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The regulatory effect and mechanism of dimethyl itaconate on
mitochondrial dysfunction induced by H, O, in AML-12 cells
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(College of Veterinary Medicine/Key Laboratory of Animal Physiology and Biochemistry ,Ministry of Agriculture and Rural Affairs,
Nanjing Agricultural University, Nanjing 210095, China)

Abstract ; [ Objectives ] This study aimed to explore the regulatory effect and mechanism of dimethyl itaconate ( DMI) on mitochondrial
dysfunction in mouse hepatocytes, which will provide a theoretical basis for dimethyl itaconate as a physiological regulator in the
prevention of related diseases caused by mitochondrial dysfunction in livestock and poultry. [ Methods]The mice hepatocytes( AML-12
cells) were used as the research object in this study. Experimental groups were divided into control group(NC),0.5 mmol-L™" DMI
treatment group, 150 wmol-L™" H,0, treatment group and 0.5 mmol-L™" DMI+150 wmol -L™" H, 0, treatment group. After treatment , the
ATP content, mitochondrial DNA ( mtDNA ) copy number, mitochondrial ROS ( mROS) level and mitochondrial membrane potential
(MMP) were detected ; meanwhile, the AMPK signaling pathway related factors protein level were detected by western blotting.
[Results]0.5 mmol - L' DMI and 150 wmol - L' H,0, had no significantly effect on the AML-12 cells viability. DMI treatment
significantly attenuated H,0,-induced increasing of mROS level and the aberrant decreasing of MMP in AML-12 cells. Meanwhile,
we found that the H,0,-stimulated caused decreasing in ATP content and mtDNA levels in AML-12 cells,and DMI treatment obviously
inhibited the decreasing of ATP content and mtDNA levels in H,0,-stimulated AML-12 cells. In addition, DMI treatment significantly
inhibited the reduction of p-AMPK,SIRT1,PGC-1a,Nrfl ,and TFAM protein levels caused by H,0,-stimulation in AML-12 cells( P<
0.01) ,and these effects of DMI were obviously reversed in AML-12 cells pretreated with AMPK inhibitor Compound C. [ Conclusions ]
This study demonstrated that dimethyl itaconate alleviates H,0,-induced mitochondrial dysfunction in AML-12 cells, and these
beneficial effects are achieved by activating AMPK-SIRT1-PGCla signaling axis in hepatocytes.
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WAL LA 1(SIRT1) Flid A ALYy RE A G810 32 AR v LR N T 1o (PGC-1a) Z 55 4ok
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1.1 EFE{EMAF

FEAUES S TAES BB 9O B35 (32 Thermo Fisher 2 F]) 3 2 K PR 1L . Western blot Lk
MALENZR G0 BEGAL (S BIO-RAD 2 Al ) ; 32T ¢ Y6 2 8 PCR {X (32 [H Agilent Technologies 23 7l ) ; 1% iR
W FEIE AL B S RO AL (75 Eppendorf NFA]D o

F ] . DMI T 32 [ Sigma 23 A ; AML-12 4 M0 & TR 5t 28 A R A BRA w1 5 G 2F 107 1 T
F[H Gibeco A F] ; DME/F-12 5537230 T 3¢ [# Hyclone 23] ; BCA 13477 & . RIPA S . 85 1 B i) 751 1) T
A RAEYRHCA RS E ; AMPK . p-AMPK (SIRT1 PGC-1a BZFRIE AT~ 1 ( Nefl) (ZRLARSE 55T A
(TFAM) #1 Tubulin B HiA&W T25 E Abcam A7) ; HRP- —Hi g T 2P 748 ) TG BRAF), ATP &
S R & DA B DNA $2 GRG0 T 28 38 B A BR 23 W] 5 Compound € ( AMPK 1)1l 1) ) W F 3% [
Selleck 7 7] 3 Z R AAR T M AR 7R 85 LA K 2o (A 6 vl (67 32500 &5 W T 135 38 = R A W RH B BR A W) 5 i
AH1Y 8 Premier 5 AT, IF HPEER AEDRHCARA R TG,
1.2 #paLEs

IR A D R AML-12 410 E F 37 CoKyE SR il @ik, 1 000 remin™ 8.0 5 min J5 5 LIEW, N
AEH 10% G4 MG 1) DME/F-12 $5 3758 BRI S 4 2 10 em F53R1L, T 37 °C 5% CO, W4HHE:
FAATP TR IR SR RN 2 B N 1x10° mL ™" A 40 0B PRI, T IR 22188
1.3 ZABaiE Ha

4 100 L AML-12 4 ff B i W 4% 70 T 96 FLAN MG F=AROT I 24 h, 73511 0,0.031 25,0.062 5,
0.125.0.25.0.5.0.75 F1 1 mmol-L™" DMI £b¥E 4 h J& , BEFLATA 20 wL MTT i£57] (5 mg-mL™" ) 4k£E0H 4 h
5 3E FISW, B AL 150 L — H TR ( DMSO) IR Y 10 min, i 1 25 0 45 50 5500 15 it , i
FASGI 5E WEAH (D) o
1.4 H,O0, B4pIR{pEEME L

4 100 L AML-12 4R IF R 420 T 96 FLAN MU SR F 24 h, 7351 0.25.50,100, 150,200,
300,400 F1 500 wmol - L™'H,0, Z4bFH 4 h, SR J5 I AEFLIMA 20 pL MTT {51 (5 mg-mL™") ,4kZ20EE 4 h J5 7
IEW, 1 AL 150 wL DMSO FHIRER IR 10 min, {7 5 55 €045 54 78 3 5 e, Wi S0 52 W O
(D490) o
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1.5 ZRRifAE K FE

¥ 2 mL AML-12 4207 RN T 6 FLANMIEE SRR & 24 h )5, 435 A 0 8% 0.5 mmol - L™' DMI
W3t 4 h g A 0 3 150 pmol - L™ H,0, AL 5% 4 h, AR Zehr A 1 1 S0RS I 3aX 7] 6 156 W 45 T )
MitoSOX Red BV , P4 L5 A0 B /) A0 BEAE S TR AD LA 5 wmol - L™ IFR BRI, B T 37 C it 3%
FEMWFE 20 min, W FR R, PBS WSV 3 WK, FIE B 2 W s WL I 44 mROS HEFUE L,
1.6 ZFKFREBAI(mROS) T IFR

¥ 2 mL AML-12 ZHHEE R 3R T 6 FLARMIIE SR ITIEE 24 h, 28 5I00A 0 3 0.5 mmol - L™' DMI Jf:
3% 4 h, B 0 5 150 pumol - L' H, 0, 4kZ2355% 4 h, ARIELARL AN A7 14070) £ U B 5 BE i JC-1( Sk
PRI R SR ET ) Y8 TR S JC-1 2ol i, 40 B in A3 o JC-1 L8 TAEWR B T 37 °C 40 i 3% 57 46 ikt
JEIEE 20 min, 5 FIE WS JC-1 S8 wh e e 4 2 Wk, B0 B 96 0 W 00 BE W8S O A 45 £ kL 1A i e, iz
(MMP ) IRZ
1.7 ATP &E=lE

¥ 2 mL AML-12 40207 RN T 6 FLANMIEESRAROFIF & 24 h, 4351 A 0 3¢ 0.5 mmol - L™ DMI X5
7% 4 h, A 0 8¢ 150 pumol - L™ Y H,0, AkZE155% 4 h, AR A, 4 R & Ui W1 Al ATP 5 5t
1.8 mtDNA ¥ RE5H

¥ 2 mL AML-12 02 R A T 6 FLANMIEE SR ITIEE 24 h, 28 5I0A 0 37 0.5 mmol - L™' DMI Jf
BigE 4 h, A 0 5 150 wmol - L™ H,0, 4k£ER5 7% 4 h, W40, A DNA $2 B 7] & 42 Ban i v iy
DNA, f#i Fi§ RT-qPCR il mtDNA $% U1 %, 2Rk DNA F55E 519 % F 318 5'-AGGTTGTCTCCTGTGACT-
TCAA-3",5'-CTGTTGCTGTAGCCATATTCATTG-3", RJH 2743k 43 B B FE R AR ik i,
1.9 AMPK BEXEBEFEBRIEKESH
1.9.1 ZEAHAMHE K2 mL AML-12 40M0ETFREERD T 6 FLANMIEFRARIEET 24 h, 43 51mA 0 55
0.5 mmol - L") DMI 3f:35%3% 4 h, JILA 0 3 150 mol - L' Y H,0, JF4kZe455% 4 h, 3¢ 3w, PBS TH e 40
5 AR BB (RIPA AR 1 30 1 SR AL A 100) FF F 0K L #F B 15 min DA TS50 24, 12 000
remin” B0 10 min J5H_EIER, BCA AN AR P B D E0 45 20 B R AR o 2 ) — Wk B, B s o 2
A5 SDS-PAGE FEZE MR 2], 100 C 2544 T2 10 min 2 HIJ5 B -20 CHRAFEH .
1.9.2 EAFRIEKFHENEESH BCHIAZELR SDS-PAGE I ( 12K 50 g- L7 k4, T 2N 100
g LB ) BB AN A SDS-PAGE Jerhiff AT LK, FUKE R R E R 80 V, HLYK 30 min 5
PR 110V, FFR B 5T 205 B B ICTHP A 5= Lk F UK . K23 B B i A 2 72 B PVDF JBE, (100 V HR
JE R G190 min) . HREREE S , S H B O ES TR ST H 557, BT 50 g- L BIs 058 v il 3
M2 h, BIEAZERIE 1 TBST 1%k PVDF B 5 ¥, 43 %A A p-AMPK . AMPK . SIRT1 . PGC-1o Nrfl \TFAM
8¢ Tubulin B —HUMBW ,4 CHMTHRIRIEF L, BI—4t, TBST ¥k PVDF B 5 K (&KX 10 min) ,
BifiJ A TBST R B AE N — 40, B E 2 h, 77 =90, TBST ¥k 5 K, BIK 10 min, A ECL &%
W, TEBERE AR AT R G R SEITHAIR, L Tubulin B /E RS, [ Image J 3K X 38 12455 K B (B EA T
30T .
1.10 AMPK 74 BEES — FEE (DMI) £#% H,0, B S &N AT st ZE P 1ER
1.10.1 AMPK K Z&H{KIEEHR X B ARIZKESH  AML-12 4004 FH 10 pmol - L™ AMPK 171 ] 5
Compound C TiALHE 1 h, Compound C ffi HFEZ SRR 12] . BIALBELE R, AML-12 4084 3 m A 0 5%
0.5 mmol-L™" DMI #k£E853% 4 h, il A 0 B 150 wmol - L™' H,0,, 34k 4 h, A GRS E R
Western blot ¥4 p-AMPK , AMPK . SIRT1 . PGCla 8% Nefl 85 (A K, BRI Jr kR 1.9.2 45,
1.10.2 mtDNA BB {§H] 10 pmol- L™ AMPK 1| %] Compound C TRALFE AML-12 4Hf 1 h, 4351
HIA 0 5 0.5 mmol - L™" ) DMI £53% 4 h, LA 0 5 150 pmol-L™" H,0, 4kZE155% 4 h, SR )5 43T mDNA 4 D1
., R ke 1.8 1y,
1.11 #HESH

FIFH SPSS 17.0 BRI EAR et A T B R 3R 0 25 0 A, #4725 5 W 2 PR 59 R Graph Pad Prism 5.0
MR, Gt as R LSE AR R R
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2.1 KREBZHE(DMI) X H,0, X AML-12 48/EF h 89500

5% RZHAH 1 ,0.031 25~0.5 mmol - L™" DMI A1 0~ 150 pmol-L™"H,0, AbFEX} AML-12 203 S350
FE (P>0.05) ,/H 0.75~1 mmol - L' DMI £ 200~ 500 pmol - L™" H,0, ZbHHI i FFEAK T AML-12 (40 i
T 11(P<0.05) (K 1), 455848 ,0~0.5 mmol - L™" DMI A1 0~ 150 wmol - L™" H,0, AbBEXT AML-12 4 il G
FRIWER . HI, AR5 2% 0.5 mmol - L™ DMI #1150 wmol - L™ H,0, VE K e hb BRIk E
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B 1 FKREBR_FE(DMI,A) K H,0,(B) 3t AML-12 4HiaiE K%M
Fig. 1 Effect of dimethyl itaconate( DMI,A)or H,0,(B)on AML-12 cells viability
o FR SRR (NC) HMI L 22 7 B3 (P<0.05) M2 94 8.3 (P<0.01) . FIA], #, # = indicate significant difference ( P<0.05)
and extremely significant difference( P<0.01) compared with the control( NC) group. The same below.
2.2 REERZHE(DMI) X AML-12 28/ mROS 7K 3 K £k #i7 {2 J% B8 iz B9 52
5N 2 P, LA 5OER AR AN T mROS HERUKTE (18 2-A) s Zebi iR R Y fa iR 4k A 50k,
TSR AR ZRL AR L LK P BRI ; 21 (AR AR SR AR I, i A3 ZORL AR B iy A2 K B (181 2-B)
YRR ZE R, 5 H,0, AFRAAH L, DMI 238 i 40| H,0, 75589 AML-12 48 mROS 7K-F-1Y
This (B 2-A) AR AR A B AL S5 BRI (181 2-B) o S5 R4, DMI AR BT #I] H,0, 175519 AML-12
YR mROS (932 BE 7 Az DA S SR AR B H o7 PR RAEAIG
A AbFE Treatment

0.5 mmol-L"' DMI
150 umol-L™" H,0,

- + - +
- - + +
o ----

JC-1544

JC-1 monomers

JC-IREW
JC-1 aggregates

Merge

2 DMI ¥} H,0, i S AML-12 AL AI{FE S (mROS) (A) RE&R{EER A (B) AIET1EH (x200)
Fig.2 Regulation of mROS( A ) and mitochondrial membrane potential( B)in H,0,-induced AML-12 cells by DMI
+ AP IFOR BN N E I BT R, 4 5 R,

+ and - indicate the addition and non-addition of this substance,respectively. Fig. 4, Fig. 5 are the same.
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2.3 RERESZFES(DMI) Xt AML-12 408 ATP £ =% mtDNA # N A&

I 3-A AT L, 5 H,0, AbFRZAAR L, DMI AbFE 25 22/ T H,0, 5519 AML-12 4HffH ATP 7KF-1Y
TRE(P<0.01) , [FIS, DMI ARBETT & 2500 4% H,0, 1755 2800 mtDNA # DB BEAIK (18] 3-B) (P<0.01)
SERYLR , DMI AL FE AT 34 H,0, 5509 AML-12 ZHi0H ATP & AU /0 I A b 14 1) 1E  ThfE

3r A sk 3r B
g ++ 2 o
o g # g ++
4o 3 21 = 2 2t
' 2 ¥ 2
m = < 5
= = z o
£ gr 22 1r
< o - Sl
= =
i [ ;
0 | J 0 | J
NC DMI  HO, HO.+DMI NC DMI  HO, H,0+DMI
AL B Treatment Kb B Treatment

E 3 DMI X AML-12 4@ ATP 22 (A) 1 mtDNA # I (B) B0\
Fig. 3 Effects of DMI on ATP content( A ) and mtDNA copy number(B)in AML-12 cells
++EzRE H,0, A 22 B i # (P<0.01), F[E, ++indicate extremely significant difference ( P<0.01)

compared with the H,0, group. The same below.

2.4 AKERES — FREE(DMI) i3 #7& AMPK-SIRT1 15 518 BB EM & H K TheE =15

mE 4 firzs, 5 NC 40 He, H,0, Ab 35 3% B AL AML-12 4 ffii ' p-AMPK, SIRT1, PGCla, Nefl Al
TFAM #E % 35H (P<0.01) , 5 H,0, AbFRAIAHH, DMI AL BRI AT 524 T+ H,0, 35 S0 AML-12 Zi i h
p-AMPK SIRTI PGC-1ae \Nrfl I TFAM 3 HHYFRIE & (P<0.01) . &5 478, DMI AL BE Al 33 H,0, 755
# AML-12 AP AMPK-SIRT1-PGClo 5538 .

A& 5 AT 240, DMI AR BT 35 42 2 H,0, 5519 AML-12 JT 40 it o p-AMPK , SIRT1 ., PGC-1a, Fil Nifl
HHFR AT, M AMPK #1455 Compound C ( CC) T Ab#E I 7] B i 74 Bk DMI X p-AMPK ,SIRT1 . PGCla FlI
Nrfl FEH R R FIRAER (P<0.01) , 64k, Compound C i Ab PR [ AE 7] BY B yH B DMI X} H,0, S 1)
AML-12 #Hiifd mtDNA #2 DUBU FR (B 5-F) (P<0.01) , 4554875, DML i i i#% AMPK-SIRT1-PGCla {3

A . 15 B P-AMPK/AMPK 20 C SIRT1
0.5 mmol-L" DMI Z o o ek
150 pmol-L™" H,0, i g 1.5+
p-AMPK [§ #—é g 10 v
AMPK =z 23 1ok
SIRTI 5]51 5 o5l o bid
PGC-1a. ! = ' 05
Nrfl <1
=% 0 | | | ] 0 | | | ]
TFAM § NC DMI H,0, HO,;+ NC DMI HO0, HO+
Tubulin |Se—— DMI DMI
AbFE Treatment AbFE Treatment
o 1.5~ D PGC-1a 20 E Nrfl 1.5 F TFAM
9 %k
A ] ok
ui]g aé. iy *k 1.5k ok
v 1.0+ 1.0 - *k
.H_E, g T; 1oL *%
D”é g k) k% . ®%
==
[ 0.5 0.5
EE =] 0.5
B -5
o
ﬁ‘: 0 Il Il Il J 0 Il Il Il J O Il Il Il J
NC DMI HO, HO+ NC DMI HO, HO+ NC DMI HO, HO+
DMI DMI DMI
AbFE Treatment Ab B Treatment AbF Treatment

B4 DMI X AML-12 il AMPK-SIRT1-PGCla =SB X B EARIEENHM
Fig.4 Effect of DMI on the expression level of key proteins in AMPK-SIRT1-PGCla signaling pathway in AML-12 cells

A. BB A RE B 2515 Protein Western blot ; B—F. AMPK-SIRT1-PGCla 155 WP (I FE R Expression levels of key proteins in
AMPK-SIRT1-PGCla signaling pathway.
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A b3 Treatment B D-AMPK/AMPK C ., SIRTL
DMI (0.5 mmol-L") = - — — + + g LSr 8 I e a—
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172} 7] (5]
W S w8 sl .
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= 27 = 273 ¥ e
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ZE=- E =~ zZ 2
o & 05 o 8 2 > 05F
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& 0 A~ 0 0 1 1 1 ]
DMI- - - - + 4+ DMI- - - - + + DMI- + - o+ 4
H,0, - - + + + + H,0, - - + + + + H,0, - - + + +
ccC- + - 4+ - 4+ cc- + - + - o+ CcC - - - - +
b3 b
Qb3 Treatment AL HE Treatment A5 Treatment

B 5 DMI #id#i& AMPK-SIRT1-PGCle {5 SEHKEM H,0, I SHERE T XEL
Fig.5 DMI alleviates H,O,-induced mitochondrial dysfunction by activating the AMPK-SIRT1-PGCla signaling pathway

A. BB IR BEEIIE 451 Protein Western blot;B—E. AMPK-SIRT1-PGCla 5 R AR 1 Rk KO Expression levels of key proteins in
AMPK-SIRT1-PGCla signaling pathway; F. mtDNA #% D1 4 mtDNA copy number.

3 it

YERE S AR R ) PO AR AL, R AR AR BRI R B - 484k . = R IE I S A AL R b 1 =
TG AT R, 4ERFZOoRn A I 5 0 A4 B RS AR B U LIRS i 5G| R BERRE ) = R IAER &
b A R AR ), B A DU PR ARPURE IR ARG S 2 R A Y2 E T, VR AR BRI 1 2
REZ 14 , DMI 4 & BRAE T S RE HLRE | S8k N3 25 Jr T Rl R LA )32 B IRATFE AT E56 T DMI X4k
KRLARTIRERRE AT 5| A& (1 AH AR B i 815 R0, S AL I AT SR A

AWFZE &L, DMI 7] W 58 5455 H,0, 5 509 AML-12 40 ATP /KDL K miDNA $ D18k, 2Rk A 2
MU= ATP 1Y 23757, 1 miDNA F95E 5 B3 5 LR R A= W04 3 VIR 56 , HonT it — 2R 51 4 1A IR
W A DG TR 1, A4 B AL B R AL B A0 T 2 1Y) s miDNA 2872844 5 [ S8 AL B R (L Th BB P A T 535 ATP & i
Wk, AR LR AR A 2 T RE T R, 2R A DNA 5 DR IR ATP A AR 7 0 55 S 2R 14
THRERERT A EZ R A AHESE & B DMI ZLBE ] B @406 H,0, % S/ AML-12 41 mROS #J3d
P, AR R AL TERAR LT ) miDNA 7E1E 455 52 3] ROS A Xzl imi i st 452 . LA &%
SR, DMI Z2f# H,0, 1755 1 20 M2 b (4 D) e e i 55 LA il 1 1 S 00 2 B 7= A B DR OG- TRl B, A
FE R B DMI 35 221 1,0, FICF B0 AML-12 41 i 27 A B i A7 7K S A B A, Zandalinas 26 (A5
B B 7K MMP A2 0E ATP & Ak, DA 45 5L 0E B DM W] gk 400 i 2 R A B i o7 1) 88 A1 DL B 3o 1
I B 7 A T % A A B R AR Dy RE R A

AT LI, H,0, ZEFEAT I B REAIC AML-12 48l rh p-AMPK 28 117K F-, T DMI &b 300 ] B 2 1 5
H,0, J5F 1 AML-12 ZHffiH p-AMPK £ /K- AMPK S35 2ok A 4= 1) A A= 1 G BRAA R, HEx 4k
KR R R 1 8 22 38 e ST T U AR S S R P S B A ) A X AMPK R4 T4, FR 411 4 BE DM
AhEE S E BT OH,0, S AML-12 40 A H SIRT1, PGC-1a M1 Nefl 25 [ 3k, #2758 DMI 0] #4005
AMPK-SIRT1-PGCla {5538 %, Canto 557 W58 £ W, 76 UL40 A (C2C12) HLAE Hh, AMPK 3 i i 45
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NAD* R Al SIRT1 3G & T I PGC-1o 19 Z ALK, M FRIMUAR I RE fE M AE . VR — i sk 230G
HF2  PGC-1a EE M iE I Nefl F1 TEAM 83 25 /KPR il e b i A= 1 % A, A2 1 mtDNA A2
il 57 5% B R AT BE P2 | I, AMPK-SIRT1-PGC-1a {5538 B TR 4R bR T e rh R 156 2 6
FEMEH ., AT 5UE AMPK &7 7E DMI HiBh AML-12 4 Mo 2 b iA Dy fig e a5 v Qe 3R AT
i AMPK #14i]57] Compound C FiALFRANA , 2558 A& BH, Compound C AL #iH T DMI %f SIRT1.PGC-1la
FINefl 2R R0 B JRVE R ; U EZ W2, AWFE & B Compound C Tl 4b B[R] A B 278 Br T DMI X
H,0, #5301 AML-12 4i il mtDNA 5 DUE0 B, LB 25 54IERH DMI 38 i 3% 7% AMPK-SIRT1-PGCla 15
5 PR IR mtDNA (3% 5% HEIMZE AR B H,0, 55 40 MO S 1A D R RE i

25 FER , ABFSEIESE T DMI i 0% AMPK-SIRT1-PGC 1o {553 B 28 fifk JT 20 i 22 A4 T R P 1
WFFE 45 A DMI ARy —Ff A= BEE 50 F T 7005 % & b AR Th RE R AT 5 | & 10 A1 56 78 32 Qe B $2 it —
SE RIS I K 7 FH A
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