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Analysis of Tea Catechins in Human Plasma by
High-Performance Liquid Chromatography with Solid-Phase
Extraction
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Accurate monitoring of tea catechins in biological samples might provide a means of better evaluation
of their benefits. The aim of the present study was to develop a rapid method for extracting tea
catechins from human plasma samples with a solid-phase extraction technique and to subsequently
measure their concentrations using an HPLC system. A human plasma sample spiked with known
concentrations of the analyte standards was passed through a Waters Oasis HLB cartridge. After
repeated washing, tea catechins were eluted with 70% dimethylformamide containing 0.1% phosphoric
acid, and the resulting eluate was injected into an HPLC system. Analytes were separated on a
reverse-phase Cig column using an isocratic mobile phase and detected electrochemically. The
coefficient of variation for inter- and intraday reproducibility was less than 5.0% and 6.4%, respectively.
Linearity was established for the concentration range of 0.01—1.0 «M. The method was successfully
applied to measure tea catechin concentrations in the plasma of two healthy subjects who received
a single ingestion of a green tea beverage. The proposed method enables the rapid and accurate
guantitation of plasma tea catechins and might prove useful for the evaluation of beneficial health
effects of tea consumption.
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INTRODUCTION OH
Green tea is a popular beverage commonly consumed in on

Asian countries. Although green tea contains a number of HO O Ry

bioactive constituents, it is particularly rich in polyphenol \@jwo&

compounds. Green tea is produced by steaming or firing fresh OH OH

leaves at high temperatures, thereby inactivating the oxidizing x=—'c9 oH

enzymes and keeping the polyphenol constituents intactlie

characteristic polyphenols found in green tea predominantly OH

consist of (—)-epigallocatechin (EGC), (—)-epicatechin (EC), (-)-epicatechin : Ri=Rp=H (-)-catechin : Ry=R;=H

(—)-epigallocatechin gallate (EGCG), and)¢epicatechin gal-  (-)>-epigallocatechin : R;=OH, R;=H (-rgallocatechin : R;=OH, Ro=H

late (ECG) (Figure 1). In the manufacturing process of canned {)-epicatechin gallate : R;=H, Ry=X (m)-catechin gallate  Ry=H, Ry=X

. .. (—)-epigallocatechin gallate : Ry=OH, R=X (-)-gallocatechin gallate : Ri=OH, Ry=X
and bottled tea beverages, approximately one-half of the original ' : ' ’

tea catechins are converted into their corresponding epimers sucf9ure 1. Chemical structures of tea catechins.
as (-)-gallocatechin (GC),<)-catechin (C), {)-gallocatechin ) . - o . )
gallate (GCG), and ()-catechin gallate (CG) by heat treatment arises. In vivo activity of tea catechins is detgrmlngd by eﬁectlye
(2—4). In the past decade, the market for ready-to-drink green concentraﬂqns at target sites apd thus by |nte§t|nal absorption;
tea beverages has grown rapidly in Japan. Consumption c)fby metabolism; and _by ex_cretlon into b_|Ie,_ur|ne, and feces.
canned or bottled green tea beverages consequently has led tRRe€searchers have investigated the kinetics and extent of
the intake of eight different kinds of tea catechins. intestinal gbsorptlon of tea catechms by measuring plasma
Green tea has attracted much attention for its beneficial health€oncentrations and/or urinary excretion after oral ingestion of
effects, particularly with respect to its potential for preventing WNOI€ green tea infusion, green tea extract, and tea catechins
cancer and cardiovascular diseages?). As we gain a better N their pure form (8,9).
understanding of how these catechins in green tea affect health, Several high-performance liquid chromatographic (HPLC)

their metabolic fate in the body system is the issue that inevitably methods have been published regarding the analysis of tea
catechins in blood plasma. Most of these methods involve the

* To whom correspondence should be addressed. F&t 548 54 0763. extraction of tea catechins from plasma or tissue homogenates
E-mail: t-unno@itoen.co.jp. with ethyl acetate)0—15), acetonitrile (16), or methandl?),
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followed by an HPLC separation coupled with electrochemical (pH 3.5) and then applied to this SPE cartridge. After being washed
detection. This liquid—liquid extraction is the most common with 2 mL of water, catechins in the cartridge were collected in another
method for obtaining tea catechins from biological samples, but tube by eluting with 1 mL of methanol. The resulting eluate was

it requires time-consuming steps. Accordingly, the development concentrated under reduced pressure, and the residue was redissolved
of a simple and accurate methodology to analyze tea catechinég 0.7 mL of the mobile phase of HPLC. After passage through an

in biological | Id b | d. Th lid-nh kicrodisk type 3 0.45-um filter (Pall Corporation, Tokyo, Japan), 20

In bio leca Sampies yvou - e_ weicomed. € solid-phase uL of the resulting filtrate was applied to an HPLC system.

extraction (SPE) technique is widely used for sample cleanup

. . ! HPLC Instruments and Conditions. The HPLC system consists
preparation before HPLC analysis. Compared to the ClasS'Cofamodel PX-8010 controlled dual pump (Tosoh Co., Tokyo, Japan),

liquid—liquid extraction, the SPE method is less time-consum- 4 model AS-8010 auto-injector (Tosoh, Co.), a model CO-8010 column
ing, is easier to perform, and uses less solvent. In some articlesoven (Tosoh, Co.), a coulochem Il electrochemical detector (ESA Inc.,
the SPE technique has been adopted for a part of the selectiveBedford, MA) with a model 5020 guard cell and a model 5010

cleanup procedure of tea catechiri$,(18). However, such analytical cell, and a computer equipped with VStation version 1.6
methodologies still consist of a primary deproteinization process chromatography data integration system (GL Science Inc., Tokyo,
and a secondary step for further cleanup with SPE. Direct Japan).

application of plasma samples to SPE cartridges will be T_he HPI__C_anaIyticaI cc_)nditions W_ith electrochemical dett_ection were
obviously ideal and lead to further time savings. The objectives Pasically similar to those in the previous report by Umegaki etlai).(

of this research were to develop a method for the determination 9"t klnds”of teka catechins were Seﬁarat‘zglon 2306 m”& "d."h3

of plasma tea catechins using an HPLC system along with the”" Capcell Pak type AQ reverse-phasg Eolumn equipped with a

. . . . 10 x 4.0 mm i.d., Capcell Pak type AQ guard cartridge (Shiseido,
SPE extraction technique and to apply this method to pilot Co., Tokyo, Japan). Isocratic elution was employed using 0.1 M sodium

pharmacokinetic investigations of orally administered green tea phosphate buffer containing 0.5 mM MeDTA (pH 3.5)/acetonitrile

beverage. (85/15, v/v) at a flow rate of 0.8 mL/min. The column temperature
was maintained at 40C. The applied voltage of the analytical cell
MATERIALS AND METHODS was set at-200 mV for electrode 1 ang-200 mV for electrode 2,

and that of guard cell was-250 mV. Electrochemical data from

Reagents and Materials.EGC, EC, EGCG, and ECG and their  electrode 2 were collected, and the approximate basal cell current was
corresponding epimers such as GC, C, GCG, and CG, the purities of2 pA.
which were at least 95%, were purchased from Funakoshi Co., Ltd.  pijlot Human Studies. The study involved the participation of two
(Tokyo, Japan). Ethyl gallate as an internal standard (Igscorbic healthy male volunteers (subject 1, age 33, weight 82 kg, height 173
acid, ethylenediaminetetraacetic acid disodium salt dehydrate: (Na ¢ subject 2, age 34, weight 64 kg, height 167 cm), who were fully
EDTA), n,n-dimethyl formamide (DMF), and HPLC-grade acetonitrile  informed about all procedures before their written informed consent
were obtaineq from Wako Pure Chem_ical Industry, Ltd. (Osaka, Japan). was obtained. The clinical aspects of this study were proposed in
The hydrolyzing enzymegi-glucuronidase type X—A and sulfatase  accordance with the Helsinki Declaration of 1964 as revised in 1989
type VIII, were from Sigma-Aldrich Co. (St. Louis, MO). Water was  and were approved by the Ethical Committee of ITO EN, Ltd. (Tokyo,
purified using a Milli-Q system (Millipore, Bedford, MA). All other  japan). Subjects were instructed to abstain from green tea and related
reagents were of analytical or guaranteed reagent grade. beverages for 1 day before the experiment. On the experimental day,

The solid-phase extraction cartridges used were Oasis HLB (30 mg/ a blood sample was collected under overnight-fasted conditions. The
mL) and Sep-Pak s (100 mg/mL) supplied by Waters Corporation  subjects then ingested 190 mL of the canned green tea beverage
(Milford, MA), with the aid of a Supelco vacuum manifold station  containing 52 mg of EGC, 102 mg of GC, 16 mg of EC, 26 mg of C,
(Bellefonte, PA). 63 mg of EGCG, 69 mg of GCG, 11 mg of ECG, and 10 mg of CG,

Standard Solutions.A stock solution of a mixture of tea catechins  and subsequently, blood samples were collected at 0, 1, 2, 4, and 6 h
(10 uM) was prepared in 0.1 M sodium phosphate buffer containing post-ingestion in heparinized tubes. Blood samples were immediately
0.5 mM NaEDTA (pH 3.5) and stored at70°C until use. Appropriate  centrifuged at 150§ for 15 min at 4°C to separate the plasma. Two
dilutions of the stock solution of tea catechins were made with the hundred microliters of the plasma was mixed withdl0of 10% (w/
same buffer to prepare the working solution. The stock solution of IS v) L-ascorbic acid as a preservative solution in a disposable tube and
(1 mM) was also further diluted with the same buffer to give the stored at—70 °C. The enzymatic method used for liberating free
working solution containing &M of ethyl gallate. Calibration standard  catechins from their conjugated forms Byglucuronidase and sulfatase
samples were prepared in 200 of blank plasma by spiking with 10 was that described by Lee et al0). Briefly, the thawed plasma was
uL of the working solutions to obtain a concentration range of 0:005  mixed with 10uL of a mixture of f-glucuronidase (250 units) and

1.0 uM. Quality control concentrations represented 0.05 andu®2 sulfatase (20 units), and the reaction mixture was incubated €37

of each tea catechin in plasma samples for the purpose of the validity for 45 min. Then, 70Q.L of 0.1 M sodium phosphate buffer (pH 3.5)

check of the method. The enzymatic deconjugation step-biucu- containing 0.5 mM NgEDTA and 10uL of 10 uM IS were added to

ronidase and sulfatase was not included in the assay validation. the reaction mixture. The resulting solution was subjected to the SPE
SPE of Tea Catechins from Plasma Sample§.en microliters of procedure as described above. From the time-course profiles of plasma

5uM IS was added to 200L of the thawed plasma samples containing concentration of each tea catechin, the area under the curves (AUC)
10 uL of 10% (w/v) L-ascorbic acid. Plasma samples were diluted by was calculated by the linear trapezoidal rule using GraphPad Prism
adding 0.7 mL of 0.1 M phosphate buffer containing 0.5 mM,-Na  for Windows version 4.0 (GraphPad Software, San Diego, CA).
EDTA (pH 3.5), and they were directly applied to the Oasis HLB
cartridges, that had been preconditioned successively with 1 mL of
water, 1 mL of 70% (v/v) DMF containing 0.1% (v/v) phosphoric acid, RESULTS AND DISCUSSION
and 1 mL of water, and allowed to run through. The cartridges were  HPLC Chromatogram. Separations achieved using the
washed with 2 mL of water and 1 mL of 30% (v/v) methanol. Tea experimental conditions of this assay for tea catechins are
catechins were then eluted with 0.7 mL of 70% (v/v) DMF containing illustrated in Figure 2A. Selectivity was indicated by the
0.1% (v/v) phosphoric acid. After filtration with an Ekicrodisk type absence of any endogenous interference at the retention time
3CR 0.45-um filter (Pall Corporation, Tokyo, Japan), 2D of the

of each peak, as evaluated by chromatograms of control human

resulting filtrate was injected into the HPLC system. | d ol iked with eigh techi
In the case of Sep-Pak& this disposable cartridge was precondi- plasma and plasma spiked with eight tea catechins.

tioned by rinsing in order with 1 mL of water, 1 mL of methanol, and Method for Development of SPE.In relation to the
1 mL of water. The plasma sample spiked with tea catechins was diluted efficiency of the SPE system, a series of commercial SPE
with 0.7 mL of 0.1 M phosphate buffer containing 0.5 mM,EBTA cartridges in combination with different elution solvents was
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Figure 2. Typical chromatograms of (A) eight tea catechin standards at the concentration of 0.2 uM, (B) plasma extract obtained before green tea
ingestion, (C) plasma extract from the same person 2 h after green tea ingestion. HPLC conditions as described in the text. Peaks in order of elution:
(1) (-)-gallocatechin, (2) (-)-epigallocatechin, (3) (-)-catechin, (4) (-)-epicatechin, (5) (-)-epigallocatechin gallate, (6) (-)-gallocatechin gallate, ethyl
gallate as internal standard, (7) (-)-epicatechin gallate, (8) (—)-catechin gallate.

Table 1. Percentage Recoveries of Tea Catechins and Their Epimers by Solid-Phase Extraction (n = 3)

elution recoveries from spiked plasma (%)
SPE product solvent EGC GC EC C EGCG GCG ECG CG
Sep-Pak Cig methanol 7220 64+2 84+1 761 442 57+3 43+2 677
Oasis HLB methanol 62+ 15 60+ 10 89+3 83+2 130 5+1 1742 12+2
70% DMF 86+1 95+ 2 97+2 90+2 99 +4 95+2 94+2 860
tested to ascertain the optimum conditions. A few silica-based 1204
reverse-phase supports were tested for efficient cleanup of the 100-
sample and quantitative recovery of the analytes. The diluted =
blank plasma samples spiked with standard tea catechins were £ 80
directly applied to the SPE cartridges and followed by elution § 60 ° EGC
with some organic modifiers. Plasma proteins could be removed 2 o EC
from the SPE cartridges by repeated washing. Recoveries of & 4 * EGCG
tea catechins were assessed by comparing the peak areas from 204 = ECG
plasma samples spiked with known amounts of tea catechins
. . 0+ . T T 1
and IS, processed according to the described method, versus 0 20 40 60 80 100
direct injections of a standard solution of tea catechins. The DMF Concentration (%)

results demonstrated that the use of Sep-Pagk&tridge with
methanol elution generally led to unsatisfactory recoveries of
tea catechins with a galloyl moiety such as EGCG, GCG, ECG,
and CG (Table 1). This is because a portion of such tea
catechins passed through without adsorption to the SPE Standard Curves and Method Validation. The calibration
cartridges because of their strong interactions with plasma curves consisted of seven or eight concentration points (0.005,
proteins. The Oasis HLB is known to be advantageous for 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and M) of each tea catechin.
compounds having catechol structures and is a recently appliedCalibration data were acquired by plotting the ratios of the peak
tool for the preparation of polyphenolic compound9+<22). areas of different concentrations of tea catechins to that of IS.
In the case of Oasis HLB cartridges and methanol as the elutionThe least-squares method was used to calculate the regression
solvent, recoveries of EGCG, GCG, ECG, and CG were equations. Calibration curves showed excellent linearity in the
extremely low, owing to specific affinities of tea catechins concentration range of 0.063.0uM for EGCG and GCG and
having a galloyl moiety to be strongly retained by the resins. 0.01—1.0 uM for the rest of the species analyzed, with
The issue was resolved with the correct choice of elution solvent. correlation coefficients higher than 0.9990. Extraction from
Figure 3 indicates that the recovery of each tea catechin roseplasma samples spiked with Qi1 of each catechin according
with increasing DMF concentration in the eluting solution and to the above procedure confirmed satisfactory recovery values
reached a plateau level at over 70% (v/v) DMF. Consequently, better than 86%Table 1). Reproducibility was evaluated by
this method employed 70% (v/v) DMF containing 0.1% (v/v) analyzing samples at the concentration of 0.05 orJWR of
phosphoric acid as the elution solvent. each tea catechin on the same day in seven replicates (intraday

Figure 3. Optimum concentration of dimethyl formamide (DMF) to elute
tea catechins using Oasis HLB cartridge. Each point represents the mean
of duplicate measurements.
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requiring deproteinization of plasma proteins before application
to the SPE cartridge and further evaporation before injection
into the HPLC system. Particularly with simultaneous deter-

Table 2. Plasma Parameters of Tea Catechins after Ingestion of
Green Tea Beverage?

_ subject 1 subject 2 minations of eight kinds of tea catechins in human plasma, this
teacatechins  Tmax  Cmax  AUCo—sh  Tmax  Cimax  AUCo-en analytical procedure might be useful for the overall evaluation
ingested (mg) () (M)  (uM-h) () (uM)  (uM-h) of beneficial health effects from the consumption of green tea

EGC 53 2 021 076 2 027 120 beverage.

GC 102 2 014 040 2 013 046

EC 16 2 023 068 2 028 105

C 26 2002 004 2 005 018

EGCG 63 2 038 101 2 028 111 ABBREVIATIONS USED

GCG 69 2 006 021 4 006 024 _ _ .

ECG 11 2 015 037 2 011 035 EGC, (-)-epigallocatechin; GC«)-gallocatechin; EC,«)-
CG 10 2 002 008 2 002 005 epicatechin; C,«)-catechin; EGCG,-()-epigallocatechin gal-

late; GCG, (—)-gallocatechin gallate; ECG, (—)-epicatechin
gallate; CG, (—)-catechin gallate; SPE, solid-phase extraction;
IS, internal standard; AUC, area under the culigsy time to
reach the maximum concentratidByayx, maximum concentra-

tion.
reproducibility) and five separate days in triplicate (interday

reproducibility). The relative standard deviations of the analytical  supporting Information Available: Intra- and interday
method were less than 5.0% and 6.4% for the inter- and intradayyariance and linearity of tea catechin assay in spiked human

reproducibility, respectively. The detection limit of tea catechins yjasma. This material is available free of charge via the Internet

@Plasma samples from two healthy volunteers who consumed green tea
beverage were treated with the mixture of -glucuronidase/sulfatase and extracted
using Oasis HLB cartridges. Plasma tea catechins were determined by a reverse-
phase HPLC along with electrochemical detection.

(defined at a signal-to-noise ratio of about 3) ranged from 1 to
5 nM in 200 uL of plasma.
Human Trial. The method established above was used to

at http://pubs.acs.org.

measure tea catechin concentrations in plasma from two healthyLITERATURE CITED
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