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Rats were fed a grape seed extract (GSE) containing (+)-catechin, (—)-epicatechin and dimers, trimers, tetramers and polymeric procyanidins. Liver,
kidney, brain and gastrointestinal (GI) tract together with plasma, urine and faeces were collected over a 24 h period and their flavan-3-ol content was ana-
lysed by HPLC with tandem mass spectrometry and diode array detection. Small amounts of the GSE flavan-3-ols moved out of the stomach and into the
duodenum/jejunum, and to a greater extent the ileum 1 h after ingestion, and into the caecum after 2h with relatively small amounts being detected in the
colon after 3 h. The GI tract contained the parent GSE flavan-3-ols and procyanidins with only trace amounts of metabolites and there were no indications
that proanthocyanidins were depolymerised in the GI tract releasing monomeric flavan-3-ols. Plasma contained exclusively catechin glucuronides and meth-
ylated glucuronide metabolites which were also detected in the liver and kidneys. These metabolites were also present in urine together with sulphated
metabolites and low amounts of the procyanidin dimers B, B,, B; and B, as well as the trimer C, and an unknown GSE trimer. The amounts of (+)-cate-
chin and (— )-epicatechin metabolites excreted in urine relative to the quantity of the monomers ingested were 27 and 36 %, respectively, after 24 h. This is
similar to the levels of urinary excretion reported to occur by other investigators after feeding (— )-epicatechin to rats and provides further, albeit indirect,
evidence that the procyanidin oligomers in the GSE were not depolymerised to monomers to any extent after ingestion. No convincing analytical data were

obtained for the presence of flavan-3-ol metabolites in the brain.

Flavan-3-ols: Procyanidins: Absorption: Metabolism: Excretion: Rats: HPLC-MS-MS

Flavan-3-ols are a complex subclass of flavonoids encompassing
the simple monomers (+)-catechin and its isomer (— )-epicate-
chin, and the oligomeric and polymeric procyanidins, commonly
known as condensed tannins (Fig. 1). The procyanidins are
formed from the condensation of monomeric units, between two
and five units for oligomers and over five units for polymers.
Procyanidins differ in their position and configuration of their
monomeric linkages, with the dimers By, B,, B3 and B4 being
detected most frequently. Besides forming complexes with other
flavan-3-ols, the monomeric flavan-3-ols are hydroxylated to
form the gallocatechins, and also undergo esterification with
gallic acid (Crozier, 2003).

Flavan-3-ols are widely dispersed in the human diet and are
one of the most abundant dietary flavonoids with red wine, tea,
berries, apples and chocolate providing the richest food sources
(Sanoner et al. 1999; Foo et al. 2000; Auger et al. 2004;

Del Rio et al. 2004). Although there are no accurate estimates
of flavan-3-ol intake levels, it has been speculated that consump-
tion ranges between 0-1 and 0-5g/d (de Pascual-Teresa et al.
2000; Scalbert & Williamson, 2000). The data of Arts er al.
(2001) imply that flavan-3-ols may be one of the more effective
groups of dietary phenolics in reducing the risk of coronary
heart disease. In keeping with this possibility (4-)-catechin and
procyanidins have been shown to reduce platelet aggregation
(Ruf et al. 1995) and to act as powerful inhibitors of LDL
oxidation in vitro (Teissedre et al. 1996; Steinberg et al. 2003)
and ex vivo (Kondo et al. 1996), events believed to play a crucial
role in preventing the onset of atherogenesis (Steinberg et al.
1989). It has also been demonstrated that consumption of a
procyanidin-rich grape seed extract (GSE) reduces the incidence
of cataracts in the eyes of hereditary cataractous (ICR/f) rats
(Yamakoshi er al. 2002).

Abbreviations: amu, atomic mass unit; GI, gastrointestinal; GSE, grape seed extract; [M-H] , negatively charged molecular ion; MS—MS, tandem MS; RDA-F, retro-

Diels-Alder fission; SIM, selected ion monitoring; SRM, selected reaction monitoring; g, retention time.
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Fig. 1. Structures of flavan-3-ols and procyanidin dimers and trimers.

(+)-Catechin and (— )-epicatechin are absorbed in humans and
animals, appearing in plasma and urine primarily as glucuronidated,
methylated and sulphated metabolites following the ingestion of
chocolate (Rein et al. 2000; Wang et al. 2000; Baba et al. 2001),
black and green tea (Piskula & Terao, 1998; Yang et al. 1998;
Warden et al. 2001) and red wine (Donovan et al. 1999; Bell et al.
2000). There is, nevertheless, conflicting evidence on the absorption
and metabolism of the oligomeric and polymeric flavan-3-ols in
humans and animals. Koga et al. (1999) observed the presence of
(+)-catechin and (— )-epicatechin and an absence of dimers in the
plasma of rats following ingestion of a GSE. Extending this study,
Donovan et al. (2002) fed rats GSE, (+ )-catechin and procyanidin
B; meals. While conjugated metabolites of (+)-catechin were
detected in plasma and urine after both the (4-)-catechin and GSE
meals, there was no evidence for absorption of the procyanidins.
However, in another study (—)-epicatechin, (4 )-catechin and
trace amounts of procyanidin dimer B, were detected in sulphatase-
and 3-glucuronidase-treated human plasma collected 30 min after
ingestion of a cocoa beverage rich in flavan-3-ol monomers and
procyanidins (Holt et al. 2002). In keeping with this report, it has
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been shown that after oral administration of B, to rats, the dimer
is absorbed and excreted in urine with a portion of the procyanidin
being converted to (— )-epicatechin, which undergoes post-inges-
tion conjugation and methylation (Baba ef al. 2002).

In this paper we report on a comprehensive study of the absorp-
tion, excretion and sequestration in body tissues of (4 )-catechin,
(— )-epicatechin, their metabolites and procyanidin dimers and a
trimer following the oral intake of a GSE by rats.

Methods
Materials

(+)-Catechin,  (—)-epicatechin, (— )-epicatechin-3-O-gallate
and procyanidin B3 were obtained from AASC Chemicals
(Southampton, UK). HPLC-grade acetonitrile was supplied by
Rathburn Chemicals (Walkerburn, Peebleshire, UK). Standards of
the procyanidin dimers B, B, and B4 were obtained from a GSE
using procedures described by Teissedre et al. (1996). Other labora-
tory reagents were purchased from Sigma Aldrich (Poole, UK).
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The GSE was produced by Partoeno (Bordeaux, France). It was
oenological international grade (tannin indices 94-7 %, mineral
ashes 1.01 % (m/m), insoluble residue 0-62 % (m/m)) produced
from Chardonnay and Pinot Noir grape seeds by water and alcohol
extraction in vacuo at low temperature.

Animal and sample preparation

Sprague—Dawley male rats (n 24), weighing 250 £ 5g, were
housed in metabolic cages allowing the collection of 24 h urine
and faecal samples. Rats were deprived of food for 16 h before
being fed by gavage a GSE (1 g/kg body weight) containing
monomers, oligomers and polymers of flavan-3-ols dissolved in
water (1 g GSE per 6 ml). Three animals were terminally anaes-
thetised with pentobarbital 0, 1, 2, 3, 4, 6, 12 and 24h after
administration of the GSE. Blood was removed by cardiac punc-
ture with heparin-moistened syringes and plasma was obtained by
centrifugation at 2000g for 10 min at 4°C. Liver, kidney, brain,
stomach, duodenum/jejunum, ileum, caecum, colon, urine and
facces were collected at each time point. All samples were
immediately frozen in liquid N, and stored at —80°C prior to
analysis.

Extraction of phenolics from rat tissues

Samples from three individual rats were combined and extracted
according to the method of Mullen ez al. (2002). In brief, 4 g liver,
kidney and brain, and 2-5 g stomach and sections of the gastroin-
testinal (GI) tract, including contents, were macerated using an
Ultraturax homogeniser and extracted by continuous shaking
with 15 ml methanol in 0-1 M-phosphate buffer (pH 7; 1:1, v/v)
containing 20 mMm-sodium diethyldithiocarbamate for 10min.
The mixture was centrifuged at 2000 g for 20 min. The methanolic
supernatant was decanted and the pellet re-extracted twice. The
three methanolic supernatants were combined and the methanol
was removed in vacuo. The remaining aqueous phase was
adjusted to pH 3-0 with 5% aqueous HCI and partitioned three
times with an equal volume of ethyl acetate. The ethyl acetate
extracts were combined and stored overnight at —20°C prior to
filtration to remove ice. The filtered ethyl acetate extract was
reduced to dryness in vacuo, and the extract was dissolved in
50 w1 methanol in 450 pl aqueous 1 % formic acid before analysis
by HPLC-tandem MS (HPLC-MS-MS).

After partitioning, the residual aqueous phase was placed in
vacuo to remove ethyl acetate before being loaded on to a 2 ¢
Sep-Pak C;g cartridge (Waters, Milford, MA, USA). The
cartridge was washed with acidified water (pH 3-0) before elution
of polar compounds with 10ml methanol followed by 10ml
methanol containing 0-1 % HCIL. The methanolic eluates were
combined and reduced to a volume of 1ml in vacuo before
analysis using HPLC-MS—-MS. As there was a wide range of
phenolic compounds present it was impossible to add a specific
internal standard for each compound analysed. Therefore, the
overall extraction efficiency was calculated as described by
Mullen et al. (2004) using [2-14C]quercetin-4’ -glucoside.

Extraction of phenolics from plasma

Proteins in plasma were precipitated and intact phenolics extracted
as described by Mullen et al. (2002). Briefly, 1 ml plasma was
spiked with an internal standard of [2—14C]quercetin—4/ -glucoside

then 2-5ml acetonitrile were added and the sample was vortexed
for 30 s every 2 min for 10 min. The sample was then centrifuged
at 3000g at 4°C for 10min, the supernatant removed and the
pellet extracted as outlined above using methanol instead of aceto-
nitrile. The two supernatants were then combined, reduced to dry-
ness and redissolved in a known volume of 5% methanol in
water containing 1 % formic acid. An aliquot of this was taken
for scintillation counting to allow the extraction efficiency to be cal-
culated, which was typically about 86 %.

HPLC with diode array detection and tandem mass spectrometry

All samples were analysed in triplicate on a Surveyor HPLC
system comprising of a HPLC pump, diode array detector scan-
ning from 250 to 700nm, and an autosampler set at 4°C
(Thermo Finnigan, San Jose, USA) with separation carried out
using a 250 X 4-6 mm internal diameter 4 um Synergi RP-Max
column (Phenomenex, Macclesfield, UK) eluted at a flow rate
of 1ml/min. A mobile phase consisting of a 5-40% gradient
over 60min of 1% formic acid and acetonitrile was used for
the analysis of all samples except urine, for which a 5-20 %,
60 min gradient was utilised. After passing through the flow cell
of the diode array detector the column eluate was split and
0-3 ml was directed to a LCQ Deca XP ion trap mass spectrometer
fitted with an electrospray interface (Thermo Finnigan). Analysis
was carried out in negative ion mode operating in full-scan mode
from 100 to 2000 atomic mass units (amu).

The tuning of the mass spectrometer was optimised by infusing
a standard of (4 )-catechin dissolved in 5 % acetonitrile in water
containing 1% formic acid into the source at a flow rate of
0-25 ml/min. Capillary temperature was 350°C, sheath gas and
auxiliary gas were 80 and 20 arbitrary units, respectively,
source voltage was 5kV and capillary voltage was — 39 V. Maxi-
mum scan time for MS—MS, single ion monitoring (SIM) and
selected reaction monitoring (SRM) was 50, 200 and 400 ms,
respectively. The automatic gain control was on, which ensures
the optimum number of ions are collected in the ion trap.

Identification of flavan-3-ols and/or their metabolites in all
samples was carried out using full-scan data-dependent MS—
MS. Quantitative estimates of the flavan-3-ols and procyanidins
in the GSE were based on the absorbance response at 280 nm.
(+)-Catechin and (—)-epicatechin were quantified by reference
to authentic standards while the levels of all dimers, trimers
and tetramers were expressed as dimer Bj equivalents. The
extensive purification of extracts of body tissues also enabled
flavan-3-ols and their metabolites to be quantified in (+)-cate-
chin equivalents based on the absorbance response at 280 nm
with peak identification confirmed by full-scan MS—MS. Quanti-
tative estimates of metabolite levels in plasma and urine made
use of the selectivity of the mass spectrometer operating in
SIM and SRM modes.

The quantities of procyanidins in urine were determined by
SRM. The conditions used were as outlined above except that
the mass spectrometer was set up to monitor specific ions.
When measuring the levels of dimers the parent ion was m/z
577, the collision energy 35 %, and product ions used for quanti-
fication were m/z 425, 407 and 289. In the case of trimers, the
parent ion was m/z 865 and product ions used for quantification
were m/z 695 and 577. Dimer B; was used as a calibration stan-
dard. Estimated levels of trimers are therefore quoted in Bj
equivalents. When an ion trap mass spectrometer is used in the

ssaud Aissaaun abpliquied Aq suluo paysliand 081 1500ZN(d/6£01°01/610"10p//:sdny


https://doi.org/10.1079/BJN20051480

Absorption, metabolism and excretion of flavan-3-ols and procyanidins 173

SRM mode, there is no loss in sensitivity by increasing the range
of the product ions scanned. In practice, the mass range that can
be scanned is from the parent ion down to an m/z value around
one-third of the mass of the parent ion. Hence, with the flavan-
3-ol dimers the product ions arising from the parent ion at m/z
577 can be scanned from m/z 577 to m/z 190. Quantification
was carried out on the selected authentic ions, in this case m/z
425, 407 and 289. This allows for accurate quantification while
the occurrence of additional spurious ions can be monitored so
precluding false positive identifications.

Quantification of (—)-epicatechin glucuronide, (+ )-catechin
glucuronide, methyl-(— )-epicatechin glucuronide and methyl-
(+)-catechin glucuronide in plasma and urine used the conditions
outlined above with the mass spectrometer in the SIM mode. The
parent ions were m/z 465 and m/z 479. Quantitative analyses of
(— )-epicatechin sulphate and (4)-catechin sulphate, and
methyl-(— )-epicatechin sulphate and methyl-(+ )-catechin sul-
phate were also based on SIM using m/z 369 and m/z 389, respect-
ively, as the parent ions. No standards of these compounds were
available so (4 )-catechin was used as the calibration standard.
Our experience in previous studies has demonstrated that if the
mass spectrometer is set up using quercetin, the same parameters
work equally well for a quercetin glucoside conjugate and vice
versa. Likewise calibration files created using quercetin or querce-
tin-4’-glucoside in SIM mode produce identical results.

Results
Analysis of the grape seed extract

A 1 mg/ml solution of GSE in 25 % methanol in water containing
1 % formic acid was prepared and 20 pl aliquots were analysed by
gradient reversed-phased HPLC with absorbance and MS—MS
detection. In total 13 phenolic compounds were identified in the
GSE by HPLC-MS—-MS and quantified by absorbance detection
at 280 nm. The data obtained are illustrated in Fig. 2 and summar-
ised in Table 1. Where no reference compounds were available to
confirm identifications by co-chromatography, identifications
were facilitated by previously published data on the analyses of
flavan-3-ols in grape seeds and GSE as cited in the text.

Peak 1. Peak 1 (tg = 6-2min, \,,x = 280nm) had a [M-H] "~
at m/z 865 with MS? yielding major fragment ions at m/z 713,
695, 577, 425 and 407. The first fragment ion at m/z 713, a loss
of 152 amu, comes from retro-Diels-Alder fission (RDA-F) of
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Fig. 2. Reversed-phase HPLC of a grape seed extract using a 60min
5-40 % gradient of acetonitrile in 1% aqueous formic acid with detection at
280nm. For MS? data and identification and quantification of peaks 1-13,
see Table 1.

the heterocyclic ring system. The base ion at m/z 695, a loss of
170 amu, is from RDA-F with an additional loss of water. The
ion at m/z 577, a loss of 288 amu, is from interflavanic bond clea-
vage. The ions at m/z 425 and m/z 407 are from further RDA-F
after interflavanic bond cleavage (Friedrich er al. 2000; Shui
& Leong, 2004). Based on the mass spectral data this compound
is a procyanidin trimer. Its elution prior to procyanidin dimer B,
(peak 2) (Santos-Buelga et al. 1995) indicates that it is probably
C,, a known component of grape seeds (Romeyer et al. 1986).

Peak 2. Peak 2 (tg = 12-1min, A\, =280nm) had a
[M-H]™ at m/z 577 with MS? yielding three fragment ions at
m/z 425, 407 and 289. This mass spectrum and co-chromatog-
raphy with an authentic standard established that peak 2 is pro-
cyanidin dimer B, which has previously been detected in grape
seeds (Ricardo da Silva et al. 1991).

Peak 3. Peak 3 (tg = 13-1 min, A\, = 280nm) also had a
[M-H]~ at m/z 577 which fragmented to produce MS? ions at
mlz 425, 407 and 289. Its elution prior to (4 )-catechin (Sun
et al. 1999) and co-chromatography with an authentic standard
demonstrates that peak 3 is procyanidin dimer Bj.

Peak 4. Peak 4 (tg =143 min, M\, =280nm) had a
[M-H] at m/z 289 and MS? produced fragment ions at m/z 245
and 205. This mass spectrum and co-chromatography with an
authentic standard identifies peak 4 as (+)-catechin.

Peak 5. Peak 5 (tg = 15-0min, A, = 280nm) produced a
[M-H]~ at m/z 1153 which on MS? yielded ions at m/z 865 and
577. This sequential loss of 288 amu is typical of a procyanidin
oligomer. Although a reference compound was not available,
the early elution of this peak close to (+)-catechin and the
mass spectral data indicate that it is a procyanidin tetramer, the
presence of which has been previously reported in a GSE (Escri-
bana-Bailon et al. 1992).

Peak 6. Peak 6 (tg = 155min, M\, =280nm) had a
[M-H] ™ at m/z 865 with MS? producing major fragment ions at
mlz 695, 577, 425 and 407. Based on the mass spectral data,
this compound is a procyanidin trimer. Its elution between (+)-
catechin (peak 4) and the dimer B, (peak 7) indicates that it
may be epicatechin-(4p3-8)-epicatechin-(43-8)-catechin pre-
viously identified in a GSE by Santos-Buelga et al. (1995).

Peak 7. Peak 7 (tg = 16-1 min, \,,x = 280nm) had a [M-H]
at m/z 577 which on MS? yielded three ions at m/z 425, 407 and
289. This mass spectrum and co-chromatography with an auth-
entic standard identifies peak 7 as procyanidin By, a known com-
ponent of grape seeds (de Pascual-Teresa et al. 2000).

Peak 8. Peak 8 (tg = 16:9min, A, = 280nm) produced a
[M-H]  at m/z 577 which produced MS? fragments at m/z 425,
407 and 289. The mass spectral data indicated the presence of a
procyanidin dimer and co-chromatography with an authentic stan-
dard identified it as the B, dimer.

Peak 9. Peak 9 (tg = 18 7min, M\,.x =280nm) had a
[M-H]~ at m/z 289 which on MS> yielded two ions at m/z 245
and 205. This mass spectrum and co-chromatography with an
authentic standard established that peak 9 is (—)-epicatechin.

Peak 10. Peak 10 (fg = 20-6 min, \y,ax = 280nm) produced a
[M-H] ™ at m/z 865, which yielded MS? fragments at m/z 695,
577, 425 and 407. Based on the mass spectral data this compound
is a procyanidin trimer.

Peak 11. Peak 11 (g =21-3min, A.x =275nm) had a
[M-H] ™ at m/z 1153, and MS? yielded major ions at m/z 865
and 577. This is in keeping with peak 11 being a procyanidin
tetramer.
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Table 1. HPLC and mass spectral characteristics of flavan-3-ols in a grape seed extract and amounts ingested per rat*

(Values are means with their standard errors (n 3))

Amount ingested
(mg per rat)

Peak tr (min) Compound [M-H]™ (m/2) MS?2 ions (m/z) Mean SE
1 6-2 Procyanidin trimer C, 865 577, 289 0-3 0-0
2 121 Procyanidin dimer B, 577 425, 407, 289 1.5 0.2
3 131 Procyanidin dimer B3 577 425, 407, 289 0-6 0.2
4 14.3 (+)-Catechin 289 245 5-8 0-2
5 15.0 Procyanidin tetramer 1153 577, 289 0.2 0-0
6 155 Procyanidin trimer 865 577, 289 0-3 0-1
7 16-1 Procyanidin dimer B, 577 425, 407, 289 0-7 0-1
8 16-9 Procyanidin dimer B, 577 425, 407, 289 15 0-2
9 187 (—)-Epicatechin 289 245 3.6 01
10 20-6 Procyanidin trimer 865 577, 289 0.7 0-1
11 21-3 Procyanidin tetramer 1153 577, 289 05 0.2
12 22.2 Procyanidin B4-3- or Bo-3'-O-gallate 729 577, 407 28 0-1
13 27.2 (—)-Epicatechin-3-O-gallate 441 289 0.7 0-2

[M-H] ™, negatively charged molecular ion.

* |dentifications based on retention times (tz), and full-scan negative ionisation MS—MS data. Peak numbers and t5 values refer to peaks in Fig. 2.

Peak 12. Peak 12 (tg =22-2min, Ay = 275nm) had a
[M-H]™ at m/z 729, with MS? ions at m/z 577, 425, 407 and
289. These ions are similar to those observed with the procyanidin
dimers in peaks 8 and 9 with the m/z 577 fragment resulting from
a 154 amu loss from the [M-H]  which is indicative of the clea-
vage of a gallate unit. On the basis of the MS?® spectrum, this
compound is, therefore, a gallated procyanidin dimer. Although
a reference compound was not available, the elution order of
this peak after (—)-epicatechin (peak 9) and a procyanidin
trimer (peak 10) along with the mass spectral data indicate that
it is either B;-3-O-gallate or B,-3'-O-gallate, both of which
have been detected in grape seeds. Under similar chromatographic
conditions both gallated dimers elute after (— )-epicatechin and a
procyanidin trimer (Santos-Buelga et al. 1995).

Peak 13. Peak 13 (g =27-2min, Ay,x = 275nm) had a
[M-H]~ at m/z 441 with MS? producing a fragment at m/z 289.
This mass spectrum and co-chromatography with an authentic
standard established that peak 3 is (— )-epicatechin-3-O-gallate.

The levels of the 13 flavan-3-ols that were ingested when each
rat was fed the GSE are presented in Table 1 together with the
summarised analytical data. As well as the flavan-3-ol monomers,
dimers, trimers and tetramers listed in Table 1, each rat also con-
sumed a substantial but undetermined quantity of high-molecular
weight polymeric procyanidins whose presence in the GSE is

evident from the increasing baseline and the broad unresolved
band of components that elute across the HPLC-A,go chromato-
gram illustrated in Fig. 2.

Identification of flavan-3-ol metabolites in body tissues and fluids

Using a 5—-40 % acetonitrile gradient HPLC—MS—MS in the full-
scan mode detected four flavan-3-ol metabolites in the GI tract,
plasma, liver and kidneys. The results of these analyses are sum-
marised below and in Table 2.

Peak M-1. Peak M-1 (tg = 11-6min, A, = 280nm) and
M-2 (tg = 14-5min, N\, = 280nm) both had a [M-H] at m/z
465 which yielded MS? fragments at m/z 289. MS? of the ion at
m/z 289 provided a mass spectrum that matched that of (4)-
catechin/(— )-epicatechin. The [M-H] -176 loss is in keeping
with the cleavage of a glucuronyl unit. The MS fragmentation
pattern, together with the HPLC elution order, indicates that
the earlier eluting M-I peak is a (4 )-catechin glucuronide
while M-2 is a (—)-epicatechin glucuronide.

Peak M-3. Peak M-3 (tg = 17-7min, N\, = 280nm) and
M-4 (tg = 20-7 min, A\, = 280 nm) also had identical mass spec-
tra with a [M-H]  at m/z 479. The loss of 176 amu (cleavage of a
glucuronyl unit) yielded an MS? ion at m/z 303. MS? of the ion at
m/z 303 provided a mass spectrum that matched that of (+)-cate-
chin/(—)-epicatechin though 14amu higher. The parent and

Table 2. HPLC and mass spectral properties of flavan-3-ol metabolites detected in rats after oral ingestion of a grape seed

extract

Peak tr (mMin) Metabolite [M-H]™ (m/2) MS? ions (m/2) Location
M-1 11.6* (+)-Catechin glucuronide 465 289 [C] ([M-H] -GIcUA) P,U, DM, I, L K
M-2 14.5* (—)-Epicatechin glucuronide 465 289 [EC] ([M-H] -GIcUA) P,U, D/, I, L, K
M-3 17.7* Methyl-(+)-catechin glucuronide 479 303 [C] ([M-H] -GlcUA) P, U, D/, I, L, K
M-4 20-7* Methyl-(—)-epicatechin glucuronide 479 303 [EC] ([M-H] -GIcUA) P, U, D/, I, L, K
U-1 24.6t (+)-Catechin sulphate 369 289 [C] ([M-H] -SO3) u

U-2 27-9t (—)-Epicatechin sulphate 369 289 [EC] ([M-H]™-SO3) U

U-3 29-2t Methyl-(+)-catechin sulphate 383 303 [MC] ([M-H] -SO3) U

U-4 38-1t Methyl-(—)-epicatechin sulphate 383 303 [ME] ([M-H] -SO3) U

tg, retention time; C, (+)-catechin; D/J, duodenum/jejunum; EC, (—)-epicatechin; GIcUA, glucuronyl unit; I, ileum; L, liver; K, kidneys; [M-H] ", negatively
charged molecular ion; MC, methyl-(+)-catechin; ME, methyl-(—)-epicatechin; P, plasma; U, urine.

*HPLC gradient 5—-40 %, 60 min.
1 HPLC gradient 5-20 %, 60 min.
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fragment ions 14 amu higher than the equivalent ions seen in the
spectra of M-I and M-2 indicate the presence of methylated
flavan-3-ol glucuronides. M-3 is therefore probably a methyl-
(+)-catechin glucuronide and the later eluting M-4 is probably
a methyl-(—)-epicatechin glucuronide.

Without reference compounds it was not possible to determine
the positions on the flavan-3-ol skeleton of the methyl and
glucuronic acid substituents. The most likely candidates for M-2
and M-4 are (—)-epicatechin-7-O-glucuronide and 3'-O-methyl-
(— )-epicatechin-7-O-glucuronide, which have been identified in
rat plasma and urine after ingestion of (—)-epicatechin
(Natsume et al. 2003). (+)-Catechin is converted to 3'-O-
methyl-(4)-catechin in rats (Nakamura & Tonogai, 2003), so
M-3 may be a 3’-O-methyl-(+)-catechin glucuronide. However,
no (4 )-catechin glucuronides have been structurally elucidated
so it is not possible to speculate on the position of the glucuronide
moiety in M-I and M-3.

Urine contained impurities that interfered with metabolite identi-
fication when HPLC was carried out with a 5-40 % gradient of
acetonitrile. This was overcome with the use of a 5—20 % gradient
which enhanced resolution and revealed the presence of the four
previously detected metabolites (M-1, M-2, M-3 and M-4 at reten-
tion times of 14-1, 19:0, 26-0 and 30-2 min, respectively) together
with four additional urinary metabolites, U-1, U-2, U-3 and U-4,
that were not present in other samples (Table 2).

Peaks U-1 and U-2. Peaks U-1 (g =24-6min,
Amax = 280nm) and U-2 (tg = 27-9min, Ay, = 280nm) both
had a [M-H] at m/z 369 yielding an MS? ion at m/z 289. The
[M-H] -80 loss is in keeping with the cleavage of a SOj unit.
MS? of the ion at m/z 289 also provided a mass spectrum that
corresponded to that of (4 )-catechin/(— )-epicatechin. The MS
fragmentation pattern, together with the HPLC elution order,
indicates that the earlier eluting U-1 peak is a (4 )-catechin
sulphate while U-2 is an (— )-epicatechin sulphate.

Peaks U-3 and U-4. Peaks U-3 (g =29-2min,
Amax = 280nm) and U-4 (tg = 38-1 min, A, = 280nm) had a
[M-H]  at m/z 383 which on loss of 80amu (cleavage of a
SO; unit) yielded an MS? ion at m/z 303. MS? of the ion at
m/z 303 provided a mass spectrum that matched that of (+)-
catechin/(— )-epicatechin though 14 amu higher. The fragmenta-
tion patterns seen in the spectra of U-/ and U-2 indicate the
presence of methylated flavan-3-ol glucuronides. Unlike
human subjects, which produce 4'-O-methylated derivatives,
rats accumulate predominantly 3/-O-methylated metabolites of
flavan-3-ols (Nakamura & Tonogai, 2003; Natsume et al.
2003), U-3 is therefore probably a 3/-O-methyl-(+)-catechin
sulphate and the later eluting U-4, a 3'-O-methyl-(— )-epicate-
chin sulphate. This is the first direct evidence for the occur-
rence of sulphated flavan-3-ol metabolites in rats and as yet
the position of the sulphate moiety remains undetermined.

Quantification of plasma flavan-3-ol metabolites

(+)-Catechin glucuronide (M-1), (— )-epicatechin glucuronide (M-
2), methyl-(4)-catechin glucuronide (M-3) and methyl-(— )-epica-
techin glucuronide (M-4) were detected in plasma (Table 2). This is
shown in the HPLC traces in Fig. 3, which illustrate data obtained
with plasma collected 4 h after GSE ingestion. The A,gonm trace
contains a number of impurities in addition to the four flavan-3-ol
metabolites and it is evident that M-3 is a shoulder on a contaminant
peak. None the less, full-scan MS? spectra, as summarised in

Table 2, were obtained for all four metabolites. However, it was evi-
dent from the 280 nm trace that the presence of co-eluting com-
pounds would adversely influence quantification using the diode
array detector. These compounds were, therefore, quantified using
the enhanced selectivity of SIM by monitoring the response at m/z
465 for M-1 and M-2 and m/z 479 for M-3 and M-4 (Fig. 3). Unme-
tabolised (+ )-catechin and (— )-epicatechin were not present in the
plasma samples in detectable quantities and neither were procyani-
din dimers, trimers or tetramers.

The plasma pharmacokinetic profiles based on HPLC-SIM ana-
lyses are illustrated in Fig. 4. Three hours after GSE ingestion,
(+)-catechin  glucuronide and (—)-epicatechin glucuronide
attained peak plasma concentrations of 10-3 (SE 0-7) and 9:9 (SE
0-1) pg/ml, respectively, which corresponds to 36:0 (SE 2-5) and
34-4 (S 0-2) pmol/l. The glucuronide derivatives of methyl-(+4)-
catechin and methyl-(— )-epicatechin also peaked after 3h at 5-5
(SE O0-1) and 3-3 (SE 0-2) pg/ml, respectively. There was an approxi-
mately 20 % reduction in the concentrations of all four plasma
flavan-3-ol metabolites at 4 h after which the levels declined more
rapidly (Fig. 4). Assuming 12ml of plasma per rat, the peak
plasma concentrations of the two (4 )-catechin metabolites corre-
spond to around 3 % of the (4 )-catechin ingested and the (— )-epi-
catechin metabolites equate with about 4 % of intake.

Quantification urinary flavan-3-ol metabolites

A total of eight flavan-3-ol metabolites, methyl-glucuronides,
sulphates and methyl-sulphates of the monomers (4 )-catechin

- o NN
o © a O O
S © © © ©

Absorbance (mAU)

40 pm-1
30} M-2

(B) m/z 465

20t

Intensity x 105
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(C) m/z479

Intensity x 105

10 11 12 13 14 15 16 17 18 19 20 21 22
Retention time (min)

Fig. 3. Reversed-phase HPLC analysis, with diode array and MS-selected
ion monitoring detection, of the flavan-3-ol metabolites (+)-catechin glucuro-
nide (M-1), (—)-epicatechin glucuronide (M-2), methyl-(+)-catechin glucuro-
nide (M-3), methyl-(—)-epicatechin glucuronide (M-4) in rat plasma collected
4h after the ingestion of a grape seed extract. Extract analysed using a
60 min 5-40 % gradient of acetonitrile in 1% aqueous formic acid with detec-
tion at 280 nm (A), m/z 465 (B) and m/z 479 (C). For MS? data, see Table 2.
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Fig. 4. Pharmacokinetic profile of flavan-3-ol metabolites (—@—, catechin
glucuronide; —-, epicatechin glucuronide; —O—, methyl-catechin glucuro-
nide; -{1-, methyl-epicatechin glucuronide) detected in rat plasma collected
over a 0—24 h period after the ingestion of a grape seed extract. Results are
expressed as ng (+)-catechin equivalents/ml. Values are means and in all
instances standard error bars are smaller than symbols.

and (— )-epicatechin, whose LC—MS—MS identifications were out-
lined earlier and in Table 3, were detected in urine. HPLC data
obtained with a 0—24 h urine sample are illustrated in Fig. 5. The
Asgonm trace contained numerous impurities (Fig. 5(A)) so the
flavan-3-ol metabolites were quantified using SIM. A SIM trace at
m/z 383 illustrating the detection of the methylated flavan-3-ol sul-
phates, U-3 and U-4, is illustrated in Fig. 5(B). Information on the
cumulative excretion of the eight metabolites over 0—2, 0—4 and
0-24 h time periods is presented in Table 3. The levels of (+ )-cate-
chin and (— )-epicatechin metabolites excreted, relative to the quan-
tity of the monomers ingested, were 1 and 2 %, respectively, after
2h, 13 % after 4h, and 27 and 36 % after 24 h. No (4 )-catechin
and (— )-epicatechin were detected in the urine samples.

When HPLC-MS-MS in the SRM mode was used to analyse
urine collected up to 4 h after ingestion of the GSE, the procyanidin
dimers B, B,, B3 and B, were detected (Fig. 6). Also analysis at m/z
865 revealed the presence of the trimer C,, peak 1 in the GSE, and an
additional trimer that eluted at the same retention time as the trimer
peak 10 in the GSE. All these procyanidins were detected in low g
amounts (Table 4), which is much less than the levels of the urinary

=

lon intensity x 105
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Fig. 5. Reversed-phase HPLC analysis, with diode array and MS-selected
ion monitoring detection, of methyl-(+)-catechin sulphate (U-3) and methyl-
(—)-epicatechin sulphate (U-4) in rat urine collected 4 h after the ingestion of
a grape seed extract. Extract analysed using a 60 min 5-20 % gradient of
acetonitrile in 1% aqueous formic acid with detection at 280 nm (A) and m/z
383 (B). For MS? data, see Table 2.

metabolites of (4 )-catechin and (— )-epicatechin that were excreted
in the first 4 h after ingestion of the GSE (Table 3).

Quantification of flavan-3-ols and metabolites in the
gastrointestinal tract

The levels of flavan-3-ols and their metabolites that were detected in
the various sections of the GI tract are presented in Table 5.
The amounts fluctuated somewhat from time point to time point,
presumably because of rat-to-rat variations. While this precludes
a detailed analysis of the data, certain trends are none the
less apparent. One hour after GSE supplementation (+ )-catechin,
(— )-epicatechin and other flavan-3-ols were found in the GI tract.
The highest quantities were present in the stomach with low
levels in the duodenum/jejunum and ileum. Trace quantities of
metabolites, detected in the duodenum/jejunum and ileum 1h
after the ingestion of the GSE, were identified as glucuronides

Table 3. Cumulative excretion of flavan-3-ol metabolites in rat urine 0—2, 0—4 and 0—24 h after oral inges-

tion of a grape seed extract
(Values are means with their standard errors (n 3))

Metabolite excretion (w.g per rat)

0-2h 0-4h 0-24h
Peak Metabolite Mean SE Mean SE Mean SE
M-1 (+)-Catechin glucuronide 40 0-2 324 8:2 814 49
M-2 (—)-Epicatechin glucuronide 11 2.2 201 1.0 635 23
M-3 Methyl-(+)-catechin glucuronide 66 77 332 9.0 534 25
M-4 Methyl-(—)-epicatechin glucuronide 6-3 0-2 193 0.7 391 48
U-1 (+)-Catechin sulphate 2.5 01 27 0-4 78 6-1
U-2 (—)-Epicatechin sulphate ND 39 0-2 139 13
U-3 Methyl-(+)-catechin sulphate 23 0-2 45 11 120 11
U-4 Methyl-(—)-epicatechin sulphate 1.4 01 29 1-4 152 1-3

ND, not detected.
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Fig. 6. Reversed-phase HPLC analysis, with diode array and MS-selected
reaction monitoring detection of procyanidin dimers (B4, B,, B3 and B,4) and
trimers (Co and T (unknown trimer)) in rat urine collected 4 h after the inges-
tion of a grape seed extract. Extract analysed using a 60 min 5—40 % gradient
of acetonitrile in 1 % aqueous formic acid with detection at m/z 577 and 865.

of the monomers (4 )-catechin and (— )-epicatechin and their meth-
ylated analogues. The amounts present in these organs at 2 h corre-
sponded to only 1-2 % and 2 %, respectively, of the (— )-epicatechin
and (+ )-catechin in the ingested GSE. Small amounts of flavan-3-ol
metabolites were present in the duodenum/jejunum and ileum up to
6 h after ingestion after which they were not detected. No metab-
olites were detected in the stomach, caecum and colon at any time
point throughout the 24h collection period although relatively
small quantities of unmetabolised flavan-3-ols, including the By,
B,, B3 and B4 dimers, were present up to 12 h after ingestion of
the GSE. All the GSE flavan-3-ols were eliminated from the GI
tract 24 h after ingestion.

Quantitative analysis of flavan-3-ol metabolites in the liver,
kidneys and brain

HPLC-MS—-MS analyses, as described above, identified glucuro-
nidated and methylated metabolites of (—)-epicatechin and (4 )-
catechin in liver extracts collected 1 and 4h after ingestion of
the GSE. The methylated conjugates were the major metabolites
(Table 6). None of the metabolites were present in subsequent
liver samples collected 6, 12 and 24 after ingestion. The levels
of metabolites detected in the kidney were low, reaching a maxi-
mum by 4 h post-ingestion with 134 and 28 pg of total (+)-cate-
chin and (— )-epicatechin, respectively.

Table 4. Cumulative excretion of procyanidin dimers in rat urine 0—4h after
oral ingestion of a grape seed extract

(Values are means with their standard errors (n 3))

Procyanidin excretion (ug per rat)*

Procyanidin Mean % SE
Dimer B, 75 05 0-3
Dimer B, 4.2 0-3 0-2
Dimer B3 6-4 1-0 0-1
Dimer B4 3.0 0-4 04
Trimer Co 13.0 4.3 0-1
Unknown trimer 51 0-7 0-4

*Percentage values represent amount excreted as a percentage of intake.

No metabolites were detected in brain extracts using full-scan
MS-MS, although El Mohsen et al. (2002) have reported the pre-
sence of glucuronyl and methyl-glucuronyl metabolites of (—)-
epicatechin in the brain of rats that had been fed 100 mg (—)-
epicatechin per kg body weight for a period of 10d. We, there-
fore, pooled the remaining brain extracts and attempted to
detect the presence of both of these metabolites with the HPLC
conditions used for urine analysis and the mass spectrometer
operating in the SRM mode. Interestingly, a strong peak was
observed using SRM of parent ion m/z 479 and product ion m/z
303, which was not seen in the control brain sample. Inspection
of the product ion spectrum revealed an additional major ion at
m/z 411, which was not present in the equivalent spectra obtained
with M-3 and M-4 in other tissues, plasma and urine (Table 3).
The retention time of this peak was also different from those of
the methylated flavan-3-ol glucuronides detected in other
samples. The spectra shown by El Mohsen et al. (2002) contained
many ions that could not have originated from the fragmentation
of the putative flavan-3-ol metabolites. Ryan et al. (1999) and de
Rijke er al. (2003) have reported that MS—MS provides better
limits of detection though less structural information than positive
ionisation, which is in agreement with our own observations
(Mullen et al. 2004). This makes the presence of additional
ions in our spectra all the more significant. When a flavonoid
O-conjugate undergoes MS? fragmentation the resultant base
ion should be that of the flavonoid aglycone or radical aglycone
formed from heterolytic or homolytic cleavage (Hvattum &
Ekeberg 2002), which is also in agreement with our findings in
the current study. Apart from the complete loss of the conjugate
moiety, O-conjugated compounds have the same spectra as their
corresponding aglycone (Waridel et al. (2001). This was not the
case with the putative methyl-flavan-3-ol glucuronide SRM spec-
trum obtain with our rat brain extract or in the spectra reported by
El Mohsen et al. (2002). We therefore believe that more convin-
cing analytical data need to be obtained before it can be claimed
that flavan-3-ol metabolites cross the blood—brain barrier.

Metabolites identified in faeces

HPLC-MS-MS with SRM detected trace non-quantifiable
amounts of (+)-catechin glucuronide, (— )-epicatechin glucuro-
nide and their methyl derivatives in a few of the faecal samples
collected over a 24 h period after GSE ingestion. They were, how-
ever, not detected in the majority of samples that were analysed.

Discussion

In the present study rats were fed a single acute dose of a flavan-
3-ol-rich GSE (Table 1). The mean amounts fed to each rat by
gavage were 5-8mg (+)-catechin, 3-6mg (—)-epicatechin,
28-4 mg procyanidin dimers, 5-2mg trimers and 2-8 mg tetramers
(Table 1). In addition, the GSE contained a substantial, but unde-
termined, quantity of high-molecular weight polymeric procyani-
dins. Relatively high levels of the various components in the GSE
remained in the stomach for 6 h, declined by 12h and had disap-
peared after 24 h. Small amounts of GSE phenolics appeared in
the duodenum/jejunum and to a greater extent the ileum after
1h and in both instances had disappeared by 12h. Phenolics
were detected in the caecum 2h after ingestion and only trace
amounts remained after 12h. Smaller amounts were found in
the colon 3—12h after gavage. The vast majority of compounds
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Table 6. Levels of flavan-3-ol metabolites in liver and kidney of rats over a 24 h period after the inges-

tion of a grape seed extract*

(Values are means (g per organ) with their standard errors (n 3))

CGIcUA ECGIcUA MeCGlacUA MeECGIcUA
Organ Time (h) Mean SE Mean SE Mean SE Mean SE
Liver 1 4.3 0-1 2.5 2.0 57 1-3 21 0-1
2 NA NA NA NA
3 NA NA NA NA
4 2.3 0-1 1.3 1.0 45 10 20 0-9
6 ND ND ND ND
12 ND ND ND ND
24 ND ND ND ND
Kidney 1 ND ND ND ND
2 76 0-1 41 0-2 87 0-1 9-1 0-3
3 2.7 0-2 1.2 0-3 84 0-4 2.7 0-4
4 3-1 0-2 21 0 131 1.0 26-3 2.5
6 2.7 0-6 2.3 0-1 58 0-3 82 0-3
12 ND ND ND ND
24 ND ND ND ND

CglcUA, (+)-catechin glucuronide; ECGIcUA, (—)-epicatechin glucuronide; MeCGIcUA, methyl-(+)-catechin glucuro-
nide; MeECGIcUA, methyl-(—)-epicatechin glucuronide; NA, not analysed; ND, not detected.

detected in the GI tract were the original GSE flavan-3-ols with
only trace levels of four metabolites occurring in the duode-
num/jejunum and ileum. The data presented in Table 5 do
not show either a sizable increase in either (+)-catechin or
(— )-epicatechin or a concomitant decrease in the relative amounts
of dimers which supports the view that oligomeric proanthocyani-
dins are not depolymerised into monomeric flavan-3-ols to any
extent, if at all, during passage through the stomach and GI
tract (Donovan et al. 2002; Rios et al. 2002; Nakamura &
Tonogai, 2003).

HPLC retention data and MS? fragmentation patterns indicated
that the trace levels of flavan-3-ol metabolites appearing in the GI
tract were a (+ )-catechin glucuronide and a methyl-(+ )-catechin
glucuronide together with the corresponding (—)-epicatechin
derivatives which, in view of earlier studies with rats (Natsume
et al. 2003), were tentatively identified as (— )-epicatechin-7-O-
glucuronide and 3’-O-methyl-(— )-epicatechin-7-O-glucuronide.
The fate of the GSE flavan-3-ols in the GI tract of rats is, there-
fore, very different from that of quercetin-4’-glucoside which
undergoes very rapid conversion to a mixture of glucuronide,
methyl and sulphated metabolites with only 25 % of the parent
glycoside remaining after 1h (Mullen ez al. 2002).

In marked contrast to the GI tract where the parent GSE flavan-
3-ols were the major components, the circulatory system
contained only the four previously mentioned flavan-3-ol metab-
olites in detectable quantities. Three hours after ingestion a peak
plasma concentration of approximately 35 umol/l was attained
with the (+)-catechin and (—)-epicatechin glucuronides with
their methylated derivatives present at 2—3-fold lower levels
(Fig. 3). The peak plasma concentrations of the two (4 )-catechin
metabolites correspond to about 3 % of the (+ )-catechin ingested
and the (—)-epicatechin metabolites equate with about 4 % of
intake. The levels of the metabolites in the bloodstream thus
greatly exceeded the amounts present in the GI tract. This is in
keeping with the methylation and glucuronidation of (4 )-catechin
and (—)-epicatechin occurring on the luminal side of the endo-
plasmic reticulum of the small intestine during transport into
the blood stream (Kuhnle er al. 2000; Donovan et al. 2001).
The small quantities of metabolites in the GI tract could be due

to either low-level efflux back into the lumen of the intestine or
enterohepatic recirculation via the bile.

Trace levels of the methylated and glucuronidated flavan-3-ol
metabolites were also detected in liver and kidney extracts
(Table 2) but they were excreted in much higher amounts in
urine along with two sulphated metabolites and two methyl
sulphated metabolites that were not present in either the GI
tract, the liver and kidneys or the circulatory system. In contrast
to other studies, no free (4 )-catechin or (—)-epicatechin was
detected outside the GI tract, although trace quantities of the
procyanidin By, B,, B; and B, dimers and the C, trimer were
detected in urine (Fig. 6; Table 4). The levels of (+)-catechin
and (—)-epicatechin metabolites excreted relative to the quan-
tity of the monomers ingested were 27 and 36 %, respectively,
after 24 h. This is similar to the 37 % urinary excretion reported
to occur after feeding (—)-epicatechin to rats (Donovan et al.
2002). This provides further, albeit indirect, evidence that the
procyanidin oligomers in the GSE were not depolymerised to
monomers to any extent after ingestion. If this had occurred,
the level of recovery of the monomeric metabolites in urine
is likely to have been substantially higher than the 37 %
obtained by Donovan et al. (2002) after feeding rats with
(— )-epicatechin.

The approximate 30 % recovery of the ingested (4 )-catechin
and (—)-epicatechin as metabolites in urine is well in excess of
comparable figures of about 2—3 % and 0-1 % that are typically
obtained with flavonols and anthocyanins, respectively (Prior,
2003). However, this still leaves 70 % of the ingested monomer
unaccounted for and, although seemingly not absorbed to any
extent, only trace amounts of the procyanidins in the GSE
reach the colon (Table 5) and are excreted in faeces. The most
likely fate of these compounds is that they are converted to
low-molecular weight phenolic acids (Déprez er al. 2000;
Gonthier et al. 2003), most notably 3-hydroxyphenylpropionic
acid (Ward et al. 2004). These compounds were not analysed in
the current study. They have a low extinction coefficient and a
Amax below 250nm and as a result are not readily detected with
a diode array detector and, in addition, they do not ionise readily
when subjected to MS with an electrospray interface.

ssaud Aissaaun abpliquied Aq suluo paysliand 081 1500ZN(d/6£01°01/610"10p//:sdny


https://doi.org/10.1079/BJN20051480

180 C. Tsang et al.

Acknowledgements

Catherine Tsang was supported by a BBSRC CASE postgraduate
studentship with Safeway Stores plc. Cyril Auger was supported
by a MRT grant of the French Education and Research Ministry.
The HPLC—MS used in this study was purchased with a BBSRC
grant to J. R. Coggins and A. Crozier.

References

Arts MJ, Haenen GR, Voss HP & Bast A (2001) Masking of antioxidant
capacity by the interaction of flavonoids with protein. Food Chem
Toxicol 39, 787-791.

Auger C, Al-Awwadi N, Bornet A, Rouanet J-M, Gasc F, Cros G &
Teissedre P-L (2004) Catechins and procyanidins in Mediterranean
diets. Food Res Int 37, 233-245.

Baba S, Osakabe N, Natsume M, Muto Y, Takizawa T & Terao J (2001)
Absorption and urinary excretion of (—)-epicatechin after adminis-
tration of different levels of cocoa powder or (— )-epicatechin in rats.
J Agric Food Chem 49, 6050—-6056.

Baba S, Osakabe N, Natsume M & Terao J (2002) Absorption and urinary
excretion of procyanidin B, [epicatechin-(43-8)-epicatechin] in rats.
Free Rad Biol Med 33, 142—148.

Bell JR, Donovan JL, Wong R, Waterhouse AL, German JB, Walzem RL
& Kasim-Karakas SE (2000) (+)-Catechin in human plasma after
ingestion of a single serving of reconstituted red wine. Am J Clin
Nutr 71, 103-108.

Crozier A (2003) Classification and biosynthesis of secondary plant
products: an overview. In Plants: Diet and Health, pp. 27-48 [G Gold-
berg, editor]. British Nutrition Foundation. London: Chapman & Hall.

de Pascual-Teresa S, Santos-Buelga C & Rivas-Gonzalo JC (2000) Quan-
titative analysis of flavan-3-ols in Spanish foodstuffs and beverages.
J Agric Food Chem 48, 5331-5337.

de Rijke E, Zappey H, Ariese F, Gooijer C & Brinkman UATh (2003)
Liquid chromatography with atmospheric pressure chemical ionisation
and electrospray ionisation mass spectrometry of flavonoids with triple-
quadrupole and ion trap instruments. J Chromatogr A 984, 45-58.

Del Rio D, Stewart AJ, Mullen W, Burns J, Lean MEJ, Brighenti F &
Crozier A (2004) HPLC-MS" analysis of phenolic compounds and
purine alkaloids in green and black tea. J Agric Food Chem 52,
2807-2815.

Déprez S, Brezillon C, Rabot S, Philippe C, Mila I, Lapierre C & Scalbert
A (2000) Polymeric proanthocyanidins are catabolized by human colo-
nic microflora into low-molecular-weight phenolic acids. J Nutr 130,
2733-2738.

Donovan JL, Bell JR, Kasim-Karakas S, German JB, Walzem RL, Hansen
RJ & Waterhouse AL (1999) Catechin is present as metabolites in
human plasma after consumption of red wine. J Nutr 129, 1662—1668.

Donovan JL, Crespy V, Manach C, Morand C, Besson C, Scalbert A &
Rémésy C (2001) Catechin is metabolized by both the small intestine
and liver of rats. J Nutr 131, 1753-1757.

Donovan JL, Manach C, Rios L, Morand C, Scalbert A & Rémésy C
(2002) Procyanidins are not bioavailable in rats fed a single meal con-
taining a grape seed extract or the procyanidin dimer Bs. Br J Nutr 87,
299-306.

El Mohsen MMA, Kuhnler G, Rechner AR, Schroeter H, Rose S, Jenner P
& Rice-Evans CA (2002) Uptake and metabolism of epicatechin and its
access to the brain after oral ingestion. Free Rad Biol Med 33,
1693-1702.

Escribana-Bailén T, Gutiérrez-Fernandez Y, Rivas-Gonzalo JC &
Santos-Buelga C (1992) Characterization of procyanidins of Vitis
vinifera variety Tinta del Pais grape seed. J Agric Food Chem 40,
1794-1799.

Foo LY, Lu Y, Howell AB & Vorsa N (2000) The structure of cranberry
proanthocyanidins which inhibit adherence of uropathogenic P-fim-
briated Escherichia coli in vitro. Phytochemistry 54, 173—181.

Friedrich W, Ebenhardt A & Galensa R (2000) Investigation of proantho-
cyanidins by HPLC with electrospray ionisation mass spectrometry.
Eur Food Res Technol 211, 56—64.

Gonthier M-P, Donovan JL, Texier O, Felgines C, Rémésy C & Scalbert
A (2003) Metabolism of dietary procyanidins in rats. Free Rad Biol
Med 35, 837-844.

Holt RR, Lazarus SA, Sullards MC, Zhu QY, Schramm DD, Hammer-
stone JF, Fraga CG, Schmitz HH & Keen CL (2002) Procyanidin
dimer B, [epicatechin-(4p-8)-epicatechin] in human plasma after
the consumption of a flavanol-rich cocoa. Am J Clin Nutr 76,
798-804.

Hvattum E & Ekeberg D (2002) Study of the collision-induced radical
cleavage of flavonoid glycosides using negative electrospray ionisation
tandem quadrupole mass spectrometry. J Mass Spectrom 38, 43—49.

Koga T, Moro K, Nakamori K, Yamakoshi J, Hosoyama H, Kataoka S &
Ariga T (1999) Increase in oxidative potential of rat plasma by oral
administration of proanthocyanidin-rich extract from grape seeds.
J Agric Food Chem 47, 1892—1897.

Kondo K, Hirano R, Matsumoto A, Igarashi O & Itakura H (1996) Inhi-
bition of LDL oxidation by cocoa. Lancet 9040, 1514.

Kuhnle G, Spencer JPE, Schroeter H, Shenoy B, Debnam ES, Srai SKS,
Rice-Evans C & Hahn U (2000) Epicatechin and catechin are O-meth-
ylated and glucuronidated in the small intestine. Biochem Biophys Res
Commun 277, 507-512.

Mullen W, Boitier A, Stewart AJ & Crozier A (2004) Flavonoid metab-
olites in human plasma and urine after the consumption of red
onions: analysis by liquid chromatography with photodiode array
and full scan tandem mass spectrometric detection. J Chromatogr
A 1058, 163-168.

Mullen W, Graf BA, Caldwell ST, Hartley RC, Duthie GG, Edwards CA,
Lean MEJ & Crozier A (2002) Determination of flavonol metabolites in
plasma and tissues of rats by HPLC-radiocounting and tandem mass
spectrometry following oral ingestion of [2-'*C]quercetin-4'-glucoside.
J Agric Food Chem 50, 6902—-6909.

Nakamura Y & Tonogai Y (2003) Metabolism of grape seed polyphenols
in the rat. J Agric Food Chem 51, 7215-7225.

Natsume M, Osakabe N, Oyama M, Sasaki M, Baba S, Nakamura Y, Osawa
T & Terao J (2003) Structures of (— )-epicatechin glucuronide identified
from plasma and urine after oral ingestion of (— )-epicatechin: differences
between human and rat. Free Rad Biol Med 34, 840—849.

Piskula MK & Terao J (1998) Accumulation of (—)-epicatechin metab-
olites in rat plasma after oral administration and distribution of conju-
gation enzymes in rat tissues. J Nutr 128, 1172-1178.

Prior R (2003) Fruits and vegetables in the prevention of cellular oxidative
damage. Am J Clin Nutr 78, 570S—-578S.

Rein D, Lotito S, Holt RR, Keen CL, Schmitz HH & Fraga CG (2000) Epi-
catechin in human plasma: in vivo determination and effect of chocolate
consumption on plasma oxidation status. J Nutr 130, 2109S-2114S.

Ricardo da Silva JM, Rigaud J, Cheynier V, Cheminat A & Moutounet M
(1991) Procyanidin dimers and trimers from grape seeds. Phy-
tochemistry 30, 1259—1264.

Rios LY, Bennett RN, Lazarus SA, Rémésy C, Scalbert A & Williamson
G (2002) Cocoa procyanidins are stable during gastric transit in
humans. Am J Clin Nutr 76, 1106—1110.

Romeyer FM, Macheix J-J & Sapis J-C (1986) Changes and importance of
oligomeric procyanidins during maturation of grape seeds. Phyto-
chemistry 25, 219-221.

Ruf JC, Berger JL & Renaud S (1995) Platelet rebound effect of alcohol
withdrawal and wine drinking in rats. Arterioscler Thromb Vasc Biol
15, 140-144.

Ryan D, Robards K, Prenzler P, Jardine D, Herlt T & Antolovich M
(1999) Liquid chromatography with electrospray ionisation mass spec-
trometric detection of phenolic compounds from Olea europaea.
J Chromatogr A 855, 529-537.

Sanoner P, Guyot S, Marnet N, Molle D & Drilleau JP (1999) Polyphenol
profiles of French cider apple varieties (Malus domestica sp.). J Agric
Food Chem 47, 4847-4853.

ssaud Aissaaun abpliquied Aq suluo paysliand 081 1500ZN(d/6£01°01/610"10p//:sdny


https://doi.org/10.1079/BJN20051480

Absorption, metabolism and excretion of flavan-3-ols and procyanidins 181

Santos-Buelga C, Francia-Aricha EM & Escibano-Bailon MT (1995)
Comparative flava-3-ol composition of seeds from different grape var-
ieties. Food Chem 53, 197-201.

Scalbert A & Williamson G (2000) Dietary intake and bioavailability of
polyphenols. J Nutr 130, 2073S—2085S.

Shui G & Leong LP (2004) Analysis of polyphenolic antioxidants in
star fruit using liquid chromatography and mass spectrometry.
J Chromatogr A 1022, 67-75.

Steinberg D, Carew TE, Fielding C, Fogelman AM, Mahley RW,
Sniderman AD & Zilversmit DB (1989) Lipoproteins and the pathogen-
esis of atherosclerosis. Circulation 80, 719-723.

Steinberg FM, Bearden MM & Keen CL (2003) Cocoa and chocolate fla-
vonoids: implications for cardiovascular health. J Am Diet Assoc 103,
215-223.

Sun B, Belchior GP, Ricardo da Silva JM & Spranger MI (1999) Isolation
and purification of dimeric and trimeric procyanidins from grape seeds.
J Chromatogr A 841, 115-121.

Teissedre P-L, Frankel EN, Waterhouse AL, Peleg H & German JB (1996)
Inhibition of in vitro human LDL oxidation by phenolic antioxidants
from grapes and wines. J Sci Food Agric 70, 55-61.

Wang JF, Schramm DD, Holt RR, Ensunsa JL, Fraga CG, Schmitz HH
& Keen CL (2000) A dose—response effect from chocolate

consumption on plasma epicatechin and oxidative damage. J Nutr
130, 2115S-2119S.

Ward NC, Croft KD, Puddey IB & Hodgson JM (2004) Supplemen-
tation with grape seed polyphenols results in increased
urinary excretion of 3-hydroxyphenylpropionic acid, an important
metabolite of proanthocyanidins in humans. J Agric Food Chem
52, 5545-5549.

Warden BA, Smith LS, Beecher GR, Balentine DA & Clevidence BA
(2001) Catechins are bioavailable in men and women drinking black
tea throughout the day. J Nutr 131, 1731-1737.

Waridel P, Wolfender J-L, Ndjoko K, Hobby KR, Major HJ &
Hostettmann K (2001) Evaluation of quadrupole time-of-flight
tandem mass spectrometry and ion-trap multiple-stage mass spec-
trometry for differentiation of C-glycosidic flavonoid isomers.
J Chromatogr A 926, 29-41.

Yamakoshi J, Saito M, Kataoka S & Tokutake S (2002) Procyanidin-rich
extract from grape seeds prevents cataract formation in hereditary cat-
aractous (ICR/f) rats. J Agric Food Chem 50, 4983—4988.

Yang CS, Chen L, Lee MJ, Balentine D, Kuo MC & Schantz SP (1998)
Blood and urine levels of tea catechins after ingestion of different
amounts of green tea by human volunteers. Cancer Epidemiol Bio-
markers Prev 7, 351-354.

ssaud Aissaaun abpliquied Aq suluo paysliand 081 1500ZN(d/6£01°01/610"10p//:sdny


https://doi.org/10.1079/BJN20051480

