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Bl )5 KL kLR F W RE ) N . iz s T,
R A EE 8, AT S0 T SRR R
A, EIERHLRARE Y A . dERsh 12T K
R AR AR, SRR RGN B, AT
S LORARS 5 KA DG R AR AR 1 Sk AARIK
PLATAIN (mitohormesis) 2 — v W4 0 S I
BUH, F5 5% B doni A i 80 Can i 7] 6 9% 1 42
(reactive oxygen species, ROS) ) i i 4 i
Sl QS ¥ LN S 7 = e 8 VAN /1 e =K R A A ]
RGRREY A L), YGRS 2
BT, IR AT T 28 5 2 AR P 7

A SCNLAAARNRTE AT RN A FE R G iR iz 5l
BEE B TENZEGR Y ALH], hdlE iz
AL J7 P BERRIRARYE

1 AR E TR Y FE Al

SRR TR DS A RN, A2 20 B A IO X B 7 R
AL A0 I N ORI, HARL O Tl e
PSR TS N RPE AR R 2%, BMIC T BRSO E
Y VR S, PR T A R AP LI T AN 385 A P
Wi o AL OGR4 7E T ROS 1 3h &5
5 o ARV FE ROS 38 1 8 AL S A5 -5 ik & G0k S v
P IR] O LR AR K 47 & B 11 S 1Y (mitochondrial
unfolded protein response, UPRmt) 5% & [ # )%
LW (integrated stress response, ISR), #1554
TR FE ABHA R G R, R mfRs, [
B, gkt A R iR B s bR 2 4l s,
PRERARFIEE R DR SE B bE 7 SNSRI (hniz
gl PREERR) 38 O A A R A B Y S
Z ARy 3 B 1o (peroxisome proliferator-
activated receptor y coactivator la, PGC-lo) /4% %%
SER T2 2 K F 2 (nuclear factor-erythroid
2-related factor 2, Nrf2) ZGFEZPEESHEE, A~
{EsRYTEACBITERE )y, 6 AT HIRLRAR B A M 4%
(RlB /o 207 ) S AR AT EAPE ™ S e iy 1 ek
UG Z R 7, B RETE R A AR C 28K
N, 38 I SR AR - A A L] R (AR A
DNA (mitochondrial DNA, mtDNA) Bl (1Y I8 4%
55, BohRWEBHE ERE (HE N O
(DRSS =&~ S K DD EES A VAL Tk vl | I N ]
HE 5% 3 2 A G AR AT R AR OF o AR R
ml (E1),

1.1 ROSHIWEEH
ROS 7E/E W) £ 45 vh 52 B0 S Bl 281 M 1) XU

P, HAH SISO = BE RO BB . VR R
A i S A BT R, ROS 7E4ERF S b AR
B PE BN B AL AN AT E sl (H YRR
WA, gsnl R Tz B A 1 T i
R
ROS 78 A= LIRS Tl i SRR AR B 24 A R
I adE RO AL . IR B ROS AT Ak it
Jir U A 12 4 2 D T AR Y R 1 TR (mitogen-
activated protein kinase, MAPK) . #% + «B
(nuclear factor kappa B, NF-kB) Z5{5 51 i1 #%,
R BRI, WA ERE ST, Ik
WA R | ABR R ARHRERN, e “SeiliEE
P o TERemACEZE T, ROSE RGN
FRE AR LR RARE Y, HiES 5 ATP A Y
WML, I 53EPERMZE (reactive sulfur species,
RSS) WhA4EfFa it R UE /L S atads
G B A 7 T, ROS 38 2o 38 J5E 7R AT gk f fl g v —
¥ H B2 W% BR  (nicotinamide adenine dinucleotide
phosphate, reduced form, NADPH) %A fbEAE F W
Y S A b A AR, RV B O Ik,
REWOE RIAE(S SIS N, FEPUlR it . 40 afE
FH B b 92 4 1 53 Ak v R FEOQSEVE R 0 IR
ROS TEA W) & B 5 W0 W B L sh BAF S B,
WrEAEY) TR fLs s . MARRE TN
MW, RN A o v B AR BE S G 3R 2 5 N
R arIE e, AR A Wk A AR v s FE R
SERIE R TR AL
ROS 7EH RS N il Z HALH 51 2T 28
Fo dHEROS&HGL R . EHFUHMIDNA, FE
RRLR AL . BEREEk l DNA €748, Hrh
2k iR ROS FH 8 AT IR B fL A6 -5 | & g i Qi e
Wlo FEBIRIERE T, ROS KB LTI SN0,
iE T ROS B3 i 75 5 DNA (5 (2 #h4a 8, SUAE R
BN VTS B AR Ak EL9E -2 A OC X R T (BCL2-
associated X protein, BAX) K#fi ity £ i 74 3 T3
B, TP A R EC =AM e ROS RS 445 24
A7 14O AR T ROS AN BN K2 Dy e At
FBKREREAY,, I 23R I P A o o
JET: (ferroptosis) 1M it Ak sl .C L4 g A8
T Ak, ROS i i 58 ORI fi A 22 4
Mo g6 T 05 X, LR BAXAE BE K & -3
(caspase-3) S FRUPRTS . BRAK A9 I o 1o 480 A0 14
BRFET, DA RCORD A 05 AH G R SR FE M U T A £
To, XSRS [ WAL ALY BOS PR
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Fig. 1 The mechanism of mitohormesis
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ROS: iP5 2 (reactive oxygen species); Nrf2: HFE R T2 Z24HCH F2 (nuclear factor erythroid 2-related factor 2); ARE: Fi4E L)X
M 7G4 (antioxidant response element) ; SOD: # % 1k ¥ 1 fk B (superoxide dismutase) ; GPx: & Bt H Kl AL ¥ B (glutathione
peroxidase); UPR: A¥rEE Y (unfolded protein response); Mfnl/2: ZRRiIARGIAE11/2 (mitofusin 1/2); OPALl: A AZEIEER A1
(optic atrophy 1); Drpl: ZRfi{Aksl JJMKEEH 1 (dynamin-related protein 1); PGC-la: i 4 Tk 4 i 1A 38 5 W0 380 0% 2 ARy SIS TR F 1o
(peroxisome proliferator-activated receptor gamma coactivator 1-alpha) ; ATFS5: J¥43iG %% 5% A 75 (activating transcription factor 5) ; CHOP:
CCAAT/A 3% 454 H A [ JE & [ (CCAAT/enhancer-binding protein homologous protein) ; TFAM: £k ki 1K %% 5 A T A (mitochondrial
transcription factor A); NRF1: #FFIE[KF1 (nuclear respiratory factor 1); HSP60: HUATEE 160 (heat shock protein 60); LONP1: LonZk
M1 (lon protease 1); AMPK.: [ FERILIGE H#4HEF (AMP-activated protein kinase) ; SIRT1: JIER(EEATIANF1 (sirtuin 1),

Ho (HARERRY R, AN ROS ¥ B FIE AL 2%
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UPRmt 38 52 {51t J8E L (AR 17 S8R0 17 P £

SR, AAERREORA R A I B A0 A N G N R
To MERRHE N (IR &4 R IT SR A
2 RN AT ROS 24E ) fih & UPRmt I,
LRI A AZAL AT T, P AL HE A L i 2k
PARAEAR SR T (AR 50 8 11 60 (heat shock
protein 60, HSP60) . HSP10) Fi1%E (7 (&l Lon
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FE M 1 (Lon protease 1, LONP1) ) AYFik, W
BhEE 1 BOE ST S s A S I, TR 2ok
PRER RS VO Xl N I 17 1 I AN A 2ok
SR NG B SR I A X 1 (activating
transcription factor associated with stress-1, ATFS-1)
(W) SO S 5 (activating transcription
factor 5, ATF5) (WFLzh¥)) v, &5LAAK-
AMPEAZ R BEEEOCHR, AN iE B Lok AR
DNA F Bt /Rt (A ROS . A BEfE IR s — 4%
1t R (nicotinamide adenine dinucleotide, NAD")
AW PTTRBEIRI A o TR I faAT L,
B 5% P10 ATFS-1 A SR R R 1] 17 51 R A% AL 1)
P8I, IEH T, ATFS-1 80 S ALRRIEEA7
ES LR IR Z I, ATFS-1 JovhA WG A LRk,
RO AN, S PER ORI g ) A
R, NI LR 5 5 17 40 A% 1) 1%
2o TEMFLiY b, ERIPLEIh ATFS A5 124
HZMETT . UPRmt AYE B2 i it 3 402%
RO WG IRARAR DI RE , I 2% 5 2 0 i AR
P

UPRmt {4 BT M 4 BL7E H s R 2 5 AR
OV AR SC FR o BRI K N 3#GE 5 UPRmt
RO RE I R 2% (bl . g f A S
), BT 5 1 SR A 25 7 2 UPRmt i+
BEVOHG , SOMTANRIZRL AR T e R, L 2 fih & 4 i
JAT 0 R EE RN 5 LR N S S B R
PLHIAT G, ANzl s o UPRmt 5 8 & WU
B RS G . 8 i FLAZ B R IR T 20 1 A
(eukaryotic translation initiation factor 2 subunit
alpha, elF2a) WM ALHMMZORLIR S P 5T I Y
PRl gE R 1 BeAh, UPRmt 5 HA 2Rk R 4
HALEIE L sh & 2% . Flandess i\ st s T,
UPRmt {05618 I b i AR 2, MZokiik |
DU B AN AT 3453 45 R AR 1 Xl 2 )3 R 4
B fR LR B A ROV AEARBE N . R SE
LRI P AZ O, ARG AL
E— DA
1.3 ZhikBE

2RI B I (mitophagy) & 4ERF 2Rk IR R A
AR BRI SCHEERTT o Y20 32 B B2 I
(g s B A N T SR A BB i S R AT ) I, s
A A T S R RV BR D RE A2 A R 2ok, B 1k
ROS F i B2 FH S FNZRL A 45 475 ) S0k S 1y o 3X —
i A% 38 W M PTEN i 5 # #§ 1 (PTEN-induced

kinase 1, PINK1) /Parkin il i/ 3, o Zbi{k
JIEE b Ak fnl 2 PINK 7E3Z i e pi iR R e e, Fl
Ja FE4E Parkin {7 RACLRARIE A (1, UE T AE L ]
R SRR G C . oAb, SRk A wgia ]
i 13 BNIP3/NIX 5 FUNDC1 %:9F 12 2 M ik 14 %
T, JCHAEAC TS K AR T s Bl A5 I8 15 SR A ] 2 11
[t RS 0 R BT R AL, Zekiik
TREE AT AE bR S F b, IR BEIE L 0
U R R IO B 1 B (AMP-activated protein
kinase, AMPK) /mTOR &% Nrf2 {551 1%, i JF{g
FREGRIRA Y& R, BB AN b A AL RE F1 M
ARGIE N 2

AR A WRAE LR AR R 4 Ay R0 YV T
PR IUAE 5 A LR A BT i AL A P R R 431
wn, LkiRSEME (RG34 5 A LA R
B T0 B ZRLR 7 2L0E HE [ WX SR R 05 1
B, T A DU) 5 B felt e 20 A 52 4] 43 DU IR
o TRIE, SRR F WG 4 3T B 1 2 4 e RS
FEEACREOK A ARE T, SR ORAERR BE i P o
Ja shE AR T 2, SRR B A AR O
REE, WS 2R T T, B Rk
1A [ W T SRR ZORLAAR T R B A A OC A BRARRAE 5 SR
M, 3k B AN 2 Y WX AT B B A
PR B Wi RN HAT R AR, R
Ko n 558 5 SR E

2 REEMNEHPHLAIENGERERS

2.1 Sk REEHIRKE

FEREEVENIZESE T, PGC-1a ik 5 %,
PGC-laff ki A= ¥y U A% O I N 1, T
1 DIy ) 8% 0 AZ D AL ¥+ (nuclear respiratory factor
1/2, NRF12) #l % K 1k % % T A
(mitochondrial transcription factor A, TFAM) , 1¢
HERLIA DNA S il . 15 85 8 1 G R
iR S A G 23K . PGC-1a /b B HEII il 4 b
RAEY G, RAFELRARERE/ D GE R
AN TR, MFRIE A, PGC-lo B/ S5 HLA H
ATP L /0 . ROS R, KBt A AL B R Ge3Z 40
WA, R A Dy aeRg 2,

AR RS J2E ARG 5 50 240 R Al R B R
ZEARR ML ARVRRE . G 2R 1 Mifnl FI Mfn2 (9340
i, FEEARARMAIRSE W SL, 53248 A5 1A
FHE 1 (dynamin-related protein 1, Drpl)
PEIGOR ML L AL B R fb . X Fh B 28 2K A )
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CENES ¥ RN R IAT DRI E T rIL 3= & ]
n, LkiAREAE I 1/2 (mitofusin 1/2, Mfnl/2)
F14) B8 /> L fiek 208 A7 4% (1] 114 99 J5 52 4 1T DNA £
1M Drp 1 F) 2k B 380 W) S B2 b AR B A7t 2k,
BRI TG SR WA, SIS wid s
LM 5 PN 5 D AR ELVE R L R A i P B
ASA >,

AR F VSRR AZ AR R AZ.OPLE], T
A MENIZE 4 b PINK 1 A Parkin 18 [ A9 D RESN 6 T
HHWESCR R ERL, IEREN T, PINKIFES R
RS R 2 G AR RIFAH 55 Parkin,  fill k12 R kb
CLAB | AW ARTE BRI kA, SR, ENLA
Z b FEdr, PINKI il Parkin 1) 26 15 F 4 505 1 52
R, 8 RIS R 32 0 2R A7 4 it N B4
L, TR SRE G EIRER . 7 Bl P
AR MZPHT M 1 (neuregulin 1, NGR1)
i 3 3G PINK 1/Parkin 3 9% 5 4R A H 057K F
[OREZR1R QORI HIES F VAN Y e 1 )
N

UPRmt & 27 (A RE 5 N SO ML, B 7
WIS TR E A ME AR, BRI g
TR, JEHFERRRE A RS, B
ZWLAH, E AR . mtDNA 5758 2 2ok A 451 i
2> fih % UPRmt. %5 ] UPRmt # % v] i@ i3 b 14
HSP60. HSP10 %IRRT, PrBhZbiiAR S FHIE
P&, MEEYRE R P 18Pk ald B RS
UPRmt 235 | KR AR ZERLAMAMI I T, ATFS .,
CCAAT/H 58 ¥ 45 & & H W i & 1 (CCAAT/
enhancer-binding protein  homologous protein,
CHOP) 45 UPRmt 551 BEHFLL IS 7] RE 1ok 417
mTOR il # 5 A2 #F FoxO MR 2 K A, Il AL
45, A, UPRmt 5 ZRA01K H A7 7 28 Ui
¥, UPRmt #1% A] 345 PINK 1/Parkin i 1%/ 5 1)
ZIABARAE R, (HA AVERE SN, W B AHC
SEHATIREEREG, WS RIRE S8 &bk, i
— BN ZE 48 Y

2 f AR T i ¥ il (mitochondrial quality
control) ZE— LT AW A . S J1E . AWM
UPRmt i PR[R] 2% . FE s E L ZE S D, X Se3h
WA IIE R BRI, Flan, PGC-1af
WA AP A, 26 Nef2/HO-1 565t
FACEER R KRR, R AR, [RIEF, Drpl (9
I YOS A M 1/2 020 1 — 25 ) 55 2ok A4 [
REJ), SRV LRIARTCER A BOFR . XA

P 9 Tt o 2 T BOUL A 40 RE 12 fe AL AT 4 2 BB
K, WO BENZE R AZ LR >
22 FWEIHE RRE KRR R EIEER

eSS, SohiRTRe it E o A Ak
E IS ARAETE AR SR AL AR IR . iR TR
Bl 2x S B ROS YL BEAE I, 45 i A BT 25+
AR, XLEROS MU EALHUL LR DNA |

BCFNAR 5T, i 2338 21 0% NF-xB 558 RAE (5 5

W, BT MR IAIE F o (tumor necrosis factor
alpha, TNF-0). H4ff1/ 26 (interleukin-6, IL-6)
AR KB, BF9E R, NADPH % fL1i 2
(NADPH oxidase 2, NOX2) {1 £ iif 4k 7] Jint il
ROS WA R, 1 — 20 i IR A A B F, A7 I 1 i
ige, e RGAE LR IE s 0[RS, ROS B
A BRSO AR AW, FERE S LR AR
R, InEAE AN Y

PR S D)3 8 Z2 AL TR S A D e IR
YEFT . 18P RAE R - 40 TNF-o AN i {4 A= )
GAHCE FE, B SBOEZ R-EHMEIK RS
(ubiquitin-proteasome system, UPS) F1 H W - % i
aEAr, InE USRS 4EE D R R S A, R
HiE {7 5 3 1 JAK/STAT3 il J#5 34 5 fiE 4 JE R 3k
[0 ] SOD2 A5t A AL B Y TE P, i A i 4k
B aE 1 R 2 pFgE s, BN TR AR
M5 8- B A S . C WA AR RIEAR )
[, S LR BT ) e O B 3 A O B

XFEMER LA, SBUIA AR R
ZHi. B, ROSAFHYZLAK DNA 548 25175%
g1 ffl = % 32 A (senescence-associated secretory
phenotype, SASP), FEiHEZ{E RN F, —P
v TR 0 R A B AR A A AL B [RIEE, SRR
PR 51 &0 ATP LA I HINADHAKCE TR, Hil
55 T WLRMEE e iR s A E S IR 5L A, &2
WL Z 4Tl aeste sk . MU TR
THRIE ] AT e AR A D BRI A2 LA 2 P

3 EHFSHEHNEREXTINERE
MERNLZE 48 T T B9 4E A

3.1 EEHAHIEENERE TR

I B 32 2l R IR R ROS AR R, P&
AN BT R AL R SE . X RMIRK T ROS 1R
FAET5rF, BRI T Nef2 ARG, HEmZs &
i & 1k J2 B ot F  (antioxidant response element,
ARE), iHH ALY B ACEE 8 E A9 51k il
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(superoxide dismutase 1, SOD) . 7t H kit &k
Yyl (glutathione peroxidase, GPx) Z5H0E LG
FIk,  DATTH 5 A0 M A SR AR I RE O Y X
— I BRI A BN AL OALT], R
R S A L A P S B, T ARG RS

12 Bl1iF5 T A LR AR RE S Ay A B ok
PR AT 2R IR (An 4L 4K TF 7k 1) 352 HE 128 rRNA-c
(mitochondrial open reading frame of 12S rRNA-c,
MOTS-c) ) R4 PR 5~ (s 27 4 40 g A 4 P95 21
(fibroblast growth factor 21, FGF21) ), LLHZ4ri
al 4 73 i 07 AU 45 4 B A . MOTS-c i i ¥
AMPK/PGC-laf5 5 il i, HESRAK A& BT
] S AE SN, DA T A JR % 2R SR A A R A
o FGF21 W3 1o (2 R i S AL A i i 1015 A
' oI i bl Bl Y A BT IA R & €355 b o ey
hEiESER RGN T, R G
RSO

18 B LA AR TR A RN AN SRS T B
., Wi ROS, PGC-lo FZA A& N T £ 2
WAR S A LB Nrf2 55 PGC-1o Z [A 47755 S
2, Nef2 3G nlgf— e ik PGC-1a 321K, TP UIE
FUAS R LA BS SR SR AR T RE B0 [, 1B 3his T
P14 8 J3E A A RO JBSCiEE 3o 0 UPRmt RS 5 138U
N, ARAREE A BRI K A i A . X Fh 2
BRI Pl a2 Sl s T TRUVLIA 22 46 FIA G R L

F s ST 25 SR
32 AEAEHRAFSEHEREHLTRMY
=R

RS B e ROE SR 2%
RO IR R A MRS, B LA A FIBLR RN
BNV A 25 S, R AR IAE N PR
A F RS SGE N R L. AR E
BHA AP A R AT SRAE A BB . X e
FE LI #E UMM P ATP/AMP HUAH T F A1 ROS 7K
Vi TR, FEMIESEETE AMPK/PGC-1a 5 5
%, S RS LR AR A W) e R R A DG R 3R
iko [AIEE, A4z 3% S AL 7 F ROS A 3L
fil /& UPRm DAZERF 8 (USRS, IR0 BCL2/M
7 E1B 19kDa #H H./F #5111 3 (BCL2/adenovirus
E1B 19kDa interacting protein 3, BNIP3) 4 SA9%k
R A 9 WG B, RS2 SR Y AR B B
A S BN T RGE A R RO . Ak
Wi €SIt =R i

HUBHZ B0 3= 2R e i BE AL, A A DG

R X FPHLM K ) RERe S PR LR R ) ) 2
i o 5T Ser616 A7 5 B R AL AR 2> 2
Drpl i, DLALZORL AR 26 1) 73 24/ & -, A
TEERR R Bt AR . s, Pk
B R EMBEERG RIEEALZ SR
(mechanistic target of rapamycin complex 1,
mTORC1) {5 5@, X2 TA Ris s
ORFE, BB e BEALIA 2 1 J5A IR ILET 2 A
R, EAERMLP R A >

7 ook B (A BK Il %k (high-intensity interval
training, HIIT) BYFFSTETHRCPE. HIT 8@ i 175
SR K AMP HIROS 54, it L s &l
% AMPK/PGC-10o I Nrf2 {5 5 . R4 1
Wi, HUT WAE R 3 J TR RN RE ) . Kk,
JF3458 Drpl ARG SR 2 0 X RS AE ) (AR
DI B AR . AL L R SR T e R
AR SC B WLZE 45 77 THT R BT R D3

A [r) A5 X 1 P[] 28007 905 T % 22 38 (8 1) % 5 i
e WA (WHOT SHTRHEs S ) Al [ i s
UPRmt, FI N 28 FUBCS E E, fEssmdopiiA
AEAT[RINEHE I IL PR AR o X b 2230 A R
TEZAEPENZESA T HUh R B A RCR, JUH
S MR LR A R AR AR AL B A R SR A 2%
LA HE R

4 BEHAELZNFREXTINNES
17 %

4.1 AMPK/PGC-lafESEH

1% )38 1% AMPK/PGC-1afE5 53 1%, filk
LRI IO W SO, DA T 5 2ok A oy BE I B
BRI . AMPKAENRERALIERER, TEizshHil
ot i RE R S5 1k (ATP/AMP Al T %) 845
ZEMOE W OE R AMPK E T ELERERR 1K PGC-1a
oy [ E25 A WAL SIRT 1 [A]4%3458 PGC-1a BTG
PGC-la A LR A1) G B A% O I S I
T, AU SRR R R R T, R
SOD. GPx “FH LB E AN L, TP R
PREFHLE

AN, AMPK/PGC-1a {5 53 i Y TG 5 4k
LN PR A O QAR RTI i< 5 B oW s S Y535 TN
N (W ROS 4G i) s AMPK, 1
HA5R PGC-1o 55 6061, T2 AUE 7] [ BRAG A 1),
X 1815 5 i UPRmt £ MOTS-c 25 28 R AR A7 A=
FKEMHZRLAR- AR “XHE", dE— i Lk
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A S R AR E Y . MOTS-c [ #3552
AMPK/PGC- 1o 4%, 43 A AT e 38 g8 5 2 S0
I 5032 S T A E B . I, AMPK/
PGC-1o 5 7 [ 38 13 2 A BE I A5 5 55 W e 7
I B SRR EE S AT A% O IR PR A
4.2 SIRT1/3{5 518 %

iz Zf il ok UL BRI W & 13 (sirtuin 1/3,
SIRT1/SIRT3) 15 53 % 42 LA A MG 25 24 A 350
(53 FHLEI RERATIRE . U AL R pe At
WA BRI ME I o SIRT1 AE A NAD+HIK# /Y Bt 2. 1k
fiti, 7Ei5 i T I SR ARGE I M 2 I H B O
FH o iz 0E SIRTL, 1958 H 5 PGC-1a AYAH
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Fig. 2 The mechanism of exercise—activated mitohormesis
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Age-related muscle decline

Abstract Sarcopenia, an age-related degenerative skeletal muscle disorder characterized by progressive loss of
muscle mass, diminished strength, and impaired physical function, poses substantial challenges to global healthy
aging initiatives. The pathogenesis of this condition is fundamentally rooted in mitochondrial dysfunction,
manifested through defective energy metabolism, disrupted redox equilibrium, imbalanced dynamics, and
compromised organelle quality control. This comprehensive review elucidates the central role of exercise-induced
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mitochondrial hormesis as a critical adaptive mechanism counteracting sarcopenia. Mitohormesis represents an
evolutionarily conserved stress response wherein sublethal mitochondrial perturbations, particularly transient low-
dose reactive oxygen species (ROS) generated during muscle contraction, activate cytoprotective signaling
cascades rather than inflicting macromolecular damage. The mechanistic foundation of this process involves ROS
functioning as essential signaling molecules that activate the Keapl nuclear factor erythroid 2 related factor 2
(Nrf2) antioxidant response element pathway. This activation drives transcriptional upregulation of phase II
detoxifying enzymes including superoxide dismutase (SOD) and glutathione peroxidase (GPx), thereby enhancing
cellular redox buffering capacity. Crucially, Nrf2 engages in bidirectional molecular crosstalk with peroxisome
proliferator activated receptor gamma coactivator 1 alpha (PGC-la), the principal regulator orchestrating
mitochondrial biogenesis through coordinated induction of nuclear respiratory factors 1 and 2 (NRF1/2) along
with mitochondrial transcription factor A (Tfam), collectively facilitating mitochondrial DNA replication and
respiratory complex assembly. Concurrently, exercise-induced alterations in cellular energy status, specifically
diminished ATP to AMP ratios, potently activate AMP activated protein kinase (AMPK). This energy-sensing
kinase phosphorylates PGC-1a while concomitantly stimulating NAD dependent deacetylase sirtuin 1 (SIRT1)
activity, which further potentiates PGC-lo function through post-translational deacetylation. The integrated
AMPK/PGC-1a/SIRT1 axis coordinates mitochondrial biogenesis, optimizes network architecture through
regulation of fusion proteins mitofusin 1 (Mfnl), mitofusin 2 (Mfn2) and optic atrophy protein 1 (OPA1), and
enhances clearance of damaged organelles via selective activation of mitophagy receptors BCL2 interacting
protein 3 (Bnipl) and FUN14 domain containing 1 (FNDC1). Exercise further stimulates the mitochondrial
unfolded protein response (UPRmt), increasing molecular chaperones such as heat shock protein 60 (HSP60) and
HSP10 to preserve proteostasis. Within the mitochondrial matrix, SIRT3 fine-tunes metabolic flux through
deacetylation of electron transport chain components, improving phosphorylation efficiency while attenuating
pathological ROS emission. Distinct exercise modalities differentially engage these pathways. Aerobic endurance
training primarily activates AMPK/PGC-1a signaling and UPRmt to expand mitochondrial volume and oxidative
capacity. Resistance training exploits mechanical tension to acutely stimulate mechanistic target of rapamycin
complex 1 (mTORCI) mediated protein synthesis while modulating dynamin related protein 1 (Drpl)
phosphorylation dynamics to support mitochondrial network reorganization. High intensity interval training
generates potent metabolic oscillations that rapidly amplify AMPK/PGC-1a and Nrf2 activation, demonstrating
particular efficacy in insulin-resistant phenotypes. Strategically designed concurrent training regimens
synergistically integrate these adaptations. Mitochondrial-nuclear communication through tricarboxylic acid cycle
metabolites and mitochondrially derived peptides such as mitochondrial open reading frame of 12s rRNA-c
(MOTS-c) coordinates systemic metabolic reprogramming, with exercise-responsive myokines including
fibroblast growth factor 21 (FGF-21) mediating inter-tissue signaling to reduce inflammation and enhance insulin
sensitivity. This integrated framework provides the scientific foundation for precision exercise interventions
targeting mitochondrial pathophysiology in sarcopenia, incorporating biomarker monitoring and exploring
pharmacological potentiators including nicotinamide riboside and MOTS-c mimetics. Future investigations
should delineate temporal dynamics of mitohormesis signaling and epigenetic regulation to optimize therapeutic
approaches for age-related muscle decline.
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