. The tuning of the mass
spectrometer was optimised by infusing a standard of (—)-
epicatechin into the source along with the 4% ACN in 0.1%
aqueous formic acid, the initial HPLC mobile phase, at a
flow rate of 0.3 mL/min. Capillary temperature was 275°C,
sheath gas and auxiliary gas were 80 and 60 U/min, respec-
tively, source voltage was 3 kV, with collision energy set at
35%, and in-source fragmentation at 5 V.

Following HPLC separation and MS? identification, fla-
van-3-ols and their metabolites were quantified using
HPLC with the MS operating in the SIM mode. Unmetabol-
ised flavan-3-ols were quantified by reference to the appro-
priate standard compound while metabolites of (epi)cate-
chin and (epi)gallocatechin in urine and plasma were quan-
tified using (—)-epicatechin and (—)-epigallocatechin,
respectively.

2.5 Plasma extraction efficiency

The efficiency of the extraction of flavan-3-ols from
plasma was evaluated by spiking blank plasma with 1 pg
of ethyl gallate and 1 pg of (—)-epicatechin, (—)-epigalloca-

Table 1. Recoveries of flavan-3-ols from plasma relative to the
recovery of ethyl gallate

% Recovery? Ratio®

(—)-Epigallocatechin 74 +5 1.0
(—)-Epicatechin 55+2 1.3
(—)-Epigallocatechin-3-gallate 41+ 4 1.7
(—)-Epicatechin-3-gallate 402 1.8
Ethyl gallate 711 1.0

a) Data expressed as mean values = SE (n= 3).
b) Expressed as a ratio relative to the recovery of ethyl gal-
late.
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techin, (-)-epigallocatechin-3-gallate and (—)-epicatechin-
3-gallate. The spiked samples were extracted as described
above and analysed in triplicate by HPLC-SIM. The per-
centage recoveries of the individual flavan-3-ols and ethyl
gallate are presented in Table 1. The recovery of the fla-
van-3-ols is also expressed as a ratio relative to the recov-
ery of ethyl gallate. This ratio was subsequently used in
combination with the recovery of the ethyl gallate internal
standard to assess recoveries of (—)-epigallocatechin-3-gal-
late and (—)-epicatechin-3-gallate as well as metabolites of
(-)-epicatechin and (-)-epigallocatechin from individual
plasma samples.

2.6 Pharmacokinetic analysis of flavan-3-ols and
their metabolites in plasma

Maximum plasma concentration of the flavan-3-ol deriv-
atives from 0 to 24 h postdose was defined as Ci.x, With
Tinax being the time at which Ci.x was reached. The elimina-
tion half-life (71,) for the metabolites was computed by
using the following formula 7, = 0.693/Ke where Ke is the
slope of the linear regression of the plasma metabolite con-
centrations. Area-under-the-curve (AUC) calculations were
determined using a Kinetica software package (Thermo
Electron Corporation).

3 Results

3.1 Analysis of green tea

The flavan-3-ol content of 500 mL of Choladi green tea was
257 + 4 umol (standard error n =3) (—)-epigallocatechin;
230 + 6 umol (—)-epigallocatechin-3-gallate; 58 = 1 umol
(-)-epicatechin; 49 = 1 umol  (—)-epicatechin-3-gallate;
36 + 1 umol (+)-gallocatechin; 9 = 1 pmol (+)-catechin and
8 + 1 umol (+)-gallocatechin-3-gallate; making a total of
648 + 6 umol of total flavan-3-ols. The tea has a faint citrus
flavour but no flavanones were detected.

3.2 Identification of flavan-3-ols and their
metabolites in plasma and urine

Plasma and urine samples collected after the ingestion of
500 mL of green tea were analysed by HPLC-DAD-MS?
(Table 2, Fig. 2). Two out of the seven green tea flavan-3-
ols, (—)-epigallocatechin-3-gallate and (—)-epicatechin-3-
gallate, were detected in plasma along with 10 metabolites,
while 15 metabolites of (epi)catechin and (epi)gallocate-
chin were detected in urine. Note that without reference
compounds MS? is unable to distinguish between (-)-epica-
techin and (+)-catechin metabolites and also (—)-epigalloca-
techin and (+)-gallocatechin derivatives. No metabolites of
either (epi)catechin-3-gallate or (epi)gallocatechin-3-gal-
late were detected in urine. The identification of the com-
plex array of glucuronide, sulphate and methyl metabolites
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of (epi)catechin and (epi)gallocatechin, based on the fol-
lowing criteria, is summarized in Table 2.

Peak 1 (g = 11.1 min) had a negatively charged molecu-
lar ion ([M — H]") at m/z 481, which on MS? produced a
fragment ion corresponding to (epi)gallocatechin at
m/z 305. The 176 amu loss equates with cleavage of a glu-
curonide moiety. Moreover, the MS® fragmentation of
m/z 305 ions produced daughters ions at m/z 261, 221, 219
179, 165 and 125 in keeping with the presence of (epi)gallo-
catechin. This peak is, therefore, identified as an (epi)gallo-
catechin-O-glucuronide.

Peak 2 (fr = 15.2 min) had a [M — H] ™ at m/z 495, with

MS? yielding an ion at m/z 319. This 176 amu loss indicates phates.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. HPLC-SIM quantification of fla-
van-3-ol metabolites in plasma and urine
collected after the ingestion of 500 mL of
choladi green tea. Chromatograms repre-
sent gradient RP-HPLC analysis with
detection of flavan-3-ols and their metabo-
lites by MS using SIM at: m/z 481 for (epi)-
gallocatechin-O-glucuronides (EGC-
GlcUA); m/z 495 for O-methyl-(epi)galloca-
techin-O-glucuronides (Me-EGC-GIcUA);
m/z 385 for (epi)gallocatechin-O-sulphates
(EGC-S); m/z465 for (epi)catechin-O-glu-
curonides (EC-GIcUA); m/z 369 for (epi)-
catechin-O-sulphates (EC-S); m/z399,
O-methyl-(epi)gallocatechin-O-sulphates
(Me-EGC-S); m/z383 for O-methyl-(epi)-
catechin-O-sulphates (Me-EC-S); m/z 457
for (—)-epigallocatechin-3-gallate (EGCg);
and m/z441 for (—)-epicatechin-3-gallate
(ECg). Traces at m/z457 and 441
obtained with plasma, all other traces are
urine samples. For identification of peaks
1-17 see Table 2.

cleavage of a glucuronyl unit. MS® of the ion at m/z 319 cor-
responded to a methyl-(epi)gallocatechin, with a fragment
at m/z 137 indicative of 4'-O-methylation [22]. This MS
fragment pattern, thus, demonstrates that peak 2 is a 4'-O-
methyl-(epi)gallocatechin-O-glucuronide.

Peaks 3—5 (x =14.8, 16.8 and 21.8 min), detected in
urine but not plasma, had a [M — H]~ at m/z 385, which on
MS?produced an (epi)gallocatechin daughter ion at m/z 305
through loss of an 80 amu sulphate moiety. The m/z 305
fragment yielded MS? ions at m/z 261, 221, 219, 179, 165
and 125 confirming the identity of the (epi)gallocatechin
unit. Peaks 3—5 are therefore, (epi)gallocatechin-O-sul-
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Table 2. HPLC-MS?® identification of flavan-3-ol metabolites in human plasma and urine collected 0—24 h after the ingestion of

500 mL of Choladi green tea®

Flavan-3-ols HPLC peak HPLC R; (min) [M-H]~ MS? ions MS®ions (m/2) Location
number (m/2 (m/2)

(Epi)gallocatechin- O-glucuronide 1 1.1 481 305 261,221,219, Plasma, urine

179, 165, 125
4'-0-Methyl-(epi)gallocatechin-O- 2 15.2 495 319 304, 301, 275, Plasma, urine
glucuronide 260, 235, 233,137
(Epi)gallocatechin-O-sulphates 3-5 14.8,16.8,21.8 385 305 261,221,219, Urine

179, 165, 125
(—)-Epicatechin-3'-O-glucuronide 6 20.6 465 289 245,205,179 Plasma, urine
(Epi)catechin- O-sulphates 7,8 27.2,33.4 369 289 245,205,179 Plasma, urine
4'-0-Methyl-(epi)gallocatechin- 9,10 28.1,29.7 399 319 304, 301, 275, 260, Plasma, urine
O-sulphates 235,233,137
3'-0-Methyl-(epi)catechin- O- 11-14 32.7,36.2,39.7, 383 303 285,259, 244,219, Plasma, urine
sulphates 42.1 217
4’-0-Methyl-(epi)catechin- O-sulphate 15 453 383 303 285,259, 244,219, Plasma, urine

217,137
(—)-Epigallocatechin-3-gallate 16 23.1 457 331, 305, - Plasma

169, 193
(—)-Epicatechin-3-gallate 17 35.1 441 289, 331, - Plasma
169, 271

a) R retention time. For peak numbers see Fig. 2. [M — H],~ negatively charged molecular ion.

Peak 6 (tx = 20.6 min) had a [M — H]~ at m/z 465, which
on loss of 176 amu (cleavage of a glucuronyl unit) yielded a
MS? ion at m/z 289. MS? of the m/z 289 ion yielded frag-
ments characteristic of (epi)catechin indicating that this
peak is an (epi)catechin glucuronide. It did not cochromato-
graph with (—)-epicatechin-7-O-glucuronide and is possibly
(-)-epicatechin-3’-O-glucuronide, which has been identi-
fied in urine, collected after oral ingestion of (—)-epicate-
chin by humans [24].

Peaks 7 and 8 (fx =27.2 and 33.4 min, respectively) both
had a [M — H]~ at m/z 369 which yielded an MS? ion at
m/z 289. This 80 amu loss indicates cleavage of a SO unit.
MS? of the m/z 289 ion provided a mass spectrum corre-
sponding to that of (epi)catechin. This indicates that peaks
7 and 8 are (epi)catechin-O-sulphates.

Peaks 9 and 10 (zr = 28.1 and 29.7 min) both hada [M —
H]~ at m/z 399 which with an 80 amu loss (cleavage of a
SO; unit) yielded an MS? ion at m/z 319. The MS? pro-
duced fragments consistent with an O-methyl-(epi)galloca-
techin. The presence of a fragment at m/z 137 also indicates
that peaks 9 and 10 are, 4'-O-methyl-(epi)gallocatechin sul-
phates.

Peaks 11-15 (tr =32.7, 36.2, 39.7, 42.1 and 45.3 min,
respectively) all had a m/z 383 [M - H]~ which on MS? pro-
duced an m/z 303 fragment indicative of the cleavage of a
SO;3 unit. MS® of the m/z 303 ion yielded a mass spectrum
corresponding to that of a methyl-(epi)catechin. Moreover,
with peak 15, MS® of m/z 303 produced an ion at m/z 137,
specific for 4-O-methylation [22]. Peak 15 is, therefore, a
4'-O-methyl-(epi)catechin sulphate. With peaks 11, 12, 13
and 14, MS® of m/z 303 did not yield a m/z 137 fragment
but did produce ions at m/z 285, 259, 244, 219 and 217
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which is indicative of a 3’-O-methyl-(epi)catechin. These
peaks are, therefore, are identified as 3'-O-methyl-(epi)ca-
techin sulphates.

Peak 16 (r = 23.1 min), which was detected in plasma
but not urine, cochromatographed with (—)-epigallocate-
chin-3-gallate. It produced a [M — H]~ at m/z 457 and MS?
ions at m/z 331, 305, 193 and 169 to further confirm the
presence of (—)-epigallocatechin-3-gallate.

Peak 17 (tx =35.1 min), which was also found only in
plasma, was (—)-epicatechin-3-gallate based on cochroma-
tography with a standard and a [M - H]™ at m/z 441 and
MS? ions at m/z 331,289,271 and 169.

After the initial qualitative analysis, plasma and urine
samples were analysed by HPLC with MS in the SIM mode
and typical HPLC-SIM traces obtained and used to quantify
(-)-epigallocatechin-3-gallate,  (—)-epicatechin-3-gallate
and the 15 (epi)gallocatechin and (epi)catechin metabolites,
as illustrated in Fig. 2. Note, in the qualitative analyses out-
lined above only the designated peaks 1—17 had yielded the
appropriate ions when subjected to further fragmentation.
Thus, for instance, the late eluting, unlabelled peaks in the
m/z 385 trace are not (epi)gallocatechin-O-sulphates as,
unlike peaks 3—5, the m/z 385 ion did not produce a daugh-
ter ion at m/z 305.

3.3 Quantitative analysis of plasma

As described in the previous section, plasma collected 0—
24 h after the ingestion of the Choladi green tea was found
to contain glucuronide, sulphate and methyl-sulphate
metabolites of (epi)catechin and glucuronide, methyl-glu-
curonide and methyl-sulphate metabolites of (epi)galloca-
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Table 3. Pharmacokinetic analysis of flavan-3-ols and their metabolites detected in plasma of healthy volunteers following the inges-
tion of 500 mL of green tea

Flavan-3-ols (HPLC peak number) Cinax (M) Tmax (D) AUC (uM/h) Ti2 (D)
(Epi)gallocatechin-O-glucuronide (1) 126 £ 19 2202 0.56 + 0.09 1.6
4'-O-Methyl-(epi)gallocatechin-O-glucuronide (2) 46 +6.3 2.3+0.3 0.32+0.05 3.1
(—)-Epicatechin-3'-O-glucuronide (6) 29:+:47 1.7:0.2 0.13+0.02 1.6
(Epi)catechin-O-sulphates (7,8) 8915 1.6=0.2 0.47 +0.11 1.9
4'-O-Methyl-(epi)gallocatechin-O-sulphates (9, 10) 79 +12 22+0.2 0.44 = 0.09 2.2
O-Methyl-(epi)catechin-O-sulphates (11-15) 9015 1.7:0.2 0.42+0.10 15
(—)-Epigallocatechin-3-gallate (16) 55+12 1.9:0.1 0.17 +0.05 1.0
(—)-Epicatechin-3-gallate (17) 25+3.0 1.6+0.2 0.12 £+ 0.02 1.5

Data expressed as mean values = SE (n= 10).

techin together with the native green tea flavan-3-ols (—)-
epicatechin-3-gallate and (-)-epigallocatechin-3-gallate
(Table 2). The pharmacokinetic profiles of the eight groups
of flavan-3-ols and their metabolites are illustrated in Fig. 3
and an analysis of the pharmacokinetic parameters is pre-
sented in Table 3.

None of the compounds were present in the circulatory
system at 0 h but they were present in detectable quantities
30 min after consumption of the green tea (Fig. 3). The
main component to accumulate in plasma was an (epi)gal-

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

locatechin-O-glucuronide (peak 1), which reached a C Of
126 + 19 nM after 2.2 =+ 0.2 h while (-)-epicatechin-3'-O-
glucuronide (peak 6) was present in lower quantities with a
Chrax 0129 + 4.7 nM and a Tpa of 1.7 = 0.2 h. The unmeta-
bolised flavan-3-ols, (—)-epigallocatechin-3-gallate and (-)-
epicatechin-3-gallate attained C,x values of 55 + 12 and
25+3.0nM after 1.9+0.1 and 1.6 0.2 h, respectively.
Mean T, values ranged from 1.6 to 2.3 h with times for
T\, extending from 1.0 to 3.1 h (Table 3). All the flavan-3-
ols and their metabolites were present in only trace amounts
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Table 4. Quantification of the major groups of flavan-3-ol metabolites excreted in urine 0—5, 5—12 and 12—24 h after the ingestion

of 500 mL of Choladi green tea by ten human volunteers

Flavan-3-ol metabolites (HPLC peak number) 0-5h 5-12h 12-24h Total (0—24 h)
(Epi)gallocatechin-O-glucuronide (1) 3.8+0.8 2.3+0.7 0.4=0.1 6.5+1.2
4'-O-Methyl-(epi)gallocatechin-O-glucuronide (2) 1.8+0.6 1.5+0.5 1.1:0.6 44+15
(Epi)gallocatechin-O-sulphates (3—5) 0.9+0.1 0.7+0.1 1.0+0.2 2.6+0.3
4’-O-Methyl-(epi)gallocatechin-O-sulphates (9,70) 6.6+ 1.5 10.3=2.1 29:0.6 19.8+ 3.0
Total (epi)gallocatechin metabolites 33.3:5.0
(11.4+1.7%)
(—)-Epicatechin-3-O-glucuronide (6) 0.7+0.1 0.6+0.2 0.2+0.1 1.5+0.3
(Epi)catechin-O-sulphates (7, 8) 3.2:04 24+0.6 1.1+0.3 6.7+0.7
O-Methyl-(epi)catechin-O-sulphates (11-15) 52+0.7 41+0.9 1.6+04 109=+1.2
Total (epi)catechin metabolites 19.1:22
(28.5+3.3%)
Total flavan-3-ol metabolites 222+3.8 21.9:45 8.3+1.6 52.4:7.2

(3.4 0.6%)

(3.4:0.7%) (1.3 0.2%) (8.1 1.1%)

Data expressed as mean values in pmol + standard error (n = 10). Italicised figures in parentheses indicate amount excreted as a

percentage of intake.

after 8 h and were not present in detectable amounts in the
24 h plasma samples.

3.4 Quantitative analysis of urine

Urine samples were collected following an overnight fast
(0 h) and 0-5, 5—12 and 12—24 h after ingestion of the
green tea and, like plasma, the flavan-3-ol content was ana-
lysed quantitatively by HPLC-SIM. The urine did not con-
tain any of the original green tea flavan-3-ols but 15 metab-
olites of (epi)catechin and (epi)gallocatechin were detected,
including three (epi)gallocatechin-O-sulphates, peaks 3—35,
that did not accumulate in plasma (Table 2). Quantitative
estimates of the seven metabolite groups are presented in
Table 4. The main metabolites to be excreted were 4'-O-
methyl-(epi)gallocatechin-O-sulphates (19.8 umol), peaks
9 and 10, and O-methyl-(epi)catechin-O-sulphates
(10.9 pmol), predominantly in the form of peak 13 (Fig. 2).

Most excretion of the flavan-3-ol metabolites occurred
during the 0—5 and 5—12 h collection periods. The 0 h
urine samples contained no detectable flavan-3-ols or fla-
van-3-ol metabolites. The total amount of metabolites
excreted over the 0—24 h period by the individual subjects
varied from 25.8—87.6 umol (data not shown). This corre-
sponds to 4.0—13.5% of the 648 pumol of flavan-3-ols in the
ingested 500 mL of green tea. The mean level of excretion
was 52.4 + 7.2 umol, equivalent to 8.1% of intake (Table
4). However, the 33.3 + 5.0 pumol excretion of (epi)galloca-
techin metabolites relative to the 293 umol of (—)-epigallo-
catechin and (+)-gallocatechin in the green tea, is 11.4% of
intake while the 19.1 = 2.2 umol recovery of (epi)catechin
represents 28.5 = 3.3% of the (+)-epicatechin and (+)-cate-
chin intake.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Discussion

The Choladi green tea is a rich source of flavan-3-ol mono-
mers, and contained 648 =6 pmol/500 mL. Following
ingestion by human volunteers, unmetabolised (—)-epigallo-
catechin-3-gallate and (—)-epicatechin gallate appear in the
circulatory system together with glucuronide, methyl and
sulphate metabolites of (epi)catechin and (epi)gallocate-
chin with Cy,x values ranging from 25 to 126 nM and Tinax
values of 1.6—2.3 h. These 7.« values and the pharmacoki-
netic profiles illustrated in Fig. 3 are indicative of absorp-
tion in the small intestine. The appearance of unmetabol-
ised flavonoids in plasma is unusual. The passage of the
(-)-epigallocatechin-3-gallate and (-)-epicatechin-3-gal-
late through the wall of the small intestine into the circula-
tory system without metabolic modification could be a con-
sequence of the presence of the 3-O-galloyl moiety, as gal-
lic acid per se is readily absorbed with a reported urinary
excretion of 37% of intake [25, 26].

Urine excreted over a 24 h period after ingestion of the
Choladi green tea contained a similar array of flavan-3-ol
metabolites to that detected in plasma except for the pres-
ence of three additional (epi)gallocatechin-O-sulphates
(peaks 3—5) and an absence of (-)-epigallocatechin-3-gal-
late and (—)-epicatechin-3-gallate. In total, 52.4 = 7.2 umol
of metabolites were excreted, which is equivalent to 8.1%
of the ingested green tea flavan-3-ols. When the urinary
(epi)gallocatechin and (epi)catchin metabolites are consid-
ered separately, a somewhat different picture emerges. The
33.3 + 5.0 umol excretion of (epi)gallocatechin metabolites
is 11.4% of the ingested (—)-epigallocatechin and (+)-gallo-
catechin while the 19.1 = 2.2 umol recovery of (epi)cate-
chin represents 28.5 = 3.3% of intake. These are high fig-
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Table 5. Plasma Ci.xand 0—24 h urinary excretion of flavonoid metabolites, and the excretion/Crax ratio after the ingestion of green
tea, onions, orange juice and strawberries containing, respectively, flavan-3-ol monomers, quercetin glucosides, hesperetin-7-rutino-

side and pelargonidin-3-glucoside

Feed Flavonoids ingested and dose Flavonoid metabolites Excretion/Cax ratio
(nmol/nM)
Crnax (NM) Excretion (nmol)
Greentea Flavan-3-ol monomers (648 umol) 538 52400 (8.1%) 97
Onions [33] Quercetin-O-glucosides (275 mmol) 1313 12900 (4.7%) 9.8
Orange juice [34] Hesperetin-7-O-rutinoside (168 umol) 646 8800 (5.3%) 13.6
Strawberries [35] Pelargonidin-3-O-glucoside (222 umol) 274 1700 (0.8%) 6.2

All feeds carried out under identical conditions following a 2-day low flavonoid diet and an overnight fast.

ures, in keeping with recoveries obtained in earlier studies
with green tea and cocoa products [27], confirming that
(-)-epicatechin and (+)-catechin, in particular, are highly
bioavailable being absorbed and excreted to a much greater
extent than other flavonoids (see Table 5), with the possible
exception of isoflavones [27, 28].

In a previous study, feeding (—)-epigallocatechin-3-gal-
late powder in a capsule to humans did not result in the
appearance of detectable quantities of either (—)-epigalloca-
techin-3-gallate or any flavan-3-ol metabolites in urine
[29]. This indicates that postingestion, (—)-epigallocate-
chin-3-gallate is not subjected to loss of either the 3-O-gal-
loyl moiety or the 5’-hydroxyl group and conversion to
either (—)-epigallocatechin or (-)-epicatechin during pas-
sage through the body. There is, evidence, however, that
human saliva contains an esterase and that holding green
tea in the mouth can result in the conversion of (-)-epigallo-
catechin-3-gallate to (—)-epigallocatechin [30]. In the
present study the tea was not held in the mouth for any
period of time so such a conversion is likely to be small, at
best, and not impact to any extent on the quantities of (-)-
epigallocatechin metabolites excreted. It follows that the
high excretion of (epi)catechin metabolites (Table 4) is also
a genuine event and is unlikely to be an indirect conse-
quence of the salivary esterase removing the 3-O-galloyl
group from substantial amounts of (—)-epicatechin-3-gal-
late and (+)-catechin-3-gallate.

The absence of detectable amounts of (—)-epigallocate-
chin-3-gallate in urine, despite its presence in plasma, an
event observed by other investigators [14, 16, 18], is diffi-
cult to explain. It is possible that the kidneys are unable to
remove (—)-epigallocatechin-3-gallate from the blood-
stream, but if this is the case there must be other mecha-
nisms that result in its rapid decline after reaching Ciax.
Studies with rats have lead to a speculation that (—)-epigal-
locatechin-3-gallate is removed from the blood stream in
the liver and returned to the small intestine in the bile. The
evidence, however, is far from compelling. In one study (-)-
epigallocatechin-3-gallate was fed to rats by gavage; only
ca. 3% of intake was detected in bile, principally as metab-
olites [31]. When tritium labelled (—)-epigallocatechin-3-
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gallate was injected intravenously into bile-duct-cannulated
rats 57% of the injected radioactivity was excreted in bile
within 4 h and 77% within 48 h compared to 2% in urine
over the 48 h period [32]. This involved extensive metabo-
lism of the (-)-epigallocatechin-3-gallate as it was present
in bile as sulpho and/or glucuronide conjugates of 4”-
methyl- and 4',4”-dimethyl-(—)-epigallocatechin-3-gallate.
To what extent enterohepatic recirculation of (-)-epigallo-
catechin-3-gallate metabolites occurs in humans has not
been established. If it was a significant event, then (—)-epi-
gallocatechin-3-gallate metabolites would be expected to
be detected in substantial amounts in ileal fluid. This seems
not to occur as in studies in which Polyphenon E, which
contains sizable amounts of (-)-epigallocatechin-3-gallate,
was fed to human volunteers with an ileostomy, ileal fluid
collected 0—24 h after ingestion contained only trace quan-
tities of (—)-epigallocatechin-3-gallate metabolites, princi-
pally as sulphated derivatives [29].

Summing the C,,x values for the individual flavan-3-ols
and metabolites in Table 3 results in an overall maximum
plasma concentration of 538 nM being attained after the
ingestion of green tea. This is lower than the 1313 nM Cj.«
of quercetin metabolites obtained following the ingestion
of onions containing 275 umol of quercetin-4’-O-glucoside
and quercetin-3,4’-O-diglucoside [33] and is also less than
the 646 nM Cyy,, of the 7- and 3'-O-glucuronides of hesper-
etin that appear in plasma after the ingestion of orange juice
containing 168 pumol of hesperetin-7-O-rutinoside [34] (see
Table 5). Despite the low concentration of the green tea fla-
van-3-ol metabolites in plasma, the data on urinary excre-
tion, as discussed earlier, demonstrate that they are
absorbed in substantial quantities. Their failure to accumu-
late in comparable concentrations in plasma suggests that
they are in a state of flux and are being rapidly turned over
in the circulatory system and, rather than accumulating, are
excreted via the kidneys. The dynamics of these processes
appear to vary somewhat with individual flavonoids as indi-
cated in Table 5, which contains values of urinary excre-
tion/plasma Ci,x ratios (nmol/nM). In the present study
with Choladi green tea a ratio of 97 was obtained, indicating
high excretion and rapid turnover of flavan-3-ol metabolites
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in the circulatory system. This compares with a figure of
9.8 obtained when flavonol-rich onions were fed to human
volunteers, 13.6 after drinking orange juice containing prin-
cipally the flavanone, hesperetin-7-O-rutinoside [34], and
6.2 obtained following the ingestion of strawberry antho-
cyanins [35].

While analysis of plasma provides valuable information
on the identity, Cy.x and Th,x values of circulating flavonoid
metabolites after acute supplementation, the estimates of
AUC and T, however, do not provide an accurate quantita-
tive assessment of uptake for the gastrointestinal tract, due
to their rapid turnover in the circulatory system. Urinary
excretion provides a more realistic figure but, as this does
not include the possibility of metabolites being sequestered
in body tissues, this too is an underestimate of absorption,
but to what degree remains to be determined.
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