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[ ABSTRACT] Aim Previous studies have indicated that H,S can attenuate myocardial fibrosis. ~ However, it is
unclear whether mitochondria-targeted H,S can attenuate myocardial fibrosis after myocardial infarction and whether its
mechanism is associated with the regulation of mitochondrial fusion and fission.  To investigate this relationship, this study
was conducted. Methods Isoproterenol (ISO, 50 mg/ (kg + d) ) was injected intraperitoneally to induce myocardial
infarction in SD rats.  Electrocardiograms were performed on each group of rats, and the rats were treated with AP39
(36 pg/ (kg + d), intraperitoneal ) for 4 weeks. Masson’s staining was used to assess the extent of myocardial fibrosis.
Western blot was used to measure the expression of relevant proteins.  In vitro experiments were performed to induce hy-

poxic injury in H9¢2 cardiomyocytes with CoCl, (800 pmol/L) , H9¢2 cells were treated with AP39 (100 nmol/L) , and the

[ EH]  2023-08-29 [fEEIEHHI] 2024-03-03

[(E£TH] BERHARPAIEETH (82074236) ; R4 TAEZ I RE LW H (20201913 ) ; HiFA A AR =& TR &
B LA H (2021]]70035)

[EZBEAN] B LA BF5EI7 100 0 45 25 ) E-mail : 20212012210961 @ stu. usc. edu. cn, WIEEE W H, TI1E2y
Vs, BRI A S0, RS 07 11 A0 LA 25 3 K O I EE A 45 | B-mail : 1996020012@ usc. edu. cn,



474

ISSN 1007-3949 Chin J Arterioscler, Vol. 32, No. 6,2024

endogenous hydrogen sulfide synthase cystathionine-y-lyase ( CSE) was inhibited using DL-propargylglycine ( PAG, 2
mmol/L) , and fluorescence probe was used to measure the level of reactive oxygen species( ROS) in myocardial cells.

Results Myocardial fibrosis was evident in infarcted rat hearts, with a significant accumulation of collagen fibers.  Addi-
tionally, the expression of CSE and mitofusin 2 ( MFN2) proteins was downregulated, while dynamin-related protein 1
(DRPI1) protein expression was increased.  Intervention with AP39 significantly improved the above changes, and the ad-
dition of CSE inhibitor PAG reversed the effects of AP39.  In in vitro experiments, when H9¢2 myocardial cells were sub-
jected to hypoxic injury induced by CoCl,, intracellular ROS levels increased, MFN2 expression was downregulated, and
DRPI1 expression was upregulated.  AP39 upregulated MFN2 protein expression, inhibited DRP1 protein expression, and

reduced ROS levels in myocardial cells. The addition of PAG reversed these changes. Conclusion The mitochon-

dria-targeted H,S donor, AP39, can improve myocardial fibrosis in rats with myocardial infarction and promote mitochon-

drial fusion and inhibit excessive mitochondrial division.
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Figure 1. Electrocardiograms of various rat groups
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Figure 2. AP39 improves myocardial fibrosis in rats with myocardial infarction(n=3)
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Figure 3. Expression of CSE protein in rat myocardial

tissues of each group(n=3)

x1. FHEOCHMME H,S KFE(n=3)

Table 1. H,S levels in myocardial cells of each group(n=3)

o AA Y%/ x10° 4~ V/mL V1/mlL H,S/ (nmol/10° /)
Xt B4 0.283 320.006 7 4.890 0 1 0.16 47.7+1.1
CoCl, 41 0.215 620.007 1 4.290 0 1 0.16 41.5+1.4°
CoCl, +AP39 £ 0.276 4+0.007 2 4.560 0 1 0.16 50.0+1.3"
CoCl,+AP39+PAG £ 0.196 9+0.003 8 4.080 0 1 0.16 39.9=0. 8"
AP39 4] 0.274 020.007 1 4.9700 1 0.16 45.4%1.2

H:a N P<0.01, 5% IEZH H# ;b i P<0. 01,5 1SO 4 H# ;¢ i P<0.01, 5 ISO+AP39 £ Fh45
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RIS MFN2 A9 A0 15% , DRP1 1Y 36 35 [ A
40% (] P<0.01) ,1M%5 T PAG Ji , MFN2 [k
ik 15% ,DRP1 B354 30% (P<0.01) ,AP39 44
XA i 2 5 gt = L (P>0.05,K5),
LR AP39 AT DL A O WLAE BT R RO L4 21
DRP1 /-SRI LRi R 7 24, i 3 MEN2 A 53 (19 4k
PRELA , RO 28 TR E H,S A B ) PAG
Wik FE H9C2 O WLAHA AR BRI 25 2R (B 5)
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A XHRLL B 2 CoCly 4H,C 9 CoCl,+AP39 £ ,D J7 CoCl, +AP39+PAG 4,
a 4 P<0.01, 5% BALHE ;b o P<0.01,5 CoCl, HHE ;¢ 7 P<0.01,5 CoCl, +AP39 41 H.#:,

Figure 4. ROS levels in H9¢2 cardiomyocytes of each group(n=3)
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Figure 5. The expression of DRP1 and MFN2 proteins in myocardial tissue (A) and
H9¢2 cardiomyocytes (B) of rats in each group(n=3)
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KRN RER 2, & 0 H,S w8 2Rk iy g = A
AR ARSI R I AP39 ] gt O LA BE S L
WLEF Ak, L FT RE 55 45 SRk 3 7 2%, BRI il
O IUFE K R 1A 73 54 B A1 1 2R b A 5 5%
ARWFERE 25 R B 16 0 LA BE 5 0 LT 2k Ak 42 43 g
FITRTT AW

T AN L B0 400 WL 20 0 A i Ty S AR 2
JIT AR 190 LA B0 T B 3 0 T 4 i % 4 4k
WEBE T BUR R L 4 VTR, e 4 5 B0 5T
D WIS 28 i B £ e L U U A i
G BN, AT AN T o-SMA 3k I A i
BRI DN gt R A FEERN, A
W52 R BLANEE H,S nl 0O U BREF 2 AE >
AU STt e B H,S ] 2l 35 BT 25 275 3 190 LA
Heqp | AHEFEEERFEW O WUEPE R B L
KA AL 4E AL, T AP39 Ab FE ) wT ya b0 fILEH
4 a-SMA Fll Col ll & 35, M35 7 8 1.0 LA
DURASLENE , T 36 0 LR B8 K B LT 24k
PERZRLARHE ] H,S it AP39 AT R IS K
BLC WLEF 4EAL

5% TR )OS R AW SR 270 S < TR E N
TSI AE S B AR AN DI e S N 2, fE O
LR I Sl AR A B, SRR N ROS SEAR ™4 K &
AR, FE T R RAR Bl T 2 BRGSOk R Rl
I3 ST A 2 AR A0 I B ok R RS B
wZ—, AR A RS S LRk
TREREAS , FFAK ROS /K 1T A 50E O WS AES |
ML IIREAR 4 S 2T ik, TR RIS 2R &
T BE M ZE Ak AT REAA Bh 00 I 27 2k £k Fn o 2 0 99
REFE R AR YR S IE N, A ST R B KL 3 )
SE A 50 WLEF 2 Ak 35 M0 56, I i aod B 2ok A4 oy
A B T OGE A 5 O ILEF 4R 46T BT & PR
Pk MFN2 A R4 b DRP1 A3 1)
LRy 24 A LU SR O LT RE . ARSI 4S
FEIR O WUARFER B0 WL 21 SR iR 4y 248
DRP1 f 3 T, il & AH DG AL 1) MFN2 W] 4 1 3,
Ml AP39 75 0] AT {2 i MEFN2 45 i 2k b AR 4
B/ DRP1 A5 (8 ZORLAA 43 24 76 5 4600 JIL 20 Ff A
It A R B ECAE , $2R AP39 AR iE .0 UL 5E
N RN 2 e S Y AT NS R A S TR TN A
KA,

H,S EMHLANEZ SR GESHFZ2—. 5
g PrELSEREE LS, AU KB, SR
H,S W03 oy [ U P 22 IR 1l i B AL ) o 27 4 Ak
FIe) R AR H,S B2k A S 2k ) &
T RFCY ) A A B H,S nlE A
& 538 [, a0 BR B W MR T B W A ( cAMP-
dependent protein kinase A, cAMP-PKA) i& 4%, 2K
I CSE 3357 | H H,S fE W HLIA P ROS 4=
B, VR AR R 8, AT T RERZ R CSE [ 363k, A
W9 & BUAEAT B0 RO WAL 200 TR M H,S A
G CSE 28 114 35 WA 1 AR, 45 T 2ok (A L 1)
H,S itk AP39 J5 , D HLALZUR) CSE Rk KT,
IO AILAR B Y ROS 7K FEAG , S 1Al A 25 11 48
T, 2k i 43 28R 2R IRFEAR, P R PE H,S A=
L CSE J5 23/ DALAR H,S 1y s FR AT 45 SRty
R CSE J&, AP39 11 8035 ok AR 5 1 4 55000
Bk, DAL R IR PR ) HLS iR AP39
Al T MFN2 J DRP1 A RZERiARRL & 5502, 2%
iU WL B Ji 20 JULZH i 1 4 AR 381405, D20 ROS A=
B, 3 1T i S LR RS [ P HL S e O UL S L
JULEF 2 A ) B ML

ZE bR, AWF ST K B R ARHE ) HLS A
AP39 ] 3 i 2 E 2RO AR il A | ) 2RO 1R A 5ok
A LA R SR R 3 0 2 B i, ELRE 035 O
WU FE K B0 ILER Ak, i 5 4R b AR Y HLS B2 S
A RS P S0 WL 0 S AT BB 5 O IILET 48 1L 11
R

[ &% k]

(1] ERPEE, g, RIOAR, 55 O WEFdefb iy S oL SR T
WoT )], OBEZRE, 2021, 33(5) ; 553-557.

QIUY F, SHIJ Y, SONG X D, et al. Research progress in mecha-
nism and treatment of myocardial fibrosis[ J]. Chin Heart J, 2021,
33(5): 553-557.

[2] LI'Y Z, LIU X H. Novel insights into the role of mitochondrial fu-
sion and fission in cardiomyocyte apoptosis induced by ischemia/
reperfusion[ J]. J Cell Physiol, 2018, 233(8) : 5589-5597.

[3] CASTANO C, MIRASIERRA M, VALLEJO M, et al. Delivery of
muscle-derived exosomal miRNAs induced by HIIT improves insulin
sensitivity through down-regulation of hepatic FoxO1 in mice[ J].
Proc Natl Acad Sci U S A, 2020, 117(48) : 30335-30343.

[4] SHIR Y, ZHU S H, LIV, et al. BNIP3 interacting with LC3 trig-
gers excessive mitophagy in delayed neuronal death in stroke[ J].
CNS Neurosci Ther, 2014, 20(12) ; 1045-1055.

[5]JINJY, WEI X X, ZHI X L, et al. DRP1-dependent mitochondrial
fission in cardiovascular disease[ J]. Acta Pharmacol Sin, 2021, 42

(5): 655-664.



48

0

ISSN 1007-3949 Chin J Arterioscler, Vol. 32, No. 6,2024

(6]

[7

[

[8

[

—
=)
[

[10]

[11]

[12]

[13

[

[14

[l

[15]

[16]

[17

[

[18]

[19]

ONG S B, HAUSENLOY D J. Mitochondrial dynamics as a thera-
peutic target for treating cardiac diseases[ J]. Handb Exp Pharmacol
2017, 240 251-279.
ONG S B, SUBRAYAN S, LIM S Y, et al. Inhibiting mitochondrial
fission protects the heart against ischemia/reperfusion injury [ J].
Circulation, 2010, 121(18) ; 2012-2022.
LIU J X, YAN W, ZHAO X J, et al. Sirt3 attenuates post-infarction
cardiac injury via inhibiting mitochondrial fission and normalization
of AMPK-DRP1 pathways[ J]. Cell Signal, 2019, 53. 1-13.
PEI HF, DU J, SONG X F, et al. Melatonin prevents adverse my-
ocardial infarction remodeling via Notchl/Mfn2 pathway[ J]. Free
Radic Biol Med, 2016, 97 408-417.
WEN Y D, WANG H, ZHU Y Z. The drug developments of hy-
drogen sulfide on cardiovascular disease[ J]. Oxid Med Cell Lon-
gev, 2018, 2018 . 4010395.
LIUM J, LI Z N, LIANG B, et al. Hydrogen sulfide ameliorates
rat myocardial fibrosis induced by thyroxine through PI3K/AKT
signaling pathway[ J]. Endocr J, 2018, 65(7) : 769-781.
LIY L, LIU M J, SONG X, et al. Exogenous hydrogen sulfide a-
meliorates diabetic myocardial fibrosis by inhibiting cell aging
through SIRT6/AMPK autophagy [ J]. Front Pharmacol, 2020,
11, 1150.
LIZ, XIA HJ, SHARP T E 3, et al. Mitochondrial H,S regulates
BCAA catabolism in heart failure[ J]. Circ Res, 2022, 131(3):
222-235.
SZCZESNY B, MODIS K, YANAGI K, et al. AP39, a novel mi-
tochondria-targeted hydrogen sulfide donor, stimulates cellular
bioenergetics, exerts cytoprotective effects and protects against the
loss of mitochondrial DNA integrity in oxidatively stressed endothe-
lial cells in vitro[ J]. Nitric Oxide, 2014, 41 120-130.
WEPLER M, MERZ T, WACHTER U, et al. The mitochondria-
targeted H,S-donor AP39 in a murine model of combined hemor-
rhagic shock and blunt chest trauma[ J]. Shock, 2019, 52(2):
230-239.
KARWI Q G, BORNBAUM J, BOENGLER K, et al. AP39, a
mitochondria-targeting hydrogen sulfide (H,S) donor, protects a-
gainst myocardial reperfusion injury independently of salvage kinase
signalling[ J]. Br J Pharmacol, 2017, 174(4) . 287-301.
GHOSH R, GILLASPIE J J, CAMPBELL K S, et al. Chaperone-me-
diated autophagy protects cardiomyocytes against hypoxic-cell death
[J]. Am J Physiol Cell Physiol, 2022, 323(5): C1555-CI575.
IBRAHIM M A, GEDDAWY A, ABDEL-WAHAB S. Sitagliptin
prevents isoproterenol-induced myocardial infarction in rats by mod-
ulating nitric oxide synthase enzymes[ J]. Eur J Pharmacol, 2018,
829: 63-69.
LIYL, LIUMJ, YIJL, etal. Exogenous hydrogen sulfide inhib-
its apoptosis by regulating endoplasmic reticulum stress-autophagy
axis and improves myocardial reconstruction after acute myocardial

infarction[ J]. Acta Biochim Biophys Sin ( Shanghai), 2020, 52

[20

(21

[22

[24

[25

[26

[27

[29

[30

[31

[

[

(A

[

[l

[

[

[

[N

[

[

]

(12) . 1325-1336.

MR, WAL, LR IR B A S B H X 2L R ) B Y 5
mLy]. PRSI, 2021, 29(4) ; 277-285.

WU C H, XIE Z Z. Mitochondrial hydrogen sulfide and its effect
on mitochondrial function[ J]. Chin J Arterioscler, 2021, 29(4) :
277-285.

FRANGOGIANNIS N G. Regulation of the inflammatory response
in cardiac repair[ J]. Circ Res, 2012, 110(1) : 159-173.
ZHANG L, JIAN X, YU J, et al. Pterostilbene interferes with li-
popolysaccharide-induced myocardial injury through oxidative stress
and inflammasome pathways[ J]. Front Physiol, 2022, 13 862187.
YANG R, JIA Q, MA S F, et al. Exogenous H,S mitigates myo-
cardial fibrosis in diabetic rats through suppression of the canonical
Wnt pathway[J]. Int J Mol Med, 2019, 44(2) ; 549-558.

LI'Y L, CHANDRA T P, SONG X, et al. H,S improves doxorubi-
cin-induced myocardial fibrosis by inhibiting oxidative stress and
apoptosis via Keapl-Nrf2 [ J]. Technol Health Care, 2021, 29
(S1): 195-209.

QI B C, SONG L Q, HU L, et al. Cardiac-specific overexpression
of Ndufsl ameliorates cardiac dysfunction after myocardial infarction
by alleviating mitochondrial dysfunction and apoptosis[ J]. Exp Mol
Med, 2022, 54(7) : 946-960.

LIN L C, TU B, SONG K, et al. Mitochondrial quality control in
cardiac fibrosis: epigenetic mechanisms and therapeutic strategies
[J]. Metabolism, 2023, 145; 155626.

LIU D H, ZOU SR, LI G N, et al. Downregulation of uncoupling
protein 2 ( UCP2) mediated by microRNA-762 confers cardiopro-
tection and participates in the regulation of dynamic mitochondrial
homeostasis of dynamin related proteinl ( DRP1) after myocardial
infarction in mice[ J]. Front Cardiovasc Med, 2021, 8. 764064.
ZHOU J R, LIU H H, ZHANG T A, et al. MORN4 protects car-
diomyocytes against ischemic injury via MFN2-mediated mitochon-
drial dynamics and mitophagy[ J]. Free Radic Biol Med, 2023,
196 ; 156-170.

HUANG B Y, XIE L, KE M, et al. Programmed release METTL3-
14 inhibitor microneedle protects myocardial function by reducing
Drpl m6A modification-mediated mitochondrial fission [ J]. ACS
Appl Mater Interfaces, 2023, 15(40) . 46583-46597.

SINGH M, PUSHPAKUMAR S, ZHENG Y T, et al. Hydrogen
sulfide mitigates skeletal muscle mitophagy-led tissue remodeling
via epigenetic regulation of the gene writer and eraser function[ J].
Physiol Rep, 2022, 10(16) ; el5422.

RAO G, MURPHY B, DEY A, et al. Cystathionine beta synthase
regulates mitochondrial dynamics and function in endothelial cells

[J]. FASEB J, 2020, 34(7) : 9372-9392.

[32] LEES W, HU Y S, HU L F, et al. Hydrogen sulphide regulates
calcium homeostasis in microglial cells[ J]. Glia, 2006, 54(2) :
116-124.

(MCHmiE FEH)



