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ABSTRACT Objective: To investigate the effects of the Nrf2 activator CDDO-Im on hepatic steatosis in high-fat diet-induced obese
mice. Methods: Thirty-three male C57BL/6J mice were randomly divided into two groups: one group of 16 mice was fed a normal diet,
while the other group of 17 mice was fed a high-fat diet to establish an obesity model. After successful modeling, the mice were randomly
divided into four groups: normal diet solvent control group (Control ND group), normal diet Nrf2 activator group (Nrf2(+) ND group),
high-fat diet solvent control group (Control HFD group), and high-fat diet Nrf2 activator group (Nrf2 (+) HFD group). Nrf2 activator
CDDO-Im and an equal volume of solvent were administered by gavage for 6 weeks, and the serum triglycerides (TG), total cholesterol
(T-CHO), and low-density lipoprotein cholesterol (LDL-C) levels were measured in all groups. Hematoxylin-eosin (HE) staining was
performed to observe the morphological changes in liver tissues. RT-qPCR was used to detect the mRNA expression levels of liver Nrf2
downstream antioxidant genes Ngol, Hol, and Gcle, while Western Blot was used to assess the protein expression levels of NQOI,
HO-1, and GCLC in the liver. Results: Compared with that in the normal mice, body weight, TG, LDL-C and hepatic steatosis in obese
mice increased (P<0.05), while protein expression of GCLC decreased (P<0.05). In obese mice, compared with that in the solvent control
group, body weight, serum TG levels and hepatic steatosis of mice in the Nrf2 activator group reduced (P<0.05), mRNA expression levels
of Ngol and Gcle increased (P<0.05), and protein expression levels of NQO1 and GCLC elevated (P<0.05). Conclusion: The Nrf2
activator CDDO-Im can ameliorate hepatic steatosis in high-fat diet-induced obese mice, and its mechanism may be through upregulating
the expression of antioxidant genes, thus inhibits hepatic oxidative stress.
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JIE 4 (Obesity ) JE ML 7 it ik 2 (8 70 A5 =
SRR SN R AR R N AT 5 AR PRI | e
JE . ARSI i ITF9%  (Non-Alcoholic Fatty Liver Disease,
NAFLD )% — 251G IFRE, o, LS80 NAFLD £ Al
' EE P i A 1 M ™ NAFLD 7 AR i R A 200
15%~30% , i 7 AL Bk o J_E -1 58% , B 2 il TR b e i
ULEIHFRE., NAFLD g 5e B IFRNR I8 , 2 IR )
NI BT 2 AEAE AT R, AnAS R B 380R T 7T & R AR RS
i % (Non-Alcoholic Steatohepatitis, NASH )WHIATF£T 44k , 1
— 5 BAL T REY, [F] A 8 ] 68 31 & 1 & F HKHT (insulin resis-
tance, IR ) FURH PRI, Hig 003k 40T B g A AaL Ak O 35U Y
g TR GZR T T A 0 98 FIFF A i) 32 B S PR 2 — 8, A R
F#H 3K F 2(Nuclear Factor E2 Related Factors, Nrf2 ) 2 {4 [N
— P EE B DAL T 0 S, MR R R R
NAD(P)H: [ % fk 18 J5 fiff 1[NAD(P)H: quinone oxidoreductase
1,NQO1], ffit £ 2 il % B 1 (heme oxygenase 1,HO1) FlI4+ & 2
e e R i BE BB AL T 3 (glutamate-cysteine ligase catalytic
subunit, GCLC ), Nrf2 {5538 BEAE RO A A RO g B i ALk
R EEE R OVERSY, AR K, Nif2 iR/ N AE
ez S IR IR B G 3R AR 5 A= B )N B ™ 5 Y TN A A
PERFFEF A, FFERE S0 Nef2 v s IF2F 4k, Bl
JFPMIE g & 419, CDDO-Imidazolide (CDDO-Im ) &—Fft A T4
JH =BEZEALE W, WTAE N Nrf2 B9 350805 7009, 76 o 22 e i
T e BEAE "B I PR RO L S il 46 40 A
BRI BRI AP E R . B BT AR 2 CDDO-Im 275 7]
DAScsE S AR £ 175 S 0 D E B 5 A8 1 B LR L. L, AR
W9E B 7E4R 13 it CDDO-Im i Nrf2 X ms fig ik £ 175 31 AT
JHE/ NSRRI R M (), Rl PRI 7R NAFLD 483 %

L BRI i3

1.1 SEIe5H

6 JEIISIEVEET A2 CSTBL/GT /N 33 1, Ty [ 24 3 A 4 51
BEMHEARGRAT, HFE THmER K=Y L5 .o
SPF 2% 5255 &, 52 5 B A /R AT HIE : SYXK (37 )2018-0003,
SEBHGT/INERAEA T — JE 3 R R AR 5 AR AR /N B, B PR R
BHYOK, FEGIRE(2243)°C, SR 50 %5 %, B ROGH
5 RN 12 /N0 R SEEe sh 1 2l A P A 2
B
1.2 EZERXFIFN{LEE

E g 1A B (Research Diets, 35 [E ) ; CDDO-Im(MCE, £ ) ;
DMSO (Sigma, 35 [H ); 93 A % L0 (K%, hE ); TG,
T-CHO LDL-C #:lli50 & (R Rt A, HHED 5 Anti-NQOT FifA
(Proteintech, 3 [¥ ) ; Anti-HO-1 3 {4 (Proteintech, 3 [¥ ) ; Anti-
GCLC Jtf# (Proteintech, 5 [ ) ; Anti-B-Actin i {4 ( Proteintech,
K ) BCA i 1 7E i i & (Thermo, & & ) ; 03 % 5% 07 &
(Takara, H 7 ); qPCR 35 & (Qiagen, f8 % ) ; £ HL UK  HL 5%
% 45 (BIO-RAD, 3£ & ) ; Nanodrop One( Thermo, 35 [ ) ; S i ¢
JtrE = PCR B (ABI, SEE), 2 Wi BE (Leica, 2 ).

1.3 C57BL/6J /NER BEBEAE BY G 3T 2 4 46

33 H 6 R AE B CSTBL/6T /1N BUREHL A R4 - 3%
R 16 H, EifRmEkA 17 H 54 ) (normal diet, ND)
2H )18 10 % fig 7 .20 Yoik (B AT 70 Yol K AL, =i IR iRk
(high-fat diet, HFD) £ : 60 %f5 i .20 %% (H FFl 20 %ofik /K
eBWo AR — YRR R, e R R ARk 9 /N BRI T 3 A it
e AR N BRAAR T (19 20% R4 AT AR R 37 B o 35558 A
) e M Ak 2L RT3 ) sk 2 /N BB AL 432, 4 591 8 s 390 %o T
2B Nrf2 #3h 3046, 43y ND Control (8 H) ND Nrf2 (+)(8
H) HFD Control(9 H ) HFD Nrf2(+)(8 H ), HH ND Nrf2(+)
ZH 1 HFD Nrf2(+) 20 55 I8 — K38 3 B 1977 457 Nef2 3#3)
71 CDDO-Im( 5|17 : 30 pmol/kg) . Xof WA 45T SR BT 571
BECSR/NEUIARE . 99T 6 JBE , #/D BURRT AR BE# K
UL, Z50HE B F VR AR PN BRUS BUFFIE 2 SR A, — 3840 T R
HIGET -80°C KA RFE M T Western blot & RT-qPCR, #—
o ET 4 %L RHEEREE 5T HE Qe
1.4 HE{LEtRm

H DA/ DN BSURR M #5221 1) I VR 55 T 30 min, B
3000 rpm E5.0> 20 min J5 UM, AT S0 E 0 H b
=W (TG), SRR (T-CHO) FMIL% &N A - 0 [E fE
(LDL-C) , B4 BRAR Y7 &t Ul A kA7,
1.5 ALk BB Y1 F1 HE 38

FFREA Y A& 2R 120 30 min GBS, J5 8% 2
Btk A FRARZ Y4 5 min, [ 3RK BIE 3 3, 1 Y%rh BRI K 401k
55, 2/KIRIE 15 s, [ RAK e, Grergeta, 5 min, [ R K Mk,
90 % Z,WEML K 1 min, 95% Z, WA 7K 4 min, 100 % Z, [ B 7K
4 min, “HFKE 6 min, HERIREF . Leica Jei Wil T
WMEY -, I RAEEIL
1.6 RT-qPCR #iUl Ngol Hol F Gele B mRNA FKikkF

/DU 8L o A TRIzol FIFEE R ~) 3K , 12000 rpm
B0 10 min, FREET SO HIEE , S INERINE , 75 % L BEPEY , i
LLRRAG T AR 2H 27 54 RNA , Nanodrop One U] 5 4 FE A< RNA ¥k
FEIFE . LA 1 wg RNA SRR, 3 s siial R e e g3 7 s
FAR R 5 7E PCR A P AT i 5k o B 10 £5 79 1 L
cDNA B , Bt & 8 BRF 10 uL () PCR W AR R FEATH"
. WK ZR A :2xSYBR Green PCR Master Mix 5 uL,QN
ROX Reference Dye 1 wL, L5147 0.7 pL, FiE5[47 0.7 pL,
JehK 1.6 pL,cDNA 1 pL, S 554457 :95C 2 min,95C S's,
60°C 305,95°C 15s, 40 MEFR, SHEREARD I
fL, BRERHEXRA DT RQ)=2" " EMGiit.
IDT [ 3% (https://www.idtdna.com/) 5| ¥ % 11 T. B34 51 ¥ %
T, a5 s e i TAE A .
1.7 Western blot #illl NQO1,HO-1 1 GCLC f4ZE B RIEKTF

TE/NBUIFIEZH 2o RIPA 2L RIS BR 513K, 68 75 il
5 B0 R EUER 1. BCA 8 11 iR s & vk B s
B 10 pg B MR R B AR, I AR R4k, (128 A
TR i B T A IR BE S, i AR IR TR ) 4xSDS-PAGE
B LR R WA G I RE S BCEAE 4BV 100 °C A
10 Z34h o ARYE B Y A0 F IR BRI EDS A 1 o B, RS
BT AR LUK B, 5 oI NE k3t P] 1 b #4¢J8 1:5000 [k
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Table 1 Primer Sequences

Gene name (Reference sequences)

Primer sequences (5'—3'")

Gapdh-F (NM_001289726.2)
Gapdh-R (NM_001289726.2)
Ngol-F (NM_008706.5)
Nqol-R (NM_008706.5)
Hol-F (NM_010442.2)
Hol-R (NM_010442.2)
Gele-F (NM_010295.2)

Gele-R (NM_010295.2)

ACCTCAACTACATGGTCTACA

CTTCCCATTCTCGGCCTTG

GCTGCAGACCTGGTGATATT

ACTCTCTCAAACCAGCCTTTC

AAGCCGAGAATGCTGAGTTCA

GCCGTGTAGATATGGTACAAGGA

CCTCCTCCTCCAAACTCAGATA

GCAGTACCACGAATACCACATAG

B it B-Actin — 47, 1:1000 Ay ¥ £ Jit B NQOI HO-1 I
GCLC —¥i, 554 E 4°CHFE —40 7 h, fii ] TBST ¥Ef% 3
X 10 min J5 2R E — 40 1h, TBST PEAR 3 ¥k 10 min J5 i
R GG SR AT I B ER M 2R 5 DL Image]
BRAF AT AR E 53T
1.8 GEitZah

{55 11 Graphpad Prism 9 i 47 %58 &b BLUAN 58 11 43 B IF4E
Bl B 2R R P B bR 22 (s ) o PRALZIRIAEL HUECR
PISISTAREAS R, 2220 2 [B) S R FH B R 3 0 2243 # o
2 P<0.05 B, UCh R BEA G E L

2.1 Nrf2 #zh5I 4 BE LN R A E R 220

43590 FH S e R R R A AR R IR TR /N 14 ), BRI
SR, 14 BRI T/NBUATE ST, BRI E /N RAR
A ND g 20%, WEB IR R SR Rl (R 2,
1), FifiJ& I Nrf2 #3055 CDDO-Im K751 435I B 1
T /NEURTAE /N B 6 J8, RS WaN R TR, 45 50 i , 70 S et
MESEA/NER, SR B AR L, N2 8sh ) 40 BR AR E 13
A B R . TAESS 19 JEIRERS 20 JE B, Nef2 #sh -+
T RS T AR /INEBUA R, 28 5 B G247 L (P<<0.05)
(F£2,E1),

2 R
F2%0,14,19,20 F/NRIFE(xts, g)
Table 2 Mouse body weight at weeks 0, 14, 19, and 20 (x+s, g)
Week 0 Week 14 Week 19 Week 20
ND Control 21.03+1.27 30.63+1.97 30.28+3.13 29.53+2.32
ND Nrf2(+) 21.53+0.74 30.73+1.53 30.73+1.31 30.38+1.32
HFD Control 21.28+0.66 46.29+5.57* 46.67+4.12 45.78+3.87
HFD Nrf2(+) 21.36+0.74 45.51+5.86 40.57+4.98* 40.14+4.64*

Note: * indicates comparison with the ND Control group, P<0.05; * indicates comparison with the HFD Control group, P<0.05.

-~ Nrf2 (+) HFD
-e- Control HFD
- Nrf2 (+) ND
-6~ Control ND

0 T T T T

T T T T T 1
0 2 4 6 8 10 12 14 16 18 20

Weeks
B 15 0-20 B/NRAFETL
Fig. 1 Changes in mouse body weight from Week 0 to Week 20
iE: # 3RR5 ND Control ZLb%Z, P<0.05;* 5 7R5 HFD Control Lt
B, P<0.05,
Note: # indicates comparison with the ND Control group, P<0.05; *
indicates comparison with the HFD Control group, P<0.05.

2.2 Nrf2 #zhv 3 BE B/ BR M RE 7K F B9 540

N T VA N2 a0 e /N B G K P 5, AR
FER AR ST T /N R TG TC Al LDL-C 97K
SER R, 5% /N R g, AR /N BRI TG A LDL-C /K
HETE, ERA5TEE X (P<0.05) (3 3,18 2), TEARRE/N
B, Sy RAIH L, Nef2 a4/ SUiLE TG K Ep
K, ZRA G L (P<0.05)(F 3,8 2),
2.3 Nrf2 #Eh7 xS RERE/ N R BT AE A R ASF IS

FHRGT Nrf2 Jsh 305 AE B /N U IE 202U 25 24 A9 52
ARG /N IEL LT T HE e o, 25 5 BoR , 53558 /0
SRURH B, RN U 40 B R 0 s e AR HE S TR L [l i i oy
N Zs AR e B AR AN B BTG 5 A8 4 . FH Nrf2 3%
Bl CDDO-Im +FUAL /N B , & B2 At A s 11 £ i B
F iR I S (P 3
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£ 3 & 20 F/NR M AE 7K F (x+5, mmol/L)
Table 3 Blood lipid levels in mice at Week 20 (x+s, mmol/L)

TG T-CHO LDL-C
ND Control 1.02+0.18 0.09+0.01 2.23£0.11
ND Nrf2(+) 0.95+0.12 0.09+0.01 2.13+0.28
HFD Control 2.22+0.24* 0.13+0.01 4.84+1.17*
HFD Nrf2(+) 1.78+0.13% 0.15+0.03 4.58+1.02

Note: * indicates comparison with the ND Control group, P<0.05; * indicates comparison with the HFD Control group, P<0.05.

31 0.2 6 #
# s S
£ ° °
g 2- * E E 4-
E o 0
2 5 017 3
1 = a
2 14 £ E 2
3 :
& )
0- 0.0- 0-
S X O S X O S X O
o°<$ e{&\ o°<$ e{&\ o°°\\ e‘@\ o°<$ e@\ o°°\‘ e@\ o°°\& e‘@\
RO Y«o \)go O ® Q{(o ng RO ng Q

[ 2 £ 20 B/NR MBS 7K
Fig. 2 Blood lipid levels in mice at Week 20
7E:" F7R5 ND Control ZBEE%E], P<0.05;* F7=5 HFD Control 28 Lb &z, P<0.05,
Note: * indicates comparison with the ND Control group, P<0.05; * indicates comparison with the HFD Control group, P<0.05.

ND Control i

ND Nrf2 (+) &

HFD Control fz:

[ 3 /NERAFAEZE S HE (100 )

Fig. 3 Histological staining of mouse liver tissues (100x magnification)

2.4 Nrf2 #zh I3 BEAE/N R AP AE I S E E mRNA RikskFE
sap=Al

Nqol Hol 1 Gele J& Nrf2 Tl Z T A LT BE 1) b 5L
K, RT-qPCR Z55RR M FENE /MR, S 0 BEALAR
Nrf2 #3830 41 /N B Ngol Fl Gele By mRNA 3235 7K 1 i -
P4, 22 F A G X (P<0.05)  EAE R 8 /N L b R gL 3

B (4,16 4),
2.5 Nrf2 #EhFIS RN AT A S EEE AR IEEN M

FI ] Western blot 43 #7 Nrf2 320 351 % AU /S BRIt 41
IR (A FGA AR . S5, e300 /N BRI /N ER
o, SR R LA Nef2 sl R B 2 IR T NQOL Al
GCLC M2 A RBKT, ZHA G E L (P<0.05) (K 5).
PYLIIZ: CDOO-Im FHiJi , Nrf2 #4i% FliFhi A b 3L ik, 1
ST AP I BRE T
3 iR

B AL A e AT 2R s IR B R 4 Bk
o LA R 2 —U9 AR AL 2 A AR S0
DURZERFIE S, 3E 530 NAFLD ,NAFLD J&— ™ 5 g A
BRI LIS 8 I 2 I ZE RPN 2 BB R, 1
= HAETG R ICA iR 7 NAFLD,  H IR RRLH R 5E
AW, SR1AT, 56 NAFLD &Ll iy " — kT " i —E
Pz A, o ST B R AR, R A
FHCHUT R AT AR PR R R,

TR TR A SR 8 5 A N A DIAR G | BRI A A 14
AL RO NAFLD (i % A4 % Ji 28 56 2. Nrf2 i S (b3
R FA A SEA AR ZE ST AL B EALE™, T HPs ik
YEF Nrf2 76 i J5 B 58 B H A 5 0 S48 005 v T 6 % 4% B A
JH. Okada % A\Hfi# Nrf2 S i 1 w5 5 S8 B/ BRUSR
PEIFRIGEEIE , X B Nrf2 7 NAFLD & 45 8 240E ], Nrf2
FIBEE NAFLD %355 it G471 729, CDDO-Im J&—Ff A
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R4 INRBFREAELR Ngol Hol F Gele B mRNA tEXFFIEIK T (x5 )

Table 4 Relative mRNA expression levels of Ngol, Hol, and Gele in mouse liver tissues (xs)

Nqol Hol Gele
ND Control 1.00+0.13 1.00+0.18 1.00+0.13
ND Nrf2(+) 0.38+0.03 1.00+0.17 1.18+0.37
HFD Control 0.44+0.04 0.97+0.08 1.60+0.13
HFD Nrf2(+) 2.15+0.29* 1.60+0.51 3.61+£0.31*
Note: * indicates comparison with the HFD Control group, P<0.05.
Ngo1 Ho1 Gcle
3o 25- 5-
= * = = *
S 2 =
: 2.0 44
g g g
a 2 S S
g2 3 1.54 & 3+
< < <
2 2 2
¥ £ 1.0 £ 2
g 17 2 2
s 3 0.54 3 11
14 o @
0- 0.0- 0-
S X & N S & S N & X
006\‘ e@ >~ 00& e{&\ oo& e{g’\ c)()(\6 eél’\ 00('\6 e{a’\ 00(\\& e{a'\
QL O L O 0 O L O 0 L L
SE X LK O P LK

4 INRBFRELRLR Ngol (Hol 0 Gele B mRNA #8331 Ri%KF
Fig.4 Relative mRNA expression levels of Ngol, Hol, and Gclc in mouse liver tissues
i¥:* K5 HFD Control 4 EL%, P<0.05,
Note: * indicates comparison with the HFD Control group, P<0.05.

ND Control ND Nrf2(+) HFD Control HFD Nrf2(+)

(kDa)

GCLC [w o =0 60 6D @D =~ = «~ @) @) 73

NQO1 |

--!I 31

H! NN SSSSRReee =
B-Actinm 42

NQO1 HO1 GCLC
. e 1.5+ < 2.04
$ * S
5 5 2 *
2 2 ] $
o o 5 1.5
g 4 & 1.0 g
s g $ 1.0-
E, 8 s g *
3 - [ R oy
2 2 2 05+
2 & 5
0- 0.0-! & 0.0-
S N & = S = O S O O
S ES & S &S & S &S &

‘\0 eQQgOQgQ

Q L L0
SELL

Q O L0 L
SO

& 5 /NRAFAEZE LR NQO1,HO-1 1 GCLC ME ARt RikE
Fig. 5 Relative protein expression levels of NQO1, HO-1, and GCLC in mouse liver tissues
i :#$% 575 ND Control £HEb%, P<0.05;* 35%.5 HFD Control £ L%, P<0.05,
Note: #$ indicates comparison with the ND Control group, P<0.05; * indicates comparison with the HFD Control group, P<0.05.

T AR =i 2k G WY, w5 Nif2 40l B F Kelch
¥ ECH #2245 4 1(Kelch-like ECH-associated protein 1,Keapl)
FP bR ERSEAH AR, AT Nrf2 (1937 3 - 8 F A
R 5y (o E A ANIAZ N, ASHIFSR K 0 s RS 5 R R R /S B R

THLRAHESE I, A Y AR SR RS A
fili ] CDDO-Im - Fi/)N B AT B 5 B HLAR R, BRI TG /K
. HE Je3RMIsh Nef2 5, FFAERG SRR SR ] 2 oskb, 1T- 44
P AHES TR LI kst . DA S5 SR Ui Nef2 W] fE— e
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J& EX4 NAFLD Ry " 55— AT ", ] NAFLD &R
W% NAFLD it — 2Pt K Ak " 50 KA Tk ", Rid

PR A S A R 1 AU ORI S 0 — 25 I T I A3

11, 5 BERA T RE RS , Z 8 K i NASH™, 4il g S AL i

IR EAREE 2 — R A A R AR ROS, ] ROS BT FRAK

T Nrf2 S-SR AAL i 3 7, NQO1 HO-1 il GCLC

Je Nrf2 "N i AU A AL B D RER SCHERE ] . NQOT J&—7Fif

[ IR SRR B, L) NADPH Sy iRy , RS B ST X —

By, 355 53 200 0 A e A1, DA T R 37 240 D 6 32 A A IO 8 35 9

HO1 BERSREMEMLLER , AR T A IR AR R A — S ke . 1

MLTE A TR T, HO 1 ARk B, DURD IE % 4

B Z BMA™ . GCLC S5 A bE H AR BRI -- 7 &R

Jble 2 TR 3 e Tl 14 A, 7R R Y E i GCLM i B B T

GCLC ] A7 R0t Pl P A3 DG UK 545 B 42 T HL 7 40 i P 4

JE, TEZERR A R AL SRS S R B SCHEAE IR, DRLIRE, O T 4R

vf Nef2 AR A 27 5 TR I RER O, Befi T

RT-gPCR Fil Western blot &1l 7~ Nrf2 “F i S AL 5 K py 23k

B0, 4R, 50N L, Nrf2 #3541 1 NQO1 Fil

GCLC BRI AN, Nrf2 n] G b s SEFE I i 21k

KX NAFLD {4
23 b ik, Nef2 w] e i S i SRR R IR A, DARH

1E NAFLD 4 " 85— AT ", Rl Nrf2 3 m] i S0 i A Al

R PR AR 28 Dhe e T 400 M 4 A 17 38, UTTHRHT NAFLD (9 " 5

AT " N2 38l CDDO-Im A7 B I RRT T NAFLD

TR TEZ5 )
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