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[ Abstract] Cardiolipin is a kind of phospholipid with a unique structure on the inner membrane of
mitochondria. Cardiolipin plays an important role in the regulation of mitochondrial homeostasis and func-
tion, which is attributed to its special structure. In terms of mitochondrial homeostasis, cardiolipin partici-
pates in the autophagy, fission, and fusion of mitochondria, and regulates the content and structure of mito-
chondria. In terms of function, cardiolipin plays a unique role in mitochondrial oxidative phosphorylation,
cellular metabolite transport, and cell apoptosis. Changes in cardiolipin homeostasis, manifested by altera-
tion in content, remodeling of acyl chains, and peroxidation, can lead to mitochondrial dysfunction and par-
ticipate in pathophysiological processes in a variety of diseases associated with mitochondrial dysfunction.
This article reviews studies of cardiolipin in the regulation of mitochondrial homeostasis and function, and in-
troduces the role of cardiolipin in the pathogenesis of metabolic diseases, to promote the study of cardiolipin
function and the treatment of related diseases.

[ Keywords] Cardiolipin; Mitochondrial homeostasis; Mitochondrial function; Apoptosis; Endocrine dis-
orders

Fund program: Natural Science Foundation of Shanghai Science and Technology Innovation Action
Plan(21ZR1477900)

DOI:10. 3760/ c¢ma. j. ¢n121383-20230622-06041

Z5

<43 .

i%

OBENR &R 5 PR A T LRI Y IR A — b i
SRR3R A 25 i H AR LR R R S RN D BE
REBREAMRR . AR T OIS S8R
PRESSHERR AT RE A 1Y RO BE T E 8, IR A 21 1 HAE
SRR D RERRERTAH C N 73 WA Hh BRI o
1 OEER SRS REIRE

TR L L U A B H 4, & 4 A WA T

Mg b ] B HmA e, A 4 DBt S 2 DA
T o UM B 3K P 852 /DN 118 Sk 95 35 AT R K 1Y) i /K R
EUIE T BRI 54, A n] A iR 7K AT b it i £
M, XFREEH T I Y R 2 R B I T S
FELL Y 4 ZER0 A R 0 2 OB A Fe 4
FE6 B S R LA R

OBERE IS A LR B AR PN B (inner mitochondri-



44 . [ B YA Rt 2k 2024 45 1 A5 44 %55 1] Int J Endocrinol Metab, January 2024, Vol. 44, No. 1

al membrane , MM ) BE 5T #E4T , W) 40 IS ¥ S BE AR TR
( phosphatidic acid, PA), PA % CDP-_ [t H il &
ity WA T et TS 5 SIS T DI T 5 TR Tl R WO
f3 J8E ( CL synthase, CLS ) fHE AL 55 BLAS Y AL
BENE . CBENS RS A AR OB £ Tafazzin |
VA L0 5 G Tk FL 54 A2 1 1 (lysocardiolipin acyltrans-
ferase 1, ALCAT1 ) F1FLI IfiL 0> 9 A 196 55 5% 7% i 1
( monolysocardiolipin acyltransferase 1, MLCLAT1 ) &
B VE T R GO BEAR Y i 2 . O BREAR RS
fifp L HABBEAR 1215 2 , & T B i B R A
2 OBE TSNS HIIER

OO I Ao VA 5 LR R oy 2L RS A B I P
VRIS Bl 2 ast R =2 AP, AT 1 2 e Ak 1
Bt SIEA, gERREOR AR IE H TRE

MitoPLD J& T # g E# D ( phospholipase D,
PLD ) S5 , o] i 3 K A WS 72 A2 PA I S 40kE
PR R R, HLX — i R T Lok (R Rl £ 2R
F1 ( mitofusin, MFN ) 1 £ 2 45 59 £ k7 4 4 58 7 1%
. P ZE 44 5 A (optic atrophy 1, Opal) /i &
SRR a4 . Ban % PR A L &
PLCBERRTE TMM JE X FR M 1 il & v & 4 B 22 0 1
Mo MGl iy L-Opal S5ARSBLIRLAA ) IMM
S S OB R R S B AR I B S A s Rk

LRI B — AN 2P TR R, Horp 4ok
W4 i) 2ok 2 B 3l 0 B AH G EE 1 (dynamin-related
proteinl , Drpl) - T, 43240}, Drpl #5545 2= 4 h
AR T Wl i 28 B i 1Y DX I, 7E Depl 242 B
HBERY RIS, TS AH OB 73 1 2 At 23 & AR ek
A AR O BN S S AR RUZ By A 7S 8 45
Fa, DT RER ARG 1 2 AR T 1 3 3 e, 5 B ks 4
FiE S

AORLAR AT 25 B D) e SZ 40 I SRR, BRI
P4 (reactive oxygen species, ROS) 1= A=, 435 20
MOREZS . 4NBE R L, Hb an Zokr (A8 2 Ak A I, o0 B
B2\ IMM 3B F% 2 OMM, - 5 M EH 1 %
%% 3 ( microtubule-associated-protein-1-light chain-3,
LC3) 454  fedk AWIAIIE . CBERR& B al ik
NEINYLHE (SO BENE N IMM 1235 28 OMM) fifR 1
SSEULEIE S LC3 AHEAERHES .
3 EEAEXT AR THRERY I T A

LML AR W) 8 A A0 B R T AR Y e i 1Y
P T B S AR B BAE. OB T 5 4
a8 S ) 2 1 B AR B AR, JHG S P 67l ) S K 45
P AT 5 2 B R =2 W] JE 3 o3 7K AR B A ) sl A

g KRR BT R 2B, P, OB NE AT LATE
— U G G R R K BT RE , AR A
SR REERAE o
3.1 DEHRTEAE L BERR AL TP PENT  OEEIRE
TEH, FAE 16 (ETC) 22 1 ATP 5 B RIS 5 12 1R
B, XX e R T D RE Y R 2 CH E . ETC H
dFEAESEAR(EAER]T L IAMV), i
HLF A NADH il FADH2 #8% & A 4y . & &1k
LRIV G 0 380 00 8 R 0 R S P 45 A B
A HIME % 94 2K D o AU TR 42 0k W T 0 W BE 2
SHRFE AR L MEEE, i o NZoniik
BEWRIVE RIRSE LI, RO BEIR IS, AH 4R
FERA R o XU O BEIR 7R BOK T 4e R A
A RARAE . DhRe T I, KR O BERR T R R &1k
IV f B TR e e iR . S AN, ETC &
A ATE IMM | DL 252 5 14 (supercomplexes,
SCs ) JE A7 7, MO 06 i B 98 5l g 5 | 2 bz K v
SCs Fa e HEREAR

ATP 5 it (5251 V) fii 1] T 2H 26 ) 53 1
AR DBERXT ATP & 1l Y 55 5 AL AR 7 HE
P EICHEE ORI E BGR  r  BL, B AR A
SR AT L KL AU v il A X S ATP 5 R —
Rk, Hm AP, OwEIE & U B Tafazzin
GEAR (R SRMEL KR | ATP & JUBE7E o it 36 X %%
TR, HARS 20, ATP & Rl FO 258y 5 b iy —
WOk W4 & E 0 5.0 R g S e
RS RE AR -2 1 A A A e HEAS E Y AR BUZ 251
T I, DTG 2 5T 1) SR AE N ATP 5 852 5 W)
R

L PR AL BERR AL T ATP/ ADP 4844 (mi-
tochondrial ADP/ATP Carrier, AAC) IIHER IE % &
£ o AAC FEAE 5 00 -l 760 5k Joi 0 e v e g
R TEPIRHG GRS, Lo A 0 198 198 35 141 34 AT
5 AAC Haly IE HL Y AR 85 0 LU SRR 25 &, O R 1
AAC R[] 45 #y 3 2 l) dE ER A o X AAC
I AR GE R AT R P, AAC Bdk FSB g B 2~3
OB (OBEIRIE 5 2 R LR R A B AR B
VERD, A0 45 0l R 8 004 | 79 T TR 480K N = R TR 4
PR
3.2 BERRTEZORAAA T B A0 K 08 T A /R
LR AR SN B 375 4K ( mitochondrial outer membrane per-
meabilization, MOMP ) 75 5 4fl fifg i 7=, MOMP T i
AP T A5 S HE 2R A 4 L 5 R ¢ (eytochrome ¢,
Cyte ) BYREHIOR 55 2 e 2R 1 K A 2R 45 1 7K A 1l



[ B YA R it 2k 2024 45 1 A4S 44 55 1] Int J Endocrinol Metab, January 2024, Vol. 44, No. 1 + 45 -

( cysteinyl aspartate specific proteinase , caspase ) #{1% o

OBEES Cyte AHEAE X T3 2h 40 i #e e 4
FET-ZOCHESE, MMIPET- R, OB IMM 1255
2 OMM, I 5L E 1) Cyte 254, FECOBENR
AL oI I T8 T B K AR IR Cyte B9 =21
LK, P HE TR R G Cyte DAZRRE A BEORE T AL 5t
Hho Cyte BN HL 3~ 15 38 0 1R if 2 S AL T 1 5
Cyte MHRA K, LIRS 2 Cyte 5] Cyte
R BZIREH , I 5T Cyte BT, R4
N BUABTTE KB, Cyte b & A P A RMAL AT 5 O
BRARARE A, 200 PR AR i 5 C-fiaie A7 ki
J& Cyte LAl 1E AL AR AR A% , il 5415 60 F A ol
PEWERR L AR F AT, AT B T Cyte K% HL 545 1
THERA B AR DIRE. C-A7fi 2 Cyte b RAT I
FRIE I S O B IR A BRI AL 4 L, TR —
AR AN IR SL A 3R A Cyte (9 87K FLIE , FE 8T
Cyte AL G R, J3 4, OB T LIFE OMM |2k
Caspase8 HEHLT- 5, #5 B B E TN RE 10 & 5,
BID J2& B k40N 2 & H b i —Ffe i TR
B, A] DA% Caspase8 H§ Y] 7 tBID, tBID 7% T iF
Bax 1 Bak 25 [17E OMM (2L 51k , {23 MOMP
4 DLEHERERRN

X O AR E T | R I E LRI B T
OWEIR I DI WO (35503 (LC-MS) Xt 0
TR ) 5k 0 45 ) ARG 0 B AT AR g ) AR R o
P AN BEPR I 2 )5 4R 8 5 iU B3 (MST) m]
AR OB A RE AL, EL S 58 T A 8 46 ) S 45
SRR, At MST 25 R 1) v o S PR AR 3k 7 A A Jo
TERAR N Sl ) 07 12 149 T 12 S B A0 i v 0 R
ARG > o NAO Yo (P (A7 81, F R AP A i
PP B, B AR, B B A 40 7 M
HKCL-IM 2—F 3 B SO IREE . BT A 1
Rl OBEAR & 1A TB, 4 NAO G a7k 5 5 (i ik
R 03, HKCL-IM B A 5T i 9 58 B0% 15 i %
P, I H T DU T 40 0 D7 A 0 AR o X IR
KT O BB R A AT R
5 OEHERERXNDWERSIRT

CMRIE TR L 45 R FIRL R EE A0 S 2 2
L 1A D) RE 32 451, 7T - BURE & A I8 e A5 AH OG5
Wi, 4N Barth 55 AE g B AE A A 28 2R 40 v ke )
g, TV R B M A S e S O AR E
OBEIE S S I RE S A O, IR B ARG
MZIRATVEBNR T A FEAE T, QA <5 AR I B 2K 2%

EBRIE o LV B TR LA rh R A N R I R I
TR , e i BUBEE 25 4 1.0 Wi IR 2 W A, X — 4
P S 512 5 S AT JBR 9 A0 , ik
MARETER IS . A GBS O BEIR S 5 MR
()% A5, Elamipretide (SS-31) &— Pk i
PUfik, 5.0 BRSS9 Cyte-CL 525 MIE iU 46
A OB Gy PE A=) Elamipretide 7] 45 %4 24 35 £ i
TRIIRE , TEME R AR R B LI A% | <l AR E
FIBT IR % 5 R b 3 B R T T b
Elamipretide 70574 A B TR FH AL i
WFFE Bl AT B T A B T4 R IR T B o
ARSCHL A N ST A T ) DB S, 0B s
R AR RS (B 1) o

Barth
LA

L BENR RS W

\ N
7
~

B DRSS e

5.1 BERGE  SAARIICS LRI D RE R A (2 E T
2 TR RS S I L o e A KL A
2 RO PRI B AU o A BT WL 3 s i A 3K L
ONHERG JILAN B O B TR R R A
R FHOHE R/ BB, AT LU 0.0 JULA i
LR A OB 1 D R WA B B A R 2
5 R P SR PP AN R M PR 5 S, A O
W5 (e ROS fE I T i %tk ALCATT S0 97 .0 W
HEEIBRIRGEZ — o BT RAC /D R, 4
PRI 1 ALCATT 3k b3, A0 B i 15t S 6%
I OB IR 5 B AL, O 51 R LR R D) RE R
ik, ROS Az JSCRIBE 5 2 489, 78 ALCATL BB A9 JIE
JHE/NERERY S G AR T A3 M 2 R e, IR T AR
AT 9 B 2R AR A o B IR /N B
Elamipretide 8 23 i1 175 /NER K 40 0w 4ohs 1A
B BGE T LRI AT ST RN B
PRI TEAE IR T #L A

5.2 HURBRZDARESH O NLAANE 20 A5 e e i
R AL FP O Wi i 5 T ORI D B A ks +



- 46 - FE PR - AR K 2024 4F | 5 45 44 45 1 1)

Int J Endocrinol Metab , January 2024, Vol. 44, No. 1

OPHURG . 25T R ERUHIR B 2R 0T OUL R 210 L4
FF AR bAoA & 1, - F1 Bl CLS 7%
PRGN T PN B AR O 35 5 1 IR R RO AR rh 4
A BENE S E s 6 IR BURD 78 bR R 25 0
ATDME RO B B R E . ORI DI fE R H
Al g s Cyte S04k B TS M5 B0Re 2 A 5
o HRK B A Cyte S MBS MEREAR, M SMIEPE£R
TS AT WK T Cyte FALBEAYTE T, BAR
BRI BE S5 5 | O i B 7 i el R i 2 5 kO L
PR IR AR 8 5 AR 118 S, R O UL 240 B FEE PR A7
HA R B LET A D RERY R AE ™ o HI TR B
WL4N ROS A it 22, O LN A 13 RE B 5 oK Al
FOXFH TUAH /9 ROS 45 1+ o Uk, oD/ R
2 17 | 37 e e 1 7 N> AL U o A = N <
H,0,, HE G MK . 7T/ B ZRi ik v 2 A1 Al
JE AR - 07 Hs TR R A6 AR DO 0 TR 5 =3, HL
ALCATI mRNA JKF-F+5, B0 B IR S 5 H
TURIRTE
6 FHEERE

VER LRI RS L —FhRe S M 0B AR , OB s
FELRL R B i 4540 5 D RR Y T b & 7 AR
FHo BRI, OB AR IR 1T SR AT S 5 T RE A AL 1%
Kotaml, EEMAL T, LRSS SCs 4l
e SR B HL AN A O RS TR ok ik Bh T
2 ERRLUR B WA OR T 38 R AR H X g
AR Z A H R A ALEA TR OF 5. H R T
WERE D RE 5T LR SMIT 5 32, #9300 3h )
BT T OB DI RE I BIFGE T4y H %
FUZERZE A1 17 R AR 25 o

2 % x #

[1] Basu Ball W,Neff JK,Gohil VM. The role of nonbilayer phospho-
lipids in mitochondrial structure and function [ J]. FEBS Lett,
2018,592(8) :1273-1290. DOI; 10. 1002/1873-3468. 12887.

[2] Kameoka S, Adachi Y, Okamoto K, et al. Phosphatidic acid and
cardiolipin coordinate mitochondrial dynamics [ J]. Trends Cell
Biol,2018,28( 1) :67-76. DOI.10. 1016/j. tcb. 2017. 08. 011.

[3] Ban T,Ishihara T, Kohno H, et al. Molecular basis of selective mi-
tochondrial fusion by heterotypic action between OPA1 and car-
diolipin[ J]. Nat Cell Biol, 2017, 19 (7) : 856-863. DOI: 10.
1038/ncbh3560.

[4] Stepanyants N, Macdonald PJ, Francy CA, et al. Cardiolipin’s
propensity for phase transition and its reorganization by dynamin-
related protein 1 form a basis for mitochondrial membrane fission
[J]. Mol Biol Cell,2015,26(17) :3104-3116. DOI; 10. 1091/
mbe. E15-06-0330.

[5] Chu CT,Ji J, Dagda RK, et al. Cardiolipin externalization to the

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

outer mitochondrial membrane acts as an elimination signal for
mitophagy in neuronal cells[ J]. Nat Cell Biol,2013,15(10):
1197-1205. DOI.; 10. 1038/nch2837.
Musatov A, Sedlak E. Role of cardiolipin in stability of integral
membrane proteins[ J]. Biochimie,2017,142.102-111. DOI 10.
1016/j. biochi. 2017. 08. 013.
Musatov A, Robinson NC. Bound cardiolipin is essential for cyto-
chrome ¢ oxidase proton translocation[ J ]. Biochimie,2014,105;
159-164. DOI: 10. 1016/]j. biochi. 2014. 07. 005.
Gasanov SE, Kim AA, Yaguzhinsky LS, et al. Non-bilayer struc-
tures in mitochondrial membranes regulate ATP synthase activity
[J]. Biochim Biophys Acta Biomembr,2018,1860(2) :586-599.
DOI:10. 1016/j. bbamem. 2017. 11. 014.
Ruprecht JJ,King MS,Zogg T, et al. The molecular mechanism of
transport by the mitochondrial ADP/ATP carrier[ J]. Cell 2019,
176(3) :435-447. e15. DOI; 10. 1016/j. cell. 2018. 11. 025.
Paradies G, Paradies V, De Benedictis V,et al. Functional role of
cardiolipin in mitochondrial bioenergetics[ J]. Biochim Biophys Ac-
ta,2014,1837(4) :408-417. DOI ; 10. 1016/}. bbabio. 2013. 10. 006.
Raemy E, Martinou JC. Involvement of cardiolipin in tBID-in-
duced activation of BAX during apoptosis[ J |. Chem Phys Lipids,
2014,179:70-74. DOI: 10. 1016/j. chemphyslip. 2013. 12. 002.
Bautista JS, Falabella M, Flannery PJ, et al. Advances in methods
to analyse cardiolipin and their clinical applications|[ J]. Trends
Analyt Chem,2022,157:116808. DOI; 10. 1016/]. trac. 2022. 116808.
Wang W, Wong NK,Bok SL,et al. Visualizing cardiolipin in situ
with HKCL-1M, a highly selective and sensitive fluorescent probe
[J].J Am Chem Soc,2023,145(20) :11311-11322. DOI: 10.
1021/jacs. 3¢00243.
Falabella M, Vernon HJ,Hanna MG, et al. Cardiolipin,, mitochon-
dria, and neurological disease [ J |. Trends Endocrinol Metab,
2021,32(4) :224-237. DOI:10. 1016/j. tem. 2021. 01. 006.
Ahmadpour ST, Mahéo K, Servais S, et al. Cardiolipin, the mito-
chondrial signature lipid : implication in cancer[ J]. Int J Mol Sci,
2020,21(21) :8031. DOI: 10. 3390/ijms21218031.
Whitson JA , Martin-Pérez M, Zhang T, et al. Elamipretide ( SS-
31) treatment attenuates age-associated post-translational modifi-
cations of heart proteins [ J |. Geroscience, 2021,43 (5) ;:2395-
2412. DOI;10. 1007/s11357-021-00447-6.
Yang Q,Xie W, Wang X, et al. SS31 ameliorates podocyte injury
via inhibiting OMA1-Mediated hydrolysis of OPAIl in diabetic
kidney disease[ J]. Front Pharmacol ,2022,12:707006. DOI 10.
3389/fphar. 2021. 707006.
Ding XW, Robinson M, Li R, et al. Mitochondrial dysfunction and
beneficial effects of mitochondria-targeted small peptide SS-31 in
Diabetes Mellitus and Alzheimer’s disease[ J |. Pharmacol Res,
2021,171:105783. DOI 10. 1016/j. phrs. 2021. 105783.
Zhang X ,Bowen E,Zhang M, et al. SS-31 as a Mitochondrial pro-
tectant in the treatment of tendinopathy: evaluation in a murine
supraspinatus tendinopathy model [ J]. J Bone Joint Surg Am,
2022,104(21) :1886-1894. DOI; 10. 2106/JBJS. 21. 01449.
Shang L.,Ren H, Wang S, et al. SS-31 Protects liver from ischemi-
a-reperfusion injury via modulating macrophage polarization|[ J].
Oxid Med Cell Longev, 2021, 2021; 6662156. DOI: 10. 1155/
2021/6662156.
Harmsen JF,van Polanen N, van Weeghel M, et al. Circadian mis-
alignment disturbs the skeletal muscle lipidome in healthy young
men[ J]. FASEB J, 2021, 35 (6): €21611. DOI; 10. 1096/
fj. 202100143R.
D’Angelo V,Martinez C, Arreche N, et al. Thyroid hormone disor-
der and the heart ; the role of cardiolipin in calcium handling[ J].
Exp Physiol ,2023,108(3) :412-419. DOI; 10. 1113/EP090817.
(ks H $:2023-06-22)



