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Protein oxidation and glycation are posttranslational modifications that are implicated in the pathological
development of many age-related disease processes. This study investigated the effects of green
tea extract, and a green tea tannin mixture and its components, on protein damage induced by 2,2'-
azobis(2-amidinopropane) dihydrochloride (a free radical generator) and glucose in in vitro assay
systems. We found that green tea extract can effectively protect against protein damage, and showed
that its action is mainly due to tannin. In addition, it was shown that the chemical structures of tannin
components are also involved in this activity, suggesting that the presence of the gallate group at the
3 position plays the most important role in the protective activity against protein oxidation and glycation,
and that there is also a contribution by the hydroxyl group at the 5' position in the B ring and the
sterical structure. These findings demonstrate the mechanisms of the usefulness of green tea in
protein oxidation- and glycation-associated diseases.
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INTRODUCTION reaction. This reaction finally produces advanced glycation
endproducts (AGEs) which are characterized by fluorescence,

. ; . . . . a brown color, and intra- or intermolecular cross-linking.
is a drink that is popular worldwide. Recently, it has received Recently. the accumulation of AGES has been observed in age-
considerable attention because it contains large amounts of Y, 9

tannin, classified as the flavan-3-ol class of flavonoids, which and dlabet.es-a,ssqmated dlseases., suph as dlqbetlc com.pllcatlons
. ) T I and Alzheimer’s diseas®{11). Oxidative reactions consider-
contributes to its excellent antioxidative activities.

In the body, molecules such as lipids, DNA, and proteins ably participate in the process of the AGEs formatih8,(3),

. . A, indicating that biological proteins are susceptibly modified in
may .be susceptlblt_e to free-radlcal attackz rgsultlng in cell qleath Vivo to A?GES undergoxidarl)tive stress. publy
or injury. Free radical-induced damage is involved in various . . .
pathological phenomend), and much interest has focused on In this study, we examine the abl_l|ty of green tea extract,
the development of effective antioxidants against lipid and DNA and.a green tea tannin mixture anql Its components, to protect
oxidation. Indeed, it has been shown that green tea extract oragainst protein damage using two in vitro model systems.
green tea tannin suppress lipid peroxidation in biological tissues
and subcellular fraction®¢5) and the formation of 8-oxode- ~MATERIALS AND METHODS

OXyguanosine in DNA@' However, there IS cqmpgratlvelyllttle Green Tea. Fifty grams of dry green tea leaves, which were
information about their effect on protein oxidative damage.  proquced in the Haibara district (Shizuoka, Japan), were added to 1 L
Protein oxidative damage is directly involved in the patho- of hot distilled water (70°C) and shaken for 5 min. The resulting
genesis of many diseases. Free radicals can induce proteirsupernatant was freeze-dried to obtain green tea extract with a yield of
modifications including losses of protein function, such as the about 20%, by weight, of the original preparation. The green tea tannin
activity of enzymes, receptors, and membrane transporiers ( mixture was p_repared from a hot-watgr extract of green tea, and was

8), in turn resulting in biological dysfunctions. Proteins in the Ccomposed mainly oft)-epigallocatechin 3-gallate (EGCg, 18.0%),

i ; (—)-gallocatechin 3-O-gallate (GCg, 11.6%), (—)-epicatechin 3-O-
body are also modified by glucose through the glycation gallate (ECg, 4.6%),)-epigallocatechin (EGC, 15.0%)+[-gallo-
catechin (GC, 14.8%),)-epicatechin (EC, 7.0%), and-J-catechin

* To whom correspondence should be addressed. Phéi@: 76 434 (C, 3.5%). For purification of these components, recycling high-
76?%;3&:3}&;3&? ,?A%%?éiﬁg_na”' yokozawa@ms.toyama-mpu.ac.jp. performance liquid chromatography (HPLC) was done using a JAI-
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bacterial growth was added to glucose (25 mM) and fructose (25 mM)
solution. This reaction mixture was mixed with an aqueous solution of
test sample. Three concentrations were prepared for green tea extract,
tannin, caffeine, and theanine. Six concentrations were prepared for
tannin components. After incubating at 3T for 2 weeks, the
fluorescent reaction products were assayed on a fluorescence spectro-
photometer with an excitation wavelength of 350 nm and an emission
wavelength of 450 nm. The data were expressed in terms of percentage
inhibition, calculated from a control measurement of the fluorescence
intensity of the reaction mixture with no test sample.

Statistics. Data are presented as me&nSE of 5 determinations.

EGC EGCg

GCg
RESULTS

GO Figure 3 shows that the intrinsic allophycocyanin fluores-
cence was rapidly diminished by AAPH treatment to nearly 0%
at 20 min, and green tea extract protected this quenching.
Furthermore, this effect of green tea extract was shown to be
dose-dependent. Of the components of green tea, the tannin
mixture proved to be the most potent against AAPH-induced
protein damage. Caffeine and theanine were found to lack such
an effect, as shown ifigure 4. As shown inFigure 5, the
addition of each tannin component at a concentration of 2.5
uM exerted a significant degree of protective activity. In
particular, EGCg, GCg, and ECqg retarded fluorescence dimin-
ishment much more than the other components, with more than
50% fluorescence intensity at 60 min. EC and C showed
relatively low activity compared with that of EGCg, GCg, and
detectors, operating at 280 nm, as described previously. (A ECg; whereas EGC and GC showed a considerable reduction
prepacked PVA HP-GPC column (JAIGEL GS-320, @ cm i.d.) of free radicals generated by AAPH, although their protective
was used. Methanol was used as the eluting solvent at a flow rate of 3effects decreased with prolongation of the reaction time.
mL/min. Each isolated component was identified by analysis using fast ~ Figure 6 shows the effect of green tea extract and its
atom bombardment mass spectroscopy (FAB-MS) and HPLC. FAB- components on AGEs formation after incubation for 2 weeks.
MS was recorded on a mass spectrometer (JMS-DX 303, JEOL, Tokyo, ; was found that green tea tannin showed significant inhibition
Japan) using glycerol as the matrix. A typical high-performance liquid of AGEs formation at a concentration ofig/mL, and 25%

chromatogram and the chemical structures of these constituents arelnhibition at a concentration of Ba/mL. Neither caffeine nor
illustrated inFigures 1 and 2. Caffeine was purchased from Sigma Ag )

Chemical Co. (St. Louis, MO) and theanine was obtained from Wako theanine had inhibitory effeclts. Comparisons of tannin compo-
Pure Chemical Industries, Ltd. (Osaka, Japan). nents at different concentrations showed that EGCg, GCg, and
2,2-Azobis(2-amidinopropane) Dihydrochloride (AAPH)-In- ECg had stronger activities than the other tannin components,

duced Protein Oxidation. According to the method of Courderot-  With 12% inhibition even at a low concentration (0.2#).
Masuyer et al.5), the reaction mixture containing 37.5 nM allophy-  This inhibitory activity was dose-dependent. Among the gallate-
cocyanin, 3 mM AAPH, and aqueous solution of test sample in 75 free tannins, GC and C had hlgher activities than EGC and EC,
mM phosphate buffer (pH 7.0) was incubated atG7The fluorescence ~ as shown inTable 1.

obtained just before the addition of the radical generator AAPH was

used as the 100% value for that sample. Loss of fluorescence wasp|scussION

measured every 5 or 10 min at an emission wavelength of 651 nm and
an excitation wavelength of 598 nm using a fluorescence spectropho-
tometer (model RF-5300PC, SHIMAZU, Kyoto, Japan).
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Figure 1. High-performance liquid chromatogram of green tea tannin
mixture. GC, (+)-gallocatechin; EGC, (—)-epigallocatechin; C, (+)-catechin;
EC, (-)-epicatechin; EGCg, (-)-epigallocatechin 3-O-gallate; GCg, (+)-

gallocatechin 3-O-gallate; ECg, (-)-epicatechin 3-O-gallate.

Free radical exposure induced structural changes including
amino acid modification, fragmentation, changes in absorption
Non-Enzymatic Glycation of Protein. According to the method and fluorescence SpeCt@),(ar_‘d f_UnCtiona| cha_nges in proteins
of Vinson and Howard6), bovine serum albumin (10 mg/mL) in 50 (7). These changes act as indices of protein damage by free
mM phosphate buffer (pH 7.4) with 0.02% sodium azide to prevent radicals. In this study, to examine the protective effect of green
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Figure 3. Time-response curve of green tea extract 0.2 ug/mL (&), 1 Figure 5. Time-response curve of EGCq (), GCg (2), ECg (), EGC
ug/mL (@), 5 ug/mL (O), and non-additive control (@) on allophycocyanin (®), GC (<€), EC (O), and C (&) at 2.5 uM and non-additive control (®)
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Figure 6. Effect of green tea extract and its components on AGEs
0 r T —— formation.
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Time (min) pathological conditions, including diabetic complications, aging,

and Alzheimer’s disease, has received considerable interest in
recent years (9—11). AGEs have specific physicochemical
properties including fluorescence, a brown color, and intra- or
intermolecular cross-linking formation, and they have the
tea against protein oxidation induced by AAPH, we measured biological characteristics of ligands recognized by cell mem-
the fluorescence intensity of allophycocyanin, a protein with brane receptors expressed in vascular endotherial cells and
natural fluorescence. AAPH has frequently been used as a freemacrophages. We measured AGEs formation using fluorescence,
radical generator in studies associated with oxidative stressas proposed by Monnier and Cerami (9), to examine the
because it produces free radicals at a constant and measurabl@hibitory activity of green tea. In this study, green tea tannin
rate as a result of its temperature-dependent decomposifion (  Showed stronger activity than green tea extract, whereas caffeine
18). Following treatment with AAPH, its intrinsic fluorescence and theanine showed weak activity. There have been many
was rapidly diminished, reflecting the oxidation of allophyco- recent indications that some radical species, including hydrogen
cyanin. We found that green tea extract protected protein peroxide, superoxide anion radicals, and singlet oxygen, par-
oxidative damage dose-dependently, and that EGCg, GCg, andicipate in AGEs formation20, 21). In addition, it has been
ECg were the effective antioxidants among the various green reported that antioxidant and radical scavengers inhibit these
tea tannin components, indicating that the gallate group at theprocesses (223). Previously, we have reported that tannin-
3 position plays a considerable antioxidative role. It is known containing crude drugs can strongly inhibit the formation of
that the free radicals generated from AAPH react with oxygen AGEs among 21 galenical24). Green tea extract and tannin
molecules rapidly to yield peroxyl radicaldq). Therefore, it are known to be excellent antioxidants, with chelating activity,
can be assumed that the free radicals related to protein damagentioxidative activity, and radical scavenging activigy-6, 25—
in this study were peroxyl radicals, and that scavenging peroxyl 30). These activities are presumed to contribute to the inhibition
radicals play the important role of protective activity. mechanisms of the glycation reaction, although the mechanisms
The reaction of amino groups of proteins with reducing sugars of AGEs formation are extremely complex and are affected by
leads to the formation of Shiff bases and Amadori products. dehydration, cyclization, and oxidation. Our finding supports
These early products further undergo various rearrangementsthe theory that oxidative reactions have significant influence in
to generate AGEs. It is now apparent that the protein glycation AGEs formation and the possibility that antioxidants would be
reaction occurs in biological tissues. Its contribution to some AGEs inhibitors, although this needs further study in vivo.

Figure 4. Time-response curve of green tea extract (O), tannin mixture
(L), caffeine (x), and theanine (a) at 1 ug/mL and non-additive control
(@) on allophycocyanin quenching induced by AAPH.
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EC and C showing similar activities. Thus, the presence of the

Table 1. Effect of Green Tea Tannin Components on AGEs Formation activi .
hydroxyl group at the 5position in the B ring affects peroxyl

. concentration inhibition radical scavenging activity. In both casescahydroxyl group
material (M) (%) at C-3 is much more effective thangahydroxyl group at C-3.
(-)-epigallocatechin 3-O-gallate 0.25 124+0.6 GC and C with ag-hydroxyl group at C-3 have a stronger
05 153+07 activity against AGEs formation than do EGC and EC with an
;5 gg:g i gi a-hydroxyl group at C-3. The differences between their sterical
5 327403 structures play a more important role than the presence of the
10 465+05 hydroxyl group at the 5position in the B ring in the case of
(-)-gallocatechin 3-O-gallate 0.25 125+03 AGEs formation. The varying effects of individual compounds
(1"5 ;‘15; : gg on oxidation and glycation in our study were closely related to
25 33.9+0.7 their chemical structures.
5 $2+11 In conclusion, our investigation has shown that green tea can
. . 10 482+0.9 effectively protect against AAPH- and glucose-mediated protein
(-)-epicatechin 3-O-gallate 0.25 12-6f0-5 modifications in model systems in vitro, and that tannin plays
2'5 ig:g;ié an important role in this action. In addition, there is a clear
25 34.9+05 correlation between chemical structure and activity, although
5 375+0.6 these mechanisms have not yet been fully determined.
10 48.7+0.2
(-)-epigallocatechin 0.25 22+09 LITERATURE CITED
0.5 55%06
1 9.0+20 (1) Halliwell, B. Oxidants and human disease: some new concepts.
25 9.3+0.3 FASEB J.1987,1, 358—364.
5 148+05 (2) Graham, H. N. Green tea composition, consumption, and
) 10 19605 polyphenol chemistryPrev. Med.1992,21, 334—350.
(+)-gallocatechin 8%5 % f 8? (3) Ho, C. T.; Chen, Q.; Shi, H.; Zhang, K. Q.; Rosen, R. T.
1 124+ 0:8 Antioxidative effect of polyphenol extract prepared from various
25 281+ 04 Chinese teaPrev. Med.1992,21, 520—525.
5 402+05 (4) Salah, N.; Miller, N. J.; Paganga, G.; Tijburg, L.; Bolwell, G.
10 399+1.1 P.; Rice-Evans, C. Polyphenolic flavanols as scavengers of
(-)-epicatechin 0.25 -49+0.6 aqueous phase radicals and as chain-breaking antioxidaaks.
0.5 34+£0.8 Biochem. Biophysl995,322, 339—346.
1 27+08 (5) Pannala, A. S.; Rice-Evans, C. A.; Halliwell, B.; Singh, S.
5'5 13'2 f 83 Inhibition of peroxynitrite-mediated tyrosine nitration by catechin
10 230409 polyphenolsBiochem. Biophys. Res. Commi97, 232 164—
(+)-catechin 025 01+0.1 168. _
05 58+ 14 (6) Fiala, E. S.; Sodum, R. S.; Bhattacharya, M.; Li, H:){
1 12.0+0.8 Epigallocatechin gallate, a polyphenolic tea antioxidant, inhibits
25 19.3+0.4 peroxynitrite-mediated formation of 8-oxodeoxyguanosine and
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all of the flavan-3-ol class of flavonoids, which are low-
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such as EGCg, ECg, EGC, and EC. This is a remarkable
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Our research has focused on the effect of green tea on renal

(8) Meucci, E.; Mordente, A.; Martorana, G. E. Metal-catalyzed
oxidation of human serum albumin: conformational and func-
tional changes. Implications in protein aging. Biol. Chem.
1991,266, 4692—4699.

(9) Monnier, V. M.; Cerami, A. Nonenzymatic browning in vivo:
possible process for aging of long-lived proteiSsiencel981,
221, 491-493.

damage, because renal failure is considered to be a condition (10) Smith, M. A;; Taneda, S.; Richey, P. L.; Miyata, S.; Yan, S. D.;

of oxidative stress (30—32). We have demonstrated that green
tea tannin decreases lipid peroxide and increases radical
scavenging enzyme activities in the kidneys, which are closely

Stern, D.; Sayre, L. M.; Monnier, V. M.; Perry, G. Advanced
Maillard reaction end products are associated with Alzheimer
disease pathologyroc. Natl. Acad. ScU.S.A 1994 91, 5710~
5714.

related to renal failure. It is expected that the protective effect (11) vjassara, H. Recent progress in advanced glycation end products

of green tea tannin on protein damage, shown in this study,

and diabetic complication®iabetes1997,46, s19—s25.

may contribute to its beneficial effects against renal failure. The (12) Fu, M. X.; Wells-Knecht, K. J.; Blackledge, J. A.; Lyons, T. J.;

structure—activity relationship of the antioxidative activity of
green tea polyphenols has also been studd33-85). In this
study, the seven kinds of tannin components isolated from green
tea extract have been examined, as has the relationship between

Thorpe, S. R.; Baynes, J. W. Glycation, glycoxidation, and cross-
linking of collagen by glucose. Kinetics, mechanisms, and
inhibition of late stages of the Maillard reactiddiabetes1994

43, 676—683.

the chemical structures of tannin components and their activities. (13) Yaylayan, V. A.; Huyghues-Despointes, A. Chemistry of Ama-

In both evaluation systems, we have observed that EGCg, GCg,
and ECg effectively protect against protein damage, when
compared with EGC, GC, EC, and C, indicating that the
presence of galloyl groups plays an important role in protective
activity. In addition, EGC and GC, which are isomers, had
parallel diminishing curves of protein oxidative damage, with

dori rearrangement products: analysis, synthesis, kinetics, reac-
tions, and spectroscopic properti€xit. Rev. Food Sci. Nutr.
1994,34, 321—369.

(14) Sakanaka, S.; Kim, M.; Taniguchi, M.; Yamamoto, T. Antibacte-

rial substances in Japanese green tea extract agaiaptococcus
mutants a carcinogenic bacteriurgric. Biol. Chem1989 53,
2307—2311.



2422 J. Agric. Food Chem., Vol. 50, No. 8, 2002

(15) Courderot-Masuyer, C.; Dalloz, F.; Maupoil, V.; Rochette, L.
Antioxidant properties of aminoguanidineundam. Clin. Phar-
macol.1999,13, 535—-540.

(16) Vinson, J. A.; Howard, T. B., lIl. Inhibition of protein glycation

and advanced glycation end products by ascorbic acid and other

vitamins and nutrients]. Nutr. Biochem1996,7, 659—663.

Terao, K.; Niki, E. Damage to biological tissues induced by

radical initiator 2,2'-azobis(2-amidinopropane) dihydrochloride

and its inhibition by chain-breaking antioxidanis Free Radical

Biol. Med.1986,2, 193—201.

Dooley, M. M.; Sano, N.; Kawashima, H.; Nakamura, T. Effects

of 2,2'-azobis(2-amidinopropane) hydrochloride in vivo and

protection by vitamin EFree Radical Biol. Med199Q 9, 199—

204.

Wayner, D. D.; Burton, G. W.; Ingold, K. U.; Barclay, L. R.;

Locke, S. J. The relative contributions of vitamin E, urate,

ascorbate and proteins to the total peroxyl radical-trapping

antioxidant activity of human blood plasmBiochim. Biophys.

Acta1987,924, 408—419.

Chace, K. V.; Carubelli, R.; Nordquist, R. E. The role of

nonenzymatic glycosylation, transition metals, and free radicals

in the formation of collagen aggregatésch. Biochem. Biophys

1991,288, 473—480.

(21) Yim, H. S.; Kang, S. O.; Hah, Y. C.; Chock, P. B.; Yim, M. B.
Free radicals generated during the glycation reaction on amino
acids by methylglyoxall. Biol. Chem1995 270, 28228-28233.

(22) Elgawish, A.; Glomb, M.; Friedlander, M.; Monnier, V. M.
Involvement of hydrogen peroxide in collagen cross-linking by
high glucose in vitro and in vivoJd. Biol. Chem 1996 271,
12964—12971.

(23) Oya, T.; Osawa, T.; Kawakishi, S. Spice constituents scavenging
free radicals and inhibiting pentosidine formation in a model
system.Biosci. Biotechnol. Biochen1997,61, 263—266.

(24) Yokozawa, T.; Nakagawa, T.; Terasawa, K. Effects of Oriental
medicines on the production of advanced glycation endproducts.
J. Trad. Med.2001,18, 107—112.

(25) Hatano, T.; Edamatsu, R.; Hiramatsu, M.; Mori, A.; Fujita, Y.;
Yasuhara, T.; Yoshida, T.; Okuda, T. Effects of the interaction

a7

(18)

(19)

(20)

Nakagawa et al.

(26) Sichel, G.; Corsaro, C.; Scalia, M.; DiBilio, A. J.; Bonomo, R.
P. In vitro scavenger activity of some flavonoids and melanins
against @ . Free Radical Biol. Med1991,11, 1-8.

(27) Jovanovic, S. V.; Steenken, S.; Tosic, M.; Marjanovic, B.; Simic,
M. G. Flavonoids as antioxidant$. Am. Chem. S04994,116,
4846—4851.

(28) Guo, Q.; Zhao, B.; Li, M.; Shen, S.; Xin, W. Studies on protective
mechanisms of four components of green tea polyphenols against
lipid peroxidation in synaptosomeBiochim. Biophys. Act&996
1304, 210—222.

(29) Chung, H. Y.; Yokozawa, T.; Soung, D. Y.; Kye, I. S.; No, J.
K.; Baek, B. S. Peroxynitrite-scavenging activity of green tea
tannin.J. Agric. Food Chem1998,46, 4484—4486.

(30) Yokozawa, T.; Dong, E.; Nakagawa, T.; Kashiwagi, H.; Naka-
gawa, H.; Takeuchi, S.; Chung, H. Y. In vitro and in vivo studies
on the radical-scavenging activity of teh.Agric. Food Chem
1998,46, 2143—2150.

(31) Yokozawa, T.; Oura, H.; Hattori, M.; lwano, M.; Dohi, K.;
Sakanaka, S.; Kim, M. Inhibitory effect of tannin in green tea
on the proliferation of mesangial celldephron1993 65, 596—
600.

(32) Yokozawa, T.; Chung, H. Y.; He, L. Q.; Oura, H. Effectiveness
of green tea tannin on rats with chronic renal failuBgosci.
Biotechnol. Biochem1996,60, 1000—1005.

(33) Terao, J.; Piskula, M.; Yao, Q. Protective effect of epicatechin,
epicatechin gallate, and quercetin on lipid peroxidation in
phospholipid bilayersArch. Biochem. Biophy4994 308 278—
284.

(34) Yokozawa, T.; Dong, E.; Chung, H. Y.; Oura, H.; Nakagawa,
H. Inhibitory effect of green tea on injury to a cultured renal
epithelial cell line, LLC-PK. Biosci. Biotechnol. Biochem 997,

61, 204—206.

(35) Zhang, A.; Zhu, Q. Y.; Luk, Y. S.; Ho, K. Y.; Fung, K. P.; Chen,
Z.Y. Inhibitory effects of jasmine green tea epicatechin isomers
on free radical-induced lysis of red blood cellsfe Sci.1997,

61, 383—394.

of tannins with co-existing substances. VI. Effects of tannins peceived for review October 9, 2001. Revised manuscript received
and related polyphenols on superoxide anion radical, and on 1,1- January 15, 2002. Accepted January 15, 2002.

diphenyl-2-picrylhydrazyl radicalChem. Pharm. Bull1989 37,
2016—2021.

JFO11339N



