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Fig.1 ERK structure and signaling pathways
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ZEMIAERK /2N . Chifi4

ERKZF B8 % T2 FERK B BR AL 1033 2 . FGF: RUEF4EAN A= K I F (fibroblast growth factor) ; Grb2:
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Fig.2 ERK insufficiency—mediated neurodegenerative
signaling pathway
E2 ERKEHMARENSHHZRITERTESERE
ou-syn #H 3¢ %5 38 A 411 4 BDNF/TrkB £ 5 #Y ERK12 15 %, §3
p-ERK1/2 ¢ FiifCREB. mTORJEM:FFAR, T W THHI VMAT2
FIR R IIRE, s I AR R RR I BB Y . a-syn: oZSfil
¥ M (a-synuclein) ; BDNF: [ J5 ¥ #f 4 & 52 [N F  (brain-
derived neurotrophic factor) ; TrkB: J& JJL Bk & A 5% 1k # i B
(tropomyosin receptor kinase B); CREB: cAMP N o455 &&EH
(cAMP response element-binding protein) ; mTOR: i FLsh¥) & A
TR AHE M (mechanistic target of rapamycin); TH: FERMRIZILREE
(tyrosine hydroxylase) ; VMAT2: &l ¥ it % iz &2 (vesicular

monoamine transporter 2) o

MPP" ) Fl 6- & 3 £ [ &
(6-hydroxydopamine, 6-OHDA) %5522 M W # 4%
fFF, ERK 5% i AL il 54 N 5 «B  (nuclear
factor kappa B, NF-«xB) . c-Jun 2 & K ¥t ¥4 [
(c-Jun N-terminal kinase, JNK) . p38{& 424 J5 %
b B9 % M % B (p38 mitogen-activated protein
kinase, p38 MAPK) M Jit K %5 1 B (cysteine-
aspartic protease, caspase) SFiHFEACH., #E—N
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ToRb AR T R, ERK B FRAE AT RS
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protein kinase Src, Src) -ERK {5 55115 NADPH
AL 2 (NADPH oxidase 2, NOX2), ik
2% (reactive oxygen species, ROS) 7=4, MMl
PRI RR 28 Te4 005 1 BR/NES A a4, ERK 5
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p65 MR kI v, (e S8 E B ;s EI-16004 i
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7 51 2P I 5 40 B ERK-NF-xB 2 5E fill, FFAIK
ROS N g R AL A F-a (tumor necrosis factor-a.,
TNF-a) . HA%-1p (interleukin-1p, IL-1f). IL-6
FCCHatkFNFHiA2 (C-C motif chemokine ligand 2,
CCL2) Kik, JFAEMARIVEN
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P M AR D RERR AT A . f/E MPTP, MPP*
S HAMM A B Z A p-ERK Fr8 # 1:Ff ROS
LR | LR R i 7 T % DA e s AQ U b fig
fE 4 3 C bi B4 B2 (perfluorohexane sulfonate,
PFHxS) #FEAIH, NMDA 32845/ ERK f
SEPTE I — AR HE ROS A= 1, IR 25 4ot
P, BRAh, LRRK2 3K 98748 8 i 40 3 8l )1 &
H 1 # # 3 (dynamin 1-like protein, DNMIL)
-MAPK/ERK {55 53 ¢ AL A [ e, S E b ik
SRR, Mk PDFHL . LRRK2
G2019S ZAE M n] 3 3o 57 45 ERK (55, 512
FERFRINZEAL, 4505 2 LRERE Pl 28 0% S8 A I I
Gy, Rk R Y Ik, ERK 5+
(g ST =8 (i PO (S i N C AR € N 27N E Y TR UN S By 2

CEPETRIR, N 2 MU RE T 22 IR AR

FELL M ERK G I8 T3 3 40 MR T AH G55 .
W58 % B, 1 MPTP, MPP' & 6-OHDA #i5 f1 |
p-ERK 7K F Jt @& £ Ffi Bax (Bcl-2-associated X
protein) IRk IE UL LBk K 2 B 3 (caspase-3)
A, T AR ERK T 14 I AT B 4K cleaved caspase-3
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Fig. 3 ERK overactivation—induced neurotoxicity
E3 ERKEEHENSHMESENHE
MZTER . a-syndRIE M LRRE2HE DN G AL A5 BRI ] 75 S ERKGS FE 0 , #E— g NF-kB. NOX2. ROSKBAXAFRAL (e HE M 22 RE |
FALRI B BRI BG . A RER A IEAET . a-syn: oMl E I (o-synuclein); LRRK2: & 552K 8 & #H2 (leucine-rich repeat
kinase 2); NF-xB: #%[AF«B (nuclear factor kappa B); NOX2: NADPH%({Lifi2 (NADPH oxidase 2); ROS: 7ith% 2 (reactive oxygen
species); BAX: BikELANMUR2AHEXE (Bel-2-associated X protein) ; p-ERK: BEFRILANNIAME 5 V#1540 (phosphorylated extracellular
signal-regulated kinase); SQSTM1/p62: HWEZIEIEIT (sequestosome 1/p62) .
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TEFF S BRI BT . BRK 7 A 4 Fe 40 17

EHE SRR T N S E 5.

AL, ERK S8 BOG A S5 A - B AT fig
B g S B AR S AT . 7 MPP BRI | p-ERK T}
= P BB A 56 2R 1 1 R BE 31T (microtubule-
associated protein 1 light chain 3-11, LC3-II) F&ALA!
7 R 45 A % H p62 (sequestosome 1, SQSTMI/
p62) R, $ox [ MEEEAZ 2 IE] ;. ERK 305

TR (glucocerebrosidase, GCase) AYMN T.iz 4
Ko g B AR AR U o-syn R . I B I E JIE
(lysophosphatidylcholine, LPC) -G & FHHEEZ {435
(G protein-coupled receptor 35, GPR35) -ERK {55
fih ] 3 o A o R AT A ME R R 65 (Golgi
reassembly-stacking protein 65, GRASP65) ik,
S GCase Wi SLAL G S B RS it A8, i —20
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A A, LID R AT SR A S 2 1
i A R Al . 22 LU AZ2 AT i ERK/DARPP-32
ERCESE S SRV ENS L NIEAUNIS €
AR W gE 2B R B, ERK a0 Al 3 A
¥ D1 %4k (dopamine DI receptor, DIR) /FF#iMR
Bt #F (cyclic adenosine monophosphate, cAMP) /
3 B A (protein kinase A, PKA) /mTOR i#i
B, SEMSCIRIARGE il T AV AR I AR R A
WS AR, IS5 NMDA SZ R W 3 5 21 DL KA &
R-Z WML B SE, w4 F806E 3 ARz shiEtk
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RAFFBEMEA R B0 TAE RS U SR
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2P0 BEIF AR MO ERK (55 B R 225, TMi7E
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SRl AT A D DRI RI], s E RN
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P 5 ERK {5 % , & 3% PD #H 3¢ % # R
A& el (K4),

B IR PR A S ERKGE B2 006 A LAY |
Jefs 5, nlid Lt ERK A G A E 0 22 077 T
Ak 35 5 fh D) R I 34 9 b 2 W] B 2 FE MPTP
/NERU MPP 5 51 SH-SYSY 4R A, 1fiL /MR
T A K I F BB (platelet-derived growth factor-
BB, PDGF-BB) W] i Akt #l ERK/CREB {5,
P THRIL, JFbfe 2 DIkReph &t , ERK
5] PDI8059 R HI 8 AR 4745 ], 278 ERK i
15 J& PDGF-BB & 44 28 R4 R0 Y ZEBRT 1)
I4h, BDNF/TrkB 55 [Al FEAK 6 ERK 2 5 S0R 1A
MR . FESCIRIA D1 324 B rh AL BCHR
£t , TrkB B2 ]I H# L-DOPA if5 T 1) 57 4 12
31, JFBERSE fi AT SR T

Z R0 R IRTG PR W53 v R ERK AR 516 1, JF
A REI  ERK SHUEALBIE  fl 278 95 S0 SR
1 J5 e A R4 ) 286 P A E A Tk PD AR S B i
A s 0E Gl L 35 8 & (artemisinin) - 7E
6-OHDA Al MPTP 5 28 1 ] 8 1% c-Raf/MEK/ERK/
CREB&E 4, FEARAEALII . Shr A 1 A 4 i
PR, T ERK AT HI g5 AR R 2o RIKER
(gastrodin) i 2 807G ERK-Z K F B2 A5G H -2
(nuclear factor erythroid 2-related factor 2, Nrf2) il
B, P EmA -1 (heme oxygenase-1,
HO-1) . & & MR - °F Mt & W2 & 2 1 1 1k W 2
(glutamate-cysteine ligase catalytic subunit, GCLC)
i A b Yy AL B (superoxide dismutase, SOD)
PR TRIA, Wi i MEK/ERK/CREB {5
5 1 i % Y PRI F5 95 K 2 (vesicular monoamine
transporter 2, VMAT2) ik, M2 LIEMEfFIT
REAR AR EPE 7

iz BT WA] 38 o 7 ERK/MAPK {555 A2
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(glucose-regulated protein 78, GRP78). CCAAT/}f
T4 A HEARJEE A (CCAAT/enhancer-binding
protein homologous protein, CHOP) #/ caspase-12
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5L ERK I B O & 3 i 2 R 30 1R
FHARTR], PD YR BEFREE Hh ERK 5452 5 5 0 il e ik
PZRAE . BRI . LRI T RE B AT K 41 SE
T-o BB, PPt BE s 09 ERK AR, KR
FIEHIAEERE, RE W2 DR 2 oThiing &
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EEREE TRt
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Fig.4 Moderate ERK activation
B4 ERKZEHE

MZEFRE T B30 B RIRIR S T 2 # p-ERKIHT

A BRPUALRE S M Z EIE & . CREB: cAMPMICIFES &

PE—# P CREBRING2 {5 5 TH., VMAT2, HO-1KSOD%:E1k, MilidisLhiihta
#HH (cAMP response element-binding protein) ; Nrf2: #HFE2H1%

2 (nuclear factor erythroid 2-related factor 2) ; TH: %2 ¥ L/ (tyrosine hydroxylase) ; VMAT2: #ifl Hijie 5435 {A2 (vesicular
monoamine transporter 2); HO-1: IflZLZ iM% A#1 (heme oxygenase-1); SOD: #AEYE LT (superoxide dismutase).

B 1R MEK/ERK G %2 50k ERK s 24
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H R —E BT VR, AT b 28 T
15 B S A FR B8R L Aot ol - trameetinb 4
2 0] B E U MPTP i S 2ot £k 2

R ELEE A 5 A8, Z2 R 2 1 Rl g e L

ERK KA 56 I 00 6k 5 R 7R T oo, i,
ERFRFCVRERE S P (IR ERK 1/2, p38 MAPK LR 4R
HEHB$-9 (matrix metalloproteinase-9, MMP-9)
P, R EA N . BT E R s s BT
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Table 1 Comparison of key features and downstream effects between protective ERK activation and toxic ERK activation
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PI3K/AKt: B B ULES 338 ity 26 1 ¥4l B  (phosphatidylinositol 3-kinase/protein kinase B); JNK/p38: c-Jun% ik A Uik fift/p38 22 24 JF % AL 16
[ (c-Jun N-terminal kinase/p38 mitogen-activated protein kinase) ; Nrf2: #[HFE2H1JEAF2 (nuclear factor erythroid 2-related factor 2) ;
CREB: cAMP 7 W JilF45 4 1 (cAMP response element-binding protein) ; BDNF: i ¥ 4 #1 22 % 4 A 7 (brain-derived neurotrophic
factor); NF-xB: #%[HF«B (nuclear factor kappa B); caspase-3: K3 (cysteinyl aspartate-specific proteinase-3) .
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Table 2 Dynamical features of ERK signaling and its biological consequences across distinct Parkinson’s disease models
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MPTP: [1-H%-4-283-1,2,3,6- VU MEBE (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) ; 6-OHDA: 6-¥33£Z£ ML (6-hydroxydopamine) ;
MPP*: 1-F 34 ZR LN BE B F  (1-methyl-4-phenylpyridinium ion) ; a-syn: aZEfili%#E (1 (a-synuclein) ; BDNF: ka2 8 35 8 1
(brain-derived neurotrophic factor) ; TrkB: JEJLERE 137K #4EFB (tropomyosin receptor kinase B) ; ERK1/2: 4 I8 /ME 5 8 15 i 1/2
(extracellular signal-regulated kinase 1/2); MAPK: {25324 L& ¥4 (mitogen-activated protein kinase); Akt: i FHJ{H¥B (protein
kinase B); PI3K: WilRHEALE3#4MEF (phosphatidylinositol 3-kinase); mTOR: MHFLZM#HTEIAT Z MK (mechanistic target of rapamycin) ;
NF-kB: #[HF«B (nuclear factor kappa B); Nrf2: #% K FE2AHCHE 72 (nuclear factor erythroid 2-related factor 2); HO-1: IfL£] F IN4E 1
(heme oxygenase-1); INK: c-JunZ(ZEA i # ¥ (c-Jun N-terminal kinase) ; p38: p38ZZZ4JHiG b MM (p38 mitogen-activated protein
kinase) ; MSNs: H U JffR 41 28 JC  (medium spiny neurons) ; DI-MSNs: D1 % H J8 Jfi R 1 22 J€  (D1-type medium spiny neurons) ;

D2-MSNs: D2RI i RIBOIRAH 250 (D2-type medium spiny neurons) ; mPFC: PIETAiM 25T (medial prefrontal cortex); CREB: cAMPJY

MCEEEE I (cAMP response element-binding protein) ; DNMIL: i 1 1 (dynamin 1-like protein) ; LRRK2:

M2 (leucine-rich repeat kinase 2); DJ-1: W4 #fK& 17 (Parkinson disease protein 7); L-DOPA: Z:jiEZ . (levodopa); NMDA: N-H!
FH-D- KR4[R (N-methyl-D-aspartate) o
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Table 3 A landscape review of ERK—directed interventions in Parkinson’ s disease at multiple evidence tiers
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Abstract Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by the loss of
dopaminergic neurons in the substantia nigra pars compacta and abnormal accumulation of a-synuclein. Its
pathogenesis involves multiple interconnected processes, including oxidative stress, mitochondrial dysfunction,
endoplasmic reticulum stress, neuroinflammation, and impaired protein homeostasis. Extracellular signal-
regulated kinase 1/2 (ERK1/2), a major component of the mitogen-activated protein kinase signaling network,
plays an important role in neuronal survival, synaptic plasticity, stress responses, and cell death. However,
accumulating evidence indicates that ERK signaling in PD is not unidirectional, as both insufficient activity and
sustained overactivation have been associated with neuronal dysfunction and disease progression. In this review,
we systematically summarize the evidence for the pathological and protective roles of ERK signaling in PD.
Insufficient ERK activity may impair neurotrophic support, synaptic plasticity, mitochondrial homeostasis, and
neuronal adaptation to stress, thereby increasing the vulnerability of dopaminergic neurons. In contrast, persistent
and excessive ERK activation may promote neuroinflammation, oxidative stress, mitochondrial dysfunction,
apoptosis, autophagy-lysosomal impairment, and abnormal a-synuclein accumulation. Conversely, moderate and
transient ERK activation induced by neurotrophic factors, bioactive compounds, or exercise may enhance
neuronal survival, antioxidant defense, synaptic plasticity, and functional recovery. These apparently contradictory
findings suggest that ERK activation itself cannot be simply classified as either neuroprotective or neurotoxic.
Based on the available evidence, we propose the concept of an “ERK activity window” to explain the context-
dependent effects of ERK signaling in PD. This hypothesis suggests that ERK activity needs to remain within an
appropriate dynamic range to maintain neuronal homeostasis and adaptive responses. ERK activity below this
range may weaken neurotrophic support and stress resistance, whereas prolonged and high-intensity activation
may exceed the adaptive capacity of neurons and glial cells, thereby promoting inflammatory and degenerative
processes. Importantly, this functional window should not be regarded as a fixed threshold. Its biological effects
are likely determined by the intensity and duration of activation, cell type, subcellular localization, upstream
stimuli, interaction with other signaling pathways, and disease stage. This framework may therefore help reconcile
the apparently inconsistent findings among different PD models and experimental conditions. From a therapeutic
perspective, these findings indicate that ERK should not necessarily be considered a target for simple activation or
inhibition. Instead, restoring ERK signaling toward an appropriate functional state may represent a more rational
strategy. Exercise is of particular interest because it can simultaneously influence neurotrophic signaling,
oxidative stress, inflammation, synaptic plasticity, and ERK activity, potentially promoting adaptive remodeling of
ERK signaling according to pathological conditions. Nevertheless, current evidence is predominantly derived
from cellular and animal studies, and the dynamic, cell-specific, and spatial characteristics of ERK signaling
remain insufficiently defined. Blood-brain barrier penetration, long-term safety, preservation of physiological
ERK functions, and the lack of reliable biomarkers for monitoring brain ERK activity also limit clinical
translation. Importantly, the “ERK activity window” remains a theoretical framework, and direct clinical evidence
that ERK modulation can alter the progression of human PD is currently lacking. Future studies should therefore
integrate longitudinal analysis, cell-specific and spatial approaches, and clinical biomarker validation to determine
whether precise regulation of ERK signaling can provide a viable strategy for disease-modifying intervention in
PD.
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