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Biology of cardiomyocyte death and its clinical translation
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Biology of cardiomyocyte death and
its clinical translation

Tetsuji Miura, MD, PhD, FACC, FAHA, FESC
Department of Cardiovascular, Renal and Metabolic Medicine
Sapporo Medical University School of Medicine
Sapporo Japan

kiR L LT LLMIRZE DA A m ¥ — L ERER

WAl EnHF AL A TRELELEWERBNET,
THETHEN, I OB%EE & B A TR SERRR-E DS
ZHHVETOT, #HEOT—~ & L UTE2BIRT S
PIZONWTIHBAE LR, £<DTad=7 hofl
ZH 2 DML Z B Y EIFE LT, KREROSAE
BEMHEL TCELOE L EBREROZRAEFEEICDH,
EARMLARTHEMFEL CTHLH 250 TIEERNVET,
RBARBTIIRENBEOLNTWVWETOT, #HFETO
T OFAZEAM LR L o TNWDHZEETDT
F AV il = (A Al -5 ATAS:

Maijor research subjects in the past three
decades.

* Factors that determine myocardial infarct size

* Mechanism of ischemic preconditioning (transient
ischemia-induced delay in infarction)

» Cardiomyocyte death as a cause of irreversible
progression of chronic heart failure

+ Diabetic cardiomyopathy — a growing etiology of
chronic heart failure

* Mechanism of cardio-renal syndrome

» Google scholar (Jan 18, 2021)
Total citation = 12,392, H-index = 65, i10 index = 183

1

INETWYMALERNET—~ (M) 22T
F LA, 20D 20 lIESE O & IR O RE
REVWIBETELDDINZHLTEHELLEVWE AN
g

BB, MREEOSKLE LTI, 44 1 H oS T,
total citation 2% 12,000 % V., H-index 65 TJ D
T, MEE L L TR IBREOEMIITE 2L 5 ICE
WETHE, INLHEEIFUDENDOEZL DA ZK
B0 L EH L T E£5,

it (K2) LA OMIEEDRE LOEFR %,
EESENPOEH L2 b0 TY, TAHKREICE-T
FRZFE DR 721T Tl < ZORBBINE > THET

A major role of cardiomyocyte death in
cardiovascular diseases

* Ischemic Heart Disease
« Acute myocardial infarction
« Ischemic cardiomyopathy
» Non-ischemic chronic heart failure
« Primary cardiomyopathies
« Specific cardiomyopathies
« Myocarditis

-- Different etiologies and different phenotypes
of cell death in these cardiac diseases

X2

Determinants of
infarct size in acute
myocardial infarction

« Size of the territory of an
occluded artery (area at
risk)

« Duration of coronary artery
occlusion

+ Myocardial oxygen
demand

% OF RISK ZONE INFARCTEC
. [ » e

+ Coronary collateral flow
level

* Heart rate

* Ventricular dimension
« Contractility

« Size of area at risk

COLLATERAL FLOW (% NORMAL)

Miura T, et al. J Am Coll Cardiol. 1987;9(3):647-54
Miura T, et al. Basic Res Cardiol. 1988;83(2):128-36
Miura T, etal. Am J Physiol. 1988;254:H855-61
Miura T, Downey JM. Can J Cardiol. 1989;5:201-5.

3

. Z0oH, AL L — R D ITE 2 ekt
BLLTeFc OMRAEZFLCREEL L e BnET,
FELHEPED LI ICHESNL TN D D0,
1980 FF X E CHIEIZENTWVWERATLE, TDOH

P VAR R I8 0D TR R R0 Do A 5 2 0D i B 22 TERE I E &
LTENTERP SR LD ET. HERATOM
I3 % radioactive microsphere 12 X - THIEFTHE
L7 LTEZE & eER R B Y a5 D B DO RRGE
DENTHENEALE LT, 274 F (K3) Lo,
DFEEY A XOHERT L LT, PHERSEIRO XA
i (VR 7). EEAROAERMOIENT, &
ML COMFFREEER, £ U CRIMEE OO 2 R
TOMEIMBEPEETHL I & RINE LT, Al
Bl M3 S B ARPAZE % OFRE TEL LGS e, I
1TEEE DAL 2MAB LR DAL &4t L TR ZE Y1
R S EDAEEMELRH D £,
HENRFAZEOBEZ OMME LT L. B 1 ZRMEIEE)
#TH 5 dobutamine (DOB) DFEFRF 5% Flth %I
DHIMERIE 2175 &, 2o (K4) Xl
AR R I35 D HE NPT o TR ZE D IE R A3
HOEWERES NI LR R LE L, 2O,
AV S O S TRIT B T2 o TIHUIE] MLy Z Jk )
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Miura T, Yoshida S, limura O, Downey JM.
Am J Physiol. 1988 May;254(5 Pt 2):H855-61.

X 4

SEHZRWE O RIFEREH, T2 b.OIEOmF 7L HE
I EILR OMH], eEEINREE DR S, BHET
o LaFIBELTNET,

DRI ONTIT =3 VX — R & N A 4
DR RAF ALY ZADBRPSHENPED LI, FD,
IMEE R L ZARLE IO FE T B & o T BLUR
T, WEAHORABEL®ZREINTVWET, 25 LN
T RESHET DL E 0T L5720 1986 FlT
WEENEIL S Va2 T v a =27 (ischemic
preconditioning, IPC) & WHHLETT (45).

Preconditioning with ischemia: a delay of lethal cell
injury in ischemic myocardium

CHARLES E. MURRY, B.S., ROBERT B. JENNINGS, M.D., AND KEITH A. REIMER, M.D., Pu.D.

ABSTRACT We have previously shown that a brief episode of ischemia slows the rate of ATP

depletion during subsequent ischemic episodes. Additionally, intermittent reperfusion may be benefi-

cial to the myocardium by washing out catab¢** * “* oot .
proposed that multiple brief ischemic episoc = High reproducibility across various animal
sustained ischemic insult. To test this hypothe species

set, one group of dogs (n = 7) was precor q
separated by 5 min of reperfusion, followed by = EXtrapolation of the concept to other

received a single 40 min occlusion. In the s organs such as the brain, artery and
followed, and animals (n = ) then receivel G

received a single 3 hr occlusion. Animals we
infarct size then was measured and was related - A work that led to discovery of myocardial

the anatomic area at risk and collateral blood | B : .
paradonically limited infarctsize to 25% oftn  S@vage bY intracellular signaling
mechanisms.

flows were not significantly different in the
between infarct size in the preconditioned and _ Citation more than 6,000 times to date
in the 40 min study may have been due tc N i

accumulation during the sustained occlusion. These results suggest that the multiple anginal episodes

that often precede myocardial infarction in man may delay cell death after coronary occlusion, and

thereby allow for greater salvage of myocardium through reperfusion therapy.
Circulation 74, No. 5, 11241136, 1986.

H5

IPC Iz —HERMOEBMICEREZET DL L. £
D% OERMEMIC X 5 DAFEZEDEITINEIET S &
WO BERBIG T, OF VAR ORINIC X o TR
AT M BEEE~OMHE 2 EE T2 L W HBIE T,
DML RERFELX X 2HE L L TIPC 230
LIS DIEZR I b 7D B, iR O I
HEHShEZ bbb 3. 2L TIPC OWFEL G,
i ML EEREEOBRBE O M, =3 F—HREF~D
AP D, NS 7 NABESDI A &~ LR
HZVELEZ, ZHNETIOHRIOSIAEED 6,000
BZB2TND I LR bRETORE IR DD
NEJ,

Ischemic preconditioning in patients
with coronary artery disease

« Preinfarction angina reduces infarct size.

« Lenborg J, et al. Eur Heart J Cardiovasc Imaging.
2012;13:433-43, Reiter R, et al. Circ Cardiovasc Interv.
2013;6:52-8.

« Preinfarction angina reduces ventricular dysfunction
after infarction.

« Kloner RA, et al. Circulation. 1995;91:37-45, Noda T, et al. J
Am Coll Cardiol. 1999;34:1966-74.

« Preinfarction angina attenuates post-infarct
ventricular remodeling.

+ Solomon SD, et al. J Am Coll Cardiol. 2004;43:1511-4,
Papadopoulos CE, et al. Cardiovasc Revasc Med. 2011;12:286-
91.

= 6

IPC XL AREZE D RRIREI THFET D2 2 & 2§
BB A HmE SN E L (K6). 7238 Z D Noda
et al. DUFZEIXENO L s L FERRBITE T, BF5ED
FIEEFE 5|~ bBIL b D TY,

IPC O ITEA L TR A 23T - e W78 D E 72 pli 2R
. KOZXFA4 K (”7) OXOICERTHILNT
ER:

Mechanisms of ischemic preconditioning

« Activation of multiple receptors that trigger intracellular signal
pathways: adenosine A1 and A2b, bradykinin B1, angiotensin Il type 1,
§-opioid and TNF-a receptors.

+ Miura et al. Circulation 1992, Tsuchida Cardiovasc Res 1992, Miki et al. J Am Coll
Cardiol 1996, Miura et al. Cardiovasc Res 1998, Ichikawa Cardiovasc Res 2004, Miura
et al. Am J Physiol Heart Circ Physiol 2007.

« Presence of multiple and compensatory signal pathways leading to
protection afforded by IPC.

« Miki et al. Circulation 2000, Tsuchida et al. Basic Res Cardiol 2001, Ohnuma et al. Am J
Physiol Heart Circ Physiol 2002, Nozawa et al. Basic Res Cardiol 2003, Nishino et al.
Cardiovasc Res 2004, Miki et al. J Pharmacol Exp Ther 2006

« Targets of pro-survival signaling: connexin-43 in the gap junction and
GSK-3p that interact with the mitochondrial permeability transition
pore.

+ Miura et al. Am J Physiol Heart Circ Physiol 2004, Naitoh et al. Cardiovasc Res 2006,
Nishihara et al. Am J Physiol Heart Circ Physiol 2006, Nishihara et al. J Mol Cell
Cardiol 2007, Naitoh et al. Am J Physiol Heart Circ Physiol 2009, Miura et al. Am J
Physiol Heart Circ Physiol 2010, Terashima et al. J Mol Cell Cardiol 2010, Hotta et al.
Circ Res 2010.
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IPC 12 & 5 Lfififatki#ZF#ES 5 7T VniE
TITEED G- EAEEZ AR DT, TNF- o XF
R T FLOEENCEDY, ZRZEno&ENIXIPC
DTm ha— VX oTREDZLZWLNITLEL
Tco TD X9 RZHMED redundancy (REME) &
IPC DEMMEZED HMEMATHD Lo ICBbVE
T, Fe. ZHRD redundancy 226 I &5 X9
([T IPC T X o TIEMAL T 2 BN > 27 VAR
FEEGFEL, £20RBKITIT /e A =212k 5
RE#E PR LE L. 2L T, MildA
VI FIMREREOEN L L Ty vy THE LI b
v KU 7iEEMEER AL (mitochondrial permeability
transition pore, mPTP) — Z 4512 DWW TII% T
HLET-PBEETA2Z L2 EL T, Z0LEN
connexin-43 & GSK-3 B OEENCHHE L E L 72,

IPCIC L VBN SN D Ehey VP VRERK & &
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} Cell-tocell
propagation of injury
s

megh
f]
v v receptor ' permeability
PI3K-PDK1 PLC T (Cx43 at Ser368)
S I——

Sarcolemma

|
oA NS
l Akt
v 4 Ca®* overioad in the cytosol
MEK1/2 3 ERK (and thus in the mitochondria)

Cytosol

Mitochondrion

Loss of ATP synthasis
d_ > Pro-apoplotic signals

A scheme of signal transduction pathways in protection afforded by ischemic
preconditioning (IPC) based on the available data. Miura T, J Mol Cell Cardiol 2014
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Miura T, et al. Am J Physiol Heart Circ Physiol. 2007;293:H1425-31, Naitoh K, et ak. Am J Physiol
Heart Circ Physiol. 2009;296:H396-403.
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X ¥ v THEA OB OWEICIE Lucifer yellow
DO s L 2B & L Tex vivo DL CHIE L,
IPC 2#E 45 ¥ 7P V2819 2 ZAEOEENEK
SOMRER, F o mEWE ORI LER DO ZE T
flids &bz, LEMFHMALD connexin-43 DV >
b, £7EHF T —E & connexin—43 OFFE/EH
ERATLELRE (W9, ZhALT—FR5TNT, il
DEBORLICHE L IeT —F ZHRICKROAT AR

[

v
2 GPCRs
s
H GJC-mediated transport of signaling
2 elecies with PG regor?
5 MK,y ch under
g regulation by mCx43
T ROs
— MEK1 ¥
1 PKC-e Lol
E ERKW\ }
§ cxa3
2
3 Inhibition of Accelerated loss of chemical GJC
a hemichannel opening? +
+ Attenuated cel-to-cell in

— Prevention of ionic propagation of Nat overioad?
< derangements 4
2 + Attenuated Ca?* overload via NCX?
E& Protection of myocyte
g from necrosis
&

role 43 (01)innfrc sz nfaton by 1P, GFCR, G prosin-coupled receptors: MKy
iaamandio KATE ehamnol moxts, miocnondrl o, RO seacive nygen speses; NOX. NeviCats ncreng
(t01szaiphearoverazoosy  Miura T, Miki T, Yano T. Am J Physiol Heart Circ Physiol. 2010 ;298:H1115-25.

X 10

(X10) OXOBRETNEERTHILNRTEELT,

IPCIZX»TGEREMZSHEEOEMNL, I b=
Y RUT7ATP =K F ¥ x VoA, ¥ 7
fEEEWE L L TOIEMEEESE (reactive oxygen species,
ROS) O pEA, mEIfEER O PKC-¢« & ERKIC X5
connexin-43 V VEfb, FORE X ¥ v TS FHEM
DIETFEN) —EOFENRENE LZ, Y v 7
AFEBEOMTIL, FHERFFO Na" AR
5l &t < Na*-Ca® ZZ# R # v L 7z Ca® AT O
flic k> T, MlEZIH T2 EEZExONET, £
AR [ T hemichannel O 1l & 075 Al AE PR 34 12 B8
53 5ReERH Y £9. —JF. p38-MAPK X IPC
FoTLeLAWMHI S, ¥y v FHEEEREOK T
W& 7RO RNE D RMFREOKT bFEET D 2 LA
REEINE LTz, ZOWFIEREIE IPC OBFHEA
MTHMTERLLBWETR, v v FHESIMENI
REARDOFFHLAEZNHEOIERE & Vo 7 fEE 5| &
ZLx2ZERENL, IRETIE~OIHIZREET
L7,

IPCY 7 FNVOEHELTE Y vy THEAELEDLIT
HERALZOIEImPTP T, 203 hav K 7THIEIC
FET B IERINTF v X VOB O, DHAICE S
THIB DK 7 v —L ZOEBEREFETH D Z L 3%
<OMETRINTNET,

A model of mMPTP complex, a regulator of
mitochondrial bioenergetics and cell death/survival

Preservation of membrane potential:
Bioenergetically efficient
Cell survival

Loss of membrane potential:
Bioenergetically inefficient
Cell death

+ Dimers of FyF, ATP synthase form an mPTP channel, while cyclophilin D
and GSK-3B play regulatory roles in its opening.

Miura and Tanno, Cardiovasc Res 2012;94:181-9,
Giorgio V et al. PNAS 2013;110:5887
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ZDATA KR (K11) 1XFkx DO mPTP #HEKDE
TV T, 2012 IR E L 72 b @ % Paolo Bernardi
LOMAERICKIT LeboTY, Fxid, 2o
mPTP B 0 BIME 2 E#MICH BT 20 F L LT
GSK-3 BIZHER L Z20EENIOMHAZRAE L T2,

GSK-3p regulates the mPTP and cardiomyocyte necrosis
after ischemia/reperfusion

* Thresholds for mPTP opening in cardiomyocytes were elevated by knockdown
of GSK-3p or by inhibitory phosphorylation of GSK-3p at Ser9 (Juhaszova et al.
J Clin Invest 2004).

* Level of p-Ser9-GSK-3p at 5 min after reperfusion predicted infarct size 2 h
after reperfusion (Nishihara et al. Am J Physiol 2006)

« Phosphorylation of GSK-3p at Ser9 was associated with infarct size limitation
by ischemic preconditioning and multiple protective agents (Tong et al Circ Res
2002, Gomez et al. Circulation 2008 et al.)

+ r=0.81

p<0.05

50 Pre-ischemia Tx  Pre-reperfusion Tx

40 “t “+

30
£ 2
10 -+

300 Control SB (0.6) SB (1.2) SB-R
Inhibitors of GSK-3

100 200
p-GSK-3 in the myocardium (AU)

X 12

GSK-3 B &L\ 5 EHA ¥ —E 5 mPTP #il#cEE 5

52 L EHOTHEL ZDIX Steve Sollott » T,

M 51%, HEEOAHAIEZ AV EBR T, GSK-3 8D
Sy 7 ET REDIEMEZIEIT D Ser9 U (kS
mPTPRHAREZ FHSEDZ L2 RLELE, Tk
X, Ser9-GSK-3 BV vk z b b T HEDZR
A 2 FL & H T, Ser9-GSK-3 8V v EE{L L
NROVINBER D&M ERE L EZ A, HHER S 0k
® p-Ser9-GSK-3 B L L & FE MR 2 BEfE] 1% D O
BWEY A oA EEsEL (K12), 256
W FETREE O GSK-3 B RALESK (SB-216763) # 5
D EY A X & HE/ L, p-Ser9-GSK-3 B L X
V& DTS A X OBMRNBERRRERICH D Z L hE
BETLILEWTEEL,

Z 2T, DS D GSK-3 g OERE, KR
FEDD 2 Fay U 7 ~OBITICOW TR 21T
WE L7, ZOREE, EEEERNOXF—ETHD
GSK-3 D2 by KU TEATIE. ZOXFF—EIEH
PYBELLTWAZE, &6, GSK-3 I hav R
VT RBATORRIC, MAEERATLIERZRAZ ) —=2 7
L7iER,. VDAC2 LR T D LPMETHY,
Fa v RYT7EB4TLZGSK-3 BidI ha v RY 7T
DROSEAZTTESEDLZLBHLN LRV EL
(X 13).

295 L7 GSK-3 Bo&kEIZESA, I ha vy N T
PUCTFETEL . GSK-3 B U v b &+ 2 B A ¥ 5 —
PROMBEZBAELE LIz, ZOREOESDHRL
TenE BnNET,

R ha v NY 7RIS Y VEEICBE D 5 557
DIEDP, 2 ha v R THASDO R FOME S iFIC
BETA07. E6IFxD) Vgbichb s X —E

Effects of VDAC2 knockdown on mPTP opening and cell
necrosis by oxidant stress.
E

Translocation of active GSK-3p to :
mitochondria by interaction with VDAC2
—> Promotion of ROS production
—> Opening of the mPTP

—> Cell necrosis

G5k
WT SOA KBSR GFP
T I I TANGES TTTOH release were parallel
B B with those in ROS production.
T
1.0,

Tanno M et al.
©2014 by American Society
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Effects of suppression of DUSP5 expression or PHLPP1 expression on
phosphorylation of Akt, ERK and GSK-33

Akt

- PHLPP-1
ERK = P—‘Aﬁ

"8

GSK-3B == P-GSK-3B

\ A4
mPTP mPTP
opening closure

Possible cross-activation of ERK- and Akt-
mediated signaling in mitochondria

Ohwada W, et al. Biochim Biophys Acta Mol Basis Dis. 2020 1866(10):165851.

X 14

DEIETDHZEDRMBNTWELRS, GSK-3 B D
I ONWTIRINE THRERH YV EFHEATL, £
ZT. GSK3 BD EHED=2oDFF—FLEFNHD
BiV > bEESE OfFNT 2 B L c#E 5. ERK O K A
T —BL L TEICOAGHETHEELLN TV
DUSPS B b v K FHMREICHEAET L Z L AHL
L7,

FRRARDODERBY R A7 72— TH D
PHLPP1 33 b2 > KU TICFEET S 2 & Bk
A4 25 L L bic, PHLPP1. DUSPS #ivEio /
JHETUERNPS, R A R TORNT Akt &
L7z GSK-3 BV vk L. ERK #/ L 7= GSK-3
BV VL DFEFEIT cross activation 235 5D Z & SR
ENFELE (K14)., 2 =2 KUY T7THNTO GSK-3
BV VERILOWIEICIX, To KO EAFTF—FIC
redundancy 3% % 721 T <FHAEDOEERIC L >TY
VR L L DR & mPTP B D0 &2 S 5 ICHESE
LTWAOrbHNER A,

TDOATA KR (K15 I b K 72N,
SE, = Uy 7R E L CTEAXF—EBE AR
T 7 A —EBDO VLNV ERNT L TR EROBR L IR L T
ERL7IcbDTT, ZNENDOY VARV DOKE I ITE
HEZFZLTWET, TOEFANRDL, X7 —U 2
DOHEBEH 2 TH 5 mPTP Ofil#icii, GSK-3 B
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Modification of pro-survival signal pathways by
concurrent diseases

« Different co-morbidities impair different steps in signal
transduction pathways.

- Post-infarct remodeling (Miki et al. Circulation 2000, Miki et al.
Basic Res Cardiol 2007), diabetes (Miki et al. Diabetes 2009,
Hotta et al. Circ Res 2010), hypertension (Yano et al.
Hypertens 2011), chronic kidney disease (Nishiazawa et al.
Hypertens 2016, Tobisawa et al. Basic Res Cardiol 2017)

» Impairment of pro-survival signaling reduces
myocardial tolerance to ischemia/reperfusion injury
and/or induces resistant to protective agents.
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Cardiomyocyte death as a major
cause of irreversible progression of
heart failure

« Loss of contractile units in the ventricle

« Limited adaptation by hypertrophy of
viable cardiomyocytes

» Response of interstitial cells to dead
cardiomyocytes

* Roles of necroptosis, autophagy, and
their crosstalk in progression of chronic
heart failure
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Necroptosis pathways and
hypothesis of their crosstalk with
autophagy

+ Miura T, a grant proposal 2018
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Necroptosis was not inhibited by inhibitors of mPTPs,
though a RIP1 inhibitor and RIP3 knockdown were

protective.
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Ogasawara et al. J Mol Cell Cardiol 2017
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Proposed mechanism by which mTORC1 inhibition suppresses
necroptosis
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mTORC1 activity was higher in patients with DCM and
ICM than in controls.
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Representative images of immunohistological staining for
p-MLKL in endomyocardial samples from DCM patients

Fuijita Y, et al. JCS 2020, manuscript under review
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Summary and Conclusion

+ Hemodynamic parameters that determine the extent of myocardial
necrosis have been fully characterized.

« We have characterized roles of two necrosis-inducing effectors of anti-
survival signaling, the gap junction and the mitochondrial permeability
transition pore, and their regulatory mechanisms in cardiomyocytes.

< Pro-survival signaling pathways in cardiomyocytes are impaired by
diabetes mellitus, hypertension, heart failure and chronic renal failure.
The impairments lead to augmentation of injury and/or loss of
response to protective interventions in the heart.

« We have just started to understand the role of necroptosis in
progression of heart failure in animal models and patients with
cardiomyopathy.

« An understanding of cardiomyocyte loss in the heart from the
viewpoints of hemodynamics, cytoprotective ligands, intracellular pro-
survival signal pathways, modification of the signaling by risk factors
or drugs, and multiple mechanisms of cell death is crucial for
designing a novel therapy to arrest progression of heart failure.
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