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Dysfunctional Mechanism of K,,, Channel in Heart Failure Induced by Ferroptosis

WANG Zhicheng,ZHANG Ziyue ,Z0U Ziying,ZHANG Daimin
( Department of Cardiology ,Sir Run Run Hospital , Nanjing Medical University , Nanjing 211112, Jiangsu , China)

[ Abstract] Heart failure is a global cardiovascular disease characterized by poor clinical prognosis and high mortality. K ;, channel play
pivotal roles in excitable cells and link cellular metabolism with membrane excitability. The action potential converts electricity into dynamics
by ion channels mediated ion-exchange generate the systole,which composes every single heartbeat. Activation of the K,,, channel repolarizes
the membrane potential and decreases the occurrence of early after-depolarization-mediated arrhythmias. Cardiac K,;, channel have less
function under physiological conditions and open during severe and prolonged anoxia due to reduced adenosine triphosphate/adenosine
diphosphate ratio, lessening cellular excitability, thus preventing action potential generation and cell contraction. Accumulated evidence
indicated that ferroptosis may cause damage to the K,;, channel. Hence, we describe the potential damage role of ferroptosis in the K,q,
channel , lucubrating the potential mechanisms and insight into the clinical therapeutic strategy.

[ Keywords] K,,, channel;Ferroptosis; Heart failure ; Arrhythmia
Azt A, HE

Wi N F12E W AL i hn = A0 St D WLBE SE S SIS AR B S Ak 5 E0H 21 A 45

A Y= ININDA S O & R Y DA S =T =)

2 R ST H M B St 2 B m ket . B&JL
AR, O HFEIR IR YT 7 SRS A, (H
Ja AMERBUR U5 2 R G R TAEE . P8 i 2012—
2030 4, 0> 3 3 v ORI I 46% , fBE 5 AR AETS
N 40% ~50% ",

1983 4 Noma"*' ¥ YARE L WL B9 K o 383, B
Ja KRMHLBAETHRHIARGE HIRG WIRARE.
BWRSG ARG PR & R G, s Ol
K i 18 AT 455 S 2 VF e 47 BF AL, /b Ca®* A 4 i,
B 14N P Ca® " 2, DA T 00 o JFE 3k B Wi 45 S 380
DS H RO I BEA 4,

BRACT & —Fh 5 T8k b 48 A 1) 1 B A 1) o A

EETWA: HEKARPIERSE
BEEE AR, E-mail ; daiminzh@ 126. com

(81970342,81370304 ) ; V15545 T s A & TR s PR i

LTI H%‘%%%%tﬁﬁkiﬁﬁiﬁﬁﬁﬁn
2R RB R0 S0, HERSE T FZhi AT g
T2 %, I, U FE T F K il ﬁhvﬂ%
BLIIFEA T 27

1 I(ATP]\E-ié-—

K il 18 & B 4 A 6 B IR 52 44 ( sulfonylurea
receptors, SUR ) . FE A1 4 /> K* P[] # i (K©
rectifiers, Kir) 6. x V. 3L [F 40 2598 il 5 AR E S5 .
Ab\ml"s/%éjﬁ LJP Ky LLI%H%%*MZFH% Alpl—fg
( mitochondrial K, , mitoK ., ) FL.Us JLZH U I K, 3 T8
(sarcolemma K, ,sarcK, ;) PRRp 0
1.1 mitoK ATPJ‘E_IE_"

AL T AR IR, 0 kit ILEA

inward

mitoK 18

5 ( BE2018611)



DI E R 2024 426 A5 45 B85 6 W Adv Cardiovasc Dis , June 2024 ,Vol. 45 ,No. 6 - 563 -

%?F'VEFHU” o Paggio %UZJ Jee] B mito]{ATPﬁ% Al FL
AL (MITOK, Hy CCDCS1 K R 2 i ) A1 i 4% 0 K&
(MITOSUR , ZHZ K55 5 ABCBS JEAAHIC ) 4 Ao

P mitoK ., 38 38 A 2 2O A K ) TR B 1A Ak
P14 5 ST 2R AR R R S PN B, 7 o 4 s R S Ha o7
WAk, FRARERALIAR Ca® " B IR 3h Iy, ikl Ca®* P9
FILELR R R T P (AL 2R, B R R Ca® " #E3K, iF5
SR, G5 R R A A R LR L IR T
AEFIIR T =5 (adenosine triphosphate , ATP) =4z | )\
1117 BFLLE 2 A4 388 375 R e 40 L TR B, B2 O UL 240 A
T
1.2 sarcK, @&

sarcK i 18 i1 SUR2A WL FN Kir6. x 2H %, 75 Gkt
I T4 FRALC LR I HKHT R B 2O EZE MR, %
T TESF R R OGP, HEBE ATP/ B 1 — B2 (adenosine
diphosphate , ADP) FEAIR AT I, #4 B4 Ay 1 5 ATP =
A T L RS AR R AR KT i Y BV H 6 I R AR
sarcK ypp 18 T8 X0 4 35N B 3 I, B DA L 7 TS D A
AL il B F (57 A S T RE, A Ca® " BB 2R, T sarcK
T A AT A0 OIR 2SR O LA AR A
FOFTFF S0 L2075 ot B R 7 ATP Rl Ca®*
B — B B2, ARSI & B 5 BT IF, S
O JULAGH I S T 5 A0 2R AR 1) RE [R] B 4 K5 ATP 528
A HEARS SRR IR SR R R

TEC WU E R BV ST, EEIE sarcK . 8 1H
P AL SUR A4 407 , B0 sarcK i 38 7 SE 2200 )
TR L O I BEIBIN sarcK ., 3 3L AT
PR30 B3 A DRAW IR 25 B, A 45400 ) 22 Jeph 48 2% Ay T
OB R VER . IEH AR, sarcK . 8 1E
(5% BEAE O MEOR AP e 3 3 AR T, {H A St S g 2L A
FREAETT (s 9 52 2R ILE O UL IR 1L 55 ) sarcK . 38
T M. TR LB, HURIR S RETTRE /N B
L7 Kir6. 2 ¢ SUR2 2B K FEAIG . sarcK i 8
PRI SUR2A 323K 38 0wl 36 3x 4 6 2 A v 7 B 7R
FIBCEE O HIE Ca®* A SR VR 1Y 00 MU 2 B0 - 418 g ) 4y 2
PRI . Singh 2% & BLLE Canta £545 i (SUR2
MEFESEAR ) (1) 85 S I A I 4 B i T BE T, 51
AR A e o O U JEE o
2 RREMEEEERECHHER

BACT BRSOl 3 gkt 37 R L e Fe
3 3 0 B N R A R R A AR UK i 2 AN
HE G TR ( polyunsaturated fatty acid, PUFA ) [ )5 #% 84k,
BB AN B2 RN R IR 200 B 5T A 200 s K, £k
RLARZEAG , SRR B2 FE 3G T, Sk A i s /b =30 2%
HAIE S A AT AR

YN AR BT IA PUFA 2830 K BE IR A G A 5 1l

sarcK ., 18 18

fifi 4 (long-chain acyl-CoA synthetase 4, ACSI4) /G 1LIE
i PUFA %filiiy A; PUFA Bl A 757 i 519 84 A B A ik
MR W 3 E NN B2 A OEE R
( polyunsaturated fatty acids of phospholipids, PL-
PUFA) ,PL-PUFA fiid# Fe’ " il F A= i S AL R I
(PL-PUFA-OOH) , #KTMT, il Q 7EFRIE Tl 1
fEFIF A2 20Z B | PL-PUFA-OOH A& 1™ 4
JRIFEEA T System Xe ™~ ¥4 12 R Gof e 2 BR 5% 7 31 40 B N
TE A W H R, 28 D6 H IR TE 25 e H kit 8 Ak W g 4 1
FHE A B At 40 B9 45 e 1 B4 # PL-PUFA-OOH /E
5 B A = BRI A AR 1 2R TR A DY
LR BENS I PL-PUFA-OOH A= ™

W IO SR A A 1 RE B R AR B A %
WEEP R AR T MR AR BTy FRER, T
X 2 43 figg A S H 7 AR T P 4R (reactive oxygen
species ,ROS) ; ROS ] DLAE Sy 38 40 Jf 1 58 19 15 = 53
-, {H ROS S B Bt ] 15| 400 i 453 4% , 5 il 240 P
1706 o ANA P o B Pk v] S EkaE 3, Fe®” R AT
DL EFEA4E FH T PL-PUFA-OOH i 5 I8 it i & Ak, i B
AT Z5 R 7 2R ROS, ROS AE FI T 400 i i Bl 5t
PUFA il SUSHE, S 354 A B A o ) 4 Ak, B 200 ik
LA
3 PKC/K,,BEESELNEEFHNIER

T 4 C(protein kinase C,PKC) HAKHHZE — (5
i J Ca® " BTG HIEGE Y (o B oy)  FAKHSER (5l
WG B HT AR PKC AR (8,20 .m) AN EE A5 {fi F0
Ca®* JIE ARSI PKC R (¢ V) 4UR L bl
th PKCa #2357 72, PKCau 3 AT i B 1T ke 0 JUL AR J5
mlO U | i JE 26k PKCo 56 [ 51ROl i B
Wi . 2 g R T H - 1 W]l | PKCo/ MAPK
1555 38 B3 e 1l Xk R 11755 00 LIE JE 0L L
YAk, iR PKCR K& A Al 3 /N A8 T AR, 3G 9 7.0
TR , i ik PKCR HE A AT 5 200 UAT 58 F0 44
FE. P2XT ZAKiE L 45 PKCR FA MG 5 I 19 i ity
(extracellular signal-regulated kinase , ERK) 3% 4% Ik {/e
[ % ( streptozotozin, STZ ) 75 S {0 353 45 M1 F 9
PKCry B[R] ff  J0 5 pk 0 IE R B A8 4k . PKCS Btk
A RECO IR T REZE FL . FoO M0REIE o 8 4% H9¢2
Yliffs PKCS/NOXx2/ROS {5534 12 Ml 35 R A i 41/
ARSI AA Y B . PKCe J PR R /0N B Bt ot -
HETE (ischemia reperfusion, IR ) 54475 1) 2 & vk o8 i, 1o
3k PKCe 51O NUIE)E . ME R0 ) Gi flEK 2
R CAn4i e H4 JRTT A3 FIE 2R 1-B5IR-S1P1 214 )
W% PKCe/ALDH2 ji %, $2 0 H R -1 B KR R
GO NELR I E A . PKCO K& PR g bk 5 35ch o 20 AL
9, 2 W] PKCO XJ.0 L AH A A7 15 F0 e 90 22 4E .



- 564 - UL A R 2024 42 6 A4 45 55 6 ] Adv Cardiovasc Dis , June 2024 ,Vol. 45, No. 6

PKCE BRI R BR A O IE R B AR AL, TR K 4 B )
i PKCE ks i A B ok R 155 9.0 IEAE RO
s ELEE

ULKATTE R Y] PKC 2 5BIET- R BE
L. ZE % 3% A& 7 (transient receptor potential melastatin,
TRPM7 ) it 34 il Ca®* PYIRLK AR PKCo AR A1 AL
) (nitrogen oxide , NOx) i 14 , ] 57 28 KUIR OG5 R K5
B AIERIETS " . PKCR 115l 5 E AR 1L ACSIA
8 Thr328 A7 x5 PREE R g 2 I o 2ot S Ak K-, ik
e, PKCO SR A W kI R ]
(hippocalcin like 1, HPCALL ) 7£ Thr149 (R BER 1L i
T EPEVERE AR A5 6 22 11 2 (cadherin-2, CDH2 ) , FEAIR 5
5K 1A ARG Bt AL, BN AE T S ke e

[INEgt =) | §7g:
NN SR 14

il ULAE s
ERVIBE ol

TE : Netrin-1, #2258 S 1) [] 3~ 1; RAS, PR - Rk R RS

(] | !
I W mitoK, BH

B KRAB 8% i 1 ZNF498 5 i T4 p53 Serd6 fif
MUNTERRLTE S p53 455 I PKCS F1 pS3 INP1 4%
A A FEF 40 g A i e sE T

WG PKC {28 ATP /K f# % ADP Z[52 ATP/ADP
FEABEREA, ATP/ADP LB REAR TS A K yrp 380 18 T3, 4
50 LA LA 38 DTS i #00 IE AR P VE R o SR R PR
il PKCo/ B 8 /0o ML K g 28 TSR FSF ) 44K 38 12 5 26 00
FEREMERE AR R D E AR o SRS 5/ 1 H,S
45 PKC3 Fll PKCE Gy AL 0E FR i Ky 30 T8 FF T8, 9875
Py Ca®" RS & 450 IE AR 3 VR . T K 2K 25
(deltorphinll) ik /b0 IR FE A A B4 J2: 38 4 PKCS
WERETHE LS 3 3t JERK1/2 B35 , Ky 3038 BT
LR VLR S A Y (RN 1)

R —

LR

KATP iﬁ :'E

EE A SRR T
SO
R0 HE

DNETCAR AR

1 ST SF K, BEREZREBC N RIBEIFIENLE

4 HEHKIET/ Ko BERNRANMESRE
ARRMF I R AL A2 W) R FETT L i
FEIKR I RN E B 275 5 10 WUIE
T BRAET RS BB . SLCTATL/XCT A i
AW HIRBE T B 1O LIRS B v 3 M R
BT i e CD36 A I ERAE T, I K AL
JUL 0 LS B B AT TG A At T 3 3o 390 2
TN 5 N BRI S R0 D REER L AL L

F 7 g I s R 5 15 Yes MISEHE A G 1Y
PURRBC T I 1 A okl 2 i 39 7 - LA J2 g 2L 2 M i
HELE O ) 2RI B R CH I RR AR N B S
( phosphoglycerate mutase 5,PGAMS ) i /> Keapl/Nrf2/
ROS {5 7 18 B&i75 3 10 A AN B ERSE T2, it L PGAMS
AIPERATT O ) S AE TR T B ALY o Ky 380 38 9
TR (7008 o L) S B0 JE e d 1 43 i T
U3 6 .00 I S RE IR A5 Lo LA IR SE T 25 B



DI E R 2024 426 A5 45 B85 6 W Adv Cardiovasc Dis , June 2024 ,Vol. 45 ,No. 6 + 565 -

16 Ky B8 AT 305 HPRIE TS5 S0 ST B H ke

BRIET- AT K o 18 B D RE AR 750 1 W A2
RIEREENEM, O St PKC LSS 77 R/EH
TN, K i) 2 B PKC 340G, i il ACSLA @5 R
TSI T KA B AE T R AR B, 40 i IR o o 4
b AR A, 5 R K 3B 7, JCHZ T 15
B SUR; 451005 Ky i 18 S S04N M N Ca® " 8 28, 32F 1 i
T NUIRIE O LA 4E A %5, B a5 O 1 308 .
U, 0 ) R BT T S S R R S K B G, HESE 3
0 ) TE R BT I FLAT E I R ANEL

& & 3 mk

[1] Savarese G,Stolfo D, Sinagra G, et al. Heart failure with mid-range or mildly
reduced ejection fraction[ J]. Nat Rev Cardiol ,2022,19(2) :100-116.

[2] Kaneko H, Yano Y, Itoh H, et al. Association of blood pressure classification
using the 2017 American College of Cardiology/American Heart Association
blood pressure guideline with risk of heart failure and atrial fibrillation [ J].
Circulation,2021,143(23) ; 2244-2253.

[3]  Yu H,Zhang F,Yan P,et al. LARP7 protects against heart failure by enhancing
mitochondrial biogenesis[ J]. Circulation,2021,143(20) :2007-2022.

[4] Noma A. ATP-regulated K* channels in cardiac muscle[ J ]. Nature, 1983,305
(5930) : 147-148.

[5] Kao YR,Will B. The cost of competency?[ J]. Cell,2023,186(4) :685-687.

[6] Guo Y,Zhang H, Yan C,et al. Small molecule agonist of mitochondrial fusion
repairs mitochondrial dysfunction[ J]. Nat Chem Biol ,2023,19(4) :468-477.

[7]  Jiang X, Wu D, Jiang Z, et al. Protective effect of nicorandil on cardiac
microvascular injury ; role of mitochondrial integrity[ J]. Oxid Med Cell Longev,
2021,2021 :4665632.

[8] Aziz Q,Chen J,Moyes AJ,et al. Vascular KATP channels protect from cardiac
dysfunction and preserve cardiac metabolism during endotoxemia[ J].J Mol Med
(Berl) ,2020,98(8) :1149-1160.

[9]  Pertiwi KR, Hillman RM,Scott CA et al. Ischemia reperfusion injury produces,
and ischemic preconditioning prevents,rat cardiac fibroblast differentiation: role
of K, channels[ J]. J Cardiovasc Dev Dis,2019,6(2) :22.

[10] Iguchi K,Saotome M, Yamashita K, et al. Pinacidil, a KATP channel opener,
stimulates cardiac Na*/Ca>* exchanger function through the NO/cGMP/PKG
signaling pathway in guinea pig cardiac ventricular myocytes [ J ]. Naunyn
Schmiedebergs Arch Pharmacol ,2019,392(8) ; 949-959.

[11] Bezerra Palacio P, Brito Lucas AM, Varlla de Lacerda Alexandre J, et al.
Pharmacological and molecular docking studies reveal that glibenclamide
competitively inhibits diazoxide-induced mitochondrial ATP-sensitive potassium
channel activation and pharmacological preconditioning[ J]. Eur J Pharmacol,
2021,908; 174379.

[12] Paggio A, Checchetto V, Campo A, et al. Identification of an ATP-sensitive
potassium channel in mitochondria[ J ]. Nature,2019,572(7771) :609-613.

[13] Sakamoto K, Kurokawa J. Involvement of sex hormonal regulation of K* channels
in electrophysiological and contractile functions of muscle tissues [ J]. J
Pharmacol Sci,2019,139(4) :259-265.

[14] Bai XJ, Hao JT, Zheng RH, et al. Glucagon-like peptide-1 analog liraglutide
attenuates pressure-overload induced cardiac hypertrophy and apoptosis through
activating ATP sensitive potassium channels[ J ]. Cardiovasc Drugs Ther, 2021,
35(1):87-101.

[15] Zhang F,Zhou GH, An Q, et al. Decreased gene expression of K, and K,
channels in hyperthyroid rabbit atria[ J]. Int J Clin Exp Pathol,2022,15(3) :
145-151.

[16] Singh GK, McClenaghan C, Aggarwal M, et al. A unique high-output cardiac
hypertrophy phenotype arising from low systemic vascular resistance in Cantu
syndrome[ J].J Am Heart Assoc,2022,11(24) :e027363.

[17] van Vlerken-Ysla L, Tyurina YY, Kagan VE, et al. Functional states of myeloid
cells in cancer[ J]. Cancer cell,2023,41(3) :490-504.

[18] Cheu JW,Lee D,Li Q,et al. Ferroptosis suppressor protein 1 inhibition promotes

[19]

[24]

[25]

[26]

[33]

[34]

tumor ferroptosis and anti-tumor immune responses in liver cancer[ J]. Cell Mol
Gastroenterol Hepatol ,2023,16(1) :133-159.
Xu S,Li X, Li Y, et al. Neuroprotective effect of DI-3-n-butylphthalide against
ischemia-reperfusion injury is mediated by ferroptosis regulation wvia the
SLC7A11/GSH/GPX4 pathway and the attenuation of blood-brain barrier
disruption[ J]. Front Aging Neurosci,2023,15:1028178.
Costa I, Barbosa DJ, Benfeito S, et al. Molecular mechanisms of ferroptosis and
their involvement in brain diseases[ J]. Pharmacol Ther,2023,244.108373.
Huang L,Feng J,Zhu J, et al. A strategy of Fenton reaction cycloacceleration for
high performance ferroptosis therapy initiated by tumor microenvironment
remodeling[ J]. Adv Healthc Mater,2023,12(18) :e2203362.
Chen L,Shi D,Guo M. The roles of PKC-§ and PKC-g in myocardial ischemia/
reperfusion injury[ J]. Pharmacol Res,2021,170:105716.
Liu X, Wang Y, Zhang H, et al. Different protein kinase C isoenzymes mediate
inhibition of cardiac rapidly activating delayed rectifier K* current by different
G-protein coupled receptors[ J]. Br J Pharmacol ,2017,174(23) :4464-4477.
Rohde S,Sabri A, Kamasamudran R, et al. The alpha( 1) -adrenoceptor subtype-
and protein kinase C isoform-dependence of Norepinephrine ’ s actions in
cardiomyocytes[ J]. ] Mol Cell Cardiol ,2000,32(7) :1193-1209.
Huang S, Wang W, Li L, et al. P2X7 receptor deficiency ameliorates STZ-
induced cardiac damage and remodeling through PKCB and ERK[ J]. Front Cell
Dev Biol,2021,9:692028.
Lin HJ, Mahendran R, Huang HY, et al. Aqueous extract of Solanum nigrum
attenuates Angiotensin-II induced cardiac hypertrophy and improves cardiac
function by repressing protein kinase C-{ to restore HSF2 deSUMOlyation and
Mel-18-1GF-IIR signaling suppression [J].J Ethnopharmacol ,2022 ,284 :114728.
Zhou R,Chen Y, Li S, et al. TRPM7 channel inhibition attenuates rheumatoid
arthritis articular chondrocyte ferroptosis by suppression of the PKCa-NOX4 axis
[J]. Redox Biol,2022,55.102411.
Zhang HL,Hu BX,Li ZL,et al. PKCB Il phosphorylates ACSI4 to amplify lipid
peroxidation to induce ferroptosis[ J]. Nat Cell Biol ,2022,24(1) .88-98.
Chen X,Song X, Li J, et al. Identification of HPCAL] as a specific autophagy
receptor involved in ferroptosis| J]. Autophagy,2023,19(1) :54-74.
Zhang X, Zheng Q,Yue X, et al. ZNF498 promotes hepatocellular carcinogenesis
by suppressing p53-mediated apoptosis and ferroptosis via the attenuation of pS3
Serd6 phosphorylation[ J].J Exp Clin Cancer Res,2022,41(1) :79.
Popov SV, Mukhomedzyanov AV ,Maslov LN, et al. The infarct-reducing effect of
the 8, opioid receptor agonist deltorphin 1II : the molecular mechanism [ J].
Membranes ( Basel) ,2023,13(1) :63.
Ning D, Yang X, Wang T, et al. Atorvastatin treatment ameliorates cardiac
function and remodeling induced by isoproterenol attack through mitigation of
ferroptosis[ J ]. Biochem Biophys Res Commun,2021,574:39-47.
Sun L, Wang H, Yu S, et al. Herceptin induces ferroptosis and mitochondrial
dysfunction in H9¢2 cells[ J]. Int J] Mol Med,2022,49(2) :17.
Zhang 7, Tang J, Song J, et al. Elabela alleviates ferroptosis, myocardial
remodeling, fibrosis and heart dysfunction in hypertensive mice by modulating
the IL-6/STAT3/GPX4 signaling [ J ]. Free Radic Biol Med, 2022, 181:
130-142.
Liu J, Lane S, Lall R, et al. Circulating hemopexin modulates anthracycline
cardiac toxicity in patients and in mice[ J]. Sci Adv,2022,8(51) :eadc9245.
Zhang X, Zheng C,Gao Z,et al. SLCTA11/xCT prevents cardiac hypertrophy by
inhibiting ferroptosis[ J]. Cardiovasc Drugs Ther,2022,36(3) :437-447.
Li X,Li Z,Dong X, et al. Astragaloside IV attenuates myocardial dysfunction in
diabetic cardiomyopathy rats through downregulation of CD36-mediated
ferroptosis[ J]. Phytother Res,2023,37(7) :3042-3056.
Zhou J, Yu T, Wu G, et al. Pyrroloquinoline quinone modulates YAP-related
anti-ferroptotic activity to protect against myocardial hypertrophy [ J]. Front
Pharmacol ,2022,13.977385.
Li S, Wen P, Zhang D, et al. PGAMS expression levels in heart failure and
protection ROS-induced oxidative stress and ferroptosis by Keapl/Nrf2[ J]. Clin
Exp Hypertens,2023,45(1) :2162537.
Zhang LL,Chen GH,Tang RJ, et al. Levosimendan reverses cardiac malfunction
and cardiomyocyte ferroptosis during heart failure with preserved ejection fraction
via connexin 43 signaling activation[ J]. Cardiovasc Drugs Ther,2023. DOI10.
1007/510557-023-07441-4.

WCAS B 47 :2024-0107



