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BEEGBNEMREME (RAEOREHERIEEIIFTER)
RIS &

BmTOEROFYEIC LS REZEICEET SHEME

DHEVIERE  RYRHBERFEEHERL L aRP EFEMEOREZE
NI ZAIF—IVEICK DT ERRAKEZEMA (ADR) OFEHEAL

WresEdE . KA Tl S P& Rl RN R EE AR
Wgelp s . A I HER Fiig BRI RFEE BRI - FERL TR
K4 BEA fEE PTE R RFEEar - SRR AR - R
(AT : FRRE RS ARFE R - B0

MEES

e, SRAFEERILKEE (Polycyclic aromatic hydrocarbon : PAH) O~ TH
D .AhR YU /J > R T®H 5 3-methylchoranthrene (MC) & . B FERNY) TdH % thiabendazole (TBZ)
EEEEETDHIET, FEBRRIKESZEMR (AhR) PHEMIEELINDEZEZEBH
LT&Ek. AEEDHETIE. ORI AR & O M £ BIE L7z,

TBZ EFIUNR A IS —)VEHEE T 5 omeprazole 13, CYPIA BEZRFHEERICLD
AhR U 7> ROMRH (RiEMH L) ZEBIESE5 2 &, AR EHGEESRIER 2R3 2 &R
HFINTNBE, I T, HepG2 Mk Z VY. TBZ @ CYP1A1 BERTIEM (ethoxyresorufin i
ITFIL) ~DOEZBZREE L. TOE. AR EHECERIERNR SN 2BESE T,
TBZ 12X 5 CYPIA]l BERIEHEOBFBERBEZEIZA SN /=,

KIT. CYPIA BERFEH L ~ULINE W HepG2 #ifd & (Kb MDY A AS49 fifa & AW T,
MC 2L 5 AhR EHEAL (BBEMBET (CYPIAD) BEB IO AR KENL R—F —EED
FE) 1T S TBZ BRI Lz, TOHE, WINOMABEK TS TBZ I MCIZX
% ARR B L2 U7z, £7/-. AhR © CYP1 BEORBR L ~JVNELZ 24D b F Ik
IZHNTH, TBZ & MC DEFUEIT X DHEMNS CYPIAI FEFENPHEB I N,

A REESGLUTEREEIN/ZARBIEFF - TSOF 7Y — AR THRIND L
M5, TBZN AR & NI E D RZHEL. AR OEEIENEZE®RT SR EEENH 5.
% ZC HepG2 ffBIZ MC & TBZ Z#& £/~ 13 BSHALEE L, Western blot %512 THIFA ARR
&N BERIE Lz, TOWRER, TBZ &L, MCILHEIZ K 5D ARR D4 ##% HIF L iz
27,

A, A#FEXL D, TBZ O AhR {EHALERERIL, BLMEKICHEBELZHRTHD Z
&, Tz, TOEMIL. CYPIA BERIEHEDHES AR ¥ NN BDONRIBE L IRz 5 %K
HMOBHEENL TR S ZENHERIN
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A. WIFEERY
FEBRRCKRZEAE (AR) 13 ZE
FHEERTFO—EE L TH S, ZRA
FEBRRACKBREICLDHENAD, 14
F 2 URLEMIT L TR EOFENE

RBICEERREFREZL TN, I5IT

RIE T BB OB EE DRI HE
BERREZREDOIEBHENER> TER,
AFEITBNTERAIE. D AhR IEHEAL
RIS LT, BRMLENEOEA RS
WEHEFEERHEOREEICDODWTHRFAL T
Ele. TOHKR, BERENYTH O EHERN
AR JETE/LHE D thiabendazole (TBZ) &.
ENAUYETHD AR UH RO
3-methylchoranthrene (MC) D#ESALEEIZ X
0. FENS AR EHEIERNEZ S 2 &
ERWELZ, 51T,
LR A5 —)L (BNZ) BRERED
L&Y D% < W AR IEHECERIER Z /D
ZEDIREI Nz, BNZALEWIIEER. &
. OBRENE L TESFEELTNS D
EnS, AAREESPLLEMEICLSE
EREEEZ DL LTEETHS EEbNT,
UL, EOL2bEaMTEERZENE
IAHMMEBEHIC SN TR, T I TEE
B, ATD 2 &5 BNZ L&%® AhR
EHEACBESRIERIC D WTRRMT L 7=,

1) BNZ FHIZX 5 CYP1 BERDFHE & ABR
IEME LR & ORI EME DT

ABR U7 > RD%< I3 CYPIAL BEEIC &
LR (REHE L) 22175 Z &, CYP1AL
BEEOHEELD H > RT3 AR EHEL
BT 2 ZEAURSNT NS, ERICHRE
FFifEicB T, BNZ BRE2HT 5
omeprazole (OME) 7% CYP1A BEZRZHET

TBZ #iZ L &d |
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HZET, fERELUTAR U A RORGH

(RIEHE L) ZBIEXH, AR {EHE(LIER
ERZRT ZENHEINTNDS, I T,
HepG2 #if2 % VY, BNZ $HIZ X% CYP1Al
BERIEE (ethoxyresorufin O-f TZF )L 1b) ~
DEE L ARRIEELIERR E OBEEMEITD N
T L7,

& 517, HepG2 #lifid & 13 AhR > CYP1A1
BERREHL NINEZEINDE Mk
HEMRWT., AR EHL (BENEGT
CYPIAI DEEB XN ARR KEFRIZ L R —
& —IEHE) IxT B MC & TBZ DEEFE
Uz,

2) BNZ $8IC k5 AR ¥ 2 NI BEEILD
nIgEME

AR DIEMHGITEE DT 4 — )Ny Il
HEZITHN, TO—D&ELT. ZEFF
=TTV = ARICL DB SN
TWws, UK RIZXDIEEMEIN/Z ARR
N7 ER. AEFFoALENTTOT
T A XOpRENGM, Ty
— L DAEDY AR IEHEAL O FriepI i858 % 5]

EREITZEMNRIN TS, F T T.BNZ

BICHRBROIERND 2NENE, filRN
AWR # N BL RV 2IEEL U THENTL
77

B. BFFHE

1) Bk

BNZ $HIZ X 5 CYP1 BER DIHEIER O
i, & MF2YAHSR HepG2 #fE % A W
Tz B THRBEMETICIE. HepG2 MiRROE
B NS AUESR MCF-7 fif2. & MK
IMAHE Caco-2 M2, E M FENAHE
Hela #fifi&. Ishikawa fifdZ /M U7z, 7z,



AR JEHEALEEDBIEICIE., AR LiR—4 —
7T X3 R (XRE-Luc) % HepG2 #ilg B &
O A549 MRS REBAT DI & TERL
77 HepG2-X1.24 35 K TN AS49-XL #i g 2/
Lo WTNOMRE S, 10%HEY > fiE
EHBH <A T &S A DMEM i
RV, S%REEST AT, 37°C TRE L,

2) BBRILEY

AR VU > R&ELUTMC %, BEZLEY)
& LT TBZ XL OME M7z, CYPIA
B EH & U Tldo-naphthoflavone (ANF)
EHERALZ. SEaMInTns P AFIVA
JVIRF TR (DMSO) IEfEL. R L.
B, EBREORBERFOD., (LFWME
DOEHE WL, ZEFrEXY FMEEZRIAL
THEIEFEEZEL TITo 7

3) BERIAERR

HepG2 #if2 % 2 x 10* cell/em® &725 &
WL, 48 R E L 2. 2 512 MC (1
uM) % 24 RefElRiLE 9 5 Z & T CYP1Al
BRERBEZFEL /-, Bz EiiEEIC
BEWL., BRYMEOEFRET. CYPIAl BEE
DEHE (5 uM ethoxyresorufin) ZIEM &
7o 30 M1E. BE FEPRIEBES N
CYPIA] EEFRTFIIHY) (resorufin) 1T
k9 530t (B E 535 nm, #GKE
595 nm) ZEIE L7z, F/=. Ml z=EmE.
BCA-protein assay kit (PIERCE) % W THE
HEREZHEL, BEHEH LD OBERENE
EH L, T5I12. CYPIAl BRI
I SEERREZEH L,

4) BRTREZOHEE
BHARLE 2 x 10° cellem? &7 5 LD I1I2H#%
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BL. #RIEWZRML T—ERREEE
. % RNA % Sepasol (F 51T A7)
WWEDHEEEL/~, 20O/ RNA LD, High
Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) % V)T cDNA Z&
L7z, 2@ cDNA IZ AR HEHEMLRTF
(CYPIAI B LN CYPIBD) WHERWIZ TS
4 <— & Fast SYBR Green PCR Master Mix
(Applied Biosystems) Z¥#A1L . StepOne
U7 IV& AL PCR A7 L (Applied
Biosystems) & AW CEEAY PCR 21T o7z,
£ mRNA L)W “Ct IRICK DEHIL.
GAPDH i#{xF D mRNA L X)L TERT 5 =
IR DERL /2. '

'5) AhR {EHEIEBEDEIE

HepG2-X124 #ifa$H L8 A549-XL #ifa %
2 x 10%cell/em” &725 £ 512 96 ;KT L— k
ICRBREL . 48 RERARMEEL 7z, ATHEERS.
i ERmMmL, —EREEEL -,
D%, Reporter Lysis Buffer (Promega) %
AWTHREZER L. ZOMIEERIRIC
W7o —CEER GEELF) E2H
mi. £CEFEEEINIZF Y —PSN
(ATTO) ICXVDBEIEL . £/,
BCA-protein assay kit % Fi \» THERZVARRR +
DYNTEREZREL, FONIED
2D DFIREERM U,

6) AR & > /57 E L ~IVORIE

HepG2 fila% 6 ;XL — N THEL. 1t
EMzERmL T—EkEERE, &V )
NEEBMEREL, BWED PBS () TH:H
U7zs 200 uL @ 1 x sample buffer THIE %
BEL. @m0 (4°C. 12,000 xg. 10 73) #
DEEEY NI ERKRE LTz, 85 2N



B % 75%SDS-PAGEIZL D/ BEL. = b
Bl O—ARICEELZ. 5% AFALI
V27 TBST KKDERT1I e 70w F>
TUT#, JHFHE M AR Fiff (Santa
Cruz. sc-5579) & A Wik FH & HB-actin
P4 (Cell Signaling Technology. #4967) %
AWT, 4C T—HsE ¥z, Kbk
ELTIUYF IgG F—ATF7T 4 van
WFF 25 —EHEETERE R S B2,

ECL-plus iX# (PIERCE) IZLDMRH L7,
£ U =1t % % J¢t % High performance

chemiluminescence film ZHRE& L 7=,

7) WREHEAT

T —# f#HTid. GraphPad Prism5 2 H L
TITo/. ZEILEITIZ ANOVA BRE %,
B2 L# 213 Dunnet’s B8 € £ 7z 13 Newman-
Keuls £ B LR E 2 AV 2,

C. iR
1) BNZ $EIZ X% CYPl BERDIHZE & AR
5 AL E5R & O BEEM DR

CYPIAl BEE{EME (ethoxyresorufin O-fi
TF )k (EROD) &) T2 TBZ B
LN OME OHEEAZHEH Lz, ZIT
d. BERHZEDRMEXIRE LT ANF Z 1 H
L7z. ANFIZ 1 upM 25 CYPIA1 BERTEHE
% 80%E<BHZEL/z. —F. TBZ BLN
OME % 30 uM UL EDEEE T CYP1Al
BERIEEEZEELZD. TOHEEIRSIE
E (100 uM) T 50%BEEITBE /2o 7z,
T 512, TBZ BXU OME 7' AhR fEHAL
WEERERLZ 10 M TIX. BER
CYP1Al BEEZEEMHHEIIRD SN o7z,

TBZ 128302435 CYPIAL {EEBREIER
MBI EIND. CYPIAI BENEH WV

HepG2 Hift 3% HepG2-X1.24 flifg &,
WEWE A A AS49 MilREK D
AS549-XL#IRE Z vy, &R I MC (0.1 pM)
& TBZ (10 uM) ZESUE L. AhR EH
LIZBIT2EEFEEZHBRBRF L. TD
FER. HepG2-X1.24 #if TiX. TBZ & MC
DOEEMEIC XD ABR FEHALEEN KIRIZ
L 77, £/, AS49-XL Ml skIC BN TH,
HepG2-X124 #iRIARIC HATHEERIEAILES
WHOOD, [EEROHEFER: AR B
5N,

& 51T, HepG2 ffla™ A549 fifa & i
AhR % CYP1A BEEDOFBRL NIV REZS
BEOE MK EBRWT, MC & TBZ %
FTINENEMD D NTESGUELZEAD
SR ZRE Uiz, 24 FEfE O AR ERE R
F (CYPIAI BEX CYPIBI) @ mRNA L
NIVERIELZEZA,. CYPIALI BRTFIX
Ishikawa fifE &R\ /2 5 MifEIcBW T, £
7=, CYPIBI B1=FI3 AS49 #ifEH L U Hela
MR ZR W 4 MiRICRNT, EA0mEE
TENTN OB THRNFEN
RO BNz,

2) BNZ3EIZL 5 AhR & /NI BREILD
G2

HepG2 #iflz MC (0.1 E£7/=2id1uM) &
TBZ (10 uM) ZEAE/ZIIHEMAEL, 3
BIO 6 BEBICHT AN AR ¥
INT B LX)V %, Western blot 1EIZ L D BIE
Uz, ZTD#EFE, MC IZL% AR 7fEfE
IR TERN, TOHEERTEBER
FH &R San o7z, £z, TBZ ALEEIZ
K% AhR S EEHIHERIHER TE Mo
7z



D. &

WU ®IZ TBZ 72 £ D BNZ HIZ L 5 AhR
EHAL DO HEEREN RN CYPIAL BERICE D
ABRR U > RORH (REEMHEL) BEECE
Ky shEhamestlic. LML, TBZ B
LU OME |3E &E/s CYPIA BERIHEER %
FIT25H0D, BEXENR SN 10 pM
TIBHEEERZRS BN, 51T,
CYPIAl BEEFBIOTOBERFEMNMEN
EEIND AS49 HilRZERWT, TBZ IZLD
BEZEOBEZMTLIZEI A, HepG2
MR & FAR. AS49 Ml TH MC & TBZ O
ABR EHELIC BT D EEFE HEDR)
DHER SNz, F£/z. AR CYP1Al B
DFEB L )V Bz 2 M T H FAEDOER
NRELNZ, ZH5OHERMS5, AR EHE
LIZBIF5 TBZ & MC EDEEEET.
TBZ @ CYPIA FHEERICL S HDTIIR
W ENTRE XNz,

DA > BIZK DIEHELE 372 AR & > /X
7B, 2EFFAEZT a7 T —
LWL ONBENZ=D, co7aryy
—LADEEZ. AR IEHE(LDOBERIZEN S
ZENEZEND, EEIC, TuryTy—
LBREHITH S MG132 DALEIZ XL D, AR
DIEHALER T DH HEREINTND, &
ZT. FIAEA ADR 7 /ST B LU RIE
3 TBZ O EZ DT Western blot %
WTHENT L7203, TBZ 12 & 2 BEF 72 AhR 43
EHEER IR CTERN 22, ZDIE
M5, TBZ 12L& % AhR {EME(LIEEIEA L
AR & X B O EMHEIERT2H D
TR7BWZ EAVRBRENTZ .
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E. #&&
AEBRDFERN S, TBZ 12X D AhR &K
{L3E3ERIIDOCYPIA BEDHEICLSHD
TN &, QSN O AR D5 fF
MHEFIZ X B HD TR EDRE Iz,
SHIZARBEABITP I O F O BEIC K
FETEERECDNT, BERERRTICE
BUMTETOLENDDEEZ 5,
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1) BEAfES, HRE—. IR - #
YMBEOEEREICLSMREERE
AhR JEMALEREELT (S 2RDY
L KERAREEZI S —  EYOE
SVEFHMIIC BT DF /o Ta ki) . 5 42
B HAFEESZEWES (&IR). 2015
F£7HR

HEFOME. AR, HEEE. MR
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BAAIESE - N XA 25— I RILEY
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EICER U, HEAEZERE 1364
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BAESEHREREEWDE (BRAOEEHREETIIER)
S ERRSEER T &

BRmPOEEOFEYMEIC R SREEZEBICHET SREM

DHEPIFRE . T/ IS OEERE

WreoEsE . R B FEFI R S HE

MEES

EETEFROFHIEMEESN TS 7 =/ —)UEFB I EL. B | FEY RSB
FICEoTHF ) EAEBILIND EEEDFEDOMIPEALA b L A& B &R Z 3 hE
BB, LHALERNS, EFECREERT ) VBAMEOBEEZTMT 2 2 SI3E LW,
Z T, BAEEOBANS T ) —)VEREBWE ORI E. ERTDF /) AR
HET2HBILA ML ARGE TSI AI RINAEE R TS CE THAEES M TE 58
ERBREEERE L. CORBREEFALT, RENR TSR/ A ROBEERE L
SR ENEFF ARG XN BEHEYOERRS THEITEH O TFF 2 H L — R,
TEHOATFIOANEMARSRENT%, BEA N RACL 2B ERERT D205
METsolr, Fim, T ) —IIVERBAMEBLOEOF ) O REMIC D W TH FEES
BETN, BoNmELE/$5 A—4 (HOM0. LUMO. 4ERREY) DWW TEHME & O
ERE Lz, TOBE, ¥/ ORBENS T OAINT A L ADBITING S OIIEL
ZERBIRABEBIA N AEBERTAIEHONTFE ONRBAI NI ENS, BT
BB SHE N S OBEFRIN AR Z Loz, B EOREELD, 7/ — )L
WEVIF ) o ~NOBRB ERE TS 2 ETBIEA ML Rk 2B ERE T 2 AR
R I NIz, AR TR L-RBRIEITS | MEDRBEZSFETR/ERLCT T
A RET T ) —IVEHEBCHE EDBEAZEOTEE L THEINS,

A. BIEER PICERVBATHERZRT. 7 /)b
A RRDT 2/ —VIERBACNED e E s e e inE<. 17
EEEERICSTOTFHHIRVHASHER o 3 mlR Mz L 5 aEERL DR
D, THITH> TREMFOENTING et axns0LsThHol. LH LIRS,
DL DB ERDFEEE2> TS, Bif. —h 5 OFBILRS 22 DRy
RARDT7 /) —VEFBCHBEREZRITE goBEsFslsoBEE EEaINs -
WIEEEET 5. BIAE. ITF0T7I 5izm57,

TF IR EREECEORNEEELZD, 200748 1 H. B4 EEE TRy
EEEHEROERERDBRIEANLVAH 22002 46ERPENT 6 77 E)IL
UCTHIHIfER &R . Ko, VANT RO (g5 600mg #H24) /day % F4ERHER
VR IuAFRI I -CREEESY U g0 ok EnEF&IC R0 . B
—Fad OBREREL o THEREMER 22y rEmeRELE, 0% XHE
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THATF TR BFHEREREEN 13 FilFk
HFINTWB, £z, BEFMBEZBWVW:
ERTIE., T¥HohsFoAL—b
EGCR I Fa RUTEZEREBEEL.
BILA N L AZFETLZENHASME R
o7z, INHLDHEEZIT, 200746 BiT
KEZE /A D DSI-EC Dietary Supplements
Information Expert Committee) IX. #&FA
R ZEEOY T A MIFFEEDER
HERLUEEENEZDITLHLDITHEEL T
Wd, HETIERMEDZRE LS8R
W3Z<RFEEINTNDH, B SE TEL
DEmEEF RV, T/ —IVERBRIEYE %
HBECEFUOEROHEEENFELEBML T
W EnG, 8. BRETHRKROR
EHEDORENREZIN5,
AT, 7/ — IV EFEACE D
FEEREBEE I D W T ERN @ 21T D,
ZT U T, EHERICEDEYR. ¥R
WFZHSNITHIET, 7o/ —IVE
MR CME OEMRHBER, ERFRE, b
FYEEEOBEGEEEZTRIL., EHRER
ZBHNTTA - T 5720 0EHRE 2z
1. Fhk 26 FEX, 7/ —I)VEHRE
YMEOEURBFIIBIT2EGEEZHS )
b EZ2HME LT, EMRBBEERIC
KOBICIE BT T OEEF
BRI DWW HLENBIN &fTo 72, €D
R, ITFISEESEEGT CIIELE
BIGLTA—NR—FF RY T U aF4E
FTHIENDOz, @A T EED T
J=)VEHE e E OB invitro B
TRLICHEEINTW A A, BEMEHETT
EHBRROREEZEFETXPATE N5,
EEBLILTEBI T 2281
FTHREIET S ATREMENR < SFFE N7z,
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—H. ATFTEDRHBERICL > TH
{ERISDETTT 2 Eh T a—)ViEnaiF
EANEBLEIND I ENFEIND, L
MU, F/ S FENTIEIEE IR E
ECTHEBRET S ZENTERVE, F/
CEALRERE T S EERKIIEREEINT
Wiz, TITEAE. SRS TOET
IMEEMDEET. ITF 2 OBRILKIEE
T, F/ VEAREERESFE O
KEBLENTER, £n. F/ L%
BT HEMIT NADH Z£0OHERT 20
WEZEBEEDEENETMENEFRET 5 &
BESFEBEmEE bl CEEBREERA
THIEMEZENS, £IT. H6 FE
W7 /) —IVERE I E DEALEOR &
ERRTDF ) K DEEA ML ARKIED
EFENBRETINROBEZRAIZ, TOH
R, BARBBEER EFAEO—BETFRICKE
5| ER Y DPPH 12k o TH ./ Bk
ZHERSERLE, ZORBRIZ NADH &
pBR322DNA ZHRINT 5 Z & T, HEHEEZD
ERRICE D DNA O YIRS &2 5 &k 29
ZEMTERZ, 2O DNA YIBTB &= ERIKE)
THFTHIET, hITFPEHOR
THFOBEEDRS EFMT 5 ENTE
7’7o

H2T 4EREI3 3 4 D3HESL U 7= B (LA %
SHEMOHMELREBEZANWT, BUERFA
DEE BB > T AR D B DfET
2T, EHREBEEBIC O WTREAZTTo
oo Fio. BAGRHZY S THEEHEEZREAT
57 x /) —)VEFIBRIEMEITDWTHFH
EEEEZTV, EHEORIDIBELRY
BALZRINT A—5 O 21T Iz,



B. WAk
1. pBR322 % FIV 7= DNA YRR G

ToRYRNTFa—TZT7z/—IVE
nEgEtmBEO7 N BERE D 2-
diphenyl-1-picrylhydrazyl (DPPH) DIE#
FNEN L5l REAE. 3R ITCTA
SFaN— kU, Z0O%. KB ET50u
M bp pBR322 ® 50mM pHT. 2 J1 3 D IVERIEHE
Z 40 ] ZEFEM. X 51T 10nMNADE @ 50mM
pHT. 2 DA aAPINVEERIKRE 40w 1 TPl 7z,
3VCT 2 WA > FaxX—FL7E 0.1%
bromophenol blue in 30% glycerol %z 5u
LimL. &Ry > 7 & Uiz, Ethydium
bromide ZEHMUL 7z 1% Ho— A7 )L &4E
L. &5 70 1001 IKDWTERIKE)
EfTo7= (100V, 5 KR £, F L2k
#%., WhSOAANIF—F—LETHRFEL
7ze

7 /= )IVEREECEICHT S DPPH
DEIVE, BRBHEDHTF & DPPHE,
4, 8, 16158 O d6-7 b BERIZDONT
NMR ZEIEL. ART RIZAHTFOE
— WL, F CBALEDOABERT
DM ERF LU TRE L.

2 SATHERE

Spartan’ 10 (Wavefunction, Inc.) ZH
WTHFHESTEETTo /2. FTEEHRIIE
REYLBEE0E (DFT: B3LYP, 6-31G%) =AW
TV, ABCHEBLIOTD I VHIVA
FF > DERBE HM0 & FiELME DO+
) VBB IOEDOIOANT ZF D
ApkEL, LIM0 2k 7z.

(fEEA\DERE)
EEFFRITETILERDERTH D, WHE
EA D BTN,

67

C. WsekER

1. B & pE S EVERTE
—EFEACKI DPPH Z A NWTF /) DB
LAV, BIEHETS T X I F INA L5 T,
BITHINNDLIC LB/ 5PV T =F
CADBTETD. BURHEHEIESE
HORBRRZANT, BRECFTENTND
RENR T x ) —)VEREBCE OFER
WEIT > 7me RISRICEDL 7= DPPH OiRE
WL E D 4 B ETNENAY,
NADH 134T 1M THIEZfT>7z (B1).
FOWER, WS ONFEMEETHLT
YHhTF A3 T F 2 ST T DNA
UYWL, TEHOATF I 5ITHEN
WHER AR Lz, — . BRERCEDEL
SHEINTWAIEHOOTF AL —hk
BT Eh T EFTERBEOUMEEZE
RULED, TEAOhTF EHTHERE
MAEKT L, ‘

2. HTFEEGEIC K 2 E M

T/ —I)VEREBEETDOF )
LRI DWW TH THERIEZTTVY. FHRE
BRSBTS A —F DRt 2
fTol. 7x /—VEHREICHE ISR
BlckoTF /e i/z#. NADH
EDBITMEICEI>TERTHF/ T
FNT ZF U ES T ERT L CEEE
BERETEHIENEZSND, TIT,

FEENEEEICE A0 TFHEAEZTL,

RFEWLT =/ —IEREAHEIIDONT,
F ) UADBALTING S OEEICED &
=k EEE (OM0) . B LU —BTFEAE (5
SHIVHFA) OERE (AED) Zko
7o 128, ARl T/ —I)VETEYE
E—ETBALEDERE B) Mok, X



Tou ) DEACRD O 15 VR R R FE A 6B ITBY
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HOMO (eV) - Energy (au) AE (au)
Catechin - 559 - 1031. 32087 -
Catechin -+ - = 1031. 07574 0.24513
Epicatechin - b. 44 - 1031. 32823 -
Epicatechin -+ - - 1031. 07614 0.25209
Epigallocatechin - 5.48 - 1106. 54887 -
Epigallocatechin -+ - - 1106. 29283 0. 25604
Epigallocatechin B _ _
Gallate 5.51 1676. 60754
Epigallocatechin _ _
Gallate -4 1676. 35781 0. 24973
x1. W BEZFOTPHINHAFA > OHTHEGERE
, LUMO (eV) Energy (au) AE (au)
Catechin Q - 3. 36 - 1030. 09089 -
Catechin Q- - - 1030. 16447 - 0.07358
Epicatechin Q - 3. 34 - 1030. 08672 -
Epicatechin Q -- = - 1030. 14743 - 0. 06071
Epigallocatechin Q - 3. 46 - 1105. 31215 -
Epigallocatechin Q -~ - - 1105. 39309 - 0. 08094
Epigallocatechin _ _ _
Gallate G 3. 48 1118. 62375
Epigallocatechin B B B
Gallate Q-- 1118. 70343 0.07968
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A 2,2-diphenyl-1-picrylhydrazyl radical (DPPH") was successfully
solubilised in water by B-cyclodextrin (B-CD). DPPH*/B-CD thus
obtained was demonstrated to be a powerful tool to evaluate the
antioxidative activity of water-soluble antioxidants, such as ascorbate
and Trolox, in aqueous buffer solutions.

A relatively stable radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH")
(Scheme 1), is frequently used as a reactivity model of reactive
oxygen species (ROS) to evaluate the radical-scavenging activity of
antioxidants.'™® DPPH* shows a characteristic absorption band at
around 520 nm, which disappears upon addition of compounds
with radical-scavenging activity. However, alcoholic cosolvents,
such as methanol and ethanol, are required to use DPPH® in
aqueous systems due to its little solubility in water.”® In such a
case, concentrated buffer solutions cannot be used to control the
PH of the reaction systems because buffer salts are precipitated
in the alcoholic reaction media. Cyclodextrins (CDs) are cyclic
oligosaccharides that have a hydrophobic internal cavity and a
hydrophilic external surface. Thus, CDs form inclusion complexes
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Solubilisation of a 2,2-diphenyl-1-picrylhydrazyl
radical in water by B-cyclodextrin to evaluate the
radical-scavenging activity of antioxidants in

Ikuo Nakanishi,** Kei Ohkubo,” Kohei Imai,9 Masato Kamibayashi,®
Yasuo Yoshihashi,” Ken-ichiro Matsumoto,® Kiyoshi Fukuhara,fj Katsuhide Terada,’
Shinobu ltoh,® Toshihiko Ozawa?® and Shunichi Fukuzumi*®<"

N

+ CD DPPH"/B-CD

O.N _NO,

NO,

DPPH’
Scheme 1 Incorporation of DPPH* into B-cyclodextrin (3-CD).

with a wide range of hydrophobic molecules and solubilise them
in water.'®'! We report herein the solubilisation of DPPH* in
water using B-cyclodextrin (B-CD: Scheme 1), which consists
of 7 glucopyranoside units. The scavenging reaction of B-CD-
solubilised DPPH* (DPPH*/B-CD) by water-soluble antioxidants
in phosphate buffer solution (0.1 M, pH 7.4) demonstrated that
DPPH"/B-CD would be a powerful tool to evaluate the anti-
oxidative activity in aqueous media without alcoholic cosolvents.

15 mL of boiling water (Milli-Q) or a phosphate buffer solution
(0.1 M, pH 7.4) was added to the mixture containing DPPH*
(0.23 mmol) and B-CD (0.35 mmol), and the suspension was
cooled to room temperature. The filtration of the suspension
using a membrane filter (pore size: 0.22 pm) gave a deep violet
solution. This solution showed an absorption band at 527 nm,
which is diagnostic of DPPH* (Fig. 1). Thus, DPPH* could be
solubilised in water by B-CD. A significant red shift of the band
due to DPPH"/B-CD as compared to those of free DPPH"® in
n-hexane (509 nm), MeOH (516 nm), EtOH (517 nm) and aceto-
nitrile (519 nm) suggests that the >N-N*- moiety of DPPH*
may exist outside of the B-CD cavity and strongly interact with
water. The concentration of DPPH* was estimated to be 5.9 x
107° M by using the ¢ value of 11 000 M™* cm™* determined for
DPPH" in a 1: 1 ethanol-buffer solution.’ When B-CD was replaced
by a- or y-CD, which consists of 6 or 8 glucopyranoside units
and thus has a smaller or bigger hydrophobic cavity than -CD,

Chem. Commun., 2015, 51, 8311-8314 | 8311
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Fig. 1 UV-vis spectra of extracts of the mixture of DPPH* (0.23 mmol) and
B-CD (0.45 mmol) in 15 mL of boiling phosphate buffer (0.1 M, pH 7.4) (),
acetate buffer (50 mM, pH 4.4) (- - -) and borate buffer (14 mM, pH 9.1) (- — -).

(2)

Fig. 2 Optimised structures of the inclusion complex of (a) DPPH*® with
B-CD and (b) DOPPH* with B-CD calculated by DFT (UB3LYP/3-21G:C-PCM
solvation model parameterised for water).

DPPH" was not solubilised in water. The 2,2-di(4-tert-octylphenyl)-
1-picrylhydrazyl radical (DOPPH") could not be solubilised in
water by B-CD in the same manner, either. Fig. 2a shows an
optimised structure of the inclusion complex of DPPH® with 3-CD
calculated by the density functional theory (DFT) (UB3LYP/
3-21G:C-PCM solvation model parameterised for water) (see the
ESIT). The picryl moiety of DPPH" is incorporated into the hydro-
phobic cavity of B-CD. DOPPH" is also incorporated into B-CD as
shown in Fig. 2b. The calculated association energy between
DPPH® and B-CD (—31 keal mol™") by DFT is significantly less
negative than that between DOPPH® and B-CD (—44 kcal mol™%).
These theoretical results suggest that DOPPH® may not be solu-
bilised by B-CD due to the hydrophobic tert-octyl groups. DPPH*
solubilised by B-CD in water or the phosphate buffer solution
(0.1 M, pH 7.4) is stable at least for several days at room tem-
perature. When a boiling acetate buffer solution (50 mM, pH 4.4)
was used instead of the phosphate buffer, DPPH* could also be
solubilised by B-CD (Fig. 1). On the other hand, a brown solution
with absorption bands at 416 and 505 nm was obtained using the
boiling borate buffer solution (14 mM, pH 9.1) as shown in Fig. 1.
This suggests that DPPH" is unstable under basic conditions as
reported previously.® In fact, addition of 0.75 mL of a borate buffer
solution (0.1 M, pH 9.1) to DPPH"/B-CD in water (Milli-Q) (2.3 mL)
resulted in a gradual decrease in the absorption band at 527 nm,
accompanied by an increase in the band at 412 nm with clear
isosbestic points at 252, 304, 346 and 491 nm as shown in Fig. 3.
The one-electron reduced DPPH* (DPPH ") is reported to have an

8312 | Chem. Commun., 2015, 51, 8311-8314
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Fig. 3 Spectral change observed for DPPH®/B-CD (5.8 x 107> M) in borate
buffer (25 mM, pH 9.1) at 298 K. Interval: 20 min.
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Fig. 4 EPR spectra of (a) DPPH"/B-CD (1.0 x 10~° M) in distilled water at
77 K and (b) DPPH* (1.0 x 107> M) in MeOH at 77 K.

absorption band at 426 nm in a 1:1 ethanol-buffer solution,”
suggesting that DPPH™ may be included in the products. How-
ever, the detailed reaction mechanism of DPPH" under basic
conditions is under investigation and will be reported elsewhere.

The EPR spectrum of DPPH*/B-CD observed in water at room
temperature has the same g value (2.0036) and hyperfine coupling
constant (7.8 G) as those of DPPH® in MeOH (2.0036 and 7.9 G,
respectively) (see the Fig. S1, ESIf). A slightly small hyperfine
coupling constant (14.6 G) was observed in water as compared to
that in MeOH (15.2 G) for the EPR spectra recorded at 77 K (Fig. 4).

When ascorbic acid (AscH,) was added to the phosphate buffer
solution (0.1 M, pH 7.4) of DPPH"/B-CD, the band at 527 nm
disappeared immediately with clear isosbestic points at 320, 338
and 431 nm as shown in Fig. 5a. Since the pKj value of AscH, is
reported to be 4.1, AscH, undergoes deprotonation and exists in
its anionic form, AscH™, in phosphate buffer solution (0.1 M,
PH 7.4). Thus, this spectral change indicates that AscH™ efficiently
scavenged DPPH" in phosphate buffer [eqn (1)]. When AscH™ was
replaced by Trolox, a water-soluble analogue of a-tocopherol
(vitamin E), a similar spectral change was observed due to the
scavenging reaction of DPPH® by Trolox [Fig. 5b and eqn (2)].**

DPPH'/B-CD + AscH™ — DPPH,/B-CD + Asc*™ (1)

DPPH"/B-CD + Trolox — DPPH,/B-CD + Trolox(—H)*

@

Spectral titrations (insets of Fig. 3a and b) show the same stoichio-
metry with both antioxidants, the DPPH" /antioxidant molar ratio
being 2:1.” The decay of the absorbance at 527 nm monitored by
a stopped-flow technique obeyed pseudo-first-order kinetics,

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Spectral changes (interval: 25 ms) observed during reactions of
{a) AscH> (1.4 x 1073 M) with DPPH*/B-CD (2.6 x 10~° M) and (b) Trolox
(6.3 x 107* M) with DPPH*/B-CD (3.0 x 10~° M) in phosphate buffer (0.1 M,
pH 7.4) at 298 K. Insets: the first-order plots of the absorbance at 527 nm.

when the concentration of AscH, ([AscH,]) was maintained at
more than a 10-fold excess of DPPH*/B-CD concentration (Fig. 6a).

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Plots of kops vs. (@) [AscHé] and {b) [Trolox].

The pseudo-first-order rate constant (kops) linearly increased with
increasing [AscH,] (Fig. 7a). From the slope of the linear plot the
second-order rate constant (k) for the scavenging of DPPH*/B-CD
by AscH, was determined in a phosphate buffer (0.1 M, pH 7.4) to
be 7.2 x 10° M™* s7. The k value for Trolox was also determined
in the same manner to be 1.8 x 10* M™* s™* (Fig. 6b and 7b),
which is exactly the same as that measured in a 1:1 ethanol-
buffer (pH 7.4) solution.®** Thus, B-CD does not inhibit the
reaction of DPPH" with the antioxidants, while the stability and
reactivity of nitroxyl radicals were reported to be significantly
changed by the complexation with cyclodextrins.*®

In summary, B-CD-solubilised DPPH* in water has been demon-
strated to be a powerful tool to evaluate the antioxidative activity of
antioxidants in aqueous media, especially in highly concentrated
buffer solutions without precipitation of buffer salts.

This work was partially supported by Grant-in-Aid (No. 26460056
to LN., 26620154 and 266288037 to K.O.) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan, and
ALCA and SENTAN projects from JST.
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