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Functional Analysis of Drug Metabolizing Enzymes
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Several gene knockout mice have been widely used to analyze the role of drug-metabolizing enzymes in pharmaco-
logic and physiologic responses. The metabolic shift of endogenous and exogenous compounds causes pharmacologic
and physiologic alterations. Microsomal epoxide hydrolase (mEH)-null mice are less susceptible to the skin tumorigen-
esis, splenic immunotoxicity, and embryonic toxicity of 7,12-dimethylbenz [ a] anthracene (DMBA) . The production of
DMBA-3,4-diol is detected in the target organs of wild—type mice, but not in those of mEH-null mice. Soluble epoxide
hydrolase (sEH)-null mice exhibit markedly reduced rates of epoxyeicosatrienoic acid conversion to dihydroxyei-
cosatrienoic acid in the liver and kidney. Furthermore, sSEH—null male mice have a lower blood pressure phenotype com-
pared with male wild-type mice, suggesting the importance of sEH in blood pressure regulation. Nuclear bile acid recep-
tor, farnesoid X receptor (FXR)-null mice are distinguished from wild—type mice by elevated bile acid levels in the liver
and serum. However, hepatic lithocholic acid (LCA) levels are lower in LCA—fed FXR-null female mice compared to
those in wild-type female mice. Furthermore, FXR-null female mice are less susceptible to liver damage by LCA com-
pared with female wild—type mice. Marked increases in hepatic LCA-sulfating activity and hepatic hydroxysteroid sul-
fotransferase and biliary sulfated bile acid levels are detected in FXR—null female mice, suggesting the protective role of
hydroxysteroid sulfotransferase in LCA-induced liver damage. These and other studies indicate that mice null for drug—
metabolizing enzymes and nuclear receptors are of great value in the study of the role of drug-metabolizing enzymes in
pharmacologic and physiologic responses.

Key words——gene knockout; epoxide hydrolase; hydroxysteroid sulfotransferase; farnesoid X receptor; drug-
metabolizing enzyme; lithocholic acid
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T3, 39 KR TIXATHE OFl & L T microsomal
epoxide hydrolase (mEH) RiE~ ™7 X%\ 7,12-
dimethylbenz [ ¢] anthracene (DMBA) D& MEFEH
R~ O mEH OB 512D WT, aliatkE > FIE
95 soluble epoxide hydrolase SEH) &7 5% K>
FLACH, MEFE & DOBIRIZDNT, BEDHIEL
TR Z Y T > RETLHEANZEMARTD S farne-
soid X receptor (FXR) R#E~ ™7 X % AW\ lithochol-
ic acid (LCA) &% 3 I [ & 0 #3612 X 9~ % sulfo-
transferase (ST) DOHEENZDWVWT, HLxR#DOLH
EAEROIB AR, AR AAE OREIZDONT
HULIZHIIT S 5.
2. DMBA ®
mEH D% E|
mEH [3fiFlgz 0% < OO I 7 0y — A
SIZTFEE L, epoxide Z M7k 43 fi# L T dihydrodiol
ARk B YA BE 3R T — AT AR BT
LR R EARINTNDED, SRAFEFEHERL
KFEEHE DB BN TIIABE IG5 &%
AHNTWDS, 78 MBI RFENALET IVEEHTH
%, R ER/KFED DMBA OE#TE ML
#&& & L T cytochrome P450 (P450) & mEH 73R4
53 5B EFE O diol epoxide D A4 RIS A F )L 3
DKL, I 5ITHEIEAG I NIRBENRE N
TWw% (Fig. 1).%19 mEH R~ 7 X TILHTE D
diol epoxide XK L 72\, FZ T DMBA O #E M
FEINZ BT % mEH OB 59 % diol epoxide 4 pk#%
BOBEELZHASNCTT 5720, mEH RIET T X

BUERBCKET2ENEETO

S v 000

P450
CHg

OO

HoOH

Z W TR RS DFE N ik iR, 10 6055 B il g 45 O 7
HE,OREFEEY T OVWTHRFALAE. 251
DMBA {3 ERED K D IThk 4 Ixlidds, MLk Zz H 1T
BOEN ET 20, gL O ERlE#E © mEH 73
B G- 2B OB MEFRBICHBIT 2 HE & WS BAN
5 BT L 7.

2-1. DMBA FREERENAICE(TS mEH O
5 mEH R~ X % T DMBA HE& A
X272 HEMN LB & DMBA & 12-0-
tetradecanoylphorbol-13-acetate (TPA) %A D 2 B
BEeFe s At BR 2 L 7=, 1D S22 R AREBRIZB N
THER I A T0%DIY I ADKBIZ/NE D —

IMNELZD, mEH R T X TIENWTHNDOI Y
ZZH N0 —<IEAECkhho/z (Fig.2). Zd
fi ) 5 DMBA DK &7 AIZ, mEH OBET
LN EELZEZH S TVWS Z EDRBIN
7z. —Ji TPA 289 % 2 BRBEFHN ARBRIZB N
T, MM A TI0%DY T AIC/NEO—<
MELHDIZH L TmEH RETTZXATH 50% D
RUZIINEOD =N Uz, mEH RIEX T AT
HENEO—INELD T END, MEERAERD AR
%@ mEH IZKTF LI WRENE ML LR S ©& TPA O
FAET, BEERICEET S I LbRBEINT .
CYPIBl RERX TV A ZHWEFEMNARBR TIZ
DMBA Z&N#% 5 LG8l 7 X TOAK
JEIZTY T /=N 6N, REBIZHXTH 10
B T4 —=xNELDZENMEINTY
% .4 —7F glutathione S-transferase P1 % R{8 L /=
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Fig. 1. Possible Metabolic Activation Pathways of DMBA

P450: cytochrome P450, mEH: microsomal epoxide hydrolase, ST: sulfotransferase.
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Fig. 2. DMBA-Induced Skin Cancer in Wild—Type and mEH-Null Mice
A) Complete carcinogenic protocol. DMBA (12.8 ug) was painted on mouse skin weekly for 25 weeks. B) Initiation—promotion protocol. DMBA (25 ug) were
painted on day 1 followed, starting one week later, by three times weekly application of 5 ug 12-O-tetradecanoylphorbol-13-acetate (TPA). Skin papillomas greater

than 1 mm in diameter were counted.

YUATIEBEEHLD bEWEHIETEEII N EO—
INELBDZEBWMEINTEBD, 1D 2105 DKRIE
XA % W EFZE1E DMBA BB S A DR TS
P~ ® CYPIBI X mEH DB 5%, glutathione
S-transferase P1 O fiEHE N DR 5 2 @K L X)L THH
EMICTBHETERATHS.

2-2. DMBA (L& 2 REBHICK T2 ENEES
TO mEH OB5  DMBA |3 % 7% B i 25 ~ O
BUEZFERTLHIEMA SN TNV S, 161D DMBA
ZHERENIE 5T 5 BRI YT 20RO EEIZ O
> hO—=)L LX)V D 40% LA FIZiEA U 7=2%, mEH
R AMEEZOREADITHED sNBho .
720 OO RHERICHH L THER D
ZTIEPELNRD 5N, DMBAULEL 12X X
ML & 0 A 2 R L CHRIBHEEEDIEIETH B~
A b=z L BREEERE L E AR
< Z IR T RIBRI Y O A NE BN E D
KTFNED SNz, F-MlgI MMz L T
B2 DMBA ZLH L =858 THEHER < T X O
#ifiil T DMBA 12 X D % S 1 5 R pERE R 15
THEVWRZENRD SN, MK 70— L%
FELL DMBA 238 & LT oR#EY 2 ML /-
FEE BRI Y 21280 T DA DMBA-3,4—diol
Wyt E Nz, 4L/ 70y MEIFIZKD
DMBA O fR#IEHEALICE 5T 2 EEZx 60125
CYPIB1 & mEH % > /N7 OFEHNFHERIT T 2D
Wilg TR sz, ML EOKE BRI A e T d 2 M

i 12 5\ T DMBA 2WENE (L S N HE M =
UConlRetEERB L Tnb.

2-3. DMBA [C L 2BRESHICK(TZHE mEH
D%E|  mEH 3R E IO W O BB O i 7
HRRDLNTNE. ® FH-EE 1S HOY T Ak
VR0 FH U 7z R VR HE ZF M R 12 13 mEH &
CYPIB1 OFENED 51,19 Z Ok VE ke 2 e
IZ DMBA Z L % E BRI~ 7 X O TIER
BRI ™ 212X T DMBA IZ X D AFH SN DA
FHICH L CTHEEICEWEZIEZ R L (Fig. 3).
—77 DMBA @ f{#fH [i{& T & % DMBA-3,4—diol
TIXEMHER, REBH< T ZA05 OMEiLIZ DMBA
KO KEETHENRD SN, Wl TEE
RIEZMHOERIED NN, ORI
DMBA O iR # M ICBI 59 2 AA#AHE L AR I D
KNTHEZ D FEEEEZRET S, £ I TEEKRL X
VT LEEDOFTREME Z B S NI T 272, 3O
Bl (EpPERUE - OZRh, RIEMFE L OE, BER
HEME~ ™ R & RIETMENE < 7 A DS BTV, F
DIEIR~ ™~ 212 DMBA ZEENES L T2 OMRE
ORE, KEZHTET S I EI12XD DMBA #¥ib
VR MEICH T 2z k2 ik Uz, RREio 3B
ZRIZ XD DMBA ZAliE SN2 RHKERRIED
mEH D7 = /¥ A T3ENTNRBLHAGDE
LharZ kD, FHMATO mEH OS5 ERETO
BG2XKBLTHITTES., $XTOXKED
DMBA QLERICHWT I bO— )LEICHER
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Fig. 3. Cytotoxicity of DMBA and DMBA-3,4-Diol in Embryo Fibroblasts
Embryo fibroblasts were prepared from mouse embryos (GD 14). The cell number was counted by neutral red incorporation, after embryo fibroblasts were
treated with DMBA or DMBA-3,4—diol for 72 h. Data are expressed as a percentage of the vehicle control for each mouse. Values represent the mean+SD (n=12).
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Fig. 4. Weight and Crown—-Rump Length of DMBA-Treated mEH-Null and Wild-Type Mice

Pregnant females were treated ip with DMBA (50 mg/kg) daily from GD 11 to GD 15. On GD 18, pregnant females were euthanized, and embryonic weight
and crown-rump length were measured. Values represent the mean+SD (n=8—13). *Significant difference from DMBA-treated wild—type mice (p<{0.05). (+/
+): wild-type, (—/—): mEH-null, (+/—): heterozygote between wild—type and mEH-null.

IBRE, KREOWDNRD SN, IS ITEERE L
OREIZEDEFESNRIBIZBNWTHO 2 B & X
THEBKE, KEOEDDVRD SN, o2
HETIRAEEREZRIIFEDSNT, KIED mEH O
T/ TIEREHENEICEEE BB NWT EHUR
SN /= (Fig. 4). DMBA JLFE & 1 7= 105 B B <
™7 A D IfiL{EH112 DMBA-3,4-diol fA2ik i X g L
ARHAMITORM O EEMEN/RE I, DMBA O
fa R IR S IR IEANORE Y OBITHEZE
L THEERE O ZE A 20 BEEIVRI N,

3. 77X FOBRBLEMEREGIICHK(TS sEH
DIEEY

sEH 13 ] V& 1% [ 7 IS FAE 9 5 K 47 fR i 52 T
mEH & FIRE, Bz 5 OSHMICETL TH
D epoxide % dihydrodiol IZHI/K /&9 %.® sEH I
LR ITERRAC/KFED epoxide 1ZHE & L 7R,
mEH & [FERIZE < DY) D epoxide 2 B & §
5. FRENEHOIEME TH 27 7F 8 B ORH
¥ D epoxyeicosatrienoic acids (EETs) O 7k 73 fi#
BTS2 b5 TWS (Fig. 5). 2 EETs
D F DKL Y T 5 dihydroxyeicosatrienoic
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Fig. 5. Endogenous Metabolism of Arachidonic Acid by P450 and sEH

A single representative example of the each of primary classes of P450— and sEH-dependent metabolites is shown. EET: epoxyeicosatrienoic acid, DHET: di-

hydroxyeicosatrienoic acid.

acids (DHETSs) (&1 & 558 & % Wi & [ 7E
N|EZINTH O sEH OXRBIZZN 5 OB D
BUEGREA (LI BIMEICEEZE 5 X 5 alfElEn %
A BT 20 g S9 Hisy, EhE S9 mEyE WY
FF R UBORBM AT L 2L A, FHE<Y
Z, sEH R#E <7 X Ol S9 TId EETs &
DHETs i & Hic i S 172743, EETs & DHETs
DL EEFHE T % & sEH R AT 50 584 B &7z
o7 2 F-EHE SO TIIHME < X T EETs i
M ENnd, Wi DHETs [Z/REEI D 3 500 M
I, PR & sEH R$E~ ™ AT EETs & DHETs
DREIICKRERERNBD SN, —FH 2% BIEK
EERNSEAEREO M OB TIEEREL =
& 23 sEH RIEY T XA THEERI < T X & Ll #f
EBITHEERIMEDHEDNZED 5/ (Table 1).
INHGORERIL sEH O RENMEDK FZFF L
THV, EETs & DHETs O &H D277 DJFE K
D1DTHBHAHEENE X SN

4. LCA FRIEZDOHEKELS L TOD ST D&
2

FXRIZHVEEZ U > RETHHMNZERTH
%, 2729 FXR RIE~ 7 2 DIEELZ X D FXR IZJEH
fe G Rkl O CYPTA S HYTHE O #iEHAETH %
Bsep, Ntcp % O JIH {1 % B i 8 (= + D B 2 R i 9
% Z LK - THIEERHICHEYT B OE# MR I E T
BEEZRZLTVWDEZENHSNE RS 2. 20
FXR R~ 2 E M AN A iE O JE B L NJL
MELSBEOTVWEINIEHICHET S, £IAMNM
cholic acid (CA) DfEHIZ X D FXR REY T AT
DHABISKREDEDNED SNBIEITED. —F
TR TH B LCA Z BT E 5 & CA LR
DHEME~ D ZATIIH L A BRI ™ X T FXR K1
X AT H AR LCA #F R MR EIT U T Wbz
MDD SN, 2D B 2 THEZDEETH
5 IMiE ¥ aspartate aminotransferase (AST), alka-

Table 1. Mean Systolic Blood Pressure and Pulse for Wild-
Type and sEH-Null Mice

Mean systolic blood

Mean pulse
Genotype pressure
Control Salt Control Salt
mmHg BPM

Wild-type 130.1%£3.5  137.7£5.3 639+13 67320
sEH-null  117.6+2.3* 116.7+£1.3* 645+23 682+21

Mean values for each parameter were calculated by averaging the daily
values for each animal determined over the 7 days of administration of
normal drinking water (control) and the last 7 days of administration of 2
% NaCl (salt) as drinking water. Values shown are the means+S.E., n=4
for each group. No significant effect of salt treatment was detected for any
group. * Significantly different from wild-type mice, p<<0.05.

line phosphatase (ALP) %73 FXR K{ERI< ™7 2
L0E<, LA FXR R 2/ LCA # 7
HEEICEYIEZ/ R L7z (Table2). 5 DOFER
W, HEPE FXR RIB< ™ 202K R 75 LCA 7% b
EORHEENTFET LI EEZRBLTNS,

LCA Z{EBH X B/~ 7 2 O NV HL % % f@ bt
L7=& Z AN LCA XU tauroLCA & 12 FXR
RIBY A TEL, FXR R 2BV THN
LCA LN Z K FEEHEEZEHIE ST
FIENRBI Nz, TN 56 O & LT ERICH
EH BRI O TTHEZ B 2 SN Fz. Y Bk
K mRNA DORFIENFEH L X)L % RT—PCR % Tfig
B U7z 7x 2 BT B A, FXR R~ T X[
TROSNBMh> 2. —HETFEBAHICELE T 23
WREEE#E & L C CYP3A ® ST2A 3 E 2 5N
5. M A 70y — A, RSSO
LCA 6 (/KB LiE M & LCA Wi &iE 2 HE L
el A, 6BAIKELIEEIZT L A FXR RIEY Y
Z T, 6o f/KEEILIEEIZ RIEY T XA TEM >
2T DL NV 68 AL KEALIEMEIC LR T <,

CYP3A 7 T-F1C & % LCA O/KEEALAIENME FXR R
HY T XD LCA FFEMEEDOBMICE S5 L TWns
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Table 2. Changes in 3a-Hydroxy Bile Acid Levels and Liver Damage Diagnostic Markers
Wild-type mice FXR-null mice
Parameters

Control LCA LCA/Control Control LCA LCA/Control

Serum 30"?3\45’”6 acid 6+3 494+ 267" 82.3 1245 6411 5.3

Liver 3a-OH bile acid ok

[nmol/g liver] 132425 1853+ 835 14.0 367+ 144 566+97 1.5

AST activity [1U/1] 20+1 955+ 324** 47.8 98+22 143+86 1.5

ALP activity [IU/1] 44410 301 = 94** 6.8 4149 93+41%* 2.3

The data are shown as the mean £ standard deviation from three to seven mice. Control or 1% lithocholic acid-supplemented diets were given for 9 days to wild-

type and FXR-null female mice.

*, ** indicate significant difference between control and LCA-treated groups with p-value of 0.05 and 0.01, respectively. Basal

levels of both liver bile acid and serum AST were significantly different between wild-type and FXR-null mice (p<0.01). In LCA treated animals, all parameter
levels were significantly different between wild-type and FXR-null mice (p<{0.05). LCA: lithocholic acid, AST: aspartate aminotransferase, ALP: alkaline phos-

phatase, 3a-OH: 3a-hydroxy bile acid.

Table 3. Changes in 3a-Sulfated Bile Acid Levels in Liver and Bile
Liver Bile
Genotype
3a-OH 3a-sulfate 3a-OH 3a-sulfate
umol/g liver umol/g liver umol/ml umol/ml
Wild-type 1.16£0.55 <0.06 160.3+40.1 2.4+1.5
FXR-null 0.54+0.22 <0.06 145.0+£24.0 17.9+5.0%*

The data are shown as the mean+standard deviation from three to four mice. Lithocholic acid-sup-
plemented (1%) diets were given for 5 days to wild-type and FXR-null mice. **, indicates significant
difference between wild-type and FXR-null mice with p-value of 0.01.
30-OH: 3a-hydroxy bile acid, 3a-sulfate: 3a-sulfated bile acid.

ATEEMEIRR W Z EAVRE I /2. — 5 LCA il
BIEPEIIRIBA < T A WE R E T B W TR R <
U ZAZHART 55 fEmmn o7z, &fEAKRT St2a ¥ >
N7 DE RS LCA M SIEHICHBEI L, FXR
R AT 5.8 @< FXR RIEEY T A IZBNT
St2a ZREMNE NI &%, LCA FREETAIE % %
TETNVWBZENRBINL., I HICEEAED
St2a & >\ 7 & L IfEH ALP & O M2 HHE
OBERNED 580, FXR REXT T ZIZBWTHRN
LCA L N)VAMEWE R & W LCA it i 18 & 15 7
D7z, LCA MHLEDN S BHIRIE T < WL
HERE > THYFFRICE NI S 1, 20 #ip
WCHE S NS 720 TH S RetEDRB I Nz, IR
IZHHFEME VT D LCA D 3o fif D FREE &K D
13 FXR RIEY VAT 7.5 f%E <, HFlgTo LCA
WREs f & S AHBE L T /= (Table 3). — 5T fiek
WD i B A RS R BR S BLR (<0.06 umol /g
liver) T D #X/MIT Mrp2 5 O A HKIC K D JH
FhicHEttE Nz EEZ 50, LCA MBS ARD
REVTPE & % BlE 9 5 3 B B -l T D LCA

MEBIASIEETH D Z LRI N, DL EOREE
AY 5 hydroxysteroid sulfotransferase @ ST2A &
LCA ZHiliaH 35 Z EICXDIFN LCA LX)V
ERTIEHEEEZRFIETNS I EAURBE
N, MM FXR R~ 213 LCA Wi &5 D
mNE MZBT 2 LCAFHEFEEOET I D
EEZBNT.

5. &bYIC

mEH, sEH, FXR O 3 fliHDEL TR I A %
FH 72 SR ARG T 2 D BEREMRAT IS D W TR L 72
LT RIE ™ 2 O FNEEE L )L T OHEREMRHT
Wt LT l7ey —)b &%, mEH RIEY T AT
R U T2 KD IR YT 5 BRIl #R T D 25
RO 2 R#720 T ORNERES 25
D THRAEMICHITTES. £/ sEH REYT D
BID L D ICNIEMEDFE O S ERL X)L TOE
HABREIC D W T HMITAIRETH S, S 5IT FXR
REITZADOBD XD ITHNZRZ R ERESES L
ZDZREDRBIET TR, EYRBEEZDLS
TSHERESY 2N DL NIV Z B Z &1L D
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DOBAT DRIBZM D EISEESI 0 D D BppER & R
BT TRINSAREBEENED NN &
LIFUIEH 50, EYULER EICKDamENT 5
ZLETHRERBRI /) IAMTOERNEDOND T &
N5, BETREYTZZHNERTYA 22T
KITDILICKDELDAANTGEND EEZ BN
%,

HEE AR TR S B THEWZER R,
b SESESRVA RIS DN AON B N e e S
KBNWTITObNZdDTHD, THEZHOEL
7=, KEELEEVFERT @ Frank J. Gonzalez (8
+, WILRZRZGIEHFER O IR BRI
KOREGBMEL BT, ¥ hzES LXK
EE N AEZERT, RALKZERFERREATER D&
FRICESHALE L B E9. AR OISR
HEEREMEEDOEMICEXDITONZHDTHD
ZZIZBAHL BT ET.
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