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Abstract

In this study, we examined the effects of nobiletin, a polymethoxyflavonoid derived from Citrus
depressa, on cytochrome P450 (CYP, P450) activity in the livers of dams maternally exposed to
2,3,7,8-tetrachlorodibenzo—-p-dioxin (TCDD). Pregnant Wistar rats received TCDD (1 pg/kg, p.o.) on
gestational day 15 (GD15), and at GD20, we examined hepatic P450 activity and its inducibility by
TCDD. Ethoxyresorfin-O-deethylase (EROD) activity, a marker activity of CYP1A1, was found to be
significantly induced in TCDD-treated rats, whereas although CYP1AZ2 activity also increased by
TCDD, the effect was less pronounced than that observed for CYP1AL. In contrast, CYP3A and
CYP2C6 activities were significantly higher in the TCDD group than in the control group. These
results suggest that maternal exposure to TCDD elicits changes in the levels of drug-metabolizing
enzyme activities, including those of CYP1A1, CYP3A, and CYP2C6. To examine the effect of nobiletin,
P450-dependent activity was assayed iz vitro in the presence or absence of this flavonoid. Although
the effects differed depending on P450 isoform, nobiletin exhibited inhibitory effects on CYP1AI,
CYP1A2, CYP2C6, and CYP3A. We accordingly anticipate that nobiletin will reduce the adverse
effects of maternal exposure to TCDD via its modulation of P450 activity.
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1968 4F, T4 HAR—7 12584 L 72399, THE T,

Rz RER R IR AT 2 1R & 37 5 22 b 7
BEEENIE L, FEAT 53 AFELL RS L 72 BTE
buB, ZLOBENELATHS. JWERKY)
HiE, T4 24 AN OMESRFE OB L LT
Fi\» 54172 polychlorinated biphenyl (PCB) 3 &
CZDMBUZ L0 £ U EEKNAERY TH S 5
1 FFYHTHLEEZ LN TWEYY,

TAF XD VRIIEMHEE BT 5 REHG
WETLH Y, BUEOFEDETIZZ D 80~90%7*
— i & ABEEIE R T ORBEC K - TIEEMIZ
HELTWS, ENLE8 A 4T VHOPTEH2,3,
7,8-tetrachlorodibenzo—p-dioxin (TCDD) (Fig.
1) R EEL A L, B THE TRIFRSE, 4
SRS FEE, A, AL EDHEREERLZ
EVHENT NG, A5 F T YOS ENE
D% L, BERTTh b HEERKOKEZE A
(aryl hydrocarbon receptor, AhR)® 12§54 L C
PR AR nuclear translocator & 71 % 4
~— % LY, cytochrome P450 (P450, CYP)
1773 — 7% EOBWERF ORE 2 G L3
BT EICEoTHELA. BTE, FA144F2 V8
FHFRIFEEEIC X o TH A 4 F 2 VHEXPR DD
LNTHY, HRHHIEEERILER S 2 2 & A5EF
s, 1 HEREIE 2 BAENCH S, L
L, &A1 4F 2 VAR e, BEtEsy s
, WENRECH B720, ol AHERE NS
43X VHEOBREDN D ORFIIRETH Y, &
YRR IO TEW., 2020, ¥4+ %
D VHEOEMEN G RHERF L 2B LR Y
MESTLHILE, BAELLBEETHLLEERZD
ns

WHFFEEE CTld, TCDD kAT DIEAT D 728

HHREES v b~® TCDD (1 pg/kg, gestational

day (GD) 15) #5512k aMat % 17o T 528,

IR A~ TCDD K EBREIC L > Tk, £
D JE AN LT ol g s 12
Vo ok IERER A A LS 2 ENE SN
TWh, FAFFT YOS EEO 2220
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R#WZEOFEIERT 2 L0052, TCDD
12 & % CYPIAL OFFEIZ & .05 5B O FEIE
21 EEA b L 20BN 12 TCDD 12 & 5%
HO—lEiH-TWb EEZLNTWD, AEA
TOEYAHIIE PL50 12X HE L Z T LD & L
725 1 15, UDP-glucuronosyltransferase
(UGT) Ik a 7 s vEiassiitos L
FENAHKIE2SES- LCEH Y, TCDD it AhR %4
L7382k ), ZohTHE T HEWMARHEESR
& LCCYPIAL, 1B1, 2A8 %, &5 I AHSEW AR5
BELLTNADP)H: ¥/ Y F XY FL ¥y 2
¥ —+ (Nqol), UGT1A6/7, 7 V¥ F+ ¥ Sk
I A7 x5—+al (Gstal) % EDLEEHDOAH
MELEFUT LYY F 72 HIERE~ND
TCDD & E (iR 15 HH, 1 pg/kg, &1
#%5) OYETORBRERGEEOLHIIOWTI,
R 20 HEHIZB U AT~ — 7 — & %2 %
CYPIAL O FEAHA SN TV BT, L
L ZDOMOHEERIZOWTIE, BOREREC
A CORBEZOLE O — K EHEH S LT
212 2 hb53® ) mRNA LX)V ToOREIZ
EEFED, INFETHLWIIES R ENTW R,
LXoT, HIR15 HHDEEZ v b~® TCDD (1 ¢
g/kg) 25O BRI COMRHMEER D2 % i
ML, JEEEME %2479 2 &3, TCDD 12X 5K
HRBIEFEBU S T 2 UEEROMEEEII O %5 &
EZoNDL, T, KFETIET v MEREER:
12 TCDD K =W 82 & & 7B O IFR T O3
RHBEROEEOEB) & Z N SB35 Fh1H
TORE 21T 72

FATIRZEIC & 0, GD15 #akEA~ o TCDD %
HEEE (1 pg/kg) 12X > TGDISIZBWTH:
RTCOIANVFAATO Y LNIKTFHRELDL Z &
PHERINTWLY garFazruriisy
f R~ AZe B2 B\ CEIE R B AR A 5 4
ENAMEE (Fva) avFaf RorE:>5THh
0, IR IIEE L - L CRHA - JRIEM 21538 L
TWwh, F72, avFazxra idBRogElc
ARO[ R 7R WVE Y Thb growth hormone (GH)
ML OB D20 % GH B O BIIE D55
T 2202 X 5T, —fRIZHNS T B IR
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Fig. 1 Structures of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and nobiletin.

~@ TCDD BE# 2 L 2R IR CTOREREDSE
X, ZOREKE LTHRETO GH L XVOKTF A3
Zz o, UHEETIZFDOBETHOGH L)L
EFICBETOarvFazrsay L UEF 254
L TWD E WG ED WG 217> Tw
L., aVFazRra sy LNVETORERODE D

ELTCavFaxru  MHoOTENEZ NS,

J)vJ a3 A7 X 115-hydroxysteroid dehyd-
rogenase (118-HSD) Z 7z1% 20-hydroxysteroid
dehydrogenase (20-HSD) (2& o CZENZFN 118
-Fe FoajnFazxsruary, 20-7 Koo+
TATU IR EINLE T EDLLRBOLNT WY
52020 x5z CYP3A®? CYP2A® #sa
NVF AT BTG LTw5 Lv ) #ihd
H5H. LaL, CYP3A KU CYP2A Doto> P450
TAYV T+ —=AIIBWTCI)VFIATO IR
HRBOHMIIRIZARHTH 5.

TAF XD VHEIF L TEIEHD 7 IR 4
RRZDOR#EKEE LTI Tw5, FlzId,
MIBRICETNDEARANRY) P22 Kk 7 2l
WHkOF4 2 b 72—V HEdRo 757
VYN ez TH B KIFRETIE
TCDD #HMEIH T 2B & LTIfEsh s/
v+ (NBL, 5,6,7,8,3,4-hexamethoxyfla-
vone) (Fig. 1) % in vitro TOMEIZH /2.
YL F ARG REY), 2y -2 T =% —1%
CEINBRIANFYTTR A FO—HTH
b, FUIEMERPYSY | BURRAVECERSY, Hins Al
5936 T OISR RIST S 7 LD SRR EIAS
WhHENTWE, F72, JELFViETy Mgh
WD P450 4311 (CYPLAL, 1A2, 2Al,
2B1, 2C11, 2C12, 2D1, 2E1, 3Al, 3A2) I2& -
TR#BENDLZEDbroTWwBEY . Ll
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TCDD #M I T 5 5B IZRAEX, MCF7 & b
FUBRDS AN IC BV TH F 25 CYP1A OXE & 7
%52 ETTCDD &> THFES N/ CYPIA %
FET22E% U7 h~vzu77—J108B
W TCDD 12 & » TiFE & 1172 CYP1IAL mRNA
FHEPHIT 220 REDHLNTVE—HT,
Z DM RHEEFE D ZER TCDD O IL-UREE #%
FHMECTORBEEZIZ L 725 THEIZ OV TIHIER
WEBETH L. Lo TRMETIX, T3 invitro
TO/ELF OB at Lz, AL, iRk
fk~o TCDD K &R C X 2 R R IG A
BI~D in vitro TD ) ¥ L F 2 iRINENS % T3
L2 LT, JELF O TCDD AT 24
FPEICOWTHE L7z,

X B F &
1. HE
/ ¥ LF 1%, INDOFINE Chemical Company

DYDHETFaL (KR L VEEALCTHR L.

2. BpEBR

RGN BT 2 B ERRE, SN RSB R
TER L D2EBRTHOKEZ 2\ 72 L TEM L
72, WEHED Wistar 2T v b % —WsCE L, ZEA
FENICHE TR SN GE, TOHEEIROH
H& L7 15 HHIZ, TCDD (1 pg/kg/2
mL I — V) FHEEREOES L o EECE,
I— DR EHRG L7z JBE20 H (GD20) @
SRV R RS SfH L, IR EVEOfFAT I L
72 T DA AR L, BRI
HkEL7z0b, i F T-80T 12 THRRAE L 72.
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Table 1 The kinetics parameters for cytochrome P450 activity toward 7-ethoxyresorufin, luciferin-
ME, luciferin—-H and luciferin-PFBE in hepatic S9

Substrate Km Vmax (nmol/min/mg protein)
7-Ethoxyresorufin 41.1 £ 9.3 1.25 £0.19
Luciferin-ME 29.8 5.0 223 + 11
Luciferin-H 311 + 192° 6.67 = 2.90
Luciferin-PFBE 112 + 22° 25.7+3.2

anM ; PuM. S9 samples were prepared from the liver homogenate of pregnant rats (GD20) orally

treated with TCDD (1 pg/kg). S9 samples of 5 rats were pooled and subjected to the assay. Each value

represents the mean = S.E.M. of triplicate assay.

3. SO U TIVERR

GD20 FHA 1 PEs32472 0 Jfli& 1 g % 0.25 M suc-
rose3mL THEIYFA XL ZODL, 9,000
X g ACT20 MR LTEEL 7z fFonz ki
(S9) &4mEL, MHT2FET-80TCITTRAEL
72, F U7 EEEIR, Lowry O EIZIEDS W
T 72", ok, Wiy VX HELT
bovine serum albumin (BSA) % v, WOGEEH
E 12 1& HITACHI U-1800 Spectrophotometer
w7z,

4. P450 EMHAIE

1) Ethoxyresorfin-O-deethylase (EROD) assay

Burke 5 ® 5126t T*, 7-ethoxhresor-
ufin @ O-fi 7 )V F WALFUGIZ & 0 4 T % resoru-

fin ®EEEBE L7z (BhkeSs, 544 nm : #lI5E¢,

590 nm).
2) CYP1A2, 2C6 and 3A assay

NN OEHIE P450-Glo ™ CYP1A2 Assay,

P450-Glo™ CYP2C9 Assay, P450-Glo™

CYP3A4 Assay (Promega f1) % W CllsE L 7.

NADPH (#%i#F 0.1 mM) OF7E T, CYPLAZ2
5% T 1% luciferin-ME, CYP2C6 il % T &
luciferin-H, CYP3A {#ll5£ T luciferin-PFBE %
EEELTHERLZ BGHERDTA v F 2 X—
vav, I 7 vIoAxy 72y M FL
(Thermo Labsystems #t) #fEH L, fHEoa >
Y¥a2—%v7 b7 (Ascent software) (2T
T YN AT o7z B, EEYEE L TIX
luciferin % i\ 7z,

5. ¥EETALIE

FTRCO 2 BB OILEIZ DWW T, Student's ¢
test VTN L7z, F72, MifEM o EICS
W, 1-way ANOVA KO Turkey ®% & bk
MEx FAWTHIT L7z, 28, AEKETp <
0.05 & L 7. ¥ 72, kinetics @ #i # X
Michaelis-Menten I IR G % 70y, %28
TA=F =B L7

X B # X

1. TCDD ERAEBRZEBFT COEMAHER
EHOERNAR

CYPIAl o gt & 72 5 EROD &M%, KO
CYPIA2, 2C6 I U 3A OIEVERIE % £hiti L 7-.
SO » ¥ »X7 &% EROD &M Tlid 500 pg/100
uL, ZOMo assay Tlid 40 pg/well & L CTHHT
iTo7z. TORR, HEINFAT 14 v 7%
I X —%— (Km, Vmax) | Table 1 |Z/R3 381
ThbH. REROMET OFER%, EROD EMHE%
TCDD 15 H & 5 55 Ih AR B: A4 I O JE B 93 AR AR BE 4
O TET 5 2 & T, CYPIAL 502 E) % it
Mt L 7z. 7-Ethoxyresorufin & £ | Table 1 @
Km fii # 12, 40 nM TEH L 72, Z O H5 &,
Control # & Ib#g L C, TCDD BEHTIIAER
EROD {H0FEN R S 17z (Fig. 2). &5,
TCDD 1B H] & B 58 I Ui b1 A4 ) O IR B 88 S Al RE 4
O TS A2 & T, CYPLIA2, 2C6 MU 3A
EHOLEEZ M L7z RE o #BEIL
luciferin-ME, luciferin-H & U luciferin-PFBE £
30 uM, 300 M KON 100 pM & L CfER
L7z, BEURRE RSN L 7o R AT IC L - T
B S A2 S 7z Km & 3612 PE L7z (Table 1).
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Fig. 2 Effect of maternal exposure to TCDD (1 pg/kg at GD15) on hepatic
EROD activity of dams at GDZ20.
EROD activity in the S9 is used as index of the induction of
CYP1AL. Each value represents the mean = S.E.M. of 5 rats,
respectively. Significantly different from Control : **™ p < 0.001.
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Fig. 3 Effect of maternal exposure to TCDD (1 xg/kg at GD15) on hepatic
CYP1AZ, 2C6 and 3A activity of dams at GD20.
Control group was treated with corn oil at GD15. Each value
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Fig. 4 Effect of nobiletin (NBL) 2z vitro on hepatic EROD activity of pregnant rats
(GD20) exposed to TCDD (1 ng/kg at GD15).
EROD activity in the S9 is used as index of the induction of CYP1AI1. S9
samples of 5 rats of control and TCDD-treated group were pooled and

subjected to the assay, respectively. Each value represents the mean £ S.D. of

triplicate assays. Significantly different from TCDD (-) group : ***, p <
0.001. Significantly different from {TCDD (+), NOB concentration 0 x M}

group: T 1 T, p <0.001.

ZFOfER, CYP2C6 K U8 3A 125\ T TCDD #
B CORBRIEROBINHR SN (Fig 3).
CYPLIA2 IZ2oWTIHIHE WD LAER D H o 72 b
DOHFETIEehoT,

2. JELFIZL B in vitro TOEMKHEE
E e INOLEESY TS

K12, ERODEHZHWT/ ELF XD
CYPIAL IZxt 3 2 BHER R & MG L 72 7-
Ethoxyresorufin /=¥ 13 Fig. 2 ® EROD i A fHAT
EE T 40 nM THw/z. 7 ¥ L F Y Iid T-ethoxy-
resorufin & [6 U DMSO 2% L, 7-ethoxyre-
sorufin & EFRFICHIERE 1, 2, 5, 8 UM 10 M &
% XN TR 5 2 & TG % Filth
S/ B, TITUEHERFELLT, S5IEORE
7y MOV Y IV EEERM LT =V R
SOH v T NEHNCTWS, bk (Fig2) EF L <,
EROD {fithiZ TCDD BE#& 12 & bkl & i L <
BEIZEL, JELFrOEE 10y M THE
WIEE AR A 2 LR ang: (Figd)., i
FIEEVERE 40 nM @ 250 B DIEEETH D, RIZ,
CYP1A2, 2C6 KU 3A OiEMHIZOWT, /¥ L

F v OWENREE N L7z (Fig. 5). ThEho
TR T FE 30 1M, 300 «M 2 OF 100 M
THWw7:. Zof%E, CYPIA2 i&1iE TCDD B
BICX IR E L CHEEICEL, JELF Y
DOFIENE 80 uM DL ECTHBEIIEEZIIHIT 5 2
EHTRENTZ, TIUTILE R 30 pM OFY 2.7
fEowETH 5. T2, CYP26 iftEiX TCDD
RFEICL DR L R L CHEICE , KT
JE LT ORERE 10 pM ML ETHEICIEE R
P42 2 LR E NIz SAUIIEE IR 300 ¢
M®D1/30 DEETH 5. & 512, CYP3A FHE
(& TCDD BEERIC X D /R & B L THEICE <,
J ¥ LT v ORKERE 50 uM DL ETHEIET %
W52 LR ENTz TIUEIEEEE 100
M®D1/2DEETHL. ZDOLHIZ, T bFE
SO 431 % FAV N7z in vitro TOMGETTIX, /ELF
X, CYP1A1, 1A2, 2C6 N UF3A % invitro T
HEFTLH00, HEORIIIFT TR L IR
5 EAUREEI N SEME L& TIE,
CYP2C6 (25t 4 2 BHERIR R b mr o7z (Fig
5).
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Fig. 5 Effect of nobiletin (NBL) 7 vitro on hepatic CYP1AZ, 2C6 and 3A activity of
pregnant rats (GD20) exposed to TCDD (1 pg/kg at GD15).
TCDD (-) group was treated with corn oil at GD15. S9 samples of 5 rats were
pooled and subjected to the assay. Each value represents the mean = S.D. of

triplicate assays. Significantly different from TCDD (=) group :

*‘p<

0.05; ** p<0.01; *** p < 0.00L Significantly different from {TCDD (+),
NOB concentration 0 #zM} group : T,p <0.05; T ¥, p<0.01; T T T,p <

0.001.

Z =

RFf7E Tk, TCDD IR ERE L /21
7 v b OIFlED P50 {H k% L, £~/
CLF v OEBEIZOWTHRE L7z P450 4 T-FE
D% 7TH CYPIAL OFE A TCDD BEFEIZ X -
THELLFEENL LR ENT (Fig 2).
TCDD |2 & % CYPIA @ FHEIZOWTILIA < 4l
LNTBY, ARREMEILE S LzZD X=X
KZOVWTHERIN TV F7- 59}
JFIZB VT TCDD 12 & % 551X CYPIA2 (21X
TCYPIAL 28X D FFEINL T L b o

Twa%® TCDD LFLYA4+*2 VHHTH Y,
WIER N E ©H 5 2,3,4,7,8pentachlor-
odibenzofuran 787 v b CYP1A2 |ZxF L CEHAN
HETHELTWAZ EDLIIEEDLITHIEIC
Lo THRENRTEL®, TCDD 22V T
CYPIA2 L &35 2 & TEDOIEMEEHIHS 5
R ZHSZERROLNTW BT KRR T
I%, western blotting I2& %% Y%7 EH L X)Ld
B % MR L T ewhs, TCDD EHEBEE 2
X oTY, CYPIA2 DB & TV A TREMEIR A
D, LAL, FHEINSEFEIC TCDD &
DOFEEIZLDEEHELRZ > T b LT,
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KIFEOMEREFIFE L2V, TNHLOERIZLD,
TCDD & H &2 X - T CYPLAZ {G M 128 hn
fAmcE oz eHEEEN S (Fig 3).

& 512, TCDD KM= IZ & > T CYP3AIE
YWOEE R FHEPHER SN (Fig 3). HfE=E
DYEATIIZEIZ B\ THER 15 H B #:45~ TCDD
(1 ng/kg) #512& ) CYP3ALI mRNA LX)V d
GD17, GDI18 ®BEg CidBdhErm, GD19 DfsIE
TRAEZRBMSED 5N TWEY . 20w,
RIFFEOFRERIL AT IO R L FIE L v

KWW, TCDD 12 & » T CYP2C6 &0 A E
e BRAMPSRENS (Fig. 3). CYP2CH 77 7 3
J—=1lZoWwTlix, 2N FTIZTCDD # &%
aromatic hydrocarbons (2 & % #liZ 457 - T
72 ATt ST, AL IR )
ENTBLT, AWFFIZL > TIZLHTCYP2C6
@ TCDD 12 X 2 FHEDOWREMEAIRIR S Nz 7%
B, Kif7eTlx, CYPLIA2 ¥:5/ 7 luciferin-ME
& CYP2C6 21 7 luciferin-H % H\ 7z 45 R %
2, #h2h% CYPIA2 B X UF CYP2C6 i1
ELTH Yo7 TCDD BHUERZEIZ L B
luciferin-ME fCHHE D 22 L HAH )12 &
EF D, luciferin-H HNEEO LAPEETH 5
Z &5 CYPIA2 12 X %M LA & CYP2C6 @
FEATRIB SN2 E OB TEREMA TN 5,
{5 L, luciferin-H i CYP2C6 12K\ T CYP1A2
WX OR#EZITFLZEDS, CYPIA2BX O
CYP2C6 D FHE|Z D\ TIE4H mRNA L)L R
5N ELUNRVTHRET 2LENRHS ).

R oOE ), UEFZER CTORITHIEIC LY, B
ki~ TCDD RHEBEFE I L o TRAATO a v
FaAATO LN, JGRTO GH EAPMKT S
LB LIS ENTWEY 5y}
CYP3A1/2 mRNA LX)V o> FHEAGIFRIZ X 588
M, GH @M & 2 WA s Shcsn™,
CYP2C6 12 GHIZX > T mRNA &% /87 H L
NRVTHHFRIEN D 2 EDBbhroTwsY, ko
T, WiRFAE~O TCDD A EREIC L - T
AToalFaxrrary LNUVOKT AL T
5 EFIUL, JRROAL S TRETO GH BEELC
DVWTHETFT LT EHEESIND. Z1UT LD
CYP3A JtUF2C6 237 v FL¥al—var&hn
T REMENEERCTEX L. 12720, Iy b o
a)NVF I R THAINVFIATU Y L)L

(85)
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GD15 |2 TCDD (1 pg/kg) BHABEFE % GD18 Tl
BT TFPRD 5N TWEAS, GD19 TlIA =
RAEENE WY KRS TIE, P450 4 FFE O
7= =GR NS, S, PASO DS Loy
BHEBLNVICOWTORE T E0EEND.
¥ 72, WIREAA~O TCDD K EB&EIC L 28
RToO GH ~OFEEOWIRIE, BRI TIEIA T4
Thb-o, 5%, BHEKICBIT2 GH LNLVOZE
BjZOWVWTHIEIDPEENSL. Lo T, AT
® CYP3A J U8 2C6 {EME LA O ICE T 5%
B, GHIcE T 5.

WIZ, Fig. 4 RO°5 £, TCDD KA =M L
TR IC B W TREE S 72 CYPLAL, 1A2,
206 RUBA X/ ELF VICko THZICHES
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