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AR NEAE AR TR 4 A ALV A B R G iR IE 5
e L WA B A Y2 B, il e RSz
SALT5 e SIS o

1 SR REHE RN E Y FEAH

LRLAAAR BE A 80 2 240 ML IO 0 8 B O e
A 3 P PR AP B , HA O E T I3
PE RGBT M 4, RIS T BBt A
(RO R, PR A O P PR AP B LR TG AN 3 A T
WA o AL Y G U A A A AE TR AR
(reactive oxygen species, ROS) a1, Kk
J& ROS 3t o S AL I A5 5 fioh i B S 7, PR I] K
PR AT EHE AR (mitochondrial unfolded
protein response, UPRmt) 5 #& & N ¥ & L
(integrated stress response, ISR), #EMMiikES:5rF1F
BRE ARHA RS RIS, GFrE O RRRAs. [F,
LR L A WER AR PR ETE RS2 A oy, iR
KRR D RE e 2Pk 70 AN (Aniz 3 .
PR BRI ) S O A S A A S B 2 A
v I3 % T 1o (peroxisome proliferator-activated
receptor y coactivator la, PGC-la) /#K T E2 {5
¥ 2 (nuclear factor erythroid 2 related factor 2,
Nrf2) SRR S, A OOY R GBI
REJ), IETTHIBLRAA S SN, (RlE /52471 )
RARE AT EAPE 1 33 B3 Y M U AU S ik )
B, BT U A RYAREHC B0, T8 Lok
- Az AU X5 (A0 mtDNA B i 98 75 5
), Ash R Ws e E g (& LB
M) s ERZTE U XS S S ) R AP AL, AT
HE 27 5 2 A G R AT Mk e AR I e 3 R =
Al (B,

1.1 ROSHIWEEA

ROS 7E A W) £ 48 vh 52 I HS 2 2877 1% XU Ay
P, AR PSS R ALV v B MR BE R . 12k
A 1% B W ZEE 1 -, ROS ZE4ERESEREACHT
SBEBI AL B oA AR AT B H 2 RS
BRI, o5l & Tz 0 A A A 1 5T n e
PR,

ROS 7EAE BLIR AT 38 aok SR AR BE 4 A7 240
I aE RO HLE . IR B ROS AT A Ak it
Jr BURR ) 22 24 5 AL 2R O (mitogen-activated
MAPK) . # A T «B

protein kinase, (nuclear

factor kappa B, NF-xB) “5f5 7 i i %, Mt
AALBERS, HERRANMIBTARE Sy, JHAE LR A
Ykt B RAREEE N, B R S OE TR
g7 o FERERARIENZ T, ROSVE LR AR I 5
FALHERRALA RIRE 1), HAES S ATP AR U i
TR, FFS5TETERY A (reactive sulfur species,
RSS) WA 4EsF it RE M E L S E R
FPER AT T, ROS ik NADPH % fb B 7E 4
WA o A AR B, BERT BLEE A A, Xk
WG SIS IR N, FEPUIF RIS . MR
R A e A A b A HE ST 2 [RlIE, ROS
AW B SEEE N IS E SRR, anTE
Y hESLEs . MR T LT F M E
B, TEIMG A B ik v A B S s 5% 2 5 N 2
NIz e, FEBIAE AR Yy A R v B2 R Y
(yaE PR AL

ROS £ BUR S T il 2 wEHLH 5 kT 218
FHo R ROS MG . HEADNA, T3
BRI . A BT REE R e DNA 8745, Horp
LR ROS T2 AT Bl NI R A7 0T 5| % g i AR /i
Mlo TERINVEREH, ROS FIH W I GIRL N,
i 1 ROS B3 i 5 5 DNA 512 s, X AE
WP T G BAX AR 0 2 R JR T8 e, iR
N R B AR R ROS RS A FrAE A7 1. 0L
YR ROS AT BN K Ty e i A 50 ik ok
Ak, 3 23 7 B il AV T 0 b o gk gE T
(ferroptosis) FIAE BTt S AL ELC LA BIAE T
WAL, ROS i ik 58 AL ik A 22 Fh A LT
2, fuHE BAX/caspase-3 /- S T BRAKHS 1Y)
R A RIS, DA SRR 0 AH S SR8t
PERT-AIEET, XU fEH 5 AW ELA A AL
W RCEPEE PR . (EARE B, AN[F ROS ¥ Al
TR 2 O R AR S A, Wik ROS A i
PEFRA AR 2GRS, T e R B DU o RO 5 &
ANATEA
1.2 UPRmt

UPRmt 3 £ {558 5 A4 W 00 3 0 PR AR
S, DAAERRLOR ARSI SR AN A 1 G Y e
I o HERR N CAnkdr &/ RS f R
R AR R sE A A ) ik UPRmtHY,
SRR ML LB 5 S, A SR 2 S i 2k
FiAMREE (WTHSP60, HSP10) FIZE (A (4
LONP1) HyERik, IR 1 Jox i o 47 & sl b i 5
WA, MWK LR RS PR s XA



XXXX; XX (XX)

KFIE, % EHFSENERENTANGLERLHIES -3

fE2kP
SRS ES A

+ [ o | |8
N

| I R |

g

Mfn1/2,0PA1

f"&‘ ¢
-
i C-1a \IFAM. NRF

7T ‘ﬁzsmu

BriER
SRS | o

JSIRT1

Fig. 1 The mechanism of mitohormesis
Bl SRS ERMZOIEREE
ROS: EME4EIE (reactive oxygen species); Nrf2: K TE2MCHK F2 (nuclear factor erythroid 2-related factor 2); ARE: HrE b ool
(antioxidant response element); SOD: AL ILEE (superoxide dismutase); GPx: A MEH KT EILYIEE (glutathione peroxidase); UPR
: KIrEHE AR (unfolded protein response) ; Mfnl/2: ZRifkml A A H1/2 (mitofusin 1/2); OPAL: MAIZZESEAEF 1 (optic atrophy
1); Drpl: ZRiiAsh I EE AT (dynamin-related protein 1); PGC-lo : a2 420 Ak 4y il R 188 4 90 380 0% 32 Ay L3475 I F 1o (peroxisome
proliferator-activated receptor gamma coactivator 1-alpha); ATFS5: 35555 K F5 (activating transcription factor 5); CHOP: CCAAT/H45# T
ZEAEAREERN (CCAAT/enhancer-binding protein homologous protein) ; TFAM : 2k A&%E 5 [HFA (mitochondrial transcription factor A) ;
NRF1: #MERF1 (nuclear respiratory factor 1); HSP60: #AiE 160 (heat shock protein 60); LONP1: LonZE[If#1 (lon protease 1);

AMPK : JIRAFERICS R 1340 (AMP-activated protein kinase) ; SIRT1: ULER{E ST A F1 (sirtuin 1),

T WP SN AN ) 5 S R - ATFS-1 () 5%
ATFS (iFlsh¥) A%, S5%kiik-gne 3t
TR OCER, o aniE i B2 & DNA K Bk,
R (INROS. NAD+ATAEY)) o7 SE N &
ik TEFIBRATE I, ok 4 ATFS-1 B
A LR [ 7 5 AL AR 10 )P 8, IEE SRR,
ATFS-1 853 ALK IEREMR , (H YRR SZ T,
ATFS-1 ToIEA R LRI, it (r 0%,
PO PR AR RN R AL SE R Y ik, INITA
RN FE S I A A Rk . TEMELS
FAUMLEI fH ATFS AT FEAEFSF T, UPRmt (1)
ST ST BT U NN 27/ PS4V QTS Ei E5 ) A LN
g, IEZ I UCGERIER

UPRmt {4 0L M (A B H s AR 5 A 27

ROV HYARLRAE G AR o IR B i UPRmt
B RAP PR S (i fe . et fC E g
), (EAE PR IR A R A5 2 T 2 UPRmt i
WS, SO IR LR AR D RERRAT , L 2 fih A 20 i
U S S LU LRV VRS EE 2 AL NIVAY S ER=gINE: 3=y
PLHIA G, B2l 308 UPRmt 15 845 %
IR, AT el F2a AR AL DI IR 2R A 5 P Tt 1
N B E P U Ak, UPRmt 5 H A kLA
PP RIFLHDE LSS M4 . lande s A B
JI'F, UPRmtflL5EB R LKARE AR, MLk
A 11 W DU R AN T 0 A O kiR o X R 22 )=
UCIAPERR R T LR AR RN AEA CIE R . 73
T HER S BIRHRBT A% OAE, (EHRAA 4L
AT e — 2T
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LRI I (mitophagy) J&4ERFR A IRERZS
FIVE B 17 P 0 DGRBS I 7 38
(U B2 A R S s SRR S L B AR ) B, ZRokiE
A [ g3 B e PR T PR DD AR 2 B R, By Ik
ROS 19 53F i FH B R 405 1 SR S o 3X —
1 #5388 % PINK 1 /Parkin 18 /5, Hoh gk AR
FM Ak fish & PINK FE Az 2 bk R i fae , Bl
BE4E Parkin{Z ZALZORARIEEE (1, DR E L [ A
SR B A SE AR . A, SRR R R
if BNIP3/NIX 5%, FUNDC1 Z5R 72 AR MR 12 30
JeHAEARITE SR AR A S 250815 bR 0 265 114 i 1
FVEE 2 B X R SRR LR, GRAARREE
LTV B 2 AL, R REIE L O T
AMPK/mTOR 5§, Nrf2 {5 538 %, {2 3 (g 5E 2 pr {4
ARG, 2GR AN Y B A Ak BE T AR
IR AR

LRI A WEAE LRI TR 24 Ay R0 A4 A
PRI A LA A B de s AL A I Rl o 431
W, SRRV (A5 5 A WA AL
B 3B R BORLR S U TE [ g R SR A3 1
B, 10 Rl D) S B e e 2ok A = 4H 2y LAHR L
W I, 2Rk B AT B (E 37 4N RE RS
FEACR ARG AR, SRR B S s 5
JasE R MR T 2 X R sh AP 7E B O
HEE, AR B R T IR T, B Rk
A A 0 TR i R AR ) RE B A AH G AR BARRAIE 5 SR
M, 2o BE oA /2 1 3 WY AT e 5 Bop i ik 2,
PEARLRLIAR B Wi (4500, FLA S RO, T
W5 5 A SR R

2 REEMERPRLAIANRERERS

2.1 ZhEREEFIRKE
FEFEEVENZESE T, PGC-1a ik B F %
PGC-1a AR ZRAR W) & A O IR 7, i
1 I [R]85 AZ I X F- - (nuclear respiratory factor
1/2, NRF12) I £ ki {k 5% 3 T A
(mitochondrial transcription factor A, TFAM), 1
PELKLR DNA S | L A b B AR 5 L S g 17
iR S A A G 235 . PGC-1a /b B HE I i e b
AP G, 2 BRI s A e A4
BESI TR, BFIER LB, PGC-la I8/ S5 LA H
ATP A0/l . ROS R KA A B 18 5 58 52 4
OIS, #E— DR R AT RERE AT

AR S J12E RIRG 5 50 240 Al R B R L
ZEAE Y MRVRAIE . RS 2 1 Minl AT M2 (8K F%
iK%, FEERARPPIREE MWL, 153248 11 Drpl
B MG s IR (e L (Al B A, SRl 2k
HrH1 55 T ORI % Be 1AL R B ) AN A 18 Z30% .
i 4n, Mifnl/2 (9 20 25 BH RS- LRz A4k (8] (14 ) o1 52 46
FIDNA B &b, 177 Drpl 91k B 300 W) 5 2ok AR 5
CER VARSI |1 V:E5" TR Y N/ N W (== <97/ GO | ) N |
2EN R A 2 AR 5 N T AR EAE T,
R P P A RS e Al 7

LA ISV RS2 R A DHLR, T
M WLZE 45 v PINK 1 Al Parkin 3 % 14 2 5E 10
FEA WERCR B E L, IERROLT, PINKIEZ
AR LA 3 R AR RT3 Parkin, iRz R A
FRC LG 3 BRI BRI doni ik . SR, ZENLIA
AR, PINKI I Parkin i) 3635 R JHal 1% 1452
B, B RT8 8 R 2 0 2o PR e 20 i ) 28
R, TE AR RN SE ARG ER . 76 B Il A
A, NGRI 38 1 3% PINK 1/Parkin 8 #§ 1% &
LRI FI KO-, T2 [ A ) S5 i S A e
ARG T P

UPRmt 2 27 (R RE 5 0 3 ML, | 7E
R BRI AE AR, ERRERITE D
TR 1, R E R s, R
ZNAT, FALV L. mtDNA 28728 258 28 R AR 35 1
4> foh % UPRmt, %8 ] UPRmt #{ 1% nf i i F 4
HSP60. HSP10ZEHEREE T, PhBhZRiARE M IEm
e, EZYEERY B EREN
UPRmt 235 | R ARG ZEFLAANIEIN T, ATFS,
CHOP 4% UPRmt {55 538 %5 22 00 7T fi 38 i 41 i)
mTOR i % 5% A2 1 FoxO #ai ik 25 Kk i, gL
245, IAh, UPRmt 52k [ W77 1638 XA
5, UPRmt 7% 7] 3% 58 PINK 1/Parkin 18 #% 1 5
ZPERRARIERR, (A AVRRE SN, W AHC
SEHATIREEREG, WIS RIIRe S dhitk, it
— AL ZE S

2 ki & T & % #  (mitochondrial quality
control) JE—MIT AW AR .. BhJ1FE . A
UPRmt Y URAI 2% . FE s B ELZESA D, ik SE3h
WA RIIE R SEMIEER” . Flin, PGC-l1af
WA AP S, 26 Nief2/HO-1 5540
AALEEH R RIL, R AR5 [RlET, Drpl (1)
i YOS A M 1/2 98/ 1 — 25 ) 55 2ok A 1 W
fEJ), SEALRATCIEY A RO R, X R 4%
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P 7 Tt e 2 T UL A 4 RE 12 fe AL AT 4 2 BB
K, WO BPENZE SR AZ L] >
2.2 FRHERE R EETEIR

e BN Eh, SRR TRE it E o A Ak
NS RAETE A B A M A . iR TR
Bl 23 S B ROS WYL BEAE I, A4 A B 25+
AR, X ROS MU I ZRA DNA |

BTN 5T, i 2338 21 IS NF-kB 55 RAE (5 5

W, 755 TNF-a. IL-6 (2 R R0
B, NOX2 Byt FEiE ALl s ROS B9 AR, i#F—25
MR ZR AR B L A7 RN BE D RE, B AR e B4 1
IES B0, [ARS, ROS AT B Zebr i 7 W,
SRR AARR R, mE AR P

PR S W38 58 Z2 AL FEOR A R B I
YEF . 18 PESRE R 70 TNF-o AU I ZRi AR A= 4
GAHOCHE B, B SIEZ R-EOMIKRSR
(UPS) Il A M-y B IARAR , INE LR EF 4L 8 111
FEf 2o Behh, RAE(R T i it JAK/STATS3 il e
SRAERILAFRIL, [FINHMH SOD2 &bt E AL Y %
P, A dT A LB R ) FRE S R RN,
WA AN IS 8- A S . C R
A RAEbR YR TR, S LA BT A ) s g
PRITE 7 5

XFEMEEIA RS, SN ERE
Zi. BN, ROSAFHIL AR DNA 425157
g Bl = % £ A (senescence-associated secretory
phenotype, SASP), BHEZERH T, #—
T AR AR A G RN A4k o TR, SRR
5 5 A 1 ATP HERAS R FINAD+/KF- R R, Hi
55 T WURMEE T iR i A S IR LAl S52m
ML AE ZZ 4 FIIIREE R o AT Bt &
TR AT R SRR T BRI T AE SR AL o PO

3 BHESHNELHNEREXETIANERE
AN ZE 48 T a9 A

3.1 BEIHAHEENERE TR

1% 12 ol ki AR ROS A Ak, P
20 LN PR BT R GE . X AMIROK T 1 ROS A
NEZT, BBHESEN T E2 MK T2
(Nrf2) WAZ 56 A, oF 45 & bt S8 Ak B s oo 14
(antioxidant response element, ARE), i %E 1L
YAkl (SOD) . A M H ki A ALYl (GPx)
EPUAALEI R, DATITHG SR 2 B 1) S A S -
REJT Yo X — R B LR AR EE DS Ay AN A% O

BILH L B3 e A B SR A o e 38 oy PR S, TR
5

ORI yrAS SIES R IREN SRS AT SR LIEUR £9)/ €5 % A
AR (A1MOTS-c) FZHAEHEF (WFGF21),
PL A 43 ak N o i gy s 4 SR, MOTS-c il
1L U4E AMPK/PGC-1o {5 5l i, HE9mA AR L)
B I SRAE SN, AT A i 5 2R AR A i
AR . FGF21 D038 1 £ i g 105 i 44k A i)
N A, D[RS Sl o A i 7, e
THEiE GBI R G EH Timmd 2!, R
SEMEA ISR

18 Bl I ZRLAARAIR 5 DA RN AN AR T P — 3
B%, TiiEiEit ROS. PGC-1a MLk btk 71y £ )2
UG S92, Nif2 5 PGC-1a Z M AF1E3E XM
5, Nef2 #d vl it — A2 ik PGC-1a 3Rk, JEALIE
RBRIR S LIS R AR R T RE P, [FRE, 28T
{18 B J3E R AR IO 3843 2o 0% UPRmt AV B I
N, PR ARSI ER AR A4 . X2
A DR EIE RS2 20 Bk T B PR 22 40 AR 25 6L
14 e B A 2 P SR s
32 AREHBEXNFSEZNERELTINNE
5

SR AGB s I A RO 2R AR IR 7 2%
AN IO S, AR AR R FAPLE AN
SN A EE AP R 25 5, SR BAE N B
R F S5 S S E R R R L A Ras s
BRI A AT SR AE R DR o SRR
RETE M FE 2040 A Y ATP/AMP FL{H R B F1 ROS 7K
V-3 B T, S SEETE AMPK/PGC-10 /551
B, @ IK S ZOR AR A Py KA R A DG T R 3
ko [IEE, A7 %8 305 5 A Qi ) Fl ROS A 4%
filt /% UPRm LA 458 IR, JF I3 BNIP3 /v &
HOES R TR NIS VST S o g i 5 TR NS =V T
[ S = B =) 3 O IR 1 [ E A &2 51191 5 7 AL N
L AR AL AR

BUBHAZ 30 0] =22 FH v 5t AT LA, 3 1 Ay S
P SXFPHLAREK T 68 R SRR Zobr fk gl 12
i o P51 Ser616 v S B MR LR AR = R E O
Drpl iG 1, PoAbZp R M 45 (1) 43 24/ A5,
Tz R R B b B WEiE bR, tesh, ik
I Bl B35 B9I0E mTORC {5 50l %, 3% 2 H:
DO T A Bz S A ORI, fE W IE LN 3R 1
Jo A R LT dE R K, B AL A R A T

15/[:1 LszO
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= ok B[R] 8K Il 4k (high-intensity Interval
Training, HIIT) AY%EA7E TR . HIT i@ 5
Shkh R KE AMP FIROS 55, B H i
Wi AMPK/PGC-1a FlI Nrf2 {555 4% . B4 19 1
i, HIIT WA B 3 5 TR A e g . %o,
JFH458E Drpl A4 %E 1 SR g ) LA
UG MR B AR | BRI AL L R S e
TAE G =40 77 T I R R L 3

N Tl 2 1 B ) 40007 105 %o 22 30 I 1) 4 v
Wio BEANGR (WMHIT SHHLEE) vl A i
UPRmt, [ Wi S8 & iUl B, AedomZhiiA )
RE A4 ] 3 AL PR R AT AR o0 22 S P L
FEEAPPENZE S5 T W B o i psUR, o
Sl e el 2R A RS S RN ST B A R G R A %
LA 3 AR

4 BEHRAEEZNERSEXEIANNES
18 2%

41 AMPK/PGC-lofsSiEH%

iz Bl o S AMPK/PGC-1o 5 50 5, fil &
SRR AR O S N SR, AT SR AR AR T RE I ek
HRITRAS . AMPKAE MRBR LIRSS, iz s
o 20 i fiE F IR 5484k (ATP/AMP Al R %) B4
SEE YOS B AMPK G i B R 4L PGC-
lo 8% |2 Z B Ak SIRT1 [8]42:4 58 PGC-1a I %
PE o PGC-1afE LR AL W) B A% 05 S 3L
T, ARG RS R, SR
SOD. GPx St a ALz E A, T8 B B
PRI HLE

AN, AMPK/PGC-1a {5 5 I A9 3 16 5 4ok
N PR AT GITRZ RN i b OB Pow N 7as A (UL Y 25 g TN
N (AN ROS JE 5 ) 8t s AMPK, i i
HA5i0 PGC-1o (55 LM, T8 UE 18] OB AG R 12,
X 18175 5 3 UPRmt A1 MOTS-c¢ 25 28 R A4 435 A=
BREMAZRAR- A “SHE”, dE— ik dhi ik
A ShA O AR E Y . MOTS-c 1 %1k 37
AMPK/PGC-lou 45, 53 WA Al o6 gk 5% 2% BUR Mk
FE 45 i S e E N . ik, AMPKY/
PGC-lo {55 i [ o) 3% G RE i A5 5 5 LIl 7
BRI B AAARTE S AU I AZ O TR PR AL
4.2 SIRT1/3{5 518

12 Zf3 5 SIRT1/SIRT3 155 538 4% VAl 4 LR A1

BBV 1) 50T WL 0 SRR T RE . e Ak Bl
W X Re AR PR EVE . SIRT1 1 i NAD+K i
(N L TBERE, A2 Sligs S A SR AR TE I 1 s g h &
R OAMER o iz 3h il o s SIRTL, Msm it
PGC-la AHEAMEFT, AT SE L7 A4 A 9 % A
PrAEALEE I FaA . ISR, WiEvkiz shal o B0
SIRT1/AMPK/PGC-lafF Sl i, 8Lk 1A i
FRAEALIEIR, FF0sE OPAT . Mfn2 254 ki ik 5) /2%
FEHMFRL, WmdEsRE R AR S S5Th6E . It
Ak, SIRT1 Y BLE nl#0i ROS TR, liad & Lk
Y K 2 2 R 1A ot it 4% I WL UPRmt, 22 i S Ak
NEEOE A . R R, 2SR
SIRT1 I 93 5 NAD+/KFEF ARG, 3 AT R i i
1 T UFAY SIRT3 #E— AL RGO AR LRI 0w

SIRT3VEMRAAREE ST 2 W, BT
SENT|§ A S IO ES @ TN (i A GV (=R X s B U 1
I SIRT3, {2 k£ ki ARG EE, W AMPK., IDH2
AL 2 FkAL , 1658 ATP A AR IF 08> ROS P24
i %0z 538 5 AMPK/SIRT3 38 B ol 38O J Lt 1 P
TG, HALH PSR o 2ok (Al A 2 H Mfn2 %
ik KAMEIERFET o, Be4h, SIRT3 5 PGC-1o 3 [H]
YEF, VLR DNA & il Fl%% 5 R F TFAM /Y
TEPE, M IM4ERRZ RIS RS 7, BFGR R &
B, 2 gl ad SIRT3 KA 1) FoxO 3l fif 3 5 i 4 fk
B B8, I 38 5 98 4 HK2/AKT 15 5 ol 3 A% 5 =
AL AR RS, SIRT1 5 SIRT3 Z [AIfE1EH
B LR, SIRTL S f5 v 1R SIRT3 %Kik, B
BOE SRS, SLRIESRAZ Sl S i LR AR R R
NfES 4
4.3 Nrf2/ARE{ESi#E%

iz ZJ i i3 Nrf2/ARE {5 53 B R P2 Zeop AR I3
LA A O ML A T E AR BN T 19 Nef2 2%
S M NPT E AR R G . s s iR, B
BELN JE A A L ROS AR R SC 5 540 1, it
&M Keapl 85 SR BELE R, AR LR Nef2 (R4
HIVER, AR Nrf2 547 2 41 % 3t 5 B A Ak iy
JuffF ARE 45 Ao X —id B2 B T 46 NAD
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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
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 generated during muscle contraction, activate cytoprotective signaling cascades
rather than inflicting macromolecular damage. The mechanistic foundation of this process involves reactive
oxygen species functioning as essential signaling molecules that activate the Keapl Nrf2 antioxidant response
element pathway. This activation drives transcriptional upregulation of phase II detoxifying enzymes including

superoxide dismutase and glutathione peroxidase, thereby enhancing cellular redox buffering capacity. Crucially,
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Nrf2 engages in bidirectional molecular crosstalk with peroxisome proliferator activated receptor gamma
coactivator 1 alpha, the principal regulator orchestrating mitochondrial biogenesis through coordinated induction
of nuclear respiratory factors 1 and 2 along with mitochondrial transcription factor A, 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.
This energy-sensing kinase phosphorylates peroxisome proliferator activated receptor gamma coactivator 1 alpha
while concomitantly stimulating NAD dependent deacetylase sirtuin 1 activity, which further potentiates
peroxisome proliferator activated receptor gamma coactivator 1 alpha function through post-translational
deacetylation. The integrated AMP activated protein kinase peroxisome proliferator activated receptor gamma
coactivator 1 alpha sirtuin 1 axis coordinates mitochondrial biogenesis, optimizes network architecture through
regulation of fusion proteins mitofusin 1, mitofusin 2 and optic atrophy protein 1, and enhances clearance of
damaged organelles via selective activation of mitophagy receptors BCL2 interacting protein 3 and FUNI14
domain containing 1. Exercise further stimulates the mitochondrial unfolded protein response, increasing
molecular chaperones such as heat shock protein 60 and heat shock protein 10 to preserve proteostasis. Within the
mitochondrial matrix, sirtuin 3 fine-tunes metabolic flux through deacetylation of electron transport chain
components, improving phosphorylation efficiency while attenuating pathological reactive oxygen species
emission. Distinct exercise modalities differentially engage these pathways. Aerobic endurance training primarily
activates AMP activated protein kinase peroxisome proliferator activated receptor gamma coactivator 1 alpha
signaling and mitochondrial unfolded protein response to expand mitochondrial volume and oxidative capacity.
Resistance training exploits mechanical tension to acutely stimulate mechanistic target of rapamycin complex 1
mediated protein synthesis while modulating dynamin related protein 1 phosphorylation dynamics to support
mitochondrial network reorganization. High intensity interval training generates potent metabolic oscillations that
rapidly amplify AMP activated protein kinase peroxisome proliferator activated receptor gamma coactivator |
alpha 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 the 12S rRNA coordinates systemic metabolic reprogramming, with exercise-responsive
myokines including fibroblast growth factor 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 mitochondrial open reading frame of
the 12S rRNA ¢ 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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