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In this study, we investigated the absorption of apple procyanidins, namely, apple condensed tannins
(ACTs), in rats using the Porter method and high-performance liquid chromatography/tandem mass
spectrometry. The apple procyanidin concentrations in the rat plasma reached a maximum 2 h after
administration and decreased thereafter. To investigate the limits of the absorption of apple
procyanidins in the polymerization degree, we administered the procyanidin oligomer fraction, which
was separated from ACT using normal-phase chromatography according to the degree of polymer-
ization. Procyanidins from each dimer to pentamer group were detected in the plasma by the Porter
method. Moreover, by the study using reconstituted procyanidins, polymeric procyanidins influenced
the absorption of procyanidin oligomers. These results suggest that ACTs are absorbed and directly
involved in physiological functions in the rats.
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INTRODUCTION shown that proanthocyanidins inhibit melanogenesis in B16 cells

Polyphenols are common secondary metabolites of plants,(lz) and histamine release in RBL-2H3 celli3). In vivo

which are classified according to the nature of their carbon studies 'have re_:vealed various properties, .SUCh as _radlcal
skeletons as phenolic acids, flavonoids, stilbenes, or ”gnans_scaveng!ng, antlul_ceﬂél), antlallergy_ 15_)’_ gntldental caries
Flavonoids, which are the most abundant polyphenols in human (16), antitumor activity (17), and the inhibition of food allergy
foodstuffs, are divided into the following classes: flavones, (18) as well as fu_nctlons_ln the act_lvatlon of hair follicle growth
flavonols, flavanols, isoflavones, anthocyanins, proanthocyani- (19) and protection against ultraviolet (UV) ray&0j. Because
dins, and flavanones. Proanthocyanidins are among the mosthe biological properties of proanthocyanidins depend on their
abundant polyphenols. These polymeric flavanols are Catego_bloavallablllty, it is important to investigate their absorption and
rized as procyanidins or prodelphinidins based on the type of distribution in order to understand their mechanisms of action.
the flavan-3-ol units, such as-f-catechin and-{)-epicatechin The absorption of flavanols such as)¢catechin and epi-
or (+)-gallocatechin and (—)-epigallocatechin. Proanthocyani- gallocatechin gallate has been previously reported in both rats
dins have many isomers according to the degree of polymeri- and humans (21—23). Other polyphenols, including phenol
zation, the combinations and the types of flavan-3-ol unit, and carboxylic acids such as chlorogenic acd)( isoflavones such
the linkage positions (1). The most widely studied proantho- as genisteing5), anthocyanins such as cyanidin glucosi2e)(
cyanidins are the procyanidin B type, which are linked through and flavonols such as quercetin glucosid@)( have also been
4—8 or 46 interflavanoid bondsHigure 1). Proanthocyanidins  jnvestigated. As discussed by Scalbert and Williams2), (
are present in various beverages [e.g., red wiedreen tea  polyphenols are poorly absorbed as compared with other nutrient
(3), and beer4)], foods [e.g., grape seedS)( hops €), and  compounds. After absorption mainly in the digestive tract or
cocoa (7)], and fruits [e.g., grapes)(and apples (9—11)]. partial degradation by the intestinal microflora, they are

Proanthocyanidins are reported to have various physiological transported to the liver where they form glucuronide and/or
functions, including antioxidative activity. In vitro studies have g fate or methyl conjugates, followed by transport to body
tissues. However, relatively little is known about the bioavail-

* To whom correspondence should be addressed. ¥81L-297-46-1504. ability of proanthocyanidin. Previous studies employirig-
Fa¥k:fé‘é?;ﬁg}ég?&fma": toshihiko.shoji@asahibeer.co.jp. labeled proanthocyanidins detected these radioactive compounds

* National Institute of Health Sciences. in plasma and various organs after their administrat&®) 30).
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Figure 1. Structures of major apple procyanidins and basic procyanidins. Key: procyanidin B1 [epicatechin-(43—8)-catechin]; (+)-catechin; procyanidin
B2 [epicatechin-(45—8)-epicatechin]; (—)-epicatechin; and procyanidin C1 [epicatechin-(43—8)-epicatechin-(4/5—8)-epicatechin].

In contrast“C-labeled proanthocyanidins from sorghum (31), of polymerization using normal-phase chromatograp8g).(
Lotus pedunculatug32), and Ceratonia siliqua (33) were They are therefore suitable for investigating the absorption of
reported not to be absorbed in chickens, sheep, and ratsprocyanidins and determining the limits according to the degree
respectively. The discrepancies between these results are probef polymerization.

ably due to the insufficient purity of the proanthocyanidins used

in the assays because of the complexity of their chemical MATERIALS AND METHODS

structures, the difficulties involved in fractionating proantho- Apparatus. High-performance liquid chromatography (HPLC)/MS

cyanidins, the sens!tlvny and speC|f_|C|ty of thg measurements performed using an API 3000 (Applied Biosystems, CA) with
used to detect them in plasma and urine, and differences betweengqrospray ionization (ESI) as an ion source operated in the negative-
the animals used in the assays. ion mode. For the HPLC-ESI/MS analysis, HPLC was performed using
Scalbert et al. 34) reported that-f)-catechin, procyanidin ~ a HPLC system equipped with an L-2100 intelligent pump (Hitachi
dimer B3, and procyanidin trimer C2 passed through the humanLtd., Tokyo, Japan) and an L-2200 autosampler (Hitachi).
intestinal epithelial Caco-2 cell monolayer, whereas polymers  Reagents. (+)-Catechin, (—)-epicateching-glucuronidase, and
with an average degree of polymerization of 7 did not. Spencer sulfatase type H-5 were purchased from Sigma Chemical Co., Ltd. (St.
et al. 35) showed that a mixture of procyanidin dimers B2 and Louis, MO). Procyanidin B1, procyanidin B2, and procyanidin C1 were
B5 was degraded in vitro using an intestinal preparation; a large obtained from Funako_shl Ltd. (Tokyo, Japfan). Unl_ess otherwise stated,
amount of nonconjugated epicatechin and small amounts of thea" reagents and chemicals were commercially available extrapure grade
dimers were subsequently detected on the serosal side. ThesgrOdUCtS'

tudi f d usi I | d rat intestinal Preparation of Apple Procyanidins. ACTs were prepared from
studies were performed using cell monolayers and rat intestina apple polyphenol extracts using the methods described by Shoji et al.

model systems. More recent studies using liquid chromatogra- 17 The procyanidins were measured by the modified method of Porter
phy/mass spectrometry (HPLC/MS) have suggested that pro-e; al. (39), which degraded proanthocyanidins to anthocyanidins in
cyanidin dimers are absorbed in both r&€)@nd humans3y). boiling water under acidic conditions. Briefly, 0.5 mL of a B&/mL
However, the fate of proanthocyanidins with a molecular weight (w/v) solution of ACTs was added to 1.5 mL nfbuthanol/HCI (95:5,
greater than a trimer and the limits of absorption in vivo with v/v) and 50uL of a 2% (w/v) solution of NHFe(SQ),:12H:0 dissolved
respect to the degree of polymerization have remained unclear.in 2 M HCI. The reaction mixture was capped and then thoroughly
In the current study, we investigated the absorption of Mixed and heated in a water bath at 95 for 40 min. Similarly,
procyanidins fractionated from apples and the limits in terms Procyanidin B2 as standard was also analyzed and the procyanidin
of the degree of polymerization using a rat model. Apples concentration in ACTs was expressed as procyanidin B2. For the

tai ¢ f idi ina f di ¢ analysis of individual procyanidins and other polyphenols, reversed-
contain many types Ol procyanidin ranging from dimers 10 5,4 normal-phase HPLC were performed by the method of Shoji et al.

pentadecamers={gure 1) as well as flavan-3-ols, phenolcar- 40y The polyphenol profiles of the ACTs analyzed by reversed- and
boxylic acid derivatives, and flavonol9,(11). Apple procy- normal-phase HPLC are summarizedTiable 1. The procyanidins

anidins, namely, apple condensed tannins (ACTs), can beaccounted for 75.6% of the ACTs by Porter method and comprised
fractionated from monomers to octamers according to the degreedimers (14.1%), trimers (8.4%), tetramers (6.8%), pentamers (3.1%),
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Table 1. Components of Polyphenols in Apple Procyanidins

components % (w/w) analytical methods

procyanidins 75.6 Porter method
dimers 14.1 RP-HPLC?

procyanidin B1 5.0 RP-HPLC

procyanidin B2 9.1 RP-HPLC
trimers 8.4 NP-HPLC

procyanidin C1 6.3 RP-HPLC
tetramers 6.8 NP-HPLC
pentamers 31 NP-HPLC
hexamers 29 NP-HPLC
polymers 40.3 NP-HPLC
flavan-3-ols 13.3

(+)-catechin 5.3 RP-HPLC

(—)-epicatechin 8.0 RP-HPLC
phenol carboxylic acids 17

chlorogenic acids 0.6 RP-HPLC

p-coumaroyl quinic acid 11 RP-HPLC
chalcones 4.0

phloridzin 0.4 RP-HPLC

phloretin-2'-xyloglucoside 3.6 RP-HPLC
total 94.6

@RP-HPLC, reversed phase HPLC; NP-HPLC, normal phase HPLC.

hexamers (2.9%), and other polymers (40.3%). The ACTs also

Shoji et al.
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Figure 2. Changes in free and total procyanidin concentrations in rat
plasma after administration at an ACT dose of 1000 mg/kg. Free and
total procyanidins were expressed as procyanidin B2. All data are
expressed as the mean + standard error of the mean (SEM; n = 7-8
per group). Different letters indicate statistically significant differences at
P <0.01

Liquid Chromatography/Tandem Mass Spectrometry (HPLC/
MS/MS) Analyses.A 0.5 mL amount of plasma was extracted twice
with 1 mL of ethyl acetate at ambient temperature. The ethyl acetate

contained 13.3% flavan-3-ols (monomers), 4.0% other flavonoids, and fraction was concentrated undes jas and dissolved with 0.5 mL of

1.7% nonflavonoids (phenol carboxylic acid derivatives). To prepare

10% CHCN. HPLC/MS/MS was then performed as described below.

each procyanidin fraction according to the degree of polymerization, a "€ recovery of the procyanidins from the plasma was achieved by

preparative normal-phase chromatography using a 250xr2i mm

i.d. silica gel packed column (GL Science Inc., Tokyo, Japan) with
hexane/methanol/ethyl acetate as the mobile phase was perf@8)ed (
Each procyanidin oligomer fraction was then concentrated by rotary
evaporation at 45C and lyophilized. Each procyanidin oligomer
fraction was characterized by HPLC/MS and MALDI-TOF/MS, and
the purity was measured by HPLC/MS: dimers, 95.2%; trimers, 94.2%;
tetramers, 96.8%; and pentamers, 96.3%.

Animals and Diets. The test compounds were orally administered
to 7 week old male Wister (Crj) rats from Charles River Japan Inc.
(Kanagawa, Japan) at the Institute for Animal Reproduction (Ibaraki.
Japan). The body weights of the animals wef250 g. The rats were
maintained in air-conditioned quarters under a 12 h light/dark cycle.
All animals were fed a standard diet of CRF-1 (Oriental Yeast Ltd.,
Tokyo, Japan) for a week prior to the experiment. Before the

adding f)-catechin, {-)-epicatechin, procyanidin B1, procyanidin B2,
procyanidin C1, and ethyl gallate (internal standard) to the plasma.

Each procyanidin was measured by HPLC/MS/MS in the multiple
reaction monitoring (MRM) mode. The ion spray voltage was set at
—40 eV. HPLC was performed with a 50 ms 2.1 mm i.d. (3um)
Inertsil ODS Il (GL Science) column (GL Science) at 35. A mixture
of 0.1% HCOOH and CECN was used as the mobile phase, and the
flow rate was 0.2 mL/min. The initial eluent was 5% N, followed
by a linear gradient from 5 to 40% GEN for 12 min. Subsequently,
the CHCN concentration was held at 50% for 4 min and then returned
to the initial conditions (5% CECN) to reequilibrate for 10 min. The
injection volume was 2@L of the sample solution.

The mass spectra of the SPE sample from the plasma were measured
using HPLC/MS. The injection volume was 100 of sample solution.
The initial eluent was 20% CJEN, followed by a linear gradient from
20 to 30% CHCN for 75 min. Subsequently, the GEN concentration

administration of the test compounds, the rats were starved for 15 h o held at 30% for 5 min, and then, the initial conditions (20%CH
with access to distilled water only. The samples were administered to o were restored to allow reequilibration for 15 min.

the rats by intragastric injections at a dose of 1000 mg/kg/10 mL via

Statistical Analysis.All data are presented as the meanstandard

direct stomach intubation. Blood samples were collected from the oo The data were analyzed by Tukey's test after one-way analysis
abdominal aorta of the rats under diethyl ether anesthesia at the intervalgys ariance (ANOVA). Statistical significance was recognize® at

of 0, 0.25, 0.5, 1, 2, 4, 8, and 24 h after the administration. The blood
was centrifuged (10@0 x 15 min at 4 °C) after adding 1.2%
ethylenediaminetetraacetic acid (EDTA), and 0.2 mL of 1.298,Rs
samples was added to 1 mL of plasma before storage2at°C.

Analyses of Procyanidins Concentrations in Rat PlasmaTo
analyze the conjugated forms, 0.2 mL of 100 mM phosphate buffer
(pH 5.0) with 2.9 mM EDTA was added to 2 mL of rat plasma. The
samples were hydrolyzed usifigglucuronidase type VIl and sulfatase
type VIII and then incubated at 37T for 1 h before the solid-phase
extraction (SPE).

0.01.

RESULTS

Procyanidin Concentrations in the Rat Plasma.The free
nonconjugated procyanidin concentration in the plasma in-
creased dose dependently with ACT concentrations ranging from
500 to 2000 mg/kg in our preliminary study by the Porter
method. However, the free procyanidin concentration reached
a plateau at an ACT dose of 1000 mg/kg. Thus, at higher ACT

The procyanidin concentration in the plasma was measured after doses of 1000 mg/kg, the free nonconjugated procyanidin

SPE. Briefly, 8 M urea was added to rat plasma in order to solubilize
the protein—procyanidin complex. To extract the procyanidins from
the rat plasma, SPE was performed usingSep-Pak cartridges (Waters

Associates, Tokyo, Japan). The cartridges were preconditioned with

methanol and 5% HCOOH, followed by the application of 1.5 mL of

rat plasma. The sample was extracted using 1% HCl—methanol (1.5

mL) after washing with 5 mL of 5% HCOOH. The extracted sample

concentrations in rat plasma ¢n 8) were measured using the
Porter method Kigure 2). At 0 h, procyanidins were not
detected in the rat plasma. However, after 2 h, the free
procyanidins concentrations in the plasma had increased to a
maximum of 10.2+ 2.2 ug/mL as measured as procyanidin
B2 equivalents. Similarly, the total procyanidins concentration

was then measured using the modified Porter method (39) describedin the plasma after enzymatic treatment reached a maximum of
above. The procyanidin concentration in the plasma was expressed asl 1.4+ 2.1ug/mL 2 h after administration. The total procyanidin

procyanidin B2.

concentrations in the plasma were slightly higher than those of
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Figure 3. HPLC/MS/MS chromatograms in the MRM mode of rat plasma 2 h after administration. (A) Standard flavan-3-ols, procyanidin dimers, and
trimers. (B) Rat plasma 2 h after administration of ACTs. HPLC/MS/MS was performed to analyze flavan-3-ols, procyanidin dimers, and trimers in the
MRM mode by monitoring parent and product ion pairs of m/z 289/245, 577/289, and 865/125, respectively.

the nonenzymatic free procyanidins. In addition, the noncon- showed strong correlations in the range ef00 nM. The
jugated and conjugated procyanidins in the plasma had decreasedpecific parent and product ions for each procyanidin in the

to the basal level 24 h after administration. MRM mode allowed procyanidins to be analyzed in the plasma
Identifications of Flavan-3-ols, Procyanidin Dimers, and with high sensitivity and specificity.

Procyanidin Trimers in Rat Plasma. Flavan-3-ols, procyanidin Changes in Flavan-3-ols, Procyanidin Dimers, and Pro-

dimers, and trimers were detected using a HPLC/MS/MS in the cyanidin Trimers in Plasma. At the ACT dose of 1000 mg/

MRM mode by monitoring parent and product ion pains/Z kg, changes in the concentrations of flavan-3-ols, procyanidin

289/245, 577/289, and 865/125, respectively). Typical HPLC/ dimers, and procyanidin trimers in the rat plasma=(6) during
MS/MS chromatograms in the MRM mode are showfrigure the 24 h observation period are shown kigure 4. The

3. The peaks detected at 6.6 and 7.6 min with 289/245 were concentrations of procyanidin dimers and procyanidin trimers
identified as f{+)-catechin and -{)-epicatechin, the peaks inthe plasma reached a maximum 2 h after administration. By
detected at 6.1 and 7.2 min with/z577/289 were procyanidin  contrast, the flavan-3-ol levels peaked 1 h after administration,
B1 and procyanidin B2, and the peak detected at 8.0 min with and these compounds were absorbed faster than the procyanidin
m/z865/125 was procyanidin C1. Analyses of the flavan-3-ols, dimers and trimers. Subsequently, the flavan-3-ol, procyanidin
procyanidin dimers, and procyanidin trimers by HPLC/MS/MS dimer, and trimer concentrations in the plasma decreased.



888 J. Agric. Food Chem., Vol. 54, No. 3, 2006

2.0r —— (+)-Catechin
g —e— (—)-Epicatechin
3
3]
=
)
&}
=
e

N

=

s

>

=

=

5 3 r 3 3 1518 24
Time (h)

. 0.6 —4— Procyanidin B1
g —o— Procyanidin B2
(@)

4
= 0.4F
Eo
=P
g3
=
= 0.2
s
>
&
)
& —y
0.0
. L N 1 1 _
4 6 8§ 121824
Time (h)
0.181 —&— Procyanidin C1
%3 0.16}-
o 014f
4
E 0.12-
= &0.10F
==
£ 0.08}
=
-g 0.06[
= 0.04F
=
£ oo \.
0.00%-
L ' % 3 § 1518 24
Time (h)

Figure 4. Changes in flavan-3-ols, procyanidin dimers, and trimers in rat
plasma after administration at an ACT dose of 1000 mg/kg. Flavan-3-ols,
procyanidin dimers, and trimers in rat plasma were analyzed by HPLC/
MS/MS in the MRM mode by monitoring parent and product ion pairs of
miz 289/245, 577/289, and 865/125, respectively.

Absorption Procyanidin Oligomer Fractions Separated
According to the Polymerization Degree.To determine the
limits of the absorption of procyanidins in the rats, we further
fractionated the ACTs according to the degree of polymerization

Shoji et al.
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Figure 5. Free nonconjugated procyanidins in rat plasma 2 h after
administration of each procyanidin fraction separated according to the
degree of polymerization using normal phase chromatography. Free
procyanidins were analyzed by the Porter method, and data were
expressed as procyanidin B2. All data are expressed as the mean *
SEM (n = 6 per group). Different letters indicate statistically significant
differences at P < 0.01.

procyanidin levels in the plasma between each procyanidin
trimer to pentamer group.

[M — H]~ ion peaks am/z577 and 865 in the dimer and
trimer groups were detected by HPLC/MS, respectively. These
peaks were identified as procyanidin dimers B1 and B2 and
trimer C1, based on direct comparison of the retention time and
[M — H]~ ion peaks with an authentic standard. A few [V
H]~ ion peaks aim/z 865 were detected in the trimer group,
with the exception of procyanidin C1 and other procyanidin
trimers. [M — H]~ ion peaks amm/z1154 in the tetramer group
corresponded to the peak profile of the tetramer fraction before
administration. However, [M— H]~ ion peaks atmn/z 1442,
which corresponded to procyanidin pentamers, were not detected
in pentamer group. In addition, procyanidins in each dimer to
pentamer group were not reduced to compounds with molecular
weights lower than those of the native procyanidins using LC/
MS (Figure 6). [M — H]~ ion peaks atn/z591 and 879, which
corresponded to methylated procyanidins, were also detected
in the dimer and trimer groups by HPLC/MS/MS. However,
[M — H]~ ion peaks were not detected @z 657and 945,
corresponding to sulfate form or [M H]~ ion peaks aim/z
753 and 1041, corresponding to glucuronide forms (data not
shown). These results suggest that the native and methylated
procyanidins were detected by the Porter method in the rat
plasma.

Absorption of Reconstituted Apple Procyanidins. We
further investigated the absorption of highly polymerized
procyanidins. Dimer to pentamer fractions separated using
normal-phase chromatography were reconstituted according to
the original component ratio of the ACTs, with or without the
procyanidin fraction with a molecular weight greater than an

using preparative normal-phase chromatography. Each procy-gctamer. As the procyanidin dimer to pentamer fractions were
anidin dimer to pentamer fraction was then administered to rats agministered at doses corresponding to the original composition
(n=7) at a dose of 1000 mg/kg, and plasma samples were ratio (dimer group, 141 mg/kg; trimer group, 84 mg/kg; tetramer
CO"eCted 2 h after admInIStratIOI’] As ShOWI’lFﬁgure 5, fl’ee group, 68 mg/kg, and pentamer group, 31 mg/kg), free non-
nonconjugated procyanidins of each dimer to pentamer group conjugated procyanidins were not detected, respectively (data
were detected in the rat plasma using the Porter method. Therenot shown). Reconstituted dimer to pentamer procyanidins (2
were statistically significant differences in the free procyanidin 5-mer group), greater than octamer procyanidiass-tner
concentrations between the dimer group and each procyanidingroup), and a mixture of both B-mer and>8-mer group were
trimer to pentamer groupP( < 0.01). Moreover, the free  administered to rats at doses of 324, 432, and 756 mg/kg,
procyanidins in each procyanidin dimer to pentamer group were respectively. The free nonconjugated procyanidin concentrations
smaller than those observed in the ACT grodp € 0.01). in the rat plasma 2 h after administration are showfigure
However, no significant differences were observed in the free 7A. In the separate reconstituteet2-mer and>8-mer groups,
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Figure 6. HPLC/MS/MS chromatograms of rat plasma 2 h after
administration of each procyanidin (1000 mg/kg) fractionated by normal
phase chromatography. (A) [M — H]~ ion peaks at 577 in dimer group
after administration; (B) [M — H]~ ion peaks at 591 in plasma of dimer
group after administration; (C) [M — H]~ ion peaks at 865 in trimer fraction
before administration; (D) [M — H]~ ion peaks at 865 in plasma of trimer
group after administration; (E) [M — H]~ ion peaks at 879 in plasma of
trimer group after administration; (F) [M — H]~ ion peaks at 1154 in
tetramer fraction before administration; (G) [M — H]~ ion peaks at 1154
in plasma of tetramer fraction after administration; and (H) [M — H]~ ion
peaks at 1168 in plasma of tetramer fraction after administration.
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Figure 7. Free nonconjugated procyanidins in rat plasma 2 h after
administration of reconstituted procyanidin dimer to pentamer (2-5-mer
group, 324 mglkg), procyanidins with a molecular weight greater than an
octamer (=8-mer group, 432 mg/kg), a mixture of both (2—5-mer plus
>8-mer group, 756 mg/kg), or apple procyanidins (ACT group, 1000 mg/
kg). (A) Free procyanidins analyzed using the Porter method and
expressed as procyanidin B2. (B) Total amounts of procyanidin B1, B2,
and C1 analyzed using HPLC/MS/MS. All data are expressed as the mean
+ SEM (n = 5-6 per group). Different letters indicate statistically significant
differences at P < 0.01.

low concentrations of free procyanidins were detected, although
there were statistically significant differences in the free
procyanidin levels between the separate reconstitutesder
and=>8-mer groups and the ACT group (< 0.01). However,

the free procyanidin concentrations in the mixture efi2mer

and >8-mer groups were similar to those of the ACT group.
Procyanidin B1, B2, and C1 concentrations in the plasma
analyzed using HPLC/MS/MS in the MRM mode are shown in
Figure 7B. In separated, reconstituted-2-mer and>=8-mer
groups, free procyanidins B1, B2, and C1 were not detected.
However, the total quantity of procyanidins detected in the
mixture of 2—5-mer and>8-mer groups was similar to that
observed in the ACT group.

DISCUSSION

Proanthocyanidins have been reported to possess some
physiological functions in vitro and in vivo studies similar to
those of other polyphenols. However, bioavailability of proan-
thocyanidins remains poorly understood for the several reasons,
including the existence of multiple isomers, the lack of pure
fractionated samples, the formation of complexes with a range
of proteins, and the requirement for sensitive and specific
analytical methods for procyanidins in the plasma.
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It is difficult to separate proanthocyanidins as natural determine the rate of passive diffusion across a membrane, might
compounds, particularly according to the degree of polymeri- contribute to the difference of the absorption rate from the
zation on the large scale, because numbers of polyphenols angjastrointestinal tract. The absorption rates of catechin and
proanthocyanidin isomers rise as the degree of polymerization, epicatechin significantly differed in our study, although they
the combinations, and types of units increase in such mixtureshave the same molecular weights and mutual epimers together
(41). Furthermore, most previous studies used samples in which(Figure 4). Baba et al.Z3) also reported that epicatechin were
the proanthocyanidin contents were not defined because of theabsorbed more efficiently than catechin and suggested that
lack of pure standards. Here, we investigated the absorption ofcatechin and epicatechin might be competitively absorbed in
ACTs using high-purity samples (Table 1) and each procyanidin the gastrointestinal tract. It was suggested that the difference
fraction separated using normal-phase chromatography (38). of chemical structure and partition coefficients was important

Proanthocyanidins form complexes with proteins (e.g., sali- for the absorption.

vary protein and bovine serum albumid)lj. These interactions Particularly, the absorption of proanthocyanidins seemed to
are generally reversible and are reinforced by hydrogen bondspe highly dependent on the degree of polymerization. Therefore,
between the phenolic groups of the proanthocyanidins and thetg determine the limits of absorption in this respect, the
carbonyl groups of the peptides. If absorbed, the procyanidins procyanidins were fractionated according to the degree of
can also form complexes with plasma proteins. When ACTS ,oymerization using normal-phase chromatography and were
were added to the plasma in the current study, the complex with then administered to rats. Unexpectedly, even in the pentamer
plasma protein and procyanidins was formed and the recoveryyrqn, free procyanidins were detected in the plasma using the
rate of procyanidin was relatively low. Thus, to dissolve plasma pqter methodFigure 5). Moreover, in each procyanidin dimer
protein—procyanidin complexes, urea was added to the plasmayg, tetramer group, [M- H]~ ion peaks were detected by HPLC/
samples before SPE. MS atm/z577, 865, and 1154, which corresponded to those of
Generally, polyphenols in the plasma were not detectable the native procyanidins. These results suggest that procyanidins
using HPLC with a UV and electrochemical detectors. Because yere absorbed from the upper portions of the digestive tract
additional compounds in the plasma such as proteins couldg,ch as the small intestine and were not degraded into
interrupt _the HPLC analysis a_nt_JI the_ proanthocyanidin content compounds with lower molecular weights than the intact
was relatively small after administratiotC-labeled proantho-  yrocvanidins 2 h after administration. Polymeric proanthocy-
cyanidins were used due to sensitivity. As the detection of 4nidins reported to be degraded to compounds with lower
proanthocyanidins using these techniques was not specific, they,glecular weights by the colonic microflora in vitrd4). The

results needed to be treated with caution. However, we Were yeqraqation of procyanidins by colonic microflora after admin-
able to detect procyanidin in the plasma with high specificity igtration remains to be confirmed in vivo.

in vivo using the Porter method, which degraded proanthocy- [M — H]" ion peaks afm/z 591 and 879, which corresponded

anidins to anthocyanidins in boiling water under acidic condi- i thvlated idi lso detected i tudy. |
tions. In the Porter method, flavan-3-ols and other polyphenols 0 methylated procyanidins, were aiso detected in our study. in

were not measured, and the yield of anthocyanidins generateoa previous_report, after th_e intake of a Iarge dose (2000 mg) of
from proanthocyanidins shouid increase, as the polymerization ()-catechin, free catechin was detected in the plasma after 30
degree of proanthocyanidins becomes higher. In contrast, HPLC/M!IN, traces of methylated catechin were detected after 2 h, and
MS/MS in the MRM mode by monitoring parent and product 40% Of the urinary catechin was methylated afeh (45).

ion pairs could detect procyanidin dimers and trimers in the However, all of the catechins were conjugated and no free
plasma with high specificity and sensitivity. However, a standard Catechin was detected after the consumption of a relatively small
with high purity is needed for the analysis and the standard of initial quantity (46). These results suggested that the dose

procyanidin tetramer and pentamer should be purified for the determines the primary site of metabolism; large doses are
quantification. metabolized primarily in the liver, while small doses are

Our investigation of the absorption of ACTs in vivo revealed metabolized by the'lrlltestmal mucosa. Metabolites such as
that free procyanidin concentrations in the plasma peaked 2 pmethylated procyanidins, the compounds produced by the
after administration and decreased thereafter for up to 24 hactions of microflora, and their bioactivity remain largely
according to both the Porter and the HPLC/MS/MS methods Unknown. Further studies will be needed to elucidate the
(Figures 2and4). Déprez et al.42) reported that procyanidin metabol!te profile of procyanidins resultlng from the actions of
dimer B3 and procyanidin trimer C2 were absorbed to a similar Metabolic enzymes and degradation by microflora.
extent as (+)-catechin in the human intestinal Caco-2 cell line  Generally, the compounds with a low molecular weight are
in vitro. In addition, Baba et al3@) and Sano et al3({7) detected thought to be absorbed more easily in the digestive tract than
procyanidin dimers in rat and human plasma using HPLC/MS. those with a high molecular weight. However, as the results
Here, we detected procyanidin trimer C1 in rat plasma in vivo shown inFigure 5 did not correspond with this theory, we
for the first time. further investigated the absorption of highly polymerized

Procyanidin concentrations required a longer period to peak Procyanidins. As shown ifigure 7, procyanidins with a high
in the rat plasma as compared with those reported for flavan- molecular weight (=8-mer) influenced the absorption of pro-
3-ols and other polyphenols [e.g., 0.5 h for epigallocatechin- cyanidin oligomers, although they were not absorbed themselves.
3-gallate (43), 0.5—1 h for epicatechin (223), and 1 h for These procyanidins (e.gx8-mer) bound to mucosal proteins
cyanidin-3-glucoside26)]. The absorption of these compounds  of the digestive tract, thereby allowing the procyanidin oligomers
is influenced by their chemical, physical, and biological to be absorbed rather than binding to mucosal protein. Sami-
properties (e.g., chemical structures and partition coefficients). Manchado et al.47) reported that when a mixture of grape
In the case of procyanidins, high molecular weight and the seed proanthocyanidins was allowed to interact with salivary
formation of complexes with mucosal proteins significantly proteins, the higher proanthocyanidins with an average polym-
influence the absorption rate. In addition, the partition coef- erization degree of 7 precipitated with the proteins, whereas
ficients of compounds in the agueous and organic phases, whichthose left in the supernatant were mainly dimers and trimers.
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Here, we show that the high molecular weight of procyanidins
might also influence the absorption in vivo for the first time.

Scalbert and Williamson2@) reported the dietary intake of
total polyphenols to be approximately 1 g/day, regardless of
the methods used to determine the polyphenol concentration
(e.g., HPLC, Folin—Ciocalteu method). However, the daily
intake of proanthocyanidins from foods and beverages in various
countries could not be estimated because of the lack of
commercial pure standards and the specific methods of proan-
thocyanidins. Recently, Gu et a§) characterized proantho-
cyanidins in foods collected in the United States using normal-
phase chromatography with HPLC/MS. The precise determination
of the proanthocyanidin contents in foods and beverages in
different countries will allow the daily intake of proanthocy-
anidins to be estimated, which should enable the correlation
between proanthocyanidins, their physiological functions, and
the incidence of disease in epidemiological studies to be
elucidated. To clarify this relationship, the bioavailability of
proanthocyanidins must also be investigated. We believe that
the current study would be useful in resolving this issue.

In conclusion, apple procyanidins oligomers were shown to

be absorbed from the digestive tract and were present in the rat

plasma. Procyanidins are thought to have some physiological
functions in vivo. Our results indicate that procyanidins might
be active compounds both in vivo and in vitro.

ABBREVIATIONS USED

ACTSs, apple condensed tannins; ANOVA, analysis of vari-
ance; EDTA, ethylenediaminetetraacetic acid; ESI, electrospray
ionization; HPLC, high-performance liquid chromatography;
HPLC/MS, liquid chromatography/mass spectrometry; HPLC/
MS/MS, liquid chromatography/tandem mass spectrometry;
MRM, multiple reaction monitoring; SEM, standard error of
the mean; SPE, solid phase extraction.

ACKNOWLEDGMENT

We thank S. Takasaki, A. Sawada, and Dr. M. Yasue (Asahi
Breweries Ltd., Fundamental Research Laboratory, Moriya,
Japan) for help with the animal study.

LITERATURE CITED

(1) Porter, L. J. Flavans and proanthocyanidinsT e Flavonoids,
Adwances in Research Since 198{arborne, J. B., Ed.; Chapman
and Hall: New York, 1988; pp 2I—62.

(2) Ricardo-da-Silva, J. M. Separation and quantitative determination
of grape and wine procyanidins by high performance reversed
phase liquid chromatography. Sci. Food Agric199Q 53, 85—

92.

(3) Yamanishi, T. Bitter compounds in tea. Bitterness in Foods
and Bererage Rouseff, R. L., Ed.; Elsevier: Amsterdam, 1990;
pp 159-167.

(4) Dadic, M.; Belleau, G. Analytical methods for polyphenols in
brewing. V. Chromatography and spectroscopy of tanninogens
in malt and beerJ. Am. Soc. Brew. Cherfi976,34, 158—165.

(5) Waterhouse, A. L.; Ignelzi, S.; Shirey, J. R. A comparison of
methods for quantifying oligomeric proanthocyanidins from
grape seed extractdm. J. Enol. Vitic2000,51, 383—389.

(6) Taylor, A. W.; Barofsky, E.; Kennedy, J. A.; Deizer, M. L. Hop
(Humulus lupulud..) proanthocyanidins characterized by mass
spectrometry, acid catalysis, and gel permeation chromatography.
J. Agric. Food Chem2003,51, 4101—-4110.

(7) Hammerstone, J. F.; Lazarus, S. A.; Mitchell, A. E.; Rucker,
R.; Schmitz, H. H. Identification of procyanidins in cocoa
(Theobroma cacgaand chocolate using high-performance liquid
chromatography/mass spectromettyAgric. Food Cheml999
47, 490—496.

J. Agric. Food Chem., Vol. 54, No. 3, 2006 891

(8) Sun, B.; Leandro, C.; Ricardo-da-Silva, J. M.; Spranger, I.
Separation of grape and wine proanthocyanidins according to
their degree of polymerizatiod. Agric. Food Chem1994,42,
1390—-1396.

(9) Ohnishi-Kameyama, M.; Yanagida, A.; Kanda, T.; Nagata, T.
Identification of catechin oligomer from appl&lélus pumila
cv. Fuji) in matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry and fast-atom bombardment mass
spectrometryRapid Commun. Mass Spectrof®97,11, 31—

36.

(10) Suarez, B.; Picinelli, A.; Moreno, J.; Mangas, J. J. Changes in
phenolic composition of apple juices by HPLC with direct
injection. J. Sci. Food Agric1998,78, 461—465.

(11) Shoji, T.; Mutsuga, M.; Nakamura, T.; Kanda, T.; Akiyama, H.;
Goda, Y. Isolation and structural elucidation of some procyani-
dins from apple by low-temperature NMR.Agric. Food Chem.
2003,51, 3806—3813.

(12) Shoji, T.; Masumoto, S.; Moriichi, N.; Kobori, M.; Kanda, T.;
Shinmoto, H.; Tsushida, T. Procyanidin trimers to pentamers
fractionated from apple inhibited melanogenesis in B 16 mouse
melanoma cellsJ. Agric. Food Chem2005,53, 6105—6111.

(13) Kanda, T.; Akiyama, H.; Yanagida, A.; Tanabe, M.; Goda, Y.;
Toyoda, M.; Teshima, R.; Saito, Y. Inhibitory effects of apple
polyphenol on induced histamine release from RBL-2H3 cells
and rat mast cellBiosci., Biotechnol., Biocheri998,62, 128|—
1289.

(14) Saito, M.; Hosoyama, H.; Ariga, T.; Kataoka, S.; Yamaji, N.
Antiulcer activity of grape seed extract and procyanidids.
Agric. Food Chem1998,46, 1460—1464.

(15) Akiyama, H.; Sakushima, J.; Taniuchi, S.; Kanda, T.; Yanagida,
A.; Kojima, T.; Teshima, R.; Kobayashi, Y.; Goda, Y.; Toyoda,
M. Antiallergic effect of apple polyphenols on the allergic model
mouse.Biol. Pharm. Bull.2000,23, 1370—1373.

(16) Yanagida, A.; Kanda, T.; Tanabe, M.; Matsudaira, F.; Oliveira-
Cordeiro, J. G. Inhibitory effects of apple polyphenols and related
compounds on carcinogenic factors of mutans Streptocdcci.
Agric. Food Chem2000b, 48, 5666—5671.

(17) Hibasami, H.; Shoji, T.; Shibuya, I.; Higo, K.; Kanda. Induction

of apoptosis by three types of procyanidin isolated from apple

(Rosaceae Malus pumjlan human stomach cancer KATO il

cells. Int. J. Mol. Med.2004,13, 795—799.

Akiyama, H.; Sato, Y.; Watanabe, T.; Nagaoka, M. H.; Yoshioka,

Y.; Shoji, T.; Kanda, T.; Yamada, K.; Totsuka, M.; Teshima,

R.; Sawada, J.; Goda, Y.; Maitani, T. Dietary unripe apple

polyphenol inhibits oral sensitization and food allergy in a marine

model. FEBS Lett.2005,579, 4485—4489.

Takahashi, T.; Kamiya, T.; Hasegawa, A.; Yokoo, Y. Procyanidin

oligomers selectively and intensively promote proliferation of

mouse hair epithelial cells in vitro and activate hair follicle

growth in vivo. J. Invest. Dermatol1999,112, 310—316.

Carini, M.; AldIni, G.; Bombardelli, E.; Morazzoni, P.; Morelli,

R. UVB-induced hemolysis of rat erythrocytes: Protective effect

of procyanidins from grape seedsfe Sci.2000,67, 1799—

1814.

Chen, L.; Lee, M.-J.; Li, H.; Yang, C. S. Absorption, distribution,

and elimination of tea polyphenols in raBrug Metab. Dispos.

1997,25, 1045—1050.

Piskula, M. K.; Terao, J. Accumulation of-J-epicatechin

metabolites in rat plasma after oral administration and distribution

of conjugation enzymes in rat tissudsNutr.1998 128 1172

1178.

Baba, S.; Osakabe, N.; Natsume, M.; Muto, Y.; Takizawa, T.;

Terao, J. In vivo comparison of the bioavailability of)-

catechin, £)-epicatechin and their mixture in orally administered

rats.J. Nutr.2002,131, 2885—2891.

Gontier, M.-P.; Verny, M.-A.; Besson, C.; Résy, C.; Scalbert,

A. Chlorogenic acid bioavailability largely depends on its

metabolism by the gut microflora in ratd. Nutr. 2003, 133,

1853—-1859.

(18)

(19)

(20

~

(21)

(22

~

23

~

(24)



892 J. Agric. Food Chem., Vol. 54, No. 3, 2006

(25) King, R. A.; Broadbent, J. L.; Head, R. J. Absorption and
excretion of the soy isoflavone genistein in ratsNutr. 1996,
126, 176—182.

(26) Tsuda, T.; Horio, F.; Osawa, T. Absorption and metabolism of
cyanidin 30O-/3-p-glucoside in ratsFEBS Lett1999 449, 179—

182.

(27) Azuma, K.; Ippoushi, K.; Ito, H.; Higashio, H.; Terao, J.
Combination of liquids and emulsifiers enhances the absorption
of orally administered quercetin in ratd. Agric. Food Chem.
2002,50, 1706—1712.

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

(29) Laparra, J.; Michaud, J.; Masquelier, fude pharmacocinétique
des oligomers flavanoliqueBlant. Mal. Etphytothe 1977,11,
133-142.

(30) Harmand, M. F.; Blanquet, P. The fate of total flavanolic
oligomers (OFT) extracted from Vitis vinifera L. in ra&ur. J.
Drug Metab. Pharmacokinef.978,3, 15-30.

(31) Jimenez-Ramsey, L. M.; Rogler, J. C.; Housley, T. L.; Butler,
L. G.; Elikin, R. G. Absorption and distribution of 14C-labeled
condensed tannins and related sorghum phenolics in chickens.
J. Agric. Food Chem1994,42, 963—967.

(32) Terrill, T. H.; Waghorn, G. C.; Woolley, D. J.; McNabb, W. C.;
Barry, T. N. Assay and digestion dfC-labeled condensed
tannins in the gastrointestinal tract of sheBp. J. Nutr. 1994,

72, 467—477.

(33) Abia, R.; Fry, S. C. Degradation and metabolism*GFlabeled
proanthocyanidins from carolCératonia siliqua) pods in the
gastrointestinal tract of the ral. Sci. Food Agric2001, 81,
1156—1165.

(34) Scalbert, A.; Déprez, S.; Mila, 1.; Albrecht, A.-M.; Huneau, J.-
F.; Robot, S. Proanthocyanidins and human health: Systemic
effects and local effects in the glBioFactors2000b,13, 115—
120.

(35) Spencer, J. P. E.; Schroeter, H.; Shenoy, B.; Srai, S. K. S;
Debnam, E. S.; Rice-Evans, C. Epicatechin is the primary
bioavailable form of the procyanidin dimers B2 and B5 after
transfer across the small intestinBiochem. Biophys. Res.
Commun2001,285, 588—593.

(36) Baba, S.; Osakabe, N.; Natsume, M.; Terao, J. Absorption and
urinary excretion of procyanidin B2 [epicatechin3(8)-epicat-
echin] in rats.Free Radical Biol. Med2002,33, 142—148.

(37) Sano, A.; Yamakoshi, J.; Tokutake, S.; Tobe, K.; Kubota, Y.;
Kikuchi, M. Procyanidn B | is detected in human serum after
intake of proanthocyanidin-rich grape seed extr&ibsci.,
Biotechnol., Biochen2003,67, 1140—1143.

Shoji et al.

(38) Shoji, T.; Masumoto, S.; Moriichi, N.; Kanda, T.; Ohtake, Y.
Apple (Malus pumila) procyanidins fractionated according to the
degree of polymerization using normal-phase chromatography
and characterized by HPLC-MS and MALDI-TOF/MS.
Chromatogr. A2006,1102, 206—213.

(39) Porter, L. J.; Hrstich, L. N.; Chan, B. G. The conversion of
procyanidins and prodelphinidins to cyanidin and delphinidin.
Phytochemistryi986,25, 223—230.

(40) Shoji, T.; Akazome, Y.; Kanda, T.; Ikeda, M. The toxicology
and safety of apple polyphenol extragood Chem. Toxicol.
2004,42, 959—996.

(41) Haslam, E. Polyphenol complexation. Rtant Polyphenoles;
Cambridge University Press: New York, 1989; pp 1@®5.
(42) Déprez, S.; Mila, I.; Huneau, J.-F.; Tome, D.; Scalbert, A.
Transport of proanthocyanidin dimer, trimer, and polymer across

monolayers of human intestinal epithelial Caco-2 céistioxid.
Redox Signalin@001,3, 957—967.

(43) Nakagawa, K.; Okuda, S.; Miyazawa, T. Dose-dependent
incorporation of tea catechins;J-epigallocatechin-3-gallate and
(—)-epigallocatechin, into human plasn®iosci., Biotechnol.,
Biochem.1997,61, 1981—1985.

(44) Déprez, S.; Brezillon, C.; Rabot, S.; Philippe, C.; Mila, |;
Lapierre, C.; Scalbert, A. Polymeric proanthocyanidins are
catabolized by human colonic microflora into low-molecular-
weight phenolic acidsJ. Nutr. 2000,130, 2733—2738.

(45) Hackett, A. M.; Griffiths, L. A.; Broillet, A.; Wermeille, M. The
metabolism and excretion ofH)-[*C]cyanidol-3 in man fol-
lowing oral administrationXenobiotical983,13, 279—286.

(46) Bell, J. R. C.; Donovan, J. L.; Wong, R.; Waterhouse, A. L.;
German, J. B.; Walzem, R. L.; Kasim-Karakas, S. E)-(
Catechin in human plasma after ingestion of a single serving of
reconstituted red wineAm. J. Clin. Nutr.2000,71, 103—108.

(47) Sarni-Manchado, P.; Cheynier, V.; Moutounet, M. Interactions
of grape seed tannins with salivary proteids.Agric. Food
Chem.1999,47, 42-47.

(48) Gu, L.; Kelm, M. A.; Hammerstone, J. F.; Beecher, G.; Holden,
J.; Haytowitz, D.; Prior, R. L. Screening of foods containing
proanthocyanidins and their structural characterization using LC-
MS/MS and thiolytic degradation. Agric. Food Chem2003,

51, 7513—7521.

Received for review September 13, 2005. Revised manuscript received
November 16, 2005. Accepted November 17, 2005. This work was partly
supported by a grant from the Human Science, Japan.

JF052260B



