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The mammalian circadian pacemaker stays in the paired suprachiasmatic nuclei (SCN) . Recent several studies rev-
eal that the circadian rhythms of physiology and behavior are controlled by clock genes. In addition, the effectiveness
and toxicity of many drugs vary depending on dosing time associated with 24-h rhythms of biochemical, physiological,
and behavioral processes under the control of the circadian clock. Acetaminophen (APAP) is a widely used analgesic
drug, and is mainly biotransformed and eliminated as nontoxic conjugates with glucuronic acid and sulfuric acid. Only a
small portion of the dose is mainly bioactivated by CYP2EI1 to N-acetyl-p-benzoquinone imine (NAPQI), a reactive
toxic intermediate. For APAP overdose, glucuronidation and sulfation are saturated and the formation of NAPQI in-
creases. However, the exact mechanisms underlying the chronotoxicity of APAP have not been clarified yet. In the
present study, we have clarified that there was a significant dosing time-dependent difference in hepatotoxicity induced
by APAP in mice. The mechanism may be related to the rhythmicity of CYP2E1 activity and GSH conjugation. In addi-
ton, we investigated whether the liver transcription factor hepatic nuclear factor-la« (HNF-1a) and clock genes under-
going astriking 24-h rhythm in mouse liver contribute to the 24-h regulation of CYP2EI1 activity. A significant 24-h
rhythmicity was demonstrated for CYP2EI activity, protein levels and mRNA levels. HNF-1a and clock genes may con-
tribute to produce the 24-h rhythm of CYP2EI mRNA levels. Metabolism by CYP and GSH conjugation are common
metabolic pathways for many drugs such as APAP. These findings support the concept that choosing the most appropri-
ate time of day to administer the drugs associated with metabolic rhythmicity such as CYP and GSH conjugation may
reduce hepatotoxicity in experimental and clinical situations. 24-h rhythm of CYP2E1 activity was controlled by HNF-
la and clock gene, in a transcriptional level. Identification of rhythmic marker for selecting dosing time will lead im-
proved progress and diffusion of chronopharmacotherapy.
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W51 g BV 2 Sy ARHNE, — R FEESE
EEROFMREICE OGN TS, HHESD
HEUZXL&RL, FEDRBOHEY XL OKF
ELTEAGNS, BF, BT OMRENEITOR
EDBETZRIB LI OMITICERD, gD
YRR D DB T DL <ITHEAY ZLNEET
LHZENHELENETE D TWNS, 1920 35 5 13 gD
EMRMOHEY ZLICEHL, Y7/ 7>
> (APAP) DRFFEED, BERANILD KE<R
720, ZOHF &L TIFIRO S #HEESE CYP2EL
EHEOU XLMNEEGEL TWAEZEEZHSMNITL
2.2 £/, CYP2EL{EHDY XL DK & L TR
NIRFEF D 7 FHMENBI S L TWa Z &S nITL
7. AT, INSHARREIIDOWTHEHT S
EEBIT, BLDOAEICET MBI DNTHY
ER-)

2. BESEFEBTENT7I/ 71 (APAP) ©
RrfHIZEER

&, ZhrnrEiaE, MEREGICEDEEAEN
PHENS. 2 D% CYP I K DIEHARHY
N-acetyl-p-benzoquinone imine (NAPQI) &710,
NAPQIL 37 )V F4 > (GSH) 2L D&z 51
fR#IN5. 2 7 AIZHBWNT APAP O #TE T
{L1Z1E CYP1A2 K Of CYP2EL 3B 5.9 % Z & 234l
5N TW5S. 29 K2 CYP2EL 13 Z O RBHICEHET
HBHIENCYP2EL /v 77T R A EH N
MRICKDFEHIN TS, —F, APAP V&
BEGINEBE, Vo Bius, HEBEatl
ML, CYPIZTKBEMMHY NAPQI D4Rk AY
9 5. AL 7= NAPQI X GSH ic X D a3 h
M, T GSH Ot ziE 7 U —0 NAPQI

MY > X7 ICHEREEL, BILIA NV X%
FHIT D ETHMuEEZG IS Zd, 2572
INFE TITHFEN GSH 1213 H B Y X LMWERE
L, H#EED APAP £ 58D THOHE U X L
EOBEENRBINTND. D LaLl, D
CYP2EL i D HEY X L & APAP JHFEE D B3
R DOFBICBE L TIXEEHs M EIN TN,
ZTITEY, AHEAEEK, HEBEEM (A8 07 :
00-19 : 00) &t T T 2 HAMEE L7z 7 d#s ICR 1
P 21z, 6 (09 @00, 13 100, 17 : 00, 21 :
00, 01 : 00, 05 : 00) D WIT N7 DK% APAP
(600 mg/kg) ZMEIENKZG L, #5887 HH D%
REPFE L [Fig. 1(A)]. ZDHEE, APAP #
H#OFETRIZ, 09 :00 X 05 : 00 $ 57 TAH
F7221:00 KU 01 : 00 £ 58 TEifli 2 /R AR
HEYZLNEETDHZENHENE RS 7.
APAP O 2@ FEEIC X 546 E K & U TR
=, BIREE X SRS EIT 5N 5.
IBINTHRODERBAEERNT, HEETHL L
MAISGNTNDS. 2 FZ T, APAP 5% DR
DOHEY X L0 ZFEEICEH LRI 5HB
ELT, RURRELEHNAECZNESE (300
mg/kg) % 09:00 Xi%21:00#EL, FEED
R CTH DM ALT iEM 2, RREFICHEIE L
7o, TOHER, 09100 HREEEIL, 2100 %
BEIIBWT, AT ALTEMN LR L/~ [Fig.
1(B)]. /-, APAP (300 mg/kg) Z#51%, 24
RfET H O -5 B A AR 2 815 U 72 A8 R, ALT I PEA
EfEZR L7221 0 00 e GREICHBWT, HulikE
WIZHWTHELRHMBOEIENZED 5Nk
[Figs. 2(A) and (B)]. ¥ ZIiZ APAP (300 mg/
kg) 5% 2 Kefd H O i 2 5 %12, APAP fifFFE
EOHEMAKRTDH S NAPQI Ot E S E%E
HIE UG, HERNEZFICED 517 2100 £
BT NAPQI oA E G &MU /= [Figs. 2
(C) and (D)]. DAEDO#RKLD, APAP [FEED
PRI ERF LT R DAL, FRCROERL DR
EXHEL TW/z. F£7- APAP JFEE O34 D
EEOWTFE LT, APAP IEMEILOMRRIC X 5%
BNEEE LT LU TWS IR I N UL
L, APAP 2EBEEIBIIC K 5 EEKANDEET,
JHERRE S D A7 & B i i 2 S0 (K I 1 A R 7 & 22 75
ZRLZT. TDOZELD, APAP HIZXK DT
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Fig. 1. Influence of Dosing Time on Mortality and Plasma ALT Activity after APAP Injection

(A) 24-h rhythm of mortality after APAP (600 mg/kg, i.p.) injection. The number of deaths was recorded by 7 days after the drug injection. Values show the
percentage of 10 mice. p<<0.05; when compared among the six groups (y2-test). (B) Influence of dosing time on the plasma ALT activity after APAP (300 mg/kg,
i.p.) injection at 09:00 (@) or 21:00 (O) . Each value is the mean with S.E. of 10 mice. **p<(0.01; when compared with mice injected with APAP at 09:00 (Tukey-
Kramer’s test) . Plasma ALT activity after APAP injection at 09:00 was not significantly different from that after saline injection.

Fig. 2. Influence of Dosing Time on the Photomicrographs of
Livers at 24 h after APAP (300 mg/kg, i.p.)

Injection at 09:00 (A) or 21:00 (B). Severe centrilobular hepatocellular
necrosis was observed in the liver after the drug injection at 21:00. Hematox-
ylin and eosin stain. Magnification X 100. Influence of dosing time on the im-
munohistochemical staining for NAPQI in liver at 2 h after APAP (300 mg/
kg, i.p.) injection at 09:00 (C) or 21:00 (D). Positive staining was observed
in centrilobular region of liver after the drug injection at 21:00. Magnifica-
tion X 100.

ROHEY X LE, EROBERNEEZKIL T
LuREENE A 5N 5.

APAP {E L IC SR R O Z B NEFET ST &
MRBINZZD, APAP & {01 & & 7z
CYP2El BEEEMEOHE Y XL ZWJE L 2. EY)
RGO T AKX LG 6 KU ik z SR L,
CYP2EL ifith 2 & L =k %, BcEEE2RT
BEBHEY ZLANEET S ZENHSMERS
[Fig. 3(A)]. £/, APAP OiE1{Li&k NAPQI @
iR 2 % 2 ITEN GSH &2 HlE U 7-#5 5%, 09 :

00 IZEfEZRT AREGHBEY XLNEMEL & [Fig.
3(B)]. £Z T, APAP (300 mg/kg) %51 D
&N GSH & D2t 2RI HIE U 72 /558, 09 :
00 £ 5% Tl 5% 30 0 HiIZB W THIKAN GSH
&L 5.46 umol/g liver IZX F L 7=, —4, 21:00
B ERITB W TIIH 54 30 47 HICHEAN GSH &
I% 1.41 umol/ g liver IZ{X ~ U /= [Fig. 4 (A) and
B)]. ZNH5OFERID, 09 :00 K21 : 00 i+
BEICBT DK GSH &1, APAP #5112k 0D
KT ITDEDRBINZ. £/, 21:00 K58
ZBWTIE, EYRES O~ ZRFEAN GSH &0
UZAD KT TETH S 6.9 umol/g liver & L L,
1/5 F2E £ T GSH &34 L T/, APAP fiff&
EOHFLLTGSHEGIN TV RN T Y —D
NAPQI 3% > N7 IZHFHEEG L, BILA L
AZHERTHIETRIS., EEIZT APAP O 21 :
00 £ 5 2 KEfEI 14 O I B AL A% 12 13 NAPQI s & 23
Z<@BDENZIEXD, 2100 HEHOIFIEN
GSH fu&feld, 09: 00 % G5H LK TFL TW
FErlREMED R I Nz, DL EORER KD, CYP2E]
TEPEDSE Y 21 1 00 FFEFRITH VT, 09 : 00 % 57
EH# U NAPQI ERRAME M U GSH fu & S 178
27271 —® NAPQLIZ X B iFflifld~ D FFEA &
ESENEHEICELCEEZ6NS, LEORRELD,
APAP MR EITIIHERFLNIC L D EZRDNED S
N, gD CYP2EL{EME KR GSH 8D U X L%
LGS %2 LT, APAP JFREE O E %2 B
TELTENRBINT.
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24-h Rhythm of CYP2E1 Activity and GSH Levels in Untreated Mouse Liver

(A) 24-h rhythm of CYP2E1 activity in untreated mouse liver. Each value is the mean with S.E. for 10 untreated mice. p<0.01; when compared among the six
groups (ANOVA). (B) 24-h rhythm of GSH levels in untreated mouse liver. Each value is the mean with S.E. of 8 mice. p<0.01; when compared among the six

groups (ANOVA).
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Influence of Dosing Time on GSH Levels in Liver after APAP (300 mg/kg, i.p.) Injection at 09:00 (A) or 21:00 (B)

QO: APAP injection at 09:00; @: APAP injection at 21:00; OJ: saline injection at 09:00; M: saline injection at 21:00. Each value is the mean with S.E. of 5 mice.
**#p<0.01; when compared with corresponding saline groups (Tukey-Kramer’s test).

3. EWMARBEER CYP2EL FE ) XL DKERE
B3

RNEEGT DIREN A 2 T B RFEHER T2 <
FEIN, AR U ZLFERATZZX LD FL X)L
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I$1 %5 DNA FORE DK AELHNICHESG L, Per Kk
O Cry DEBBLBETFORBRZRET 2. —F, R
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LENIZBITLT, HSOIRG 26T 5. U,
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SOEBEMLBEFICHEY ZLNEEL, TDU X LITH
SHERTFICKOHEEN TS ZENHLENITIN
T3,

CYP2EL IF, EITED FILEWSFHENAWE,
EHELETEIT7 Y/ 7o EORBICEE S
ZeE|Z R 7= L TWnws 303 7= CYP2EL ITI3i#E R
FERNEEL, EMREOREKRZEICEEE KT
9.3 —%, CYP2EL{EMEICITHE U X LNEFELE
U, EWORRCRENEH ORI D2 RITHE %
KIEFLTWS, L,nL, CYPEIEHOHEY X
LADRRRIZDONWT, £EHLEMZINTVRN, £
ZTEY, v AFIEZE L 6 KW NN ITER
H(L, CYP2EI mRNA ¥HU X LDHIEZEIT> 72
(Fig. 5). Z DR, BN S KA I & fE
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Fig. 5. 24-h Rhythm of CYP2E1 Protein and mRNA Levels
in the Mouse Liver

(A) Representative Western blots for 24-h rhythm of CYP2E! protein
expression in the mouse liver. Extracts were measured by Western blot analy-
sis with anti-CYP2EI or anti-#-actin antibody. This examination was per-
formed three times. (B) 24-h rhythm in relative mRNA levels of CYP2EI in
the mouse liver. CYP2E] specific mRNA was measured by real-time PCR in
untreated mouse liver cells. The data are normalized using S-actin as a con-
trol. Each value is the mean+S.E.M. of 6 untreated mice. Data are plotted
as percentages relative to the highest value (100%) . Analysis using ANOVA
revealed significant variation over time (p<<0.01).

R ARBBHEY XLDFEIELZ. £z, 2N
7 EEPELRER, BHICmEEZRL, BERIEME
DUYUZLERIELTZ. TNHORERKD, EHEY X
LG L NV THIFIZNTWD Z EAVRB I Nz,

CYP Zz 3O HgICHB T 5% < OtREME S > X7
13, FEEDiEFE T hepatic nuclear factor (HNF-1,
HNF-3, HNF-4, HNF-6), D-site binding protein
(DBP), CCAAT enhancer-binding protein (C/EBP)
IREDEHGRFIZKD, MEHFHHTEINHEHT S,
o D IFiE D CYP2EL 13, HNF-la 12 & D 5
BEZIND. D ZZTHEKRY XLZHFAGL TN
L5 E MR F RO HNF-1a iICEHL, YT 2D
CYP2EIl Bin ¥ @ 5 Ltz @t L7z, £ OfER

CLOCK/BMALI O 5 E 5T dH % E-box 7% 4 7
it e OY HNF-la #5 G ECFIDY 1 A FRAFAES 5 2 &8
SN &R oz, 2 OfEE 2 X 41T luciferase L
A= =T vtA 2o ER, a>ho—)L &k
2 U HNF-1o 12 &K > TH 8 58515 B R/ L 72
[Fig. 6(A)]. —J, BMALI1/CLOCK i X 55
3, I ho—)LEHELR 2 fEEEL 2. E,

HNF-la QDGR H#EERICH KT T REHER T O
Hl[ATTdh % PER2 R T CRY1 O EE KAt L 72
fE 5, PER2 & [b#E L CRY1ICX 0 FDMEEMEMIX
BEEF IR S N/ [Fig. 6(B)]. REaEMiluic, miE
EMFLE 29 2 & T, EERTHRD 5N HREHE
EFORHYALZHH T2, 02T,
CYP2EI mRNA ¥H 1 X A2 K&IE$ HNF-1a KT
CRYl O¥ZEZHSNIT 572, HNF-la KU
CRY1 &/ v o750 > URENMEEERL, &
TE B IS LSS O CYP2EI mRNA O3 2 fE R
IZHIE L7z (Fig. 7).

TOMR, /vy LEEMBIIEBNT
CYP2El mRNA #H U X LA DRIBHAK T L. B
o E XD, CYP2ZEI mRNA %8 U X Al
HNF-lo 2 OF CRY1 IZ X D il & 11T 2 n] gk
MR IN/=. BEREYMO DNA W, P TEA R
SH N EEERERA L O T MR &
STV, EEMEEAT=Z AL EL T, ERT
DFEEINBIETFHBITARAIRIZELET T, 5K
FOBEREA N T 2FIVLIEEZ DT 7 F
N—=F—=IZEDEX NN T7EFIVEEIH, 7O
FURBENEIT S, FLTHRUAT—EREICEK
O THREN S EALERTFIFEAEL, RNADGH
RN BR S N 5. 303 FFEHEMRT D 1 D TH S Per
OTOE—F—DEA LT EFIVELIZHEY XA
MTFEL, CLOCK/BMALI IZK % Per DG X
LE, A7 FR=F—p300IcLBEAR>T
FI b &, CRYI/HDAC #HEKRICEDEA N F
TEFIMBIT KD HIE TN T WS, 3839 —F,
HNF-lo IZ X 5 BT DG EHEIZIEBNWTDH
p300 7% HNF-lo E G ZRKR L, BEMERSE
BFOEAR>T7EF I b ERE LIRE % (2], 0
% Z T, HNF-la O#E(E#E/EMH T &IEFJ CRYI
OMHEERH O¥FZ, AN T7R2FIMEIZERL
et U7z, ki 6 R liCH g Z &L, CYP2EI
TOE—F—fEHOE A N7 2FIULELERIEL 2
fER, BN S EFEICEEZRL, £
HNF-la ® CYP2El 7 O & —% —fHEBNDHEAE
H CYP2EI mRNA FE8 U X L& fE 2 R KL
mEERLU7 (Fig.8). ZMZ &KX, CYP2EI
TOE—F—fEHICBTSEA N7 EFIVEDOH
U X LR X LB E KT LT\ S AlhetE
NRBENT~. £/-, HNF-lo A EBICBIT S
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Fig. 6. Transcriptional Regulation of the Mouse CYP2EI Gene by HNF-1« and Clock Genes

(A) shows CYP2EI-luciferase reporter activity by HNF-1a and clock genes in HepG2 cells. The amounts of transfected HNF-1a plasmid or Clock and Bmall
plasmids (each 0.25 or 0.5 ug) are listed at the bottom of each bar. All values are shown as fold increase compared to the control (pcDNA3.1 intact vector), and
then the control is set at 1.0. Each value represents the mean +S.E.M. of five independent experiments. 2 p<0.01 compared with control (pcDNA3.1) using Tukey-
Kramer’s test. * p<<0.05 compared with control (pcDNA3.1) using Tukey-Kramer’s test. (B) shows the influence of PER2 or CRY1 on CYP2EI-luciferase reporter
activity mediated by HNF-1« in HepG2 cells. The amounts of transfected HNF-1a plasmid (0.25 ug) are listed at the bottom of each bar. The amounts of PER2 or
CRY1 plasmids (each 0.25 or 0.5 ug) are listed at the bottom of each bar. All values are shown as fold increase compared to the control (pcDNA3.1 intact vector),
and then the control is set at 1.0. Each value represents the mean+S.E.M. of five independent experiments. * p<0.01 compared with control (pcDNA3.1) using
Tukey-Kramer’s test. ¢ p<<0.01 compared with HNF-1a (0.25ug) using Tukey-Kramer’s test.
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Fig. 7. Temporal Accumulation of CYP2EI mRNA in HNF-1a and Cryl Knockdown HepG2 cells

Temporal accumulation of CYP2EI mRNA in control cells (@) or HNF-1a and CRY1 knockdown cells (O). The graph shows the relative band intensity of
PCR products. The exponential phase of S-actin amplification in all experimental conditions occurred between the 26th and 28th cycles, and the exponential phases
of CYP2EI occurred between the 30th and 32nd cycles. The ratio of the amplified target to the amplified competitor (calculated by dividing the value of each
CYP2EI by that of internal control S-actin) was compared among groups. Each value is the mean +S.E.M. of three independent experiments. Data are plotted rela-
tive to the 0 h value after 50 % serum shock. Significant time-dependent variation was found for CYP2EI mRNA in control cells (p<0.01, ANOVA) or HNF-1la
and CRY1 knockdown cells (p<<0.05, ANOVA).

HNF-la AN ® p300 % /=13 CRY1 O % > )X 7 [EifH A 1, HNF-1a/p300 i &5 EAX R T7EFILL &
VER Z M8 U 7= k558, CYP2EI mRNA O FH &) CRYILIZXBERXA N FT7EFIMEDOHBE Y XL K
KT T 2K%IC CRYL OGS ENEMERL, £ DHIFINTND Z ENREBINT.

7= CYP2EI mRNA FH &3 @ WKEZIZI1X, p300 4. BHYIC

DOREHENEEZRLU (Fig. 9). DUEOREX ERICHEET 2RANREHE, AEROFRAFZAS >

D, CYP2EI &YV X L%, 5 L X)L CHilfHl = ADHEFFICEE 2R EIZ R 2L TWD, EFOWIE
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Fig. 8. Contrasting Rhythm in Transcription Factor HNF-1« Binding and Chromatin Remodeling for the CYP2E! Gene

(A) 24-h rhythm of HNF-1a binding to the CYP2EI promoter. The graph shows the relative band intensity of PCR products. PCR conditions were calibrated
with known amounts of genomic DNA to confirm that amplified products were in the linear range. Data were normalized to the input control, which consisted of
PCR reactions from crosslinked chromatin before immunoprecipitation. Values are the mean=+S.E.M. for 3 untreated mice. Data are plotted as percentages relative
to the highest value (100%) . A significant 24-h rhythm was found for HNF-1a binding to the CYP2EI promoter in the mouse liver (p<<0.01, ANOVA). (B) 24-h
rhythms of H3 acetylation (O) and RNA polymerase 2 binding (@) on the CYP2EI promoter. The graph shows relative band intensity of PCR products. Values
are the mean+S.E.M. for 3 untreated mice. Data are plotted as percentages relative to the highest value (100%) . Significant 24-h rhythms were found for H3 acety-
lation and RNA polymerase 2 binding to the CYP2EI promoter in the mouse liver (p<{0.01 respectively, ANOVA).
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Fig. 9. Time-dependent Interactions of p300 or CRY1 with HNF-1a on the HNF-1« Binding Site

(A) shows the quantification of relative HNF-1a-p300 association. Values are the mean+S.E.M. for 4 untreated mice.  p<{0.05 when compared between two
groups using Student’s ¢-test. (B) shows the quantification of relative HNF-1a-CRY 1 association. Values are the mean+S.E.M. of 4 untreated mice. 2 p<0.05 when
compared between two groups using Student’s #-test. PCR conditions were calibrated with known amounts of genomic DNA to confirm that amplified products
were in the linear range. Data were normalized to the input control, which consisted of PCR reactions from crosslinked chromatin before immunoprecipitation.
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