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Urinary Excretion of 5-(3',4'-Dihydroxyphenyl)-y-valerolactone, a
Ring-Fission Metabolite of (-)-Epicatechin, in Rats and Its in
Vitro Antioxidant Activity
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There is great interest in the nutritional potential of (—)-epicatechin, a common polyphenolic constituent
of many foods and beverages, because of its potent antioxidant capacity. To better evaluate the
biological role of (—)-epicatechin, we studied the urinary excretion of 5-(3',4'-dihydroxyphenyl)-y-
valerolactone, a ring-fission metabolite of (—)-epicatechin by intestinal microflora, in rats as well as
its antioxidant activity in vitro. The method for measuring the urinary levels of (—)-epicatechin and
5-(3',4'-dihydroxyphenyl)-y-valerolactone was based on the enzymatic hydrolysis of 5-glucuronidase
and sulfatase, and was subsequently determined by HPLC coupled to an electrochemical detector.
Following administration of (—)-epicatechin at doses of 0, 20, 40, and 80 umol per rat, (—)-epicatechin
and 5-(3',4'-dihydroxyphenyl)-y-valerolactone were excreted into the urine within 24 h in a dose-
dependent manner. Urinary 5-(3',4'-dihydroxyphenyl)-y-valerolactone was mostly in the conjugated
form, with a higher ratio of conjugation than (—)-epicatechin. We assessed the relative antioxidant
potentials for scavenging radicals in the aqueous phase as expressed in the Trolox equivalent
antioxidant capacity (TEAC). The results demonstrated that the degradation of (—)-epicatechin into
5-(3',4'-dihydroxyphenyl)-y-valerolactone attenuated the antioxidant ability of the former. However,
5-(3',4'-dihydroxyphenyl)-y-valerolactone showed stronger antioxidant activity than L-ascorbic acid.
These results led us to suppose that 5-(3',4'-dihydroxyphenyl)-y-valerolactone, a microbial metabolite
of (—)-epicatechin, circulating in the body may also at least be biologically active in terms of contributing
to its combined antioxidant effect.
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INTRODUCTION tea, cocoa, or chocolate, the plasma level-of-épicatechin in
human volunteers reached its peak level in frono 2t (18—

There is increasing interest in the beneficial health effects of 21). Ingested-{)-epicatechin undergoes extensive conjugation

polyphenols distributed in the human didt @). Recent work such as glucuronidation, sulfation, and/or methylatids)(

has been focused on the association of polyphenol-rich fOOdSTh ‘ugati i to be th ¢
with a reduced risk of many cancers and coronary heart disease ese conjugation reactions seem to be the most common type

(3—8). Tea (green, oolong, and black), cocoa, chocolate, andOf metabolic pathways for (—)-epicatechin. One comparative

red wine are abundant sources of polyphenols (flavan-3-ols), StUdy is Of interest in that it shows that a stereoisomeric
of which (—)-epicatechin is one of the antioxidant components significance cquld govern the bloavallab!llty at equimolar doses
(9, 10). Current interest in the antioxidant properties 6 of pure (—)-epicatechin and (+)-catechin (22). .
epicatechin is linked to a reversal of the pathogenesis of many It has also been reported that flavan-3-ols could degrade into
degenerative diseases. low molecular weight phenolic acids. The first report on the
Due to the increasing importance of the beneficial role of degradation of (+)-catechin in rats was published in the late
polyphenols, there is a growing demand for research on their 1950s by Watanabe28—25), who found 5-(34'-dihydroxy-
absorption, distribution, metabolism, and excretion. Over the phenyl)y-valerolactone and 5-(dydroxyphenyl)y-valerolac-
past few years, a number of studies have been performed orfone in rabbit urine collected aftet-f-catechin administration.
the intestinal absorption and metabolic fate ef{epicatechin A subsequent paper by Griffith22) identified m-hydroxy-
by animals {1—16) and humanslf—21). After ingesting green  phenylpropionic acid as a major ring-fission metabolite-6f~(
catechin by intestinal microflora. Moreover, additional metabo-

* To whom correspondence should be addressed {f8%x—548—54— lites of (+)-(_:atechin such am-hydroxyhip_puric ac?dm-hy-
0763; e-mail t-unno@itoen.co.jp). droxybenzoic acid,p-hydroxyphenylpropionic acid, 5-(4
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The resulting residue was finally purified by a preparative HPLC with
a 250 mmx 20 mm i.d., 5um, Wakosil-ll 5GgHG column (Wako
Pure Chemical Industry, Ltd., Osaka, Japan) eluted with 22% (v/v)
aqueous methanol containing 0.1% (v/v) phosphoric acid at 10 mL/
min. Further optical separation was undertaken. The compound was
subjected to JEOL JNM-LA508H NMR and3C NMR spectroscopic
measurements (JEOL, Ltd., Tokyo, Japan), and characterization of
chemically synthetic 5-(34'-dihydroxyphenyl)-y-valerolactone was
identical with the previously reported values (33).

Animal Study. Eight-week-old male Wistar rats weighing 180
200 g were purchased from Japan SLC, Inc. (Hamamatsu, Japan), and
were acclimatized for 1 day in a room with controlled temperature (23
+ 2°C), and a 12-h cycle of light and dark (7:00 a.m.—7:00 p.m.). All
1-(3 4" dihydroxyphenyl)-3-(2" 4" 6" rats were fed a commercial diet (MF, Oriental Yeast Co., Ltd., Tokyo,
tribydroxyphenyl)propan-2-of Japan) ad libitum with free access to tap water during the experimental

; period, and then fasted for 16 h before being orally administergé (
epicatechin. They were divided into 4 groups to orally receivg (
OH epicatechin at doses of 0, 20, 40, and;8080l dissolved in 2 mL of
p\/@[ distilled water (n= 7 in each dosage group). Urine samples at time
oo OH intervals of 0-24 and 24-48 h after dosing were mixed with 0.1%
(v/v) phosphoric acid and adjusted to 50 mL with distilled water. The
diet was resumed 5 h after—J-epicatechin administration. Fifty

5-(3',4'-dihydroxyphenyl)-y-valerolactone

Figure 1. Pathway of the microbial degradation of (-)-epicatechin. microliters of the resultant urine sample was mixed withu10of a
preservative solution (10% (w/w)ascorbic acid and 0.1% (w/v) Ma
hydroxy-3-methoxyphenyl)-valerolactone, and 5-(Bydroxy- EDTA), and the mixture was stored at70 °C until analysis. This

phenyl)valeric acid were found2{—31). These phenolic study was conducted in conformity with the guidelines for the care
compounds were excreted into human urine in both free andand use of laboratory animals.

conjugated forms, including their glucuronides and, to a lesser HPLC Analysis of (—)-Epicatechin and 5-(3',4'-Dihydroxy-
degree, their sulfate este®2. In the past decade, the microbial ~Phenyl)-y-valerolactone in Urine. The enzymatic method for liberating
metabolites of {)-epicatechin have been extensively character- ()-épicatechin and 5-(3',4"-dihydroxyphenyl)-y-valerolactone from
ized. An in vitro study by Meselhy et al. using a human fecal Neir conjugated forms by-glucuronidase and sulfatase was that
suspension confirmed that—§-epicatechin first undergoes reported by Lee et al1(). The thawed urine was mixed with 100

. . ; . .o of 0.1 M sodium phosphate buffer (pH 6.8) and dlOof a mixture of
reductive cleavage to yield 1:(8-dihydroxyphenyl)-3-(2,4",6"- B-glucuronidase (250 units) and sulfatase (20 units). The reaction

trihydl:oxyphenyl)propan-Z-oI, whichis further lactonized to give  mixture was incubated at 3T for 45 min and stopped by adding 100
5-(3,4-dihydroxyphenyl)y-valerolactonekigure 1) (33). More- uL of 20% (w/v) metaphosphoric acid. Next, 30 of acetonitrile
over, some studies showed that 543dihydroxyphenyl)y- and 10uL of 100uM ethyl gallate were added to the reaction mixture,
valerolactone appeared in the plasma and urine of humanwhich was vigorously vortexed for 1 min. After centrifuging at 10900
subjects after ingesting green tea or pure (—)-epicatechin 4 °C for 15 min, the resulting supernatant (500) was transferred to
solution B4, 35). However, the quantitative importance and another tube and diluted with 4.5 mL of distilled water. This sample
biological activities of the microbial metabolites have seldom 23 p?ssed :h&oug(hwart\ Oacs's ';I'-l? Z‘Z&:)Othm?ﬁ dmbL solid-phase
been assessed through a comparison with intact polyphenolicExfaction cartriage (ivaters 0., viiitord, at had been precon-
precursors. Therefore, our study is intended as an investigationd'tlonecj by rinsing with 1 mL of methanol followed by 1 mL of distilled

: d luati £ 1h lati bund d ibl water. After being washed with 1 mL of 30% (v/v) methanol, the
into and an evaluation of the relative abundance and possi epolyphenolic samples were collected in another tube by eluting with 1

antioxidant importance of 5-(3',4'-dihydroxyphenyl)-y-valero- ) "of methanol. The resulting eluate was concentrated under reduced

lactone compared with those of (—)-epicatechin. pressure, and the residue was redissolved in 1 mL of the mobile phase
of HPLC. After being filtered through a 0.4&m filter, 10 uL of the
MATERIALS AND METHODS resulting solution was applied to an HPLC system (Tosoh, Co., Tokyo,

Japan) consisting of a controlled dual pump (model PX-8010), an auto-

Chemicals. (—)-Epicatechin-glucuronidase type X-A (G 7896), injector (model AS-8010), a column oven (model CO-8010), an
and sulfatase type VIII (S 9754) were purchased from Sigma-Aldrich electrochemical detector (model EC-8011), and an integrator (model
Co. (St. Louis, MO). Ethyl gallate,-ascorbic acidp-methyleugenol, SIC Chromatocorder 12). The mobile phase was comprised of 20 mM
m-chloroperbenzoic acid, ethyl malonate, and hydrobromic acid were of sodium phosphate buffer containing 1 mMBE®TA (pH 3.1) and
purchased from Wako Pure Chemical Industry Ltd. (Osaka, Japan). 10% acetonitrile at the flow rate of 0.5 mL/min. A 150 mxn4.6 mm

Chemical Synthesis of 5-(34-Dihydroxyphenyl)-y-valerolactone. i.d., 3um, WAKOPAC 3Gs column (Wako Pure Chemical Industries
The procedure for the synthesis of 3:43-dihydroxyphenyl)-y-vale- Ltd., Osaka, Japan) with a 10 mm 4.6 mm i.d. guard column was
rolactone was that reported previously by Watanabe (36) and Grosseoperated at 40C. The applied potential of the electrochemical detector
Diweler and Rohdewald3(7). First, 1,2-epoxy-3-(34'-dimethoxy- was set at-500 mV versus Ag/AgCl.
phenyl)propan was prepared frooxmethyleugenol andn-chloro- Assay of Antioxidant Activity. The antioxidant activity of €)-
perbenzoic acid in chloroform for 3 days at room temperature. The epicatechin and 5-(3',4'-dihydroxyphenyl)-y-valerolactone was mea-
product was then mixed for 3 days with ethyl sodiomalonate prepared sured by using the methods of Miller et 888f with a Total Antioxidant
from sodium and ethyl malonate in ethanol. This mixture was Status kit (Randox Laboratories Ltd., San Francisco, CA). The chemical
continuously refluxed with 10% sodium hydroxide solution for 30 min  basis of the assay is the generation of a long-lived specific radical cation
at 100°C to yield 5-(3,4'-dimethoxyphenyl)-y-valerolactone. For the  chromophore based on the peroxidative activity of metmyoglobin and
preparation of 5-(34'-dihydroxyphenyl)y-valerolactone, a mixture of its interaction with the phenothiazine compound,’-22nobis-(3-
5-(3',4'-dimethoxyphenyl)-y-valerolactone, acetic acid, and 48% hy- ethylbenzothiazoline-6-sulfonate) (ABTS), in the presence of hydrogen
drobromic acid was refluxed fd h at 106-110°C. After acetic acid peroxide to form the ABTS radical cation with an absorption maximum
and hydrobromic acid were removed under reduced pressure, the residuat 734 nm. This reflects the ability of a putative hydrogen-donating
was dissolved in distilled water, neutralized with sodium carbonate, antioxidant to scavenge the ABTS radical cation. Absorbance was read
extracted with ethyl acetate, and dried with anhydrous sodium sulfate. with a Shimadzu UV-1400 spectrometer 3 min after the addition of
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Figure 2. Chromatograms of rat urine after enzymatic treatment of S-glucuronidase and sulfatase as analyzed by HPLC with electrochemical detection:
(A) urine collected 24 h after administration of distilled water; (B) urine collected 24 h after oral administration of 80 umol of (-)-epicatechin. Peaks: 1
= (—)-epicatechin; 2 = 5-(3',4'"-dihydroxyphenyl)-y-valerolactone; IS = internal standard.

Table 1. Urinary Excretions of (—)-Epicatechin and 5-(3',4'-Dihydroxyphenyl)-y-valerolactone after Oral Administration of (—)-Epicatechin in Rats?

(—)-epicatechin dose (/rat)

0 umol 20 pumol 40 pumol 80 umol

(—)-epicatechin

free, umol/rat NDb 05+0.1¢ 09+0.3 1.9+04

total (free + conjugate), umol/rat ND 14+01 32%02 5706

free vs total, % 39+9 29+9 33+6
5-(3',4'-dihydroxyphenyl)-y-valerolactone

free, umol/rat ND 0.1+0.0 0.1+£0.0 02+0.0

total (free + conjugate), umol/rat ND 0701 13+03 17+£04

free vs total, % 12+2 12+5 14+3

aUrine was collected 24 h after a single administration. ® ND, not detected. ¢ Values are represented as mean + SEM (n = 7).

hydrogen peroxide. The concentration needed to inhibit the control by spectively. They were also completely absent from the second
50% (IGs)) was calculated from the dose—response curve by three sample (24—48 h).
different concentrations of the compound under investigation. By using Free versus Conjugated Forms in Urine.In the present
an 1Gy value of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic - 1,4y the free versus total (free plus conjugated form) levels
aC|q (Trolox), awqter-soluble V|tam|n.E analogue, the Trolo?< equivalent of each compound in the 24-h urine were evaluafable 1).
antlo?qdanj[ capaplty (TEAC) was defln(_ad as the concentration of_Troon For th \vsis of f f f (—)-epicatechi d 5-(3' 4'-
solution with antioxidant potential equivaletéa 1 mMconcentration or the analysis ot Iree forms o (—)-epicatec In-an @,
of the investigated compound. d|hydroxyphenyl)-y-valerolaqtone, the enzymatic treatment of
urine samples witl#-glucuronidase and sulfatase was omitted.
In the samples collected after doses of 20, 40, andr@6l of
RESULTS (—)-epicatechin, 39%, 29%, and 33% of the total){epicat-
echin were present in the free form, whereas 12%, 12%, and
14% of the total 5-(34'-dihydroxyphenyl)y-valerolactone were
found in the free form. Thus, a substantial amount of urinary
5-(3',4'-dihydroxyphenyl)-y-valerolactone accounted for the
conjugated form, and at a higher level of conjugation tha (
epicatechin.

Antioxidant Activity. The antioxidant activity of |)-
epicatechin and 5-(3F-dihydroxyphenyl)y-valerolactone was
evaluated by the TEAC method, with the results showhable
2. L-Ascorbic acid was used as the reference. TEAC values of
(—)-epicatechin and-ascorbic acid were 2.7 and 1.0, respec-
tively. These values were almost the same as those in a previous
study (39). The antioxidant power of 54@-dihydroxyphenyl)-
y-valerolactone was about half that of \-epicatechin (TEAC
value of 1.4).

HPLC Chromatograms. Typical chromatographic profiles
of rat urine with enzymatic hydrolysis of conjugates are shown
in Figure 2 (control urine inFigure 2A, and urine after (—)-
epicatechin administration iRigure 2B). As can be seen in
Figure 2B, two distinct peaks were indicated in the HPLC
chromatogram of urine, identified by the retention time of each
compound as)-epicatechin and 5-(3¥-dihydroxyphenyl)-
y-valerolactone, in that order. These were not detected in the
chromatogram of the control sample (Figure 2A).

Dose-Dependent Excretion of{)-Epicatechin and 5-(3,4'-
Dihydroxyphenyl)-y-valerolactone into Urine. Table 1shows
the 24-h urinary excretions of (—)-epicatechin and 5-(3',4'-
dihydroxyphenyl)-y-valerolactone after oral administration of
(—)-epicatechin to rats. When distilled water was orally given,
neither compound was detected in the urine. In the 24-h urine
collected after single doses of 20, 40, and 880l of (—)-
epicatechin, the dose-dependent excretions amounted to 1.4, 3.2;
and 5.7umol of total (—)-epicatechin, and 0.7, 1.3, and 1.7 Sufficient evidence has accumulated since the late 1950s to
umol of total 5-(3,4'-dihydroxyphenyl)-yvalerolactone, re- demonstrate the catabolism of flavan-3-ols into low molecular

ISCUSSION
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Table 2. Relative Antioxidant Potentials of (-)-Epicatechin, sense to assume that bactefiaglucuronidase hydrolyzes the
5-(3',4'-Dihydroxyphenyl)-y-valerolactone in Comparison with glucuronides, enabling reabsorption of the free aglycone.
L-Ascorbic Acid? Because of low absorption of-}-epicatechin through the small
] intestine (43), the role of the large intestine in the metabolism
TrOIOﬁ.eq.lé'vatlem of (—)-epicatechin prior to subsequent absorption is increasingly
antioxican considered to be important. In this regard, the fecal excretions
capacity; TEAC (mM) - - . . .

. . of (—)-epicatechin and its degradation products provide support
(-)-epicatechin 27£01 for the argument on the metabolic fate of dietary){
5-(3',4'-dihydroxyphenyl)-y-valerolactone 14+01 . . . L. -

L-ascorbic acid 10401 epicatechin, an issue requiring further substantiation.
Provided that the beneficial health effects of{epicatechin
2 Value are represented as mean + SEM from quadruplicate determinations. are linked to its antioxidant potential, the next step must be the

evaluation of the antioxidant impact of 5-@-dihydroxyphe-

weight phenolic compounds by intestinal microflora. The fact nyl)-y-valerolactone. Accordingly, its antioxidant activity was
that 5-(3,4'-dihydroxyphenyl)y-valerolactone is the most abun-  compared with the parent compound by the TEAC method,
dant ring-fission metabolite of—)-epicatechin has become which is widely used for evaluating the ability of putative
widely accepted in recent year8)( It is recognized that the  antioxidants in the aqueous phase. The result of the experiment
main site for the formation of 5-(3V-dihydroxyphenyl)-y-  confirmed that the degradation of)-epicatechin into 5-(3',4'-
valerolactone is the large intestine, in which the ring cleavage dihydroxyphenyl)y-valerolactone diminished the TEAC value,
of (—)-epicatechin appears to be due to intestinal microflora. yet this ring-fission metabolite showed stronger activity than
However, there is room for debate about the quantitative _-ascorbic acid. In the limited sense that 543dihydroxyphe-
information on its biological role in the body. Therefore, this nyl)-y-valerolactone may at least partly retain its antioxidant
study sought to provide supporting evidence for the presenceactivity, the role of this intermediate product in the biological
of microbial metabolites in rats, and to determine their possible system is a relatively important one. There is fairly general
role in antioxidant activity. agreement that the-dihydroxy! structure in the B-ring of the

The most important finding in this study is the clear flavan-3-ol skeleton exhibits antioxidant activigg4. It is quite
demonstration of the microbial degradation products-6f-(  possible that such antioxidant activity would be attenuated if
epicatechin in rats. The present study proved that the admin-theo-dihydroxyl structure were to be conjugated with glucuronic
istration of (—)-epicatechin to rats induced a desesponse  acid and/or sulfate. Our conclusion that 343dihydroxyphe-
excretion of 5-(34"-dihydroxyphenyl)y-valerolactone into only  nyl)-y-valerolactone predominantly exists in the conjugated form
the 24-h urine. The result that the microbial metabolism-of takes on importance in connection with the comparative
epicatechin in the intestine could be accomplished within 24 h contribution of the ring-fission metabolite in relation to the total
is in agreement with the account given by Takizawa etdl),(  antioxidant effect of dietary (—)-epicatechin on the biological
who reported that the cumulative urinary excretion of 5-(3',4'- system. Baba et al2) showed that the ratio of free versus
dihydroxyphenyl)-y-valerolactone reached the plateau level 24 conjugated forms in the urine obtained after oral administration
h after oral administration to rats of an-Y-epicatechin  of (—)-epicatechin differed from that in the plasma, suggesting
derivative, (—)-epicatechin gallate. This present study also that deconjugation activity occurred in rat kidney. The biological
demonstrated that the urinary amounts of totg)-épicatechin  significance of the conjugated form of plasma and urinary levels
(free + conjugated) collected after an oral administration of may offer the key to understanding the total antioxidant activity
20, 40, and 8@mol of (—)-epicatechin were respectively 7.2%, of (—)-epicatechin and its ring-fission metabolites. The microbial
8.0%, and 7.2% of the dose, while the amounts of its ring- metabolite, 5-(34'-dihydroxyphenyl)y-valerolactone, can also
fission metabolite excreted were 3.6%, 3.1%, and 2.1%. The be further metabolized into simple phenolic acids such as
urinary amounts of free (—)-epicatechin were 2.6%, 2.3%, and 3-hydroxyphenylpropionic acid, 3-hydroxyhippuric acid, or
2.4%, against 0.36%, 0.30%, and 0.26% of free 5-(3'.4'- 3-hydroxybenzoic acid, which may be among the minor
dihydroxyphenyl)-y-valerolactone. This shows that the free- compounds present in animal urine after a catechin déSk (
versus-total ratio of (}-epicatechin in the urine was higher than  This fact has further complicated the overall assessment of the
that of 5-(3,4-dihydroxyphenyl)y-valerolactone, which is thus  antioxidant effect of £)-epicatechin on the biological system.
indicated to be primarily present in the conjugated form. Itis  In conclusion, although the use of dietary polyphenols may
well documented that the enzymatic conjugation should be be increasing because of their known beneficial properties, there
accomplished by using uriding-8iphosphoglucuronosyl trans- s a lack of detailed information on their metabolic fate in the
ferase for glucuronidation, and phenolsulfotransferase for sul- body system. This study thus provides a basis to assess both
fation. Piskula et al. X3) showed that a high level of uridine-  the urinary appearance of the microbial metabolite of (—)-
5'-diphosphoglucuronosyl transferase activity existed not only epicatechin and its antioxidant activity. Further investigation is
in the small intestine but also in the cecum and large intestine, needed to produce direct evidence for the activity of microbial

while the only organ possessing the phenolsulfotransferase wasnetabolites in relation to their biological and pharmacological
the liver. Such results may well explain the assumption that effects in vivo.

portions of orally administered—()-epicatechin are degraded

into 5-(3',4'-dihydroxyphenyl)-y-valerolactone in the colon ABBREVIATIONS USED
where the glucuronidized conjugation begins immediately due
to the activity of mucosal uridine“sliphosphoglucuronosyl
transferase, followed by further conjugations of glucuronidation,
sulfation, and/or methylation in the liver. Conjugated flavonoids
may pass into the bile through enterohepatic circulation, and o ~kNOWLEDGMENT

thereby reach the luminal side of the colon as glucuronides or

other metabolites (41). Considering that the fecal microflora Thanks are due to Professor N. Watanabe of the Department of
showed a high level of deglucuronidation activif2y, it makes Applied Biological Chemistry, Faculty of Agriculture at Shi-

Trolox, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid; TEAC, Trolox equivalent antioxidant capacity; ABTS,'2,2
azinobis(3-ethylbenzothiazoline-6-sulfonate).



Urinary Metabolite of (+)-Epicatechin

zuoka University for his technical suggestions on synthesizing
5-(3',4'-dihydroxyphenyl)-y-valerolactone.

LITERATURE CITED

(1) Nijveldt, R. J.; van Nood, E.; van Hoorn, D. E. C.; Boelens, P.
G.; van Norren, K.; van Leeuwen, P. A. M. Flavonoids: A
review of probable mechanisms of action and potential applica-
tions. Am. J. Clin. Nutr.2001,74, 418—425.

(2) Hollman, P. C. H.; Katan, M. B. Dietary flavonoids: Intake,
health effects and bioavailavilityfrood Chem. Toxicol1999,

37, 937-942.

(3) Yang, C. S.; Landau, J. M. Effects of tea consumption on
nutrition and healthd. Nutr. 2000,130, 2409—2412.

(4) Mukhtar, H.; Ahmad, N. Tea polyphenols: Prevention of cancer
and optimizing healthAm. J. Clin. Nutr 2000, 71 (suppl),
1698S—1702S.

(5) McKay, D. L.; Blumberg, J. B. The role of tea in human health:
An update.J. Am. Coll. Nutr.2002,21, 1-13.

(6) Higdon, J. V.; Frei, B. Tea catechins and polyphenols: Health
effects, metabolism, and antioxidant functio@sit. Rev. Food
Sci. Nutr.2003,43, 89-143.

(7) Steinberg, F. M.; Bearden, M. M.; Keen, C. L. Cocoa and
chocolate flavonoids: Implications for cardiovascular health.
Am. Diet. Assoc2003,103, 215—223.

(8) Wollin, S. D.; Jones, P. J. H. Alcohol, red wine and cardiovas-
cular diseasel. Nutr.2001,131, 1401—1404.

(9) Hollman, P. C. H.; Arts, I. C. W. Flavonols, flavones and
flavanols—nature, occurrence and dietary burderSci. Food
Agric. 2000,80, 1081—1093.

(10) Natsume, M.; Osakabe, N.; Yamagishi, M.; Takizawa, T.;
Nakamura, T.; Miyatake, H.; Hatano, T.; Yoshida, T. Analyses
of polyphenols in cacao liquor, cocoa, and chocolate by normal-
phase and reversed-phase HPBsci. Biotechnol. Biochem.
2000,64, 2581—2587.

(11) 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.

(12) Zhu, M.; Chen, Y.; Li, R. C. Oral absorption and bioavailability
of tea catechinPlanta Med.2000, 66, 444—447.

(13) 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. Absorption and urinary excretion of (—)-epicatechin

after administration of different levels of cocoa powder )

epicatechin in ratsl. Agric. Food Chen2001, 49, 6050-6056.

Okushio, K.; Suzuki, M.; Matsumoto, N.; Nanjo, F.; Hara, Y.

Identification of (~)-epicatechin metabolites and their metabolic

fate in the ratDrug Metab. Dispos1999,27, 309—316.

Harada, M.; Kan, Y.; Naoki, H.; Fukui, Y.; Kageyama, N.; Nakai,

M.; Miki, W.; Kiso, Y. Identification of the major antioxidative

metabolites in biological fluids of the rat with ingestett){

catechin and (—)-epicatechiBiosci., Biotechnol., Biochem.

1999,63, 973—977.

Lee, M. J.; Wang, Z. Y.; Li, H.; Chen, L.; Sun, Y.; Gobbo, S.;

Balentine, D. A.; Yang, C. S. Analysis of plasma and urinary

tea polyphenols in human subjed®ancer Epidemiol. Biomark.

Prev.1995,4, 393—399.

(18) Yang, C. S.; Chen, L.; Lee, M. J.; Balentine, D.; Kuo, M. C.;
Schantz, S. P. Blood and urine levels of tea catechins after
ingestion of different amounts of green tea by human volunteers.
Cancer Epidemiol. Biomarkers Pre1998,7, 351—354.

(19) Lee, M. J.; Maliakal, P.; Chen, L.; Meng, X.; Bondoc, F. Y.;
Prabhu, S.; Lambert, G.; Mohr, S.; Yang, C. S. Pharmacokinetics
of tea catechins after ingestion of green tea anjiépigallo-
catechin-3-gallate by humans: Formation of different metabolites
and individual variability Cancer Epidemiol. Biomarkers Pre
2002,11, 1025—1032.

(14)

(15)

(16)

(€X))

J. Agric. Food Chem., Vol. 51, No. 23, 2003 6897

(20) Rein, D.; Lotito, S.; Holt, R. R.; Keen, C. L.; Schmitz, H. H,;
Fraga, C. G. Epicatechin in human plasma: In vivo determination
and effect of chocolate consumption on plasma oxidation status.
J. Nutr. 2000, 130 (suppl), 2109S-2114S.

Baba, S.; Osakabe, N.; Natsume, M.; Takizawa, T.; Nakamura,

T.; Terao, J. Bioavailability of (—)-epicatechin upon intake of

chocolate and cocoa in human voluntedfeee Radical Res

2000,33 635—641.

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. 2001,131, 2885—2891.

Watanabe, H. The chemical structure of the intermediate

metabolites of catechin. I. Chemical properties of the intermediate

metabolites (G and H) and their derivativ&ill. Agric. Chem.

Soc. Jpn1959,23, 257—259.

Watanabe, H. The chemical structure of the intermediate

metabolites of catechin. Il. Oxidative decomposition of the

intermediate metabolites (G and Hull. Agric. Chem. Soc. Jpn.

1959,23, 260—262.

Oshima, Y.; Watanabe, H.; Kuwazuka, S. On the mechanism of

metabolism of (—)-epicatechirBull. Agric. Chem. Soc. Jpn.

1960,24, 497-500.

(26) Griffiths, L. A. mHydroxyphenylpropionic acid, a major urinary
metabolite of (+)-catechin in the railature 1962,194, 869—
870.

(27) Giriffiths, L. A. Studies on flavonoid metabolism. Identification
of the metabolites off)-catechin in rat urineBiochem. J1964
92, 173-179.

(28) Das, N. P.; Griffiths, L. A. Studies on flavonoid metabolism.
Metabolism of ¢+)-catechin in the guinea pi@iochem. J1968
110, 449—-456.

(29) Das, N. P.; Griffiths, L. A. Studies on flavonoid metabolism.
Metabolism of @)-[**C]catechin in the rat and guinea pig.
Biochem. J1969,115, 831—-836.

(30) Das, N. P. Studies on flavonoid metabolism. Degradation-pf (
catechin by rat intestinal contenBiochim. Biophys. Act&a969,
177, 668—670.

(31) Scheline, R. R. The metabolism af)catechin to hydroxyphe-
nylvaleric acids by the intestinal microflorBiochim. Biophys.
Acta 1970,222, 228—230.

(32) Das, N. P. Studies on flavonoid metabolism. Absorption and
metabolism of {)-catechin in manBiochem. Pharmacoll971,

20, 3435—3445.

(33) Meselhy, M. R.; Nakamura, N.; Hattori, M. Biotransformation

of (—)-epicatechin-39-gallate by human intestinal bacteria.

Chem. Pharm. Bull1997,45, 888—893.

Li, C.; Lee, M. J.; Sheng, S.; Meng, X.; Prabhu, S.; Winnik, B.;

Huang, B.; Chung, J. Y.; Yan, S.; Ho, C. T.; Yang, C. S.

Structural identification of two metabolites of catechins and their

kinetics in human urine and blood after tea ingestiGhem.

Res. Toxicol2000,13, 177—184.

Meng, X.; Sang, S.; Zhu, N.; Lu, H.; Sheng, S.; Lee, M. J.; Ho,

C. T.; Yang, C. S. Identification and characterization of

methylated and ring-fission metabolites of tea catechins formed

in humans, mice, and ratShem. Res. Toxica2002,15, 1042—

1050.

Watanabe, H. The chemical structure of the intermediate

metabolites of catechin. lll. Systhesis of the intermediate

metabolites (G and HBull. Agric. Chem. Soc. Jpri959,23,

263—267.

(37) Grosse Diweler, K.; Rohdewald, P. Urinary metabolites of
French maritime pine bark extract in humaR&armazie2000,

55, 364—368.

(38) Miller, N. J.; Rice-Evans, C.; Davies, M. J.; Gopinathan, V.;
Milner, A. A novel method for measuring antioxidant capacity
and its application to monitoring the antioxidant status in
premature neonate€lin. Sci.1993,84, 407—412.

(21)

(22)

(23)

(24)

(25)

(34)

(35)

(36)



6898 J. Agric. Food Chem., Vol. 51, No. 23, 2003

(39) Salah, N.; Miller, N. J.; Paganga, G.; Tijburg, L.; Bolwell, G.
P.; Rice-Evans, C. Polyphenolic flavanols as scavengers of
aqueous phase radicals and as chain-breaking antioxidaols.
Biochem. Biophysl995,322, 339—346.

(40) Takizawa, Y.; Morota, T.; Takeda, S.; Aburada, M. Pharmaco-
kinetics of (—)-epicatechin-3-O-gallate, an active component of
Onpi-to, in rats.Biol. Pharm. Bull.2003,26, 608—612.

(41) O’Leary, K. A.; Day, A. J.; Needs, P. W.; Sly, W. S.; O'Brien,
N. M.; Williamson, G. Flavonoid glucuronides are substrates
for human liverg-glucuronidaseFEBS Lett.2001,503, 103—
106.

(42) Aura, A. M.; O’Leary, K. A.; Williamson, G.; Ojala, M.; Bailey,
M.; Puupponen-Pimid, R.; Nuutila, A. M.; Oksman-Caldentey,

Unno et al.

(43) Kuhnle, G.; Spencer, J. P. E.; Schroeter, H.; Shenoy, B.; Debnam,
E. S.; Srai, S. K. S.; Rice-Evans, C.; Hahn, U. Epicatechin and
catechin areo-methylated and glucuronidated in the small
intestine.Biochem. Biophys. Res. Comm@®00, 277, 507—
512.

(44) Heim, K. E.; Tagliaferro, A. R.; Bobilya, D. J. Flavonoid
antioxidants: Chemistry, metabolism and structure—activity
relationshipsJ. Nutr. Biochem2002,13, 572—584.

(45) Hollman, P. C. H.; Tijburg, L. B. M.; Yang, C. S. Bioavailavility
of flavonoids from teaCrit. Rev. Food Sci. Nutr1997 37,719—

738.

K. M.; Poutanen, K. Quercetin derivatives are deconjugated and received for review June 2, 2003. Revised manuscript received
converted to hydrophenylacetic acids but not methylated by geptember 2, 2003. Accepted September 3, 2003.

human fecal flora in vitroJ. Agric. Food Chen002 50, 1725~
1730.

JF034578E



