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[FE] HE R SR R (dimethyl fumarate, DMF) X /I UM REAE U UL B 1 FH % AL
o Jitk PR30 H 8~10 J# Yy C57/BLOJ MEME/INR (22 ~24 o) BEHL N Ry a8 AL MEHRUAH R Y7 4
(R4 10 H) o JRYTAIELE 7 KHEH DMF(25 mg/kg) , 5 K—W; 73 AHHE B S A B K . S8 R%
85T 1 b IR ZH ARG T A B2 /N B I T 5 R R & (30 mg/kg) g 22 B (lipopolysaccharide,
LPS) , 28 AP/ N4 T 55 B AR BER K, UL 72 h INIZEAE 38, AR BRI FNG T /N 4 T
LPS(15 mg/kg) , 25 AN 25 755 S A UK o SR G MO JJE B A PEAL 24 h.OIhRE, 258/ BUS B G0
JIE R i3 o SR FH A AR ASCRS: T 1 2 AL IRR 384186 [7) L ( creatine kinase isoenzymes , CK-MB ) 1 L B2 Jiit % 1
(lactic dehydrogenase ,LDH ) 7K F-; HE %y (00500 fILE5 #4) 5 SR b€ 1045 D0 WL A2 Ak Rz 38 36 43 b i 0 TR
ZJ# ( malondialdehyde, MDA ) | if J& B 43 Bt H K ( glutathione, GSH ) | 4 1k B 25 Bt H Kk (oxidized
glutathione , GSSG ) &5 T M #8 £ Ak W) 15 {1 it ( superoxide dismutase, SOD) it 14 ; Western blot & M.0» JJLAZ% 5%
FHT E2 #HEH T 2(nuclear factor E2-related factor 2, Nirf2) I N SRR E /K. 850  Bimig
ANER T2 h AEAERAL 20% , TGS AL/INRA 80% o A ELAS AL, BERIZE I 3% CK-MB A1 LDH &34 17t
JINERU LR B i, HEZZE L . BB 21 A2 55 5+ 1ML 53-8 (left ventricular ejection fraction, LVEF) Fll 22
45 5h 45 %5 2 (left ventricular fractional shortening, LVFS) #] N % (P<0.01) ; MDA F1 GSSG & = B S 3,
GSH 57> H SOD 5[4 (P<0. 01) ; Nef2 | [fil 21 Z i A B 1 ( heme oxygenase, HO-1) & SOD2 & [ ik
TRE(P<0.01) o HHECREEIZH 1097 2/ BUC WU AR S M) K- BRAG, O D BEA TS, O LA A BRI 4K
2 AR S Nef2 ST 2R 1 A A TG 5 (P<0.01) o 51 DMF AT LU Nef2 7481058
%, 48 B O NE R PT AL NERE 1, %N BRI RERE O L B2 B PR B4 o
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Effect and mechanism of dimethyl fumarate on septic cardiomyopathy in mice
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[ Abstract | Objective To investigate the effect and mechanism of dimethyl fumarate ( DMF) on
septic cardiomyopathy in mice. Methods Thirty C57/BL6J male mice (22~24 g) aged 8 ~10 weeks were
randomly divided into the blank group, the model group and the treatment group (10 mice in each group).
The treatment group had been given intragastric administration of DMF (25 mg/kg) once a day for 7 d, and
the other 2 groups were given a gavage of an equal volume of saline. In 1 h after the last time of intragastric
administration, half of the mice in the model group and the treatment group were intraperitoneally injected with

high-dose (30 mg/kg) lipopolysaccharide (LPS), and half of the mice in the blank group were given an
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equal volume of saline to observe the survival rate within 72 h. The remaining mice in the model group and
treatment group were intraperitoneally injected with LPS (15 mg/kg) and the blank group was given an equal
volume of saline. Transthoracic echocardiography was used to evaluate cardiac function within 24 h. The
animals were sacrificed and heart and plasma was collected. The levels of CK-MB and LDH in plasma were
detected by biochemical analyzer; HE staining was used to observe the myocardial structure; the contents of
MDA, GSH and GSSG and the activity of SOD in heart tissues were detected using colorimetric assay; the
protein levels of Nrf2 and its downstream target genes in heart were detected by Western blotting. Results

The 72 h survival rate of the model group mice was only 20% , while that of the treatment group mice was
80%. Compared with the blank group, the levels of CM-MB and LDH of plasma in the model group
increased, and cardiac myocytes were swelling and disordered. LVEF% and FS% both reduced (P<0.01) ;
the contents of MDA and GSSG surged, but GSH and SOD activity decreased ( P<0.01) ; the protein levels of
Nrf2, HO-1 and SOD2 dropped (P<0.01). Compared with the model group, the treatment group showed
lower levels of myocardial injury markers, improved cardiac function, less damaged myocardial structure and
reduced oxidative stress injury, and the protein expression of Nrf2 and its downstream target gene also

enhanced (P<0.01). Conclusion DMF can activate the antioxidant pathway of Nrf2, improve the ability of
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heart to resist oxidative stress, and play a protective role in septic cardiomyopathy in mice.
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1.1 XM AL

DMF #1Jig £ ¥ ( lipopolysaccharide, LPS) It H 3&
[ Sigma-Aldrich 235 ; BCA 5 ¥ B2 0 7 1050 & N
¥ (alondialdehyde , MDA ) £ il 1075 & B8 S AL W) 15
AL ( superoxide dismutase, SOD) &7 & | 140 JR 7Y
4 bt H K ( glutathione, GSH ) Al %4 1k 24 43 Jj H JIK
(oxidized glutathione, GSSG ) & M2 & W B H [ 24
= K2\ A PVDF % B ECL & SG W1 3 2 [
Millipore 73 7] ; Nef2 $ {4, HO-1 40 {4, SOD2 i {4,
GAPDH #i{&lg § 1 [# Proteintech 2 &) 5 I3 —
LI B 2% E Abcam 23 W] 5 A 464 AW I B
M]3 Vevo® 2100 #7514 - & W 3 H 48 FUJIFILM
NG
1.2 sHHpEAET 554

A SEERE 30 H 8~ 10 JH#E, A i 22 ~24 g 1)
C57/BL6J /N (B A& I : 0237502 , b 3 4 36 )
ST S BORAT R B ) 1) 37 T AR v T R 3R 45
F IR EYOK, BEFLAE 73 O 25 1 4 AR B2 AR Y7 4
BTN BT AR E SR = W N
(25 mg/kg) , =5 20 RSB 20 /)N Bl A R UK
R—U e 7 RN L RMEE ARG 1 h, iR
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AUANR J7 4145 B — /) B I T 39 R R & LPS

(30 mg/kg) , 25 (AL 25 T AEFRER K, 5K 72 h (NI A

TR T AR T 2 FINA T 21 /N RO I e 1

S LPS(15 mg/kg) Y5 MREEIE , 25 N 25 T AR BIER K

K M0 M AL 24 b IBRE, 250 % 5 1 44

(left ventricular ejection fraction, LVEF) X+ 50% I\

I MERERE O WU /) BRURBE R T o 24 b J5 AL ST

FUL IR A AN LRI /N, B IR0 O A I K

1.3 ZHsh s

/N ZE 1% ~ 2% (PRFR 73K B S5 i Tt RR 75 3
S A EMO [ FPE R AR b, B R IR, B e /D B
FAE 400 ~ 500 YK/ min, 5 E PRk B B0 IR A
15 mm, $RF B 55 720 2 B YD, 32 597 20 /)
BRLZc 3 S L 4 80OR 7 2 9 Al 447 % (lefit ventricular
fractional shortening, LVFS) ,

1.4 JUBR # B% ) B4 ( creatine kinase isoenzymes, CK-
MB ) #= $LBR . 2.8 (lactate dehydrogenase, LDH)
K-

INBRIMLRFEAS 2 500 r/min T 4 CE.0> 10 min, Y
& BIEE T2 B I AT
1.5 «wpEza4t HE % &

s 2H /IS BB B0 JIE 70 B AU, B 4% 2 R
HIREE 5 24 h, ZEEHE EE MG K , A A, DI S wm
YR BT s fe , HE e 60 J5 78 B0 T W/ Bld
EHLIE 2224
1.6 MDA . SOD . GSH % GSSG #im|

/N B 20 mg L ILEH A, A AR WS
% ,10 000xg £5.0> 10 min B FiF ., J3504% B MDA £
D7) &\ SOD AR & L GSH A i 77 & F1 GSSG
R iR S UL B HEA T4 o PR EAE 4C /T
AT, B WA R T BCA 5 ARG OE )5 15 2
MDA .GSH #1 GSSG &1 M SOD 1%k,

1.7 &&aREIE

il g /N B O WLZH BT 9%, 6 244 i 1) B 1 v
FroE e, 20 wg #5417 SDS-PAGE B HL vk & 1 53
25, %% PVDF JEH] 5% H 8 A7 T &M 1 h, 5351
A Nrf2 (HO-1 1 SOD2 —HiiF i , 75 4°CF8 K0 & iod
o UCH TBST YA 3 Uk, A B i W 2 4 R
A ,TBST eI 3 WG il ECL £ B 5. JH Image J
(NIH) AR B ERREE, EHNSEA
GAPDH KA i#H4T EAEREALIE 153045 H 18 E AT
ik,

1.8 %t o#r

>k JH GraphPad Prism7. 0 47845 0¥ . ir A 4
P LA wxs B, A6 A A B X O Student” ¢ 6 56 X6t
2 Z )it SRk HEAT 4 AT, 1 A o B R R
2507t Z2 HBHRHEAT 40 BT, P<0. 05 R W] 25 S A 4e it

2 %R

2.1 LB _WEsT LPS 509 A B E B S E6

YT KL LPS B B8 20 /N B 2RAX 20%,
TBIT LY/ BRAETE %8 80% , Ui W] DMF 3% T LPS
FHERMAAESIE(E 1) . 457 LPS(15 mg/kg)24 h
Jei BRI /N B R S5 1O Th RE R RS, 20 2 B I 04
A Bl 20 23 34 B J R B (P<0. 01, & 2A .C.D) , 0>
WL IR B (., e BN OLET ZEHEF 2L , (a5 K b K
RAEANML R (& 2B) 0 LR i bR 4 CK-MB il
LDH 7K~V K i _EF-(P<0. 01, & 2E F) o M{GIT7 4L/
SO IR I BE A — & K & (P<0. 01,8 2A .C.D) .0
WUESZE/AEX 34T (B 2B) ,CK-MB A1 LDH 7KF-47 —
ERY% (P<0.01,E 2E.F),

100 — = H4l
20 - - HITZH
< VA
& 60 H
E
40 1 -
H |
20 +
0 1 1 1 1 1

1
12 24 36 48 60 72
Hf ] /h

1 MR72h&EFER

(xxs, n=53)

2.2 F LB =V B REEMR A E S IR B

Xt E2s AL SRS BB T3 4 A 28 7= ) MDA
S A, A LG SOD JE MR BT R, Ak
Yy GSH &t TREW ., (HAA LY GSSG & & 1 JH(P<
0.01, & 3) . 1 R H Ea A B /)N BC IR AR s
R MDA Fl GSSG & H: i/ (P<0. 01, 5 3A.D),
SOD i M4 (P<0. 01, 3B) , H GSH 4t FFH(P<
0.01, 3C) .
2.3 LB W ESHMA IR A S IE T Nif2 & F e

Fa kA

Western blot 255 g 7% B RIZH /NGO Nief2 (HO-1
F1SOD2 & R A ML T2 A4 (P<0.01) . TRIT
IR I FRIA I TR (P<0. 01,14 4)
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A: REMGGSIEG EEPEE ;B Nif2 &Gt ik KT ;C. HO-1 F &G AastfikKT;D: SOD2 & & past £ ik KT
a: P<0.01,5 % gk b, P<0.01, 548 4 k4
4 ZHE/NEORE Nrf2 HO-1 & SOD2 ERRIEXTEE

(x%£s, n=5)



http ://aammt. tmmu. edu. cn

il 25 %2 B R, 2022,44(22) 2289

3 itig
3.1 DMF #& & LPS 589 M 5% & LIRS F2 0 3 48
IR

JHFEREAE Ry — o 4= B 0 N3O T, 8 A O LR
il A e E A AT 5 RO R R H O IR A AL TR
PARTE o BRTRAE A IR O LR A 1 SR 35 UG e 2 HL
FETARAG S AR R Ao P I 3 S 4 o P R
LPS A f00 e B 8 R R, W3 25 T K7 LPS 1),
/NER 72 h BETTREL R 4 T RARA I LPS B, /MR
OIS S5 T RE Z AT O WLES F BRI 8 A s
AR, AR /N UM B O WU A A5 S il 2y , 5 3¢
BRIRE R — 2 L XA AL, Sk 7 d I
PREZES H Bk U B 28 4 v BE 1 S R — W R, I 2 ol
=27 LPS FFA/ NI RE A RO L, 3R E
Th iR~ F G M B O AU A R A4 1 751 o
3.2 DMF & 228k &5 5 PLAAL B ik

DMF 5 JFt5 e —Fh 2 FDA L i F £ % 1t hd
FCIE 25 , W R — A 850 S R il 5 1 17
Z 3. DMF 4 S 40 i 73 B B L i) 9 224> ad 7
i Nef2/ARE $r4afb i 18  NF-xB R AE & 12 DL gk
FETmAE . BRAERFSE Bk, DMF 3 3 47t 48 Bt AL
RIEPRARIAE R, A1 28 Fii SR I P8 3 60 0 R RO A
DIREmRE T . A BFFEAR DMF 52 /0 1 ke i
REVE O AR A TR A, 245 O JILZRL AR IR I 0 DMF
VA 1 SOCS3/JAK1/STAT3 {5 5-38 I, 91 4 fF
FERPERES . DMF 768 [ 4 1R 8% B vh B B0 AL s
PEEAIT T 2% JE X F R FEAE O LA — 2 AR
EH

LPS H375 & (1) 4 B 905 I 23 T 300 P E R &
REAHAIIIRE ™ " o SRR B — 3, A
WL 3 e A /)N B Co W 7 AR K o i i e e AR
AL A P bR 7 MDA | [, 48 i 9 B 2 A0 4L
ALY iR SOD I P F1 GSH 7K S [R] s 52 ) 4 12120
M7 DMF &b B (1) /N R, O BEZE 201 SOD i 4
GSH ()& & [ JFF, H MDA B & FRE. DL S5 SRAe
7~ DMF BEEAT R0 il e s e 2k 7 v O ILARAR R K
3.3 DMF i % Nif2 L A& Abid %

itk — R DMF & 5T S AR AL
3 DMF 24 80 Nef2 350, BRI 9T & 21,
DMF 1] 38 36 Nrf2, $1 il 4% 26 T MO 235 201 S i
7511 o Nef2 Vg —Fip AL L R 3k R 7 3 R 7,
DR E s . AP N2 5 Keapl 254, LU
TR G A E T AR . AR AR s b
ERNIEE DL  Nef2 AR 55 G o 7 X b itk

JZ v TG4 (antioxidant response element, ARE) 45 4, {&
IR PR Y 2R 3K, A A1 A s il A I 20 3R 4
Fifg-1 210 0 B S AE O JUL e I PO S 480 L0 UL
AR 65 S A D v iR R R AP PR A . AR BIF S
7% 1E DMF X jife 8 E 0 JIE 9 O 37 VR T 2 15 5 303D
Nrf2 81 5 AR S A5G, 2 B LPS 153 1/ B L
JIE Nif2 HO-1 J% SOD2 I FIEH# 25 (141 ™ i
Fe32 DMF QRN BRGTAILER FRIA R 1)
P AN, $278 DMF 306 Nef2 Bl 7 bk 45
I RIE .

25 EPTR  ARWEGEE A A S YRR DMF i3
FAT /I RERE O U L 32 ] 2 AE W2 T BOR 31
DMF 30 Nef2 , 4l #F T i 5t 010 5 R AR Rk, g
WRBERE/IN B LR AL L4 , a8 O E DD BE , X %)
Tl R P R BEAE O U R B R BT IR S A R SR

S Xk

[1] BEESLEY SJ, WEBER G, SARGE T, et al. Septic cardio-
myopathy[ J]. Crit Care Med, 2018, 46 (4). 625-634.
DOI: 10. 1097/ cem. 0000000000002851.

[2] HOLLENBERG S M, SINGER M. Pathophysiology of sepsis-
induced cardiomyopathy [ J ]. Nat Rev Cardiol, 2021, 18
(6): 424-434. DOI. 10. 1038/s41569-020-00492-2.

[3] SWEENEY T E, KHATRI P. Septic cardiomyopathy: getting
to the heart of the matter[ J]. Crit Care Med, 2017, 45(3) .
556-557. DOI. 10. 1097/CCM. 0000000000002239.

[4] MARTIN L, DERWALL M, AL ZOUBI S, et al. The septic
heart: current understanding of molecular mechanisms and
clinical implications[ J]. Chest, 2019, 155(2) . 427-437.
DOI: 10. 1016/]j. chest. 2018. 08. 1037.

[5] EHRMAN RR, SULLIVAN A N, FAVOT M J, et al. Patho-
physiology, echocardiographic evaluation, biomarker find-
ings, and prognostic implications of septic cardiomyopathy: a
review of the literature[ J]. Crit Care, 2018, 22(1): 112.
DOI; 10. 1186/s13054-018-2043-8.

[6] DURAND A, DUBURCQ T, DEKEYSER T, et al. Involve-
ment of mitochondrial disorders in septic cardiomyopathy[ J].
Oxid Med Cell Longev, 2017, 2017. 4076348. DOI; 10.
1155/2017/4076348.

[7] WANG R Z, XU Y R, FANG Y X, et al. Pathogenetic
mechanisms of septic cardiomyopathy [ J]. J Cell Physiol,
2022, 237(1): 49-58. DOI. 10. 1002/jcp. 30527.

[8] TONELLI C, CHIO II C, TUVESON D A. Transcriptional
regulation by Nrf2 [ J]. Antioxid Redox Signal, 2018, 29
(17) . 1727-1745. DOI. 10. 1089/ ars. 2017. 7342.

[9] SAIDU N E B, KAVIAN N, LEROY K, et al. Dimethyl-
fumarate, a two-edged drug: current status and future direc-

tions[ J]. Med Res Rev, 2019, 39(5): 1923-1952. DOI.



2290

i 25 %2 B R o, 2022, 44(22)

http : //aammt. tmmu. edu. cn

[10]

[11]

[12]

[13]

[15]

10. 1002/ med. 21567.

YANG Y W, CAI FF, ZHOU N, et al. Dimethyl fumarate
prevents ferroptosis to attenuate acute kidney injury by acting
on NRF2[J]. Clin Transl Med, 2021, 11(4) . ¢382. DOI.
10. 1002/ ctm?2. 382.

TREEPE, RIGME, BIRT. W SR H ER s R K
S LR L PR T 408 O S AR S LI w5 [T ). h e s
BAEESZE (TR , 2021, 14(2) : 100-106. DOI;
10. 3877/ cma. j. issn. 1674-6880. 2021. 02. 002.

XU G P, ZHU Q Q, YANG Z Y. Protective effect of dimethyl
fumarate on myocardial ischemia/reperfusion injury in
diabetic rats and its mechanism[J]. Chin J Crit Care Med
Electron Ed, 2021, 14(2). 100-106. DOI. 10. 3877/
cma. j. issn. 1674-6880. 2021. 02. 002.

LIY, FENG Y F, LIU X T, et al. Songorine promotes cardi-
ac mitochondrial biogenesis via Nrf2 induction during sepsis
[J]. Redox Biol, 2021, 38. 101771. DOI. 10. 1016/j.
redox. 2020. 101771.
TAN Y, WAN HH, SUN M M, et al. Cardamonin protects
against lipopolysaccharide-induced myocardial contractile
dysfunction in mice through Nrf2-regulated mechanism|[ J].
Acta Pharmacol Sin, 2021, 42(3). 404-413. DOI. 10.
1038/541401-020-0397-3.

ASHRAFIAN H, CZIBIK G, BELLAHCENE M, et al.
Fumarate is cardioprotective via activation of the Nrf2 antiox-
idant pathway[ J]. Cell Metab, 2012, 15(3): 361-371.
DOI.; 10. 1016/]. cmet. 2012. 01. 017.
LIEBMANN M, KORN L, JANOSCHKA C, et al. Dimethyl
fumarate treatment restrains the antioxidative capacity of T

cells to control autoimmunity[ J]. Brain, 2021, 144(10) .

[16]

[17]

(18]

[19]

(20]

3126-3141. DOI: 10. 1093/brain/awab307.
T ERE, DM, & S SR HERENEE &5
SEB R R BERE [T ] b S e~ 2%k, 2017,
33(11): 1718-1722. DOI: 10. 3969/]. issn. 1000-484X.
2017. 11. 026.
YU Q, WANG X T, LUO P F, et al. Clinical application of
dimethyl fumarate in human autoimmune diseases[ J]. Cell
Mol Immunol, 2017, 33 (11). 1718 -1722. DOI. 10.
3969/]. issn. 1000-484X. 2017. 11. 026.
Ao, A, R, A THIR TR O BRUG k1
PEETE S0 05 A2 i [0 ] o 4 5 A0 I i A5 0 R A
2022, 24(2): 201-205.
ZHAZY, CHUL, LIY, et al. Effects of dimethyl fumarate
on cerebral I/R injury in rats[J]. Chin J Geriatr Heart
Brain Vessel Dis, 2022, 24(2) . 201-205.
LIU H, FENG X D, YANG B, et al. Dimethyl fumarate
suppresses hepatocellular carcinoma progression via activa-
ting SOCS3/JAK1/STAT3 signaling pathway [ J]. Am J
Transl Res, 2019, 11(8) . 4713-4725.
PIZZINO G, IRRERA N, CUCINOTTA M, et al. Oxidative
stress: harms and benefits for human health[ J]. Oxid Med
Cell Longev, 2017, 2017 8416763. DOI. 10. 1155/2017/
8416763.
FORMAN H J, ZHANG H Q. Targeting oxidative stress in
disease: promise and limitations of antioxidant therapy[J].
Nat Rev Drug Discov, 2021, 20(9): 689-709. DOI; 10.
1038/541573-021-00233-1.

(%5 :2022-05-19; & 5] :2022-08-02)

(¥ xHkk)





