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Table 1 Characteristics of ferroptosis, apoptosis, autophagy, necrosis, and pyroptosis *’
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Fig. 1 Schematic diagram of the mechanism of ferroptosis
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Fig. 2 Ferroptosis and PD
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Fig. 3 Potential role of ferroptosis in PD pathology
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T AESR I AT YR ] o S S B PD AR AP
AL B -1TEIIE SN 1T S 5. Baizabal-
Carvallo %5 " SR HI M1 4~10 & . 1%k 2~5 YR/

BAYR T 30~60 min fiY AR 65 38 3R] R
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SIIIRERERT . BLAL, iR ) AR ) A
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BRI —FIA RIS AT IS . T B LAz shin i [ 54
B DR EE R ZE . \BOER . & kS e k3t
PD i iz sh ) E R AT 1 [ FE J2 B0 AU IR o
AR, KW 1~3 /. IR 45~60 min [ 25
IR i . R PD B H S — PD IV 4 it RS S 4
JEAR o R L A, BiBHE shE A AR R
AR, hERAMNEs T HFE .
Barbalho % "% SR I H I 990 2 v/ 14k =X
BrBH I 2] (R ) PD E LA S . S fE
Ji. P AT E S R E RS, S PDITr R
P REAR, RGBSR EUGE, MIE%g
PD 5 17 1 JE8 A T B 3 A 1 T HL A B S
RIEA PD & i3 shiE IR sGs i Bia T FB . R
[Aliz e 6 PD A AR FARCR L3 2.

i, BUEE. RGN X sE PDAZE 3
T REREAT S B AT R HA ROk . AR
WM PD B, F s sl T I B i fe i e . &
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Table 2 The effects of different forms of exercise on PD patients

K2 AREEHEAIPDEZHEALR

WA R BahEA e 1] G FHLER SR
EBEPDEE IR ATE 30~60 min/ik, S/, FRE3~10/ pEERRAE OPAS. AT, P, &AZ-ATEVR [63]
AT SR R AR S 2 s
Bk, BE HAE3 30~60 min/IRk, 2~5U0F, FR4A~10E PSSR @shEE ). PERE RIS R GREARGE  [64]
PDHE# IhEERRIG B 5 s . ARG R A LS

. EPDEH KWZEIEE) 30~60 min/ik, SU/E, FHE:8~10/H

B HPDEE  KRZEIEE) 30~60 min/ik, 3~5(K/H, FREi6~124H

B, hEPDEE  \BMH 45 min/iRk, 4~5U/H, FEER24)8

%, " EPDEE i 45~60 min/iX, 1~37k/JH,

B, hlpDEE  FiBHIEED  60~90 min/Ik, 2~31K/F,
N
~H

. THIPDHEE  FBHUIZE  45~60 min/YR, 3R/, Frek12f

Sl

F4E12~24 )

FrEE12 8 ~24

BARRE PERE

BARmR L MEIRPT S NS B B O [70]

BARRE PERI. DREsh MR R RS [71]
3, JIRRERS, AR R

BRSREE PETRES . BRI A BAAREK TG —PDY [67]
Ir B AU IR B R

SR WLUAIE. PRy, RESITHEZSERE (e8]
Fhw, S PDIF RS IEC, URes

ThARRIE EBhhe . CPETRE). WA RSERS [72]

. DiREIEENRE Mg A RE T E  [69]

WEDYAT30 min/d, 2~3 W/JE . FrEE 4 LU
B Gizg), VUSSRl
32 BTN ESRPDIESNBAARIEENH
3.2.1 s O L M R AT, T
Bii FIAEZZPD

BRAGTE AR a0 3l i i 2 G B2 A
o, PR E LSl A E AR 240 sk
EEM, RAEYIET- IS, S5 PD SF LRl
ZARATHR I R A . A IR DGR 1 B an kA
% (hepcidin, Hepc). BRGEFFER A (WERE ) |
Yehtiz % (WFPN-1, DMT-1, Tf, TfR) %Y
FRRWH, SEHZESERZTNERRIRZER, 51&
BRAET, RS . 2T R, st h—Fh
WG FBe, LA A e B By %
IRV, ZRffiN kR 2, DR FAESE PD (1) &
i B BRI, izl T R 0 A JE B
FhEizfk 1 (divalent metal transporte I, DMT1)
FIA AT FPNTAYZRIA AR 1A . DMTI 3=
BTN R s AT, T FPN 4R
TR N R B s R I . Az il i I X
PP B FRaR, AT LA R B i AR, R
ANk 2 AR N B RS, NI 2] IERR AR 2R
ALY e, i sk ] LLYE T AR AR AR A S B
FIT, @iHepe. K. Tf. TIRAE, HfF4EEek
A, wltn, s3hA LLREAK Hepe 19335, Hepe &

— PRI R R AR AT LA
B FRRBCAURI R . TR, g shikn] LI s R E
Ii& Z PR B R i (protein tyrosine phosphatase, PTP)
(3K, PTPJ&—Fh JAK/STATS3 il 5 1) F 5 S M i
U, AT LA e B, DN D R
EALG IR R RN " 2R SR T s
ST I ER . Belaya 5§ ™ fifi  5SXFAD
INRIETI B BB R, s SRRk
R Bz S5 Hh A AH DG 2 1 BT 1 mRNA JK P FT R
Ik, [A I E R JAK/STAT3 55 30 1 571 2 14 1%
24 R W% 2 W% () mRNA ik . Choi 55 % X} APP-
Cl105/MNRIFATH BB B ah Tt kB, Z3hies
REAR KM B2 iz 2 IX kA R G R T (TR,
Tf. DMT-1, L-Ft, H-Ft. MtFt, B ZribfiF) K&
APP R IA T, JF46 S 4% FPN-1 76 A A S 2
WA A RN E, BN R,
mioek s gk AR . [Woak, ZkH & A (iron
regulatory protein, IRP) 1 /& JH#HLAARAR G Y T2
WAz —. @ahXt IRP ¥ n] fg i it 35—k
AT i G R IRP UG R, £ F IRP 5 A0 5G4 11
mRNA [ IREJFHIZE G, Mg 7, =
B AU N 3 A % ICR  (Institute of Cancer
Research K Flin 5 ) KR EIEAT W 10 F &z 5)
T, JfiE it D-2F U i A/ B, 3K
AR R, 123hHe08 TR ICR KRR IPR-2 (1
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FENFRIR . Z5 L, Eah T ] aeE A
KA F BT FRIB A EGRACH L, AR
BRAE R I pf 22 e AR ER DTS B R AR S
HIERFET-IVERT, 3k PD B IR S HE T8 0 8
BRI . RAS NI, BRI SRR s T A ek
36 PD BT R DA BB & R AE TSR A TR,
e n] LAt — 5T i s A QI A 8 A 7 A
BL, S PD BYIRYT &AL BT 22 B JHI0 4 40 0 S R
5o
322 BRI IR e T, T FIRE
ZEPD

AR PR R HLAR T 32 N AR B T, AR
ROS %5 G Ve o 1 AR UR A, B RS
ARG GLEERE . AhH G Al . A
VB ALEES) SEMARSE (B, JHEhE.
—REEE) SIS A, e & — RS
LU L Y A v o 1 L= R FA VA NN 2 o B3
FET I 3 A Yo PRI FE o A0 Ak 07 S8 0 44 00 441 i
ROS 114 7 4= R4 A b 2 G 2K A i3 17 5 B0 PD 1Y &
Ao WFFEIESE, PD YRR 5 N R BT DA e &2
TOAL T R AL RS B ARG, iPbtA b R R
PRSI 5 5 IEE AL, PD B i
BT RAY IR T L . DNA FIRNA b & ALbric )
KO8T, EARFRIN PD & E ik B o
BT AR N AR ik SR AL K 2
101522 %, 48R PD B AR5 = i I 4 63 4
FFET AR . BT E A R G ERG Iz A 2 LA
X R AT B SRR, DTS T . 40 e
Sy FJZT, PDEH BTN DAREM L ITN
e A B ) 4- R B AR R et
fm TIEE AN B [, X SR 25 50 DNA K RNA
SAALIFRICH) 8- B AR S H AR B T s
Ak, PD A MR iR AR B e W AR R
FAC A W) R HA R XY 2 R o iR 5 R R
T % ROS BT ALY B i GSH ., 8 SA AL 917 g |
GPx Fllid S Ak S0l 55 ) 3 S5 FRAIG, Fe? VR I I 5 4y
s R, XS R AR T Y B AL A A
B Ak IE 2 T 107 AT g dE B RTARYTY PD Y E
BFBEZ—. Aguiar % B X2 6- R L2 B IAESTH
PD /)N BB 147 3R 22 6 8] A vp 25 5 1 8 75 111 4k
G5 NR, BT HREAS ISR PD /) BB ARL TR 5T -2
RIEDARERZITTH R, 5 T Hizghviae, B
RN FE T IR 2 AL (tyrosine hydroxylase,

TH) G B 20 AR N S0IR (4 TH )i BH 272
LR G T, BTF NSRS S ) e BRI
JEOANKRR I 3075 53 1 2 AR, Ak, 1B 8l T Ttk
2R T EORAARA W) A AR A B R P 3R
KKV, AARERRLRSE G T, SR S K7
HR T frle R P 0 — A TR IO LB Q1o 52 B R I 2
6. N 2040 2 #H X+ 2 (nuclear factor
erythroid 2-related factor 2, Nrf2) FIfZL 2 & AT 1
mRNA RikKF, DURERAARE G 1 0TEH S
FEETR G L, (i T BT SRR AR
SRR, R T AUAD AL R SR RE AT
HFEVEBRAE S, MIMTE PD Hh R M AR 5 1E H -
MR EEITTHRE , 1 YR E A E s s nl Dk
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J& 12 2l sl A B[] BT 732 gl 2Bl i i A #s L
REALN hREY) (WWMDA . NO., s, —mifk
V) B, HHLHIFE . a 0| Keap1/Nrf2/HO-1
PUEALBTEE 5 A A I S A A RN A 3 5
b. #i% ROS/p38MAPK {55l g/ Ay T, 22
M L5 DIREB 75 . 15 A% DNA A kit X
BeAb, & sl 2% 16 2R 0 2 DNA  (cell-free DNA,
cfDNA) W Thm 0, JFFEIR I iE sh K7 5 %84k
7 T T R I AR B U A Y (& 4) . Kayacan
8 ST Eh AT AN RS B B e BB, SR
MR L, A B T T2l — A Ak K1 Wl 2 F
I, T R B KPR R A o e, R
SER I 1Az B AE D SE A O TR A AR 25
L, BT O] LI T PD LA S P 412 Bl V)
fig, A ATREFE T 2 LI A AR ORI 2 kr
IRfgRE, MmN SR A ARIET R A, AR ET
X PD AR50 T AR R AL T E AR

B
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%
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Fig.4 The dose-response relationship between physical

activity levels and oxidative stress
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SRR T o0 58 il 81 1 AR R, IR IR o 28 fli A% 2R
F7E 22 28 1% 129 3 55 B BRPE B iR 1k (BRI 1R 1k
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Fig. 5 Potential mechanism of exercise prevention and treatment of PD mediated by ferroptosis
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Abstract Parkinson’s disease (PD) is a neurodegenerative disorder characterized by muscle rigidity, resting tremor, and postural
instability, which severely impair the quality of life in middle-aged and elderly individuals. PD’s pathogenesis is complex, involving
oxidative stress, immune inflammation, and genetic factors. Despite extensive research, precise therapeutic targets for PD remain

elusive, necessitating further investigation into its underlying mechanisms. Recent studies highlight the pivotal role of regional brain
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iron overload, oxidative stress, and lipid peroxidation in PD’s pathogenesis. Ferroptosis, a form of regulated cell death driven by iron
dependency and lipid peroxidation, has emerged as a critical factor in PD pathology. This review examines the relationship between
ferroptosis and PD and explores the potential of exercise as a therapeutic intervention to modulate ferroptosis and alleviate PD
symptoms. Ferroptosis, distinct from other forms of cell death such as necrosis, autophagy, pyroptosis, and apoptosis, is
characterized by mitochondrial shrinkage, reduced cristae, and membrane collapse, without nuclear fragmentation, DNA cleavage, or
caspase activation. It is induced by the accumulation of intracellular Fe**, which enhances lipid peroxidation and reactive oxygen
species (ROS) generation, ultimately leading to cell death. Studies show disrupted iron metabolism in PD patients, with elevated iron
levels in dopaminergic neurons of the substantia nigra correlating with disease severity. Iron chelation therapy has shown promise in
alleviating PD symptoms by reducing brain iron levels, highlighting the significance of iron metabolism in PD pathogenesis. Lipid
peroxidation, a hallmark of ferroptosis, involves the oxidation of polyunsaturated fatty acids (PUFAs) in cell membranes,
compromising membrane integrity and increasing permeability. Elevated lipid peroxidation in the substantia nigra contributes to
neuronal damage in PD. Enzymes such as ACSL4 and LPCAT3, crucial in PUFA metabolism, play significant roles in ferroptosis.
Exercise has been shown to modulate these enzymes, potentially reducing lipid peroxidation and preventing ferroptosis in PD.
Glutathione (GSH) metabolism is another crucial factor in ferroptosis regulation. GSH depletion impairs ROS detoxification,
exacerbating oxidative stress and lipid peroxidation. PD patients exhibit reduced GSH levels in the substantia nigra, making
dopaminergic neurons more vulnerable to oxidative damage. Exercise enhances GSH synthesis and activity, mitigating oxidative
stress and ferroptosis in PD. a-Synuclein aggregation, a hallmark of PD, is closely linked to iron metabolism and oxidative stress.
Excessive a-synuclein binds to iron, promoting its aggregation and inducing ferroptosis. Exercise has been found to reduce
a-synuclein accumulation and its pathological phosphorylation, potentially through the upregulation of neuroprotective proteins like
DJ-1 and Irisin. These proteins enhance antioxidant defenses and facilitate a-synuclein degradation, providing a protective effect
against PD progression. Additionally, glutamate excitotoxicity, driven by dysregulated glutamate metabolism and receptor activity,
contributes to ferroptosis in PD. Exercise modulates glutamate levels and receptor expression, reducing excitotoxicity and iron-
induced neuronal damage. In conclusion, emerging research suggests that exercise may inhibit ferroptosis through multiple
mechanisms, including regulation of iron metabolism, enhancement of antioxidant defenses, reduction of a-synuclein aggregation,
and modulation of glutamate metabolism. These findings highlight the potential of exercise as a non-pharmacological intervention in
the prevention and treatment of PD. Further research is needed to elucidate precise mechanisms and optimize exercise protocols for
maximum therapeutic benefit.
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