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DAMPs) B Al DA K 98 5E I g i e, Hir,
MLKL iRtk (AR S358. FLIF S345) 3 Bl
PR AR - R A AL R F A Fhnaks, T i
#% % J% 5 11 B1 (high mobility group box 1,
HMGB1). H4+Z-1a (interleukin-lo, IL-la) 4§
DAMPs (335 L iE & VE 4B A e fe br 2 i
WITFE R, RP RS B R e 2 b
KHEEAE R . Zhou FF Y R H 0 E R
(cardiotoxin, CTX) 755 /N B2 P & 8% LIt 1 A
R, RIB)E 3~5 d B IUR B AR B B, KB
R RN NIRRT, BEP
RFEAH ¢ 7K 1 RIPK3 . MLKL il p-MLKL S345 &
HRIA B ETR, 7dMEBRL . EarkE
LG9 455 0 v 7 0 5 380 8 e PR SR AU A O 40 1 1
o AR FTIITR LB, —KELB G KR
He H UL 52 B4 76 0 h TP IR 32 45, 12~24 hfin
Jil, 48 hi i fe i (Z5FORBER . ANiELE), 72~
120 h iZ #i % &, A i p-MLKL S358., MLKL I
HMGBI1 . IL-lo & [FFRIATE 48 hikFIE(H ', $i2
FNFEFPE SR L 0] RE7E EIMD R ¥ B BAE I . R
M, BRAEOFSY RERAERT . A (LR A )
£ EIMD H i fEFIPLE], i PR 5E7E EIMD th
FIERI NI AR . Gk RPERCRPLE, B2
S MmN e N 7 H AT MR . T
I, AR SCEER TR e PR SR A A o R 4 3 e o AE
EIMD H iy Rl GEAE I, B 764 EIMD Ry HLIEAH 57 K
HB5 A F-BAR B 1 B HH

1 FEFMSIRIEHER

R 2ZE TR RAE, distT=n] 2
AT, AMEPEARMIAET . fET . RRPPEIRIE . BRAE
ToRRSET 55 Horh, FRFPMEIRAE B AT 20 M 2
JiK . BRSNS BT AE S AR G IREAR LA
SRR, (B AR ZAUARSE R RS A, PR
J& F IR A e T = e

TR PSR AE (AL & T 2005 4E [ Degterev 25 117
IEHE Y, IR S A Z IR IRIEIX 4, [FIRT A
IR BE 41 1 7] Necrostatin-1  (Nec-1) A #1 i 411 5]
RIPK1 1135 SAEGIRFEAHIX 73 . ML), RIPK3 #
Y5 3E i RIPKI N800 40 F, MLKL # # 1A Ky
RIPK3 IR AT T 7, 2018 4F, 3Kk 4H i
FET-Z& 0 2 IE A 44 “necroptosis”, H1 SCIE A
“FEFERSEARFENEPA T, % LA —Fl B RIPKT
RIPK3 I MLKL % Pp [F] 45 04 Il 45 14 4 B AE T~ 07

% HarHoe ek R, A
NP TR . R ENANENFEA T, P
i 5 RIPK1, RIPK3. MLKL 5% [ 5 (4 45 240 4
¥, AU R A ST AR AL SRS
LRV RRAE AL 5 A M RSS2 A e 2k . LN DAMPs
(W HMGBI1 ., 1L-1a) Bl S bl 2475 2 i) 9 0E L
N 2 — T A PR S 2 B R T MR IR A A 2 R
S BRAE B A S T e SRR

2 ERFMERSEREELE

H T, 25 kI8 5E 0y o = A0 6 A
RIPK1/RIPK3 /i i £ i 42, LA M Toll #5214
(Toll like receptors, TLRs) . Z-DNA %% & % [ 1
(Z-DNA binding proteinl, ZBP1) Hl T #i &£
(interferon, IFN) M-FRydEL s (K1),

2.1 ZHFRE

28 WLAR A2 IR FR 98 R FE I (tumor necrosis
factor, TNF) #Z{K (TNF receptor, TNFR) i&f%,
& BRI R SR A RTINS E o — T it
i A% 0 0 TNF-0 532K TNFR1 455 5, KK
R AT (complex 1), Z-A5¥1la (complex Ila)
M IR BE/NMA  (necrosome) , fx 2 )5 31 2 14 IR
JE V. 1 e, TNF-o5 TNFR1ZSA G, FRDR 5%
RIPK1. TNFRAHCHET-45#3 (TNFR-associated
death domain, TRADD) . TNFR #H & A T 2
(TNFR-associated factor 2, TRAF2) M JHT-41 el
] 1/2 (cellular inhibitor of apoptosis protein 1/2,
cIAP1/2), X287yl id K63 2 RABAG T
¥ X ¥ «B (nuclear factor kappa-B, NF-«xB) i [
BRI ES . 2, HIAPFEmE Lz Rk
fiff [l AL 988 25 11 (cylindromatosis, CYLD) JiGfkHT,
RIPK1 & Wi e 05607 2 M5, 5 Fas #HOCHE
T %5 #) 5, (fas-associated death domain, FADD) .
Mt K & H B4 -8 (cysteine aspartic acid specific
protease 8, caspase-8) HIATE A A la ' >/,
4 caspase-8 i PE 14 9 B, H W] 2 f# RIPK1 5
RIPK3, MIAMHIRSEIMATE B ;2 L e 1 o]
if, RIPKI1 &4 A BERR 1L (S166 7 k1), it
RIP [A] B AH B AE 1 3E£)F  (RIP homotypic interaction
motifs, RHIM) 5 RIPK3 254, {2 UE¥Rst/IMi 4]
B 0 WS, RIPK3 BEFR L MLKL 9 “T” f,
PR MLKL MRS A2 22 584K . p-MLKL S5 #A5
P LB IRSS & Jo 2o v R A, @ “4T4L” Bk
NS SE B, e 244 5] 2 DAMPs B¢ il Al AR 1y 14
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Fig. 1 Schematic diagram of the mechanism of necroptosis
Bl REERENHREE
(a) BFHERIELIGER, (b) BTHERFEIEL M, TRAIL: MREIRSEH FAH G T4 S BLK  (tumor necrosis factor-related apoptosis-
inducing ligand) ; FasL: FasBt{& (Fasligand); TNF-o: MJE3RFEIRF-a (tumor necrosis factor-a) ; TNFRI1: g IRFEHF5Z24&1 (tumor
necrosis factor receptor 1) ; RIPK: 2 /RH] 5 1E % A (receptor-interacting protein kinase) ; MLKL: R & 1% & i 45 #4 WUAE 6 B
(mixed lineage kinase domain-like protein) ; HMGB1: il # %% & HB1 (high mobility group box 1) ; DAMPs: #bi {5 # 3¢ 43 T 45 5
(damage-associated molecular patterns) ; PGAMS: IR H M BRZE (v i FR M 515 (phosphoglycerate mutase family member 5); Drpl: /1%
FAHSEE 1 (dynamin-related protein 1); PDKI1: 3-ff2 AUEAKHS I 5 (¥4 1 (3-phosphoinositide-dependent protein kinase-1); RSK: #%
BEIR SO T (ribosomal S6 kinase) ; Casp8: Mt KZE [1ff#-8 (cysteine aspartic acid specific protease 8); FADD: FasflJCIET-45443 (Fas-
associated death domain) ; TLR: Toll#£3Z{& (Toll-like receptor) ; TRIF: TIRZEM IR AYBT K iE FAT#EE 1 (TIR-domain-containing
adapter-inducing interferon-B) ; MyD88: BEFE ML YV 188 (myeloid differentiation primary response protein 88); ZBP1: Z-DNAZEH
M1 (Z-DNA binding protein 1); ISGs: T-HZFHFLIEE (interferon-stimulated genes); CYLD: [FEfJE#H (cylindromatosis); TRADD:
TNF Z KA B T 45 # 38k 25 1 (TNF receptor-associated death domain protein) ; cIAP1/2: 4H il #8 7= #0125 11 1/2 (cellular inhibitor of
apoptosis protein 1/2) ; TRAF2/5: TNF3Z{K#[ &K F2/5 (TNF receptor-associated factor 2/5); LUBAC: Z1hiZ ZEEH ¥ E A (linear
ubiquitin chain assembly complex); SPATA2: #& T &/EAMKE A2 (spermatogenesis-associated protein 2); TAB2/3: TAKIZEAEH2/3 (TAKI-
binding protein 2/3); TAK1: kA= K FpILiGIAE (transforming growth factor-B-activated kinase 1); NEMO: NF-xBA 5 5K F (NF-xB
essential modulator) ; A20: HJRIIRFER T aifs T8 3 (tumor necrosis factor-a-induced protein 3); IKKa/B: 4% K F B i & FH #4 HE o/B
(inhibitor of nuclear factor kB kinase subunit a/B); OTULIN: k72 554553272 £1LE (ovarian tumor domain-containing deubiquitinase

with linear linkage specificity )

ﬂ:% [11, 14, 25JO

AL, TNF-a 7R Al P 55848 IE TR T
PEIRFE . a. LRIRIEAE . TNF-o 1] 35 SIRI0/IMAS,
LA, RIPK3 iF— WM Lk Hm iR 28 07
fiff % W B 51 5 (phosphoglycerate mutase family
member 5, PGAMS), iM% sh 71 HASGEH 1
(dynamin-related protein 1, Drpl), 554 bifA it
FEr 5 IRekEaT, MRS P HEIRIE 1 27

b. 3- B MR WL B MK A B oE B 13-
phosphoinositide-dependent protein kinase-1,

PDK1) /#% #E 1K S6 % f§ (ribosomal S6 kinase,

RSK) #4%: PDKI G RSK G, Ja&MiiRZE 2R
/A, JE i RIPK1-RIPK3-MLKL-RSK & &4 ,
i 1o 1] caspase-8 41 Y RIPK 1 & fiff £ 1 SR 5E
IIMARZH e K MLKL BEREA7 , 1E— 20 ORI M IR
EfES Y,
2.2 JEZRHBERE

Ak 4 i #2 32 % i TLR3/4. ZBP1 Fll IFN 4}
S, HIE[ Z A SR AU RIPK 1 EGTE P, B
T Ay RIPK3 A MLKL S TR PEIRAE

TLR3. TLR4¥JJE T I RIS 714, HfAhsE
F IR #EE X (leucine-rich repeats, LRRs) 5
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JFEARAH 43 F A2 (pathogen-associated molecular
patterns, PAMPs) "', Hirfr, TLR3 - 515 5 XUk
RNA (double-stranded RNA, dsRNA), TLR4iH5]
fleZ B (lipopolysaccharide, LPS) ' **/, TLR3#
T 5 AT HE W ok 4E 5E S TIR 45 A SRy 1 4
& H  (TIR-domain-containing adapter-inducing
interferon-B) ; TLR4 [ AT I BEFE S0 AW 9050 B
H 88 (myeloid differentiation primary response
protein 88, MyD88) {14 4 fiE i/ % 4, 6 Al
id TRIF 45 RIPK3 AHE AR, e dEIR S0/ IMATE i
PR BRTIEIRAE

ZBP1JRFR DALS{ DLM-1, HATHE ZH 0 K
G o TE 0 % 0 27 0, M BT N £ R f& DNA
(mitochondrial DNA, mtDNA) #J g ZBP1 {5,
I8 3 NOXA AR 7 2CHE MLKL 45 59 78 7 1
WHE s AE e R i, B BT B N R R
Z-RNA 7] #0% ZBP1, B BI#ASEIF1E L RIPK3, &
HEMLKL B8 b S R AL, e 25 20 M i e
IR HEIRSE 1 2 (HAREE N Z, RIPK1 AL
LR (e ERY i R 5 o ee 7 T i3t M ki (L 4 v &
OU T 6 AT i i H RHIM 454418 5 ZBP1 se e &
AT ZBP1/RIPK3 3 # (4 :d FEg ),

IFN 5 H Z K455 )5, WS Janus 3
(Janus kinase, JAK) 1/2-%% 5 K 5% 34006 I+ 1
(signal transducer and activator of transcription 1,
STAT1) 4%, 1AL STAT1 5407 AR AT 55 2 Fh
T4 & R (interferon stimulated genes,
ISGs) #55%, H 4y 1SGs v] I 8 ZBP1 sl fi¢ itk
ZBP1/RIPK3 & 1241 § i B P PE SR AL 70 A it
TFN 3 4 ] 38 1 JAK 1/2-STAT 1 41458 ZBP1 H16
5%, S5 P RIS

3 EFUEARREERINSDORF ST,
RIBEIEE X R ESEIMDA)XEX

HRWUEA S R B8E, alXfizsh, il R
i AR S R HH Bh S B B WISk
REFPPESRAEAE A AR A9 T AT REIF AR T —
MR AET - J7 30, Hak il i ik DAMPs B¢
T SRR RAE TR M A S IR S S e 2
TIPSR HERE o M TE B LR BRI
FEANNE 1) B A S AR A 2 AR A, A
PR FEAEAN ) A0 2R 20 b (838 7T RE 7 A A ] Y
AW a R, SRR HAE T RAT A S By S A
Ferk.

31 XBE5RBEREPBRATERFERTEHE
BRI

A IEERI, A8 U R IR A 0 S
A RERHZA ST B TR I . C2C 12 LA MLAE 53
At v oG TN 375 5 1 8 3 1 TR B0 A0 e 2% o e
ik, RIPKI1. RIPK3 FIMLKL fZ&ikFE R ; &
AN EUCE B UL 3R OB oy RS I T A
L AN, MLKL R (Mikl™™) /N BRAE LR
B FRIHBHBIVESRE P, LiRgRER,
P MRS nT BB IE B LR B rL T, WifE
BCALER 2 AT e A TR P 52 r s BRPIR A
MG B TR 25 F R T RERR e .
32 RESHOGRSTEFEREERANSRYE

VRIS SRS T, FEPHESRSE )
WG KT . RN, B A 208 T BB R E 5
A RALE 2 8 R BLAL ) RIPK1. RIPK3 Al
MLKL 7E & S A B ILEF4Eh 235 B, T Ripk3 ik
PRI 2 T A LT 4R AR | 9% 200 B 12 i A 2T 2
b, FFEGENLATIRE Y, E2 RMNRBHE A
WKL, SR PE LR 4 AT K %) RIPK1, RIPK3,
MLKL J p-MLKL %35 ; HAEARSMKR N A
00 TR PR SR BE T U HMGBI 25 48 E 73 T 1 B
J, T Nec-1s Bt HMGB 1 HUAA AT dies LA A1
KWINTE T . WIEFGERET- MG 4. DL g4
N, TEREVEAETENRE T, BRPYERSE RS S
F 5 AR AR AR RN RS R A

EgtEpam A, BRIt e mihiie g
R PE AT RER A A . 7E CTX RIS L
S 2T SZREF YR AR EIRSE
JE MBI A 1 C (tenascin C, TNC), FE#7E AL
LB A M K A K T 22 K (epidermal growth
factor receptor, EGFR) f5%5, f&iF H 45 555
B2 XN, BRI HEIR IO B LAY 52 e -
B ARG, T AT R AR S [ EE Y B & RS TR AR
H: RIS, R 2 SN 4R
ASFIAE ARG MMM E &, I
LR UAEFR T IR SE I AT e S 55 IR 4L 2005 B AR
a8l
3.3 EIMDHREFMERIEREFEiESER W

EIMD PIAUAE A iS850 WU 405 Fn LTS 25 06L
N BT, MG ERRS M AN B RAER
T RETIOR G P58 A IR i — D TR Ak R M
TR PSR FE LA 4 M R 58 48 R 1% 2k . DAMPs BRI
RAEFR N FEAFAE 112 H HAE EIMD Al figgf
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JEALERIN R BN AEIE T LR S, ]
RESE AR LIRAR A3 17) 24k 2 1k i ke R B P 1k
b WA ) EE LRI

3.3.1 EIMDJG B 7 IRSEAR OC 8 111 258 1 B P4
4k,

VT Z WS4 EIMD 3R & 2 T Fe ek
WRBE S s (1), Shidg ™ faE, KR&—K
Bzl (16 m/min, -16°, 90 min) JGHEmNIA
[ A (0. 12, 24, 48, 72 h) FEFMEIRIEE:
fiF & H p-MLKL S358., MLKL 1 HMGB1 % ik 7
0~72 h St —idPEFH, 48 hakBNIE(H, MEEL T
e, T2 hAPTIRE, (HRE2WE 2 %HKF, H
H MLKL 25 4 % 15 43 B 7 48 h 1 72 h & 3 T+ &
(P<0.01), 1 p-MLKL S358 1V £ 48 h B i I~ i
(P<0.01), HMGB1 FEik7E 12, 24, 48 h¥ 3 |-
Tt (P<0.05), [Fli}ZBP1, RIPK3. p-RIPK3 S232
F3A LUK RIPK3 5 ZBP1, MLKL (362 (45 F s
B a3 T E, T48 hakEE(E, ¥7E24~72h
W ETF (P<0.05), #/REIMDHEH] (48h) A
FPPESRFE I G K A= iy £ 22 11, HLZBP1/RIPK3 il
PR ATREREG 1L, B —T EIMD W5 i, b H AL
WU S B AEAEIB 35 0 h TP LR 324t , 12~24 himJil,
48 h 15 e ™ FE, 72~120 h B Wi &2, [R
p-MLKL S358, MLKL Al HMGBI1, IL-la LI
RIPK1. RIPK3 iy &1k ¥J7E 48 h ik B fH , 1
p-RIPK1 S166. p-RIPK3 S232 WEII7E72h ¥, LA
GRS, EIMD Ji5 48 h B F IR AE 0 33 &
R WA, TR PRI R R S
EIMD #E 2, #73 & * 7E32 g i 45 7 RIPK 1 #4l
I Nec-1, Z5RAKI, H 8 WU S0 0852
[@] if MLKL ., p-MLKL S358 il HMGB1. IL-1a A
J RIPK1, p-RIPK1 S166, RIPK3 ik FRFE, iX—
S5 N2 HA2 R T SR T R P MR AE S BIMD #4473
ZIAAETE SRR, H /R HAE AT B If I F S ot B bl R
So BRI, 2T Nec-1 -3k M B R PR AR P PEIR
FEANIF],  HAA LU IR AR B IR AT Sk e s A
KRk, HIHARFPERSEAE EIMD H i PR SR b
I BRSSO

TE CTX 1755 (1 2 ME B B LA 5 455 280 rh TR I 8¢
FIARII G . Zhou 55 ' LA 8 Ji % B A 74 /) B AN
MIKI /N BIFFER 4, SR ] CTX A M i AL
PR, Z5REE, SEAERUNRA, Mk~
/N BRUIE B T ILAE B4 403 5 3~5 B0 7™ 5 A B A

A5, AR IR AENLEF e, [RIRT RIPK3 1 MLKL
1 #35 & p-MLKL S345 /K SPAE i g 3~5 dik #]
WE(E, 7 dYKE BILKT-. HAk, Ai)Z miR L
UE T B 8% LA R 2 7 M SR BE Y & A 140 %, Peng
A5 1) SR IR BE S 3 50 TNF- o0 AL T 30 i 551 2-
VAD XA A3 C2C12 I LAR RS , A Mk im S A7
TR TR, MALINRE (propidium iodide, PI)
P 41 it % & p-MLKL S358 Fil MLKL ik i 3 Tt
# (P<0.05), M TNF-o 8 z-VAD B kb 3 31K 5
T LiRFe bR &R AR 2545 T Nec-1 1] i
5 A A 28I )8 p-MLKL S358 J2 MLKL
HEHERIL (P<0.05); #—LF ] CRISPR/Cas9 4
Mk C2C12 4 5, SRR L, Miki”
AN MO 1% R BT 5 . Kim 48 00 X%F C2C 12 41 il it
B TNF-0. z-VAD F1 Smac #4514 BV6 4 b 3 5
IR A E) A LA 25 3, 1T Nec-1 8¢ MLKL 41 i 5]
GSK872 ] B Al F2 P IR st . DL R,
B LA A7 7E BT B R P PR SR AE AL o 5
b, EIMD "5 WA e AR P PR IR P8 AR A5 5 0%
48 h AT fE N HA A I o, (HJR A5 A AR
P HEIRBE B B R R E AT R i — 2D B0 IE
3.3.2  FEFEMESRAEAEEIMD A b A B

IEF RS, BRI MAR X R E 5
177 S A P e B AR Pk B S s o
WFoE 0, 38 BE B R PP PR YR 50 vT i i B i DAMPs
WGP N, TEBRSZ A IS 3B B M R
I 6 i R B AR O W - BUULER 4E DAMPs 41
HMGBI1 . IL-lo %5 KEREL, 15 AR RIE S
ZITIRE AL, B AN A A BB 5
R, A P PESREAE 1 s A AR rh i 2
—JB WIIR”

ARV, dif A mE . AT R
Lok IR B g ) 7E EIMD i £ 5% A THas sl 12~
24 h, TFETFHIRFEAH OGS 5 ) B4 48 h ik 5|0
fH 59, X —m P22 RN, BT IR g
7 EIMD H 7 $HAS [a] T 8 T 1 6 0 453 495 1 24 )
e, SRIMT, HETZBrsE 5 B AE A MW g2 m
R S T T Y B et e 2 B N R = s
B . Ak R AR, WIEE N HBE RN . AN
P E B VR S S R bR (CANERERR ripk] | riph3 .
Mkl ZEFER) BPR N B AR SMERY XS ) 1) )
JF PEVRE BE 75 235 EIMD HEFE, DA T e BH LA
B o
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Table 1 Effects of different exercise modalities on necroptosis—related proteins
*1 AEEzHAAINEFESRTEEXENZM
WA 5 W FE 41 2z FERF LR SCHR
8JE I IEESD HER L T (16 m/s,  p-MLKL S358. MLKL. HMGBI. ZBPI. RIPK3 }p-RIPK3 S232% &+ [43]
K -16°, 90 min) 48 hiklg, MJFEL TR 72 WA PTIRE MR R RLE . b, MLKLEIATE
481W72h 7T, p-MLKL $3581¢48 h T, HMGB17T12~48 h 1, ZBP1. RIPK3
Jp-RIPK3 S232F24~72h 1
SJEE HEESD LK H FL N (l6mys,  HH AUUIUBE S REVETEO hIF AR SZ2 8L, 12~24 hinJal, 48 hiiiffi ™ & (454 [8]
KR -16°, 90 min) BRI, AIELD, 72~120 hiBZ# XS p-MLKL S358. MLKLFIHMGBI. IL-
lall ZRIPK1. RIPK3. p-RIPKI S166. p-RIPK3 S232f)%ik & —id T,
B T-48 his#|I&1H, TMip-RIPK1 S166. p-RIPK3 S232FKKIE(E N TET2 h
SJE W HETESD LK H L FHH (16 m/s, MLKL | . p-MLKL S358 | - HMGBI | . IL-la. | « RIPKI | . p-RIPK1 [44]
PN -16°, 90min)  S166 | . RIPK3 |
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Fig. 2 Potential regulatory mechanisms of necroptosis in EIMD
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EIMD: iz sh % & # L1 5 (exercise-induced muscle damage) ; TNF-o: 9% 38 JE [ F -0 (tumor necrosis factor-a) ; IL: [/ %
(interleukin) ; RIPK: =% 1A T/ JH 45 1134  (receptor-interacting protein kinase) ; p-MLKL: W2 1k 1R & 1% & 14 i 45 4 Bk KR 26 11
(phosphorylated mixed lineage kinase domain-like protein) ; DAMPs: #i{/i#H5¢ 3 F 45\ (damage-associated molecular patterns) ; HMGBI:
LA R HE ABL (high mobility group box 1) ; ATP: —#§H2ARHT (adenosine triphosphate) ; PRRs: #LzUif]3Z24A& (pattern recognition
receptors) ; NF-xB: 4% K F«B (nuclear factor kappa B), NLRP3: 4% R 45 & 45 M I8 & & 52 &R T8 & 17 51 Ml & #0145 4 e A2 1Ak 3
(nucleotide-binding domain leucine-rich repeat and pyrin domain-containing receptor 3); mtDNA: ZZki{ADNA (mitochondrial DNA); cGAS:
FFGMP-AMP4 i} (cyclic GMP-AMP synthase) ; STING: T4 Z 3 K T (stimulator of interferon genes); TBK1: TANKZE 4 i1
(TANK-binding kinase 1); IFN-B: BT#E% (interferon-p); TNC: f##E[C (tenascin-C); Pax7: FCXI&JEPH7 (paired box 7); MyoD: X
W53 AL 71 (myogenic differentiation 1); MyoG: JLANAE/E L ZE (myogenin); PI3K: #EAEEEILEE3 A (phosphatidylinositol 3-kinase) ;
AKT: #HEH4EEB (protein kinase B) .
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Abstract
occurs after high-intensity, prolonged, or unaccustomed exercise, especially exercise dominated by eccentric

Exercise-induced muscle damage (EIMD) is a frequent form of skeletal muscle microdamage that

contractions. It is commonly characterized by delayed-onset muscle soreness, transient loss of muscle strength,
local inflammation, structural disruption of myofibers, and delayed functional recovery. Although mild EIMD
may serve as a stimulus for training adaptation, excessive or insufficiently recovered muscle damage can impair

exercise performance, disturb training continuity, and reduce participation in physical activity. Therefore,
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clarifying the molecular mechanisms that underlie the initiation, amplification, and resolution of EIMD is
important for optimizing athletic training, improving post-exercise recovery, and guiding evidence-based public
fitness practice. Necroptosis is a regulated form of programmed cell death mediated primarily by the receptor-
interacting protein kinase (RIPK) 1/RIPK3/mixed lineage kinase domain-like protein (MLKL) signaling axis.
Recent studies have shown that necroptosis is closely involved in tissue injury, sterile inflammation, and repair
remodeling. However, whether necroptosis acts as an initiating driver, a secondary damage amplifier, or an
adaptive signal required for repair after EIMD remains unclear. This review aimed to summarize the potential role
of necroptosis in EIMD and to establish a mechanistic framework linking regulated cell death, inflammatory
amplification, immune regulation, and skeletal muscle repair. Relevant studies concerning EIMD, necroptosis,
RIPK1/RIPK3/MLKL signaling, damage-associated molecular patterns (DAMPs), inflammatory responses,
immune cell recruitment, extracellular matrix remodeling, and muscle regeneration were reviewed and integrated.
On this basis, the possible temporal and functional involvement of necroptosis in different phases of EIMD was
analyzed. The main evidence summarized in this review suggests that EIMD is not merely a consequence of
primary mechanical disruption. Instead, it develops through a dynamic sequence that includes sarcolemmal
instability, calcium overload, mitochondrial dysfunction, oxidative stress, inflammatory mediator production,
immune cell infiltration, necrotic tissue clearance, and regeneration-associated remodeling. Necroptosis may
participate in this process through at least two interconnected mechanisms. First, in the early or progressive phase
of EIMD, activation of the RIPK1/RIPK3/MLKL signaling axis may promote MLKL phosphorylation and plasma
membrane permeabilization, leading to the release of DAMPs such as high-mobility group box 1, ATP,
mitochondrial DNA, and other intracellular components. These signals may activate innate immune pathways,
amplify inflammatory cytokine production, and enhance the recruitment of neutrophils and macrophages, thereby
aggravating secondary inflammation and extending muscle fiber injury. Second, during the resolution and repair
phases, necroptosis-related signaling may also contribute indirectly to the formation of a regenerative
microenvironment. By influencing the clearance of necrotic debris, the recruitment and phenotypic transition of
immune cells, and the remodeling of extracellular matrix components, necroptosis may affect satellite cell
activation, myogenic repair, and the eventual structural and functional recovery of injured skeletal muscle. Thus,
the biological effect of necroptosis in EIMD may be context dependent rather than uniformly harmful. Its outcome
may depend on exercise intensity, the extent of tissue damage, the timing of pathway activation, the involved cell
types, inflammatory status, training background, age, and metabolic condition. In conclusion, necroptosis may
represent an important molecular link between skeletal muscle injury, sterile inflammation, and tissue repair after
damaging exercise. It may exert a dual role in EIMD by amplifying secondary damage while also contributing to
repair coordination under appropriate temporal and microenvironmental conditions. Future studies should
determine the activation pattern of RIPK1/RIPK3/MLKL signaling after different exercise protocols, identify the
major cell populations undergoing necroptosis in injured skeletal muscle, and examine whether targeted
modulation of necroptosis can reduce excessive inflammation without impairing necessary regenerative responses.
This review provides a theoretical basis for understanding the pathogenesis of EIMD and for developing targeted

strategies to improve skeletal muscle recovery after exercise-induced injury.
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