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Abstract: Neurodegenerative diseases (NDDs) are marked by disruptions in protein homeostasis, including
abnormal synthesis, misfolding, aggregation, and defective degradation of pathogenic proteins, leading to
neurotoxicity. In recent years, multilayered therapeutic strategies targeting protein homeostasis have been
developed, such as transcriptional and translational regulation, conformational stabilization, aggregation inhibition,
and protein clearance approaches represented by targeted protein degradation (TPD). Since the pathological lesions
of NDDs are primarily located in the central nervous system, effective interventions require that therapeutic agents
cross the blood-brain barrier (BBB) and be precisely delivered to diseased brain regions. This review systematically
summarizes the pathogenic mechanisms underlying protein homeostasis imbalance in NDDs and highlights current
therapeutic strategies, with an emphasis on recent advances and therapeutic potential of TPD approaches. We further

overview various brain-targeted nanodelivery systems, including those responsive to the brain microenvironment
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and capable of targeting specific cells and subcellular organelles, which collectively enable precise trans-BBB

delivery and intracellular targeting. These advances support the development of precision therapies aimed at

restoring protein homeostasis. This review provides insights into the progress of brain-targeted TPD technologies

and their supporting nanodelivery strategies.

Key words: neurodegenerative disorder; protein homeostasis; targeted protein degradation; brain-targeted
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M9 (neurodegenerative diseases, NDDs) H, iX —F
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o AE R A RO 5 07 T, I T U s O I R,
ANSCRT 00 1) B B R R A, AR AR 7 O B R A
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SRR S NBE S . AR SR I PR S TERR T 1, ARk
DR Y HE ) 2K A % ## (targeted protein degradation,
TPD) B A B H 1% H WS KW T H i . TPD I 5
T EUR B HENGE I B AR R, T T RS
YT ANE BRI R R, B R R SR R
S5DhReRFNH . 407, TPD SRS OB m N2 R-K
H EF 1R R 4t (ubiquitin-proteasome system, UPS) #f J&
& H W -7 ¥ 18 & 4t (autophagy-lysosome pathway,
ALP) S5 Z ME AT AARMF & 035 E O B
0] % & 4 (proteolysis targeting chimera, PROTAC). 43
T & (molecular glue). ¥ i 4 # 7] ik & 14 (Iysosome
targeting chimeras, LYTACs). H W52 24L& (autophagy
tethering compounds, ATTECs). H M # [a) #x & &
(autophagy targeting chimeras, AUTOTACSs) 7> F B/
T HWE (chaperone mediated autophagy, CMA) Fl&i/Kix
%% (hydrophobic tag, HyT) %5 2 /N il . 1% L6 57 0 a1t
FEAETH 3% E3 JE I B W 2 AR B AR IS Il R, 5 S
TE AR A AR, SAERT IR IR ERRE (Alzheimer's disease,
AD) 14> #%% (Parkinson's disease, PD) 25 % Fh i 2218
AT V95 A 28 v e UL BB B 1 KT BRAR L PR R BRI 47
fil 5NN T e B A L AUR .

1T NDDs #5955 22 I #A7 F- X #1282 5 4, TPD
EERAAS T TR AT RO v P ORI ¥R 7 MR AR 73 1
T Wi 20 23 B RG E adk 3% o SR, I i BE F& (blood-brain
barrier, BBB) 1 Ay — Pt iy B e 85 P 1) A2 2 ot i, B 3
PR 7 K ZHTPD Z5¥ Bk NIk S5t . thab, RIS e Th
Nk, TPD 245475 i 24 23 v A7 T 6 180 1 3 1) 12k A A2 1)
i R, e K £ 5 8 0k R i, 3 — B BR 1) 1
FLVRIT ORI 15T i #8 XU o 4 ok i e SR [ K
1438 Z2 Gi 45 77 B BBB € A7 i 4 b A S B P e 1k
T I MR A . i M R R 3 AR
T30 A A A S5 i 7 TSCATL 1) K 4 e 0 I 248 i 4 1) 3
REFRI R BEGNoK P &, RIS B TPD 2454 A A1 J 31 Jf A #E

A S G H A RS A SR AT A A 22 IR AT IR IR 5%
SR, SRR AR A BOR T W R 5 R RTE 52
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569718 71, I RGVFIR G K 8 1% 1 6 78 L HE LN
FEHEIR X 5 BN RO B SCEME (B ). KgRidf
Bl T3 5 A SR L I 4 1 338 55 RS AE VR T Y
IVAE
1 #HAERTHAERBRPEARBRESKENNGS T
SR
1.1 EERSKEIREIEF A

NDDs & — 2K DU X #h 28 2 4 kAT PR IR A0 N R AR
2 2 B, MR AC SR B0 4% AD L PD. F 5E 5% B 0
(Huntington's disease, HD)- L 2 47 ] & i 4L fE (amyo-
trophic lateral sclerosis, ALS) & %l 5 ' & & (fronto-
temporal dementia, FTD) &5, X $8 595 (1) 3 [7) 95 BE 45
b2 2 A B AR A R, RBUONBUR & H 72 W RIE
i & REVIR G EMIERG . LLAD A, B-TER FE
H H (amyloid-B, AB) Fl ik F & 4L tau 5 [ (p-tau) [
S W SRR W 51 R AN P I TR Al A A B e ROIE S
NP PD Y, a- R fih i 5 1 (a-synuclein, a-syn) 57 %
IV % Lewy /M, 4545 2 i e 4 22 c™. HD R
A% Huntingtin & [ (mutant Huntingtin protein, mHTT)
REEGIE, VA A M N . ALS U 5 TAR DNA
4k 4 7 1 43 (TAR DNA-binding protein 43, TDP-43)
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Figure 1 Schematic illustration of protein homeostasis strategies and brain-targeted delivery methods. A: Protein regulation encompasses
strategies for protein synthesis regulation, conformation and aggregation intervention, as well as degradation and clearance strategies;
B: Targeted protein degradation encompasses approaches such as PROTACs, molecular glues, LYTACs, among others; C: Intracerebral
drug delivery strategies encompass microenvironment-responsive, cell-targeted, and subcellular-targeted delivery approaches. PROTAC:
Proteolysis targeting chimera; LYTAC: Lysosome targeting chimeras; ATTEC: Autophagy tethering compounds; AUTOTAC: Autophagy
targeting chimeras; CMA: Chaperone mediated autophagy; ROS: Reactive oxygen species
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Table 1
degenerative diseases. AD: Alzheimer's disease; GSK-3/: Glycogen synthase kinase-3f; PD: Parkinson's disease; ASO: Antisense oligonu-

Comparison of pathogenic proteins, degradation impairment, and targeted protein degradation (TPD) strategies in major neuro-

cleotides
Disease Therapy Technology Target Ref.
AD C004019 PROTAC Tau [7]
THO006 PROTAC Tau [8]
QC-01-175 PROTAC Tau [9]
PG21 PROTAC GSK-3 [10]
BIIB080 ASO Tau [11]
Lecanemab Antibody Ap oligomers [12]
Donanemab Antibody Ap plagues [13]
AADvacl Antibody Ap oligomers/plagues [14]
E2814 Antibody Ap oligomers/plagues [15]
PD XLO01126 PROTAC a-Synuclein [16]
ATCI161 AUTOTAC a-Synuclein [17]
Tat-psyn-degron Targeted peptide a-Synuclein [18]
PRX-002 Antibody a-Synuclein [19]
SynO4 Antibody a-Synuclein [20]
BIIB054 Antibody a-Synuclein [21]
BIIB094 ASO LRRK2 [22]
DNL201 Small molecular LRRK2 [23]
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EE RS T H A R 5 T2
HIBNA 11 . NDDs H, 305 & H I 75 & 85 R
B 5 REVI, L& RS DI ReRRAS, JLRHES) T 5
PEEAMR RS MEcne iR, ik, B m
A i JE R T PSR, O R 30 A B R )
BT . TR SR AR ALK 7 Dy 3 98 T BARNE: BR
HE RORE R RET I, LK EME ST BRI
(F1A).
12,1 ZAEREEREE EHE R EENE T
T i R PR B, PG 3L B 1 I SRR /K, By o
FFRRRSIHEAMN GRS (B1A). EEHREHY
o o LA T AMR R R 1) 3N SRR RGO, W
W75 LG IR A 9% 9% 7% (adeno-associated virus, AAV)
PRI 3N BAS A B R (mRNA) 259 1) i
%o AAV R TSI ER O BRI B B KR IE
1, 2022 % 3 A 3 H, Lexeo Therapeutics 2 & 5 A7,
AAV JE R J7 % LX1001 ££ 96 97 316 25 F E4 (apolipo-
protein B4, APOE4) 2li& AD & & 1w IR 1 /11 #3L56
HOR AR o 1SRN RIS R I BUIR B E2
(apolipoprotein E2, APOE2) 1 & [Kl i 12 31 #5 #5 A~
APOE4 S A BE K (1) AD & PR 42 R4, fEM A
ARG RR S E R Ik APOE2, LLi& 21 BH 1k AN sk 22 95 95
R AAE A, kA, mRNA 259t 0] i T+ 78 A
KA B BT RE PR AG 5 B R € B A A, TR
MRS T RE 1. B, A AR 90K R G0k A
4~ 2 -10 (interleukin-10, IL-10) #J mRNA ## 1% 2 i A
N RGN, 5 5 H R IK TL-10 I 17 M2 B & {4 %
RURGAL, ITAT 0 )4 22 980E R P 4 22 o AR 7 AF PO
Wongsodirdjo 257 i F] | mRNA ik tau 25 A 45 57 1
Pidk (BL4E scFv Al A K P k), 5 I 76 4 28 240 i N 1
FKILFIHL A BN tau F H, T~ H mRNA 259 75 41 fg
W HURIGST T S R D

5 kR, 2 i 5 K 7 C B AR gk A T4
fil o ERIE . R LEZ TR (antisense oligonu-
cleotides, ASO)- 7> F #t RNA (small interfering RNA,
siRNA) 1 CRISPR-Cas9 T #/i & 4t v] 18 iod #E [m) S AZ B,
J IR ) mRNA, ] 5 BL A H . Pltau
H ABI, ASO i #E i) A K HE AH 5% tau 8 H (micro-
tubule associated protein tau, MAPT) mRNA 1] 5 %4 f%
RHRIL . BTk ASO 254 BIIBOSO C7E I R HF /¢
KU RIFH M5 B tau K FRERCRM. BE4h,
Tong 259 & T —FEF X} a-syn 42 [ SNCA mRNA
B /N 43 F #0171 synucleozid-2.0 (] 2A), F57E 1k 2 Al
R T RN A% R I SR 1R) % & 44 Syn-RiboTAC (]

2B), AEME R 57 V41 5 RNA i & it SNCA mRNA, H 2L
T a-syn 1R IE K (B 20), F3 4k & B =2
FRE M KLY BN k1% (B]2D).
122 ZEEAWEERETMRE EATS5W%4
FEXt HDIRE R0 HE, R MR 5 KM &M (K
1B). AHIC S Wk d ik A2 0 1) R BRI SR 4R, I H 5
RAR AL AE DUAR, AT £ 5 0 BH W 55 13 47 2 00 32 Bt
S

— K HIOTERBIE S TR RS, Wik e &
H (heat shock proteins, HSPs) FJ 1Rl 345 e #iR T S 5&
A, (3 Ef3 &8s 2 F@iE . Arimoclomol
YEN—Fh o] 75 5 HSP RIA M 254, T1E ALS [1IE R
F P L T HA RE 27 s o e RN 503 UL PR ) e I 7
ALk KW 0T Y T 0% HSP70.HSP9O 45 5C 47 1
FEAR, AT AE 40 i J2 14 T B 44 4 8 o7 245 1l g

Bk, /N 43— 301 570 B e 1 IR S m ol i 5 A B
993 85 A (40 ABtau BY a-syn), BH b7 F SR %A I FE 5l AR
SEHTTM SR . FI, TRx0237 /& —F Al T 75 tau R4
(531, Tt AR 7R 9K I BRE A8 1) R e B B, IF
TE AR 50 AR 7 R DA 0 T B R ) RE 2% R
48 T E#AA U clioquinol A1 PBT2 M) my 3@ i 18 5 4
PEEE R TIRIE, M AB- 8 B T E A VIR R, HETT
AR RESPURPP, IR ERIE R JEH 2 KT T
B, UNEF X a-syn B AR B0 14 2 K T02.T03.T05
FITO6R, 35) Ji B th 5 B 40 o 5k 2 42 % e (1) e

W 1 BB BH B SR AR FE A, R % BUW B A IR R
FEBMRESHR WA T EZETA L. PltauE A
i, Foad BERERR A 22 5 S RANERE, Rk SE R AT
s w20 J5 2T A 95 25 T B, & AD R tau 2
MIA% O BURHLE 2 — o WF TR B, B8 IR & B G 38
(glycogen synthase kinase-38, GSK-3p)- J& 1 2 & i 1k
W 5 (cyclin-dependent kinase 5, CDKS5) %5 ¥ 7T tau
() S R AL A4 DA Y. TRk, v X S YR
(/N3 1A 7R )2 B T BELIBT tau 24 G 7 5 1T i o
%40, GSK-3 #1177 tideglusib 7£ AD Al FTD #5754 rpr i
7 H I 2 1) tau BERR AL 5 R 2 ORIPE H, R i
Z TG R B EEE. Zeqelih, CDKS #)1 il 771 roscovitine
WA T8 tau T IR A 5 5 1 R A B2 495 5 1012 P A,
P FCAE T 95 2 R B 5 T B T T Y. B R
B, c-Jun N ¥ B (c-Jun N-terminal kinase, JNK) /1]
7 SP600125 fe % [ tau 2 1 I BERR L /K F, IF1E AD
PR i fe 3 HH A 2 LR AR P kA, Hu S & T
i % Ak B [7] 4% & & (PhosTACs), it 15K tau 2 [ 8 5%
2 R SR B R M B [ % R 8 2A (protein phosphatase
2A, PP2A) (K 2E), MM SEE tau £ [ 1 240 Padi Ay
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Figure 2  Strategies targeting pathological proteins in neurodegenerative diseases (NDDs). A: The iron-responsive element (IRE) in the
5'UTR of SNCA mRNA regulates a-syn translation, synucleozid-2.0 blocks this process by binding the IRE bulge; B, C: Syn-RiboTAC
degrades SNCA mRNA and dose-dependently reduces a -syn protein levels in SH-SYS5Y cells; D: In PD patient-derived dopaminergic

neurons, Syn-RiboTAC partially restored gene expression profiles toward control levels after 48 h; E: Mechanism of PhosTAC-mediated tau

dephosphorylation; F: PhosTAC7 rapidly induces tau dephosphorylation.
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Rk LRI (8] 2F).
123 EARBSEMRRHKRE EORRSERE
W o O A M B R R R G, Wiz K- A
1 22 0 0 [ WG - G R 0 I, SN B0 B A A
B (B 1A). FHr, TPD HARMRE 7807 ), ZOEA
£3.3% PROTAC. 43 ¥ Jii \LYTAC. ATTEC.AUTOTAC.
CMA f1HyT % (K 1B).

PROTAC »& — KM Ihe /Ny 1, — 4 & H bk
H (protein of interest, POI), % — i 25 E3 LA 1% 5
Foz # 4k, AT 5 2 8 A AR B (B 3A) 2, %4
AR H Lai™ 12001 442 tH, I 4 RAEM Z IR AT M
JRBLH B R 1. B, 2T cereblon (CRBN) Al von
hippel-lindau (VHL) E3 i £ i ¥% i ) PROTAC 4} T
C004019"F1 QC-01-175""n] 7£ AD 5 8 Hp {, 25 B fIK &2
tau A p-tau 7K-F (& 31). T 451, Kargbo ™ pi )
TER T BT THE I tau )7 77 1 PROTAC, X 284054
I H CRBN #1 VHL E3 3&E #: 1§ 15 11, 3 K AR K
MERE T, =4 T 12 &k . PROTAC 4 FH T
PD [1¥R 97, Tong 2 %18 2 7 5 a-syn & 55 M 1)
73 ¥ sery308, I LA UG N S SLJF K T AT HE [H] a-syn [
PROTAC. M4k, Zhu S WE IR T — %4 tau 5 a-syn
(1)U 7] PROTAC . i 7T UE 52, 1A & PO AE A2 i3 tau F1

Adapted from Ref. 28 and 40 with permission. Copyright © 2022

o-syn [ AR JT T BA RIFHA Rk . K&yt —2
& 7 PROTAC £ AR 75 # 28538 47 14 55 96 v 97 H 1R 8L
FH i3

k% PROTAC b, 73 5 R AE N 53— 2K /N o 1 B L
H, 8 #0r B POLS B3 E ML L E &9, Bl i
S AR (3B, 61 40, Bushman ZEE i 4
AHET VHL AR ) /N7 B, I DABERR AN AT R0 77 =ik

AT # A VHL 43 11 Al 18] H] Picowell RNA-seq
Fe AR i & BT — R #E 7) GEMINS fift Jiig i ATP 45 &

W5 7l dGEM3. 1T GEMIN3 7E ALS 1 & 5 5
BAEH, X MARIR T %5 IR 0] Re X #0242 1R A7 1L 5
B&IaI7 B L.

FC Ay T W -V A ) B R SR K 40 LYTAC
ATTEC.AUTOTAC 5 CMA ZtH#l Fil T-i5BR i 4 B A
W A e REE R . XM T2 £t
2o For LYTAC i i 3 #2470 4% Bl Ak 15 77 T 4 48 1)
FETA, w7 o5 5 i i A B SR 3NN AR B AR B AR
(B 3E)*. % LYTAC 45 #4 i iciss ol DU 7 HARF ik 2
AE. fildn, 2023 4F R 18 cli-LYTAC & A5 i 33 3% &
Gl E BB AR 4 GRS B BB 41 R
THT 7% B A7 28 42 52 1A CD206 &5 A A5 B, o0 L 3L [ e 1%
2 AL E B XSGR . BEUE P AR L i A ) I
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LG Ay, 4 B CD206 A 5 19 /0N I 5 41 i N A -
VB E L, S0 AB I L B R, JE I H VR 9T AD
(138 7351,

ATTEC il i L (5 B AR RO 5
LC3, Sk #EME AR (B 3F)P%. LigEP I &
— KT [H] B 45 A LC3 FEUH % mHTT 1)/ 7 T, Bef
WRHE polyQ JF FIHC FE 22 7, e e MR ) I 0d o B Wk i
BB mHTT M AT BF A B HTT. 75402 o4 i
Brp 1% 98 ATTEC I R AT 1 IR B 5 B R 0K,
NIRTT HD 55 R B L SR 4R T T B

AUTOTAC 75 H M H A B — i 45 6 H R
% 1K SQSTM1 (sequestosome-1) Y] ZZ &5 ¥ 38,; 51 —
Uity R 4 e B AR (1, IRl B W IR AR e 3k L R AR (I
3G)PT, Ji SECS 4 (1 3 Ak 4 F £ PBA-1105 T 7E
AD R A G A0 B AN 1) 7 p-tau 8 E, X AT 1)
tau JC B E R (B 30). 2023 £, Lee £t —H I &
T ¥R a-syn (AL AUTOTAC, %5 He sz ol 1 4% Sk
B, N PDIRTT HERE T A 35 %

I4h, CMA 8 i #4K 52 85 [ 70 (heat shock protein
70, HSC70) i1 % & KFERQ ¢ # & (, Jfilid 5
T4 IR 2R 1 LAMP2A 45 & )5 i NIk, Seilik
PRI AR (K 3H)™ . Fan S Tz LG & T =)
ReR O K, @A CMA U R 7 40 e 27 i ik 5 0 2
GEEIER, ST a-syn 5 PSD-95 H ik FEVETE R, R T
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Figure 4 Schematic illustration of RCLs@CNPs and microglial polarization regulation. A: Formation of RCLs@CNPs and their ROS-

responsive release of curcumin nanoparticles (CNPs) and cardiolipin; B: Strategy for inducing M2 microglial polarization; C: Representative

Af immunohistochemistry images in brain; D: Confocal images of Af plaques (green) and activated microglia (red, Ibal positive).

Reprinted with permission from reference. Adapted from Ref. 74 with permission. Copyright © 2022 American Chemical Society
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Figure 5 Schematic of the tailored Nano-dredger (T-LIP@PL-LA/siRC) for neuronal targeting and dendritic protection in AD. A: The

nanocarrier co-delivers siROCK2 and LA via non-covalent assembly, crosses the blood - brain barrier (BBB) through TPL peptide, targets

neurons, and releases therapeutics after lysosomal escape; B: 3D reconstruction of Golgi-stained cortical neurons from WT and 3xTg-AD

mice after different treatments; C: Sholl analysis of dendritic branching complexity and length. Reprinted with permission from reference.

Adapted from Ref. 87 with permission. Copyright © 2022 American Chemical Society
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with permission from reference. Adapted from Ref. 93 with permission. Copyright © 2022 American Chemical Society
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