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Post-translational modification and neurodegenerative diseases
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Abstract: Neurodegenerative diseases are a class of complex and difficult-to-treat disorders that severely
affect the central nervous system. Their hallmark is the progressive loss of neuronal function or structure in
various regions of the central nervous system. Due to the challenges in regenerating and restoring damaged
neurons, effective treatment strategies for neurodegenerative diseases are currently lacking. The increasing
number of neurodegenerative disease patients has imposed significant economic burdens on society, so finding
new therapeutic targets and improving prognosis for neurodegenerative diseases are crucial. Protein post-
translational modifications can regulate various cellular processes, including protein-protein interactions,
enzyme activity, and gene expression. The occurrence and progression of neurodegenerative diseases are
associated with abnormal protein post-translational modifications. Many post-translational modifications, such
as acetylation, phosphorylation, and lactylation modifications, have been shown to contribute to the cognitive
impairments caused by neurodegenerative diseases. In this work, we elucidate the significant role of protein

post-translational modifications in neurodegenerative diseases and summarize the roles of several protein post-
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translational modifications in the occurrence and development of neurodegenerative diseases, aiming to

provide new insights into the molecular biology mechanisms underlying future research on neurodegenerative

diseases.

Key Words: neurodegenerative diseases; post-translational modification; phosphorylation; acetylation;

lactylation

FHZE IR AT 14 999 (neurodegenerative  diseases,
NDD)s& —FA R, 34T PE R R4 RS
Jii. NDDENAEKE Z KIET RN, RS iE R
#7005 NFET:, 1012 N2 Bz s m
NDD 14 s & e faig fsee:, S
W FE S RG RIS R ThREHEAT B (LY. H
B, ARHERIRAT MR v DL = AN J7 kAT 402K
H— P DR AR IR BT 4 2, i <
IR JRE s ML URR &L, o R
DAAR 5 1 22 1R A7 14 3 28 9 0 o A B AT 20 25,
HEAR N ZRBEI0 S BE /N 7 T A A 2R
RO EAR Y o T R AT R AR
ATHEZR A F ZIG R R IG5 TR 1. BT WEz
T S AR ME AR, BT LA SR IR T 22 4E
TR AR, R = BH 1E B SR gt 2 1R AT MR
WA HEREA SRS . R, RIMLIRAT
PRSI RSB (5 A 2 O EL

H AT, 560 2R AT 1 5 AL KB A
=R B RREREM, WMDNAWIEAL; 2
TREmRNAKF R, WmRNAKFEM: 5
—“REREAFRBEEE M (post-translational
modifications, PTMs), A LEEALFIBERR
. B, B A SNSRI P A 2
WEFE AL A ZBEAL) . PTMs 32 520 i 5 1 42 3B 47
PEZRR R M E B g i M ThRe, o KAE

FIPTMs W] B 3 BUE W) DI RE AT I 51 K 2 Rl
IR, PTMSsfE HAX #2852 48 40 i 2 RE A Hh
HEMET A RHRZR . MR EEPTMSIENDD KL
KIEFIER, A ENRKKENETTNDDI25%)
B R PRAETTRE

1 BFEREITHERN

PTMs e 48 1E =% Wi A A Ak AE W06 il B 5 s P
KAWL T HbnE QR e R ER I 2 A b
B AR A AR PTM s i R 8 B R
P, WA TAER AR, fEARYRe
KRAEEZEAFM . AT CHRIENPTMsK A £ 154002
RO LT R Rk, TEHE. B
. CBASE . HAT, AT T PTMsVF 2 5 5
AR DIResZm R Wk, JCHEEME
RGN . BRI IEZ VT ZPTMsHI H AR, M
PR AT B 2 K 22 BUPTMs R A= (R BT o B 17 3t
AR, HAMER IR, 122% K (serine, Ser/
S). 73R (threonine, Thr/T). &% FR(tyrosine,
Tye/Y)t o] LR EPTMs. BEAEWF SR R, Sery Thr
A Tyr &K A FIPTMsTE #2008 TR FEiis k. K
i 5 flsk v BB R A BSR4 O B P R HE
ERWL BEERm O PRFIER AN CGERE. £
WG Bt D, AT 20 2 4 R AT DL i) 4%
PRI EE . RAMPTMsE LWL, XFEPTMs/K

F1 HRRTHRRIRIEEIES KiaKERT

VR I3 A 3 2 I R S5k
Al 7% 24 BRI PUEMFESELY; MR eSS INHIEER; RfZiek [3]

L UERePh A TR MIET; 20K

M4 A% hEEEEEEEELD; S
AMETE
ST P 45 Gt ARG B 4p 16.3 ) 7 R i
[ 5348 [EA5)
. H & I BLE R AEBRER . L
MEBGEMRTEIE BRI WTE 71

RS SR (B IE T L YRR I 3R . MR E AR -7
FEGSE): ARZAER(EIEMERE, BHERAS. MEIRERS . A EME (4
DIReRfis AR ARG

B R (PR REENAE) ;s N RIRRRS; KERHEEAG AR, XUARTE R [5]

Wy BEIRERG; MRS, R EREE [6]
l%,‘

L4 RRARE (7]




- 1000 -

CAEMPILEY  20244E447561H ZER

NI

PTMs HJ DAL 4 i 36F 5% Al R 3 A8 b s s o
XIDYRERS T A o R ICHEE, Byt fs
BEE R A =R R . ZENDDH,
Y2 PTMsR MY 20 F BUR B i R 7 7 UUAR,
RAFEIPLITCIETS . PR R 32 40 DL A A 9% A
FNBERT,  AnRA] R P BRI ) T AL 2 B-TE B
FEE F (amyloid B-protein, AR)) TR FLE H K
5 [ Tau(microtubule-associated protein Tau, Tau)]
SRR o- T A% E A R R R
50 4 AR (1 R A DR HoAth i 2R AT M
U WU B . UL A R AEARE S5 5 R
PTMsAH K. Dk, HEiE57HEPTMsENDD KL
KSR AR HIERT, X T 1 AR K
oI N IV RSB GNP S S

2 ZELiEih

WEIR OB — M)z AT PTMs AL,
2 BRI L FL BfE(lysine  acetyltransferase,
K AT) A1 2 B2 Bt 2, Bt AL % (1ysinedeacetylase,
KDAC) i Fh 155 . KAT 5157 fH Ak £ B3 17 4t
AR EE L, KDAC A7 51 i 4h £ B £ 1) 2
Bl R A WA AN AR LR 1 LB Ak R e 2 Rl
MpA R, GRS, MR, B, A
23 AR . KDACHIKATR)E 1]
PAZ BARHDIRES . IR FIRE e /N TR . A
EHER B, AR T TR BRI 40 i 1 £ AL 12
Wi, AT AR R RS20 AR . R PR
il DA RN 7o 0 e e B P 0 A% IR AR AR B
2 K AT A/ BKDACTE Y, T4 F T KL
IORFF A BRI AE FDIRAS o SR g TG T AE Y
A= A P RE 8 52 Wi 7 3 40 T R KD A CHE 1
B SR AT IRACE ) B AL Bk OBk
B ENE . AR SR, AEa T TREEAY
T, s xRS, AT
INERIRE PP, i — U TS R 2 3 i /N BRI
O A B A 7 ERE R R, KIE sh = L
g 5 20 2L AR S AR MK P B0 . R &2
KA, BRI RN AT RERY,

B, B RKATHIKDACS K i A #1114
HDIREAH IR S . HEH OB EM A K

B RINDDH LT & 4% 28 ¢ B 2 1 1 P, w7t i
N wEIEAR OB FEHAE RN, A
ME 4 ARPT BT IR i R A R 25T, 201748,
— U T RoR, S H R R B A A 2
(acetyl-CoA synthetase 2, ACSS2)FKIE[MIRIH =0
EFLEYIRCIZRE ST, KR HT T ACSS20f £
JCH B R SR A S A B TR s B . A T T
RI, WREATAER SR EBTTH TS M AT R
HEA WA, MRS ICZ. 5 > H R A
SR FE R A R AE B PSP Dbg SRAIE s T
W WA T AR R R . &
I, OREZ 1) LA AR I 20 27 23 A 3 i AR
SR WAESR bR ST B

3 WEERILIEE

Bl R A A N O 2 H AT > Al B )T iz B — A
PTMs, ‘& A] LA SR MM TE S D g, B &
TOERZ B EEZEYR, BREZHEAR
A ATEAR AT I 220 5 AR R A i i . B RR AL R il
HEWEBARYEARLER . J5 2R R
BhAE BN INBERR R, % BERR L R B A B
BREEEAT 0P, BRI LG TR 4T A 15 5 5
(EFARBRAE T BB 2G5,
ML TGS ARSI RE T BT
BESE). AEES. AELR AT REM A=
AR A 2SR . B, Bt
JWFZ5 TR EARZ5NAYERE. BiRk
B R AT S B R, AL AR AT IR
R R RS S S A E B
W BERR AL, & RERCMTA L TC D) REMI S 2 A W) o
R & TTE, R T RS KA LULCR
i Ao R R AT B R R R (R T R, XA T
LA AE, £ A R AR H 5T S R A
M R SR TR 2 1 J5R A D).

T BERRAC B AR PSS, — AR
B, FHSRMEEACBERALB MR R L 51— R R
i, FkEBREARPBERA IS . BRI
A1 1 1 A I END D 14 5 9 L 1 m O 4% 3 O Bk A
FAUOL, BRAERE IR L, WAL R e G 5 5K ) R
1 [FlJ54% (phosphatase and tensin homolog, PTEN)
I PSR U A 9k VLB 3-8 (phosphoinositide



XA, A B A R A 1B S A 2R AT R

- 1001 -

3-kinases, PI3K)/Z [ B(protein kinase B,
PKB/AKT)i@ i, B i e 2t /s B i 20 i i M2 4 4
A, T O B AKT AT DLBE IR AL B 5L I i 3
(glycogen synthase kinase 3B, GSK3B), A R/ %
ANBR R AR R G AREN

HAT, B AL Z 1R B0 7T UNDD IR I 7§ fit
THEZ I ZYEE A GSK3 B AT LA i)
XA 48 28 Gt o /0N JRJort 4 A B2 T T Joit 4 B 7 26 1)
RAER T, A B> FEAS S i AP e 22 3 G
FAEW . ghAh, B I GSK3BIEE, REIR Ik
Tauwid FEBERR AL, 7T ARG 9 R 7R 24 e BRE /) bR AR Y
iz sh A hAE ) ol i — R s R B, b
o PR IR A p38 2 R S R MM (p38
mitogen-activated protein kinase, p38 MAPK), 1] LA
D50 B R 25 1 BRORE A5 B /)N B PR 25 (8] 2 ST A2
AT LA AT B 2R 2 BRI 0 7 i

SR, H R BERR A AB A RO RIF 78 T AR h 7R R
Le I BB FME AL S, XSNDDH i R AL 12 i
RAFERAIA RN, BA k. frbix—
SURAE AT N Z R R R

4 ZELMEZELEE

VERN—FPEFPTMs, 2 24k 3250 40 M A 1
ZHESHSHM, BIEEOAME. DNAW
BifsE . MR RESE . 2R A ML &
FELRSF IR AR, EFTA ARt KA. S
ZREME RS S =R (G VIR E>20£),
I H AT ATE Sl b A 2], X R E B A W T E
B T EEPTMs . 2 Rkt — R A2
FACEEERE, FF 22 F1LEE(deubiquitinating
enzymes, DUBs) W77, BFFER, DUBsA]
TINDM KRB E AR E M, GHEAR. TaulkH
Mlo-58fit% E A . H4h, DUBsIEFZIINDAH S HI2E
btk G W, & AR WAZ RN, EADEH
{147 1 53 55 R A VR A R A 0 38 v K 2 3R
AN, 2 RACAERIZ T R B A s B 5 A
HOREE EEEM, MEARZ ZUREMELL
2GR R R R G HIR,

/NZ ZFEAS i(small ubiquitin-like modifier,
SUMO)2& KB ZRIZ ZRPTMsZ —, TEMiAH IS HIR

HORIECEAE R . SUMO-S B [ 1 20 R Bk ik 3
hét, FRASUMOEHY . AD M Kt — L
FEEBA, OHFHEHNFENAEHS(amyloid
precursor protein, APP)FITau, W#EIUEIH AT LK AE
SUMOAAE T, Besh, 2 i o R 44t % rh = Fi
SUMONE A fyif & Rk 2y 2 E -0 il g K1, A
M FEHAPPHUEFIABA il . SUMO . #IE 5 42 46
21V i LS 1 — P YR R AR L
SUMOMEIMIth 2 5P RAE KK . AR
KL, X AK-a(liver X receptor-alpha, LXR-a)Fll
X2 Ak-B(liver X receptor-beta, LXR-B)&EK %
F: SUMOAAZ i BE % 4111 ki 2 T2 % ot 4 i A 5 5
RN S 0% IR ¥ 1 (signal transducer and activator
of transcription 1, STAT1)K#iME: 4 5 Je NP2,

B A5 A 5T N 52 OGN D DA i AH SC500 H iz AL
MIZRZ R R H 283, Z R Bz
FA BN BB RN 2 IR TT R R

5 FLERLISih

2019%, NatureZEARIE, FLERALAEMG AT LU
R RIETIALEE B . % 7 A Jo 3 vk
S5 TN E S 20 A R R A e S
R R MAER, FFHRE 7 ZO0H
HA LR8N BR LB . FLIR AT UIE I
AR 1 FLBR AL O i PR e 5, 3K — SRS 1 3
PEIRAEATY . 2 NN 2R R 5 T P i i 4t
AWK REWFMET, HEAARK Y
I, BT IR I, R LR AL X wT
LI T I AR 410 41 7 VR AR LR SR B, L )
A DA E o A A 10 ) ) B S 7L I AR R S
BL, R WISNEE AT PR FL IR A AT B TR R AL
MRS o LR SRS T W AR A2, 2 — b EE TR
BE BRI WU R FLIR A vl LA R & Bl . FLIR K
T AR B AR BT R R, o A A 4
B SZRN— A IR,

/IS 9 £ T AR S R 43 WA A AR R -,
5 R fi 28 28 4 TR R 3 e 2 B A A1 T 1 3 2 4
Mo R RN R ARG, A8 5 IR ZNDD
A SBST I  240 P TT B2 I AR A S A
TR A 81 A SRR 8 PO A QT e e DA o, R
BRI A BRI R R, (E A RE S A RO



- 1002 -

CAEMPILEY  20244E447561H ZER

AERE R SRR RSN, ¥ — 2R R
REDRFrorE s IRIARE SO0, 3 B 15105
— TR AT 7R 2% BRAE /N BRSE T (B R, g
PG 4H B T HAM 2 R 1 2467 s AL FR fL (Iysine 12 on
histone H4, H4K12)7KF, A] DA — 2L b P i Ik
PR, AT R AR PR 7K1, (R 3 /0 M it 4 i 2y
5, BN B A ) E I R A ) AR N N T e
R0, A, B A O AR AR 0 A i B
T 2 A 22 1R AT VR 0 3 JE 1R RO G . BT TR
7N, B BN R AT R B 2 IA) AT RE A AR B Bk
FRLOOOT 3 By m LAV 5 /) 5 o 200 P £ 0 IR
A, IR PRI . AR R, LK
B, mA&GEB R P IXMH L RS
B RN BE JT ROAE R0, LR R B s i) B e
Yy, i S B A g AN E ), SRR E
FEE D ARTE A I 2 KX BT, i2 8 2> i 5
RN AR R, @ SIRT VK5 5 i E Ak 4
Pt A 5 B 0 O S ARy il B Rl 7 1 -au(peroxisome
proliferator-activated receptor gamma, coactivator 1
alpha, PGC-la)/FMBAEREAMEAS
(fibronectin type I domain-containing protein 5,
FNDC5)id %, B &g =B 1Rk, M
I {12 3 2 ) RAAZ 00 B A i o 4 Lt L
NDDFIFL R A o R FE B AR ] . 2 2 i o 4 g
AL AR LR S ad ek A R B 4 - R 2 TC AL IR B
Byt b eE: 5 A A FLR B AT LA
T2 i N TR W R T -
NDD™, FLERARH . #1422 AERINDD) ¢ R 1 €] 1
Jiose

XTI FAT B 1 3L R 2 W I A IR ) 1) A% G L
m R AT REAE PR & RGP IS 5 )

TREEZAEN . AU LLE A= A e
JEABHE, I3 BSO8R Gt JoT 4 A SR R T B DR A
MEk, AFEAREFHARLT . GHKE
N RORE ) B AR B b LB KT T e, (24
H3KISFLIRAL B &, & et S IRIL LGk
MERaED B/ NR AR F R, 8
2 5 7L IR 7K T T v AT A 38 i S A% A2 1 (14
VT, AR AT PRI b 5T 4 1 2 T
%7}5[71]0

B2, WAE AR RIRT TR B SRR
NDDH RPN R B I BUR LA, JINDDIRST FE it
W . (H H RO T FLER AL B AN S A 0 T
RERIBE TR b, HAe g hadEa LRt
Bfi. fENDDYUR, kT IR4LE A AR 21
. BEEEARAFHR AR, XT
NDD AR & H AR A2 1 IR R 5 2tk — b
AN

6 ERREFEREIGRISEL

PTMs H Hi /& 16 2 PP TMs J RN &5 Ffi A ) i &
AFE AR KA ERT . PTMsH A RILAFELE
(U700 B R I 22 AL e AT DAL B 4 % PR P TMs 26
BB, —APTMsth ] LLE I 51— N PTMs
wn. MgRUY. PTMsER RGN T — 28 O ThAE
PEER AR, KKY R T EARAANEEAN
A0l BT, PTMsH AL AR, H—3
FREEEFNPTMs L, 28 —J2 T A F FIPTMs
AR fEE A APTMs R, 81 & A (LR
—EAMLE; MAERARBPTMsHHF, Bifik
BEAEAFRE AR L. PR PTMs & 30 B A
Pl “IEmm” e Lo “fpmm” U Ho—

ARAH

AR

ERR A

\ﬁéﬁﬁ%‘

PZIBITHERR

Bl ZLERRS. HEREMNDDAIX R



XA, A B A R A 1B S A 2R AT R

- 1003 -

FPTMsBERT DL % « 0T BARH 1k 75 — M PTMs ]
W,

B E A FPTMs U2 0E . o-syn ] BLEE
LI TE R IR 448, 5NDDEIwH VMG, H
o-synfifEYFZPTMs. KostenZ"VE I, o-synff]
Y 12507 f0H B IR AL 2 1 PT LS 3 I8 2 B 0 1
(Casein kinase 1, CKI1)¥EE, MifEdta-syn& A
SI2947 FUBERR AL, N5 T Y 125-S120W B AL HR 41 5
M <5 AR 2 i T B 22 2 AL IR R o — THUKT 2% &) A< i
SR R AH AT T AN, B B CK 2 AE AR A i
JaBS129M Ak, kTR fa-synf Y 125F1Y 136
BLris MY 136WER AL T B 1ES 1208 B2 AL A4 S -
syn REMRIL RS, Tauid JE BRI BN N ZADK
PMLE PR EEABEESWET. ARk
P, @I AES1884b 15 T Ras [F Y 2 K] 5K & At A A
(Ras homolog family member A, RhoA)ZK iR
£, f#RhoA-GSK3BiE I JKiE, FLAKE MLt
K Taufd AL, pbAh, SamuelZEBUR I, ML
JR 5 BF 40 Jf e A FR v, RS R P AL R R
LTRACEI RSB IR E A LR L. ETE RIS
BUR, BRI A SR LUK B, e AR
AR WL 2 Rz RO Z R IR

HAERAEPTMS ™Y,

7 ZFit5RE

HMPTMs KRB AIE AT Z A SR, 78
NDDI kA KIEH RIERBEER . TR/ E T
FSECE R, 2 MR I PTM sHE 0 »
X EAENE A I AH BAE 2 KR E i Dhae, it
{66 40 B3 LR B AR 4k o WF S0 S IR PTMS7E FR A
M RGP ITIRE, ST R AL AINDD 1)
YT REEET ZIN TR A58
i e] FAEPTMSHE [ 24547), 0 ] S i1 24 34 2% 25 B 2
P15 B A AR A A B R SR IR 9T T A MR
FhE R FIPTMs AR AL B P TM s 2 1] A0 . 8 3 7E
NDD i B AE B R HE TIER . 5 I8 B L& 1 1)
SRR EAER, NRBLEERRIT R, B
5 R [F] IR 2 ANPTMSHE S T 2590 T

S 3w
(1] ZH], Stk BUESS, 4. KIRERR IR e ZRATHE R

(2]

(31

(4]

(3]

(6]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

I AR SCHLRIAT T E . P [ R EE 2%, 2023, 26(24):
3061-3066

Erkkinen MG, Kim MO, Geschwind MD. Clinical
neurology and epidemiology of the major neurodegenera-
tive diseases. Cold Spring Harb Perspect Biol, 2018, 10
(4): a033118

Scheltens P, De Strooper B, Kivipelto M, et al.
Alzheimer’s disease. Lancet, 2021, 397(10284): 1577-
1590

Kalia LV, Lang AE. Parkinson’s disease. Lancet, 2015,
386(9996): 896-912

Jimenez-Sanchez M, Licitra F, Underwood BR, et al.
Huntington’s disease: mechanisms of pathogenesis and
therapeutic strategies. Cold Spring Harb Perspect Med,
2017, 7(7): a024240

Klineova S, Lublin FD. Clinical course of multiple
sclerosis. Cold Spring Harb Perspect Med, 2018, 8(9):
2028928

Feldman EL, Goutman SA, Petri S, et al. Amyotrophic
lateral sclerosis. Lancet, 2022, 400(10360): 1363-1380
Dugger BN, Dickson DW. Pathology of neurodegenera-
tive diseases. Cold Spring Harb Perspect Biol, 2017, 9(7):
a028035

Yang Y, Gibson GE. Succinylation links metabolism to
protein functions. Neurochem Res, 2019, 44(10): 2346~
2359

Peng N, Liu J, Hai S, et al. Role of post-translational
modifications in colorectal cancer metastasis. Cancers,
2024, 16(3): 652

Suskiewicz MJ. The logic of protein post-translational
modifications (PTMs): chemistry, mechanisms and evolu-
tion of protein regulation through covalent attachments.
Bioessays, 2024, 46(3): 2300178

Ramazi S, Zahiri J. Post-translational modifications in
proteins: resources, tools and prediction methods. Data-
base, 2021, 2021: baab012

Sunyer B, Diao W, Lubec G. The role of post-translational
modifications for learning and memory formation. Elec-
trophoresis, 2008, 29(12): 2593-2602

Junqueira SC, Centeno EGZ, Wilkinson KA, et al. Post-
translational modifications of Parkinson’s disease-related
proteins: phosphorylation, SUMOylation and ubiquitina-
tion. Biochim Biophys Acta Mol Basis Dis, 2019, 1865
(8): 2001-2007

Gong CX, Igbal K. Hyperphosphorylation of microtubule-
associated protein tau: a promising therapeutic target for
alzheimer disease. Curr Med Chem, 2008, 15(23): 2321-
2328

Dawson TM. Parkin and defective ubiquitination in
Parkinson’s disease. J Neural Transm Suppl, 2006(70):


https://doi.org/10.1101/cshperspect.a033118
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1101/cshperspect.a024240
https://doi.org/10.1101/cshperspect.a028928
https://doi.org/10.1016/S0140-6736(22)01272-7
https://doi.org/10.1101/cshperspect.a028035
https://doi.org/10.1007/s11064-019-02780-x
https://doi.org/10.3390/cancers16030652
https://doi.org/10.1002/bies.202300178
https://doi.org/10.1093/database/baab012
https://doi.org/10.1093/database/baab012
https://doi.org/10.1002/elps.200700791
https://doi.org/10.1002/elps.200700791
https://doi.org/10.1016/j.bbadis.2018.10.025
https://doi.org/10.2174/092986708785909111

- 1004 -

CAEMPILEY  20244E447561H 223k

209-213

[17] Shvedunova M, Akhtar A. Modulation of cellular
processes by histone and non-histone protein acetylation.
Nat Rev Mol Cell Biol, 2022, 23(5): 329-349

[18] Chen D, Bruno J, Easlon E, et al. Tissue-specific
regulation of SIRT1 by calorie restriction. Genes Deyv,
2008, 22(13): 1753-1757

[19] Campisi J, Kapahi P, Lithgow GJ, et al. From discoveries
in ageing research to therapeutics for healthy ageing.
Nature, 2019, 571(7764): 183-192

[20] Frederick DW, Loro E, Liu L, et al. Loss of NAD
homeostasis leads to progressive and reversible degenera-
tion of skeletal muscle. Cell Metab, 2016, 24(2): 269-282

[21] Lin SJ, Defossez PA, Guarente L. Requirement of NAD
and SIR2 for life-span extension by calorie restriction in
Saccharomyces cerevisiae. Science, 2000, 289(5487):
2126-2128

[22] Whitt J, Woo V, Lee P, et al. Disruption of epithelial
HDACS3 in intestine prevents diet-induced obesity in mice.
Gastroenterology, 2018, 155(2): 501-513

[23] Rios-Covian D, Ruas-Madiedo P, Margolles A, et al.
Intestinal short chain fatty acids and their link with diet
and human health. Front Microbiol, 2016, 7: 185

[24] Qian P, Ma F, Zhang W, et al. Chronic exercise remodels
the lysine acetylome in the mouse hippocampus. Front
Mol Neurosci, 2022, 15: 1023482

[25] Fallah MS, Szarics D, Robson CM, et al. Impaired
regulation of histone methylation and acetylation under-
lies specific neurodevelopmental disorders. Front Genet,
2020, 11: 613098

[26] Gupta R, Ambasta RK, Kumar P. Histone deacetylase in
neuropathology. Adv Clin Chem, 2021, 104: 151-231

[27] Li L, Ghorbani M, Weisz-Hubshman M, et al. Lysine
acetyltransferase 8 is involved in cerebral development
and syndromic intellectual disability. J Clin Invest, 2020,
130(3): 1431-1445

[28] Mews P, Egervari G, Nativio R, et al. Alcohol metabolism
contributes to brain histone acetylation. Nature, 2019, 574
(7780): 717-721

[29] Mews P, Donahue G, Drake AM, et al. Acetyl-CoA
synthetase regulates histone acetylation and hippocampal
memory. Nature, 2017, 546(7658): 381-386

[30] Perlini LE, Botti F, Fornasiero EF, et al. Effects of
phosphorylation and neuronal activity on the control of
synapse formation by synapsin 1. J Cell Sci, 2011, 124
(21): 3643-3653

[31] Ardito F, Giuliani M, Perrone D, et al. The crucial role of
protein phosphorylation in cell signaling and its use as
targeted therapy (Review). Int J Mol Med, 2017, 40(2):
271-280

[32] Chakraborty J, Basso V, Ziviani E. Post translational
modification of Parkin. Biol Direct, 2017, 12(1): 6

[33] Bellier J, Cai Y, Alam SM, et al. Uncovering elevated tau
TPP motif phosphorylation in the brain of Alzheimer’s
disease patients. Alzheimers Dement, 2024, 20(3): 1573-
1585

[34] Kenwood BM, Weaver JL, Bajwa A, et al. Identification
of a novel mitochondrial uncoupler that does not
depolarize the plasma membrane. Mol Metab, 2014, 3
(2): 114-123

[35] Pang K, Wang W, Qin J, et al. Role of protein
phosphorylation in cell signaling, disease, and the
intervention therapy. MedComm, 2022, 3(4): el75

[36] Lee MJ, Yaffe MB. Protein regulation in signal transduc-
tion. Cold Spring Harb Perspect Biol, 2016, 8(6): a005918

[37] Geng H, Liu Q, Xue C, et al. HIFla protein stability is
increased by acetylation at lysine 709. J Biol Chem, 2012,
287(42): 35496-35505

[38] LiK, Wang R, Lozada E, et al. Acetylation of wrn protein
regulates its stability by inhibiting ubiquitination. PLoS
One, 2010, 5(4): €10341

[39] Drazic A, Myklebust LM, Ree R, et al. The world of
protein acetylation. Biochim Biophys Acta, 2016, 1864
(10): 1372-1401

[40] Jope RS, Cheng Y, Lowell JA, et al. Stressed and
inflamed, can GSK3 be blamed? Trends Biochem Sci,
2017, 42(3): 180-192

[41] Fan Q, Liu Y, Sheng L, et al. Chaihu-Shugan-San inhibits
neuroinflammation in the treatment of post-stroke depres-
sion through the JAK/STAT3-GSK3p/PTEN/Akt pathway.
Biomed Pharmacother, 2023, 160: 114385

[42] Beurel E, Michalek SM, Jope RS. Innate and adaptive
immune responses regulated by glycogen synthase kinase-
3 (GSK3). Trends Immunol, 2010, 31(1): 24-31

[43] Giovinazzo D, Bursac B, Sbodio JI, et al. Hydrogen
sulfide is neuroprotective in Alzheimer’s disease by
sulthydrating GSK3 and inhibiting Tau hyperphosphor-
ylation. Proc Natl Acad Sci USA, 2021, 118(4):
€2017225118

[44] Son SH, Lee NR, Gee MS, et al. Chemical knockdown of
phosphorylated p38 mitogen-activated protein kinase
(MAPK) as a novel approach for the treatment of
Alzheimer’s disease. ACS Cent Sci, 2023, 9(3): 417-426

[45] Mabb AM. Historical perspective and progress on protein
ubiquitination at glutamatergic synapses. Neuropharma-
cology, 2021, 196: 108690

[46] Liu B, Ruan J, Chen M, et al. Deubiquitinating enzymes
(DUBs): decipher underlying basis of neurodegenerative
diseases. Mol Psychiatry, 2022, 27(1): 259-268

[47] Tramutola A, Triani F, Di Domenico F, et al. Poly-


https://doi.org/10.1038/s41580-021-00441-y
https://doi.org/10.1101/gad.1650608
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1016/j.cmet.2016.07.005
https://doi.org/10.1126/science.289.5487.2126
https://doi.org/10.1053/j.gastro.2018.04.017
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.3389/fnmol.2022.1023482
https://doi.org/10.3389/fnmol.2022.1023482
https://doi.org/10.3389/fgene.2020.613098
https://doi.org/10.1172/JCI131145
https://doi.org/10.1038/s41586-019-1700-7
https://doi.org/10.1038/nature22405
https://doi.org/10.1242/jcs.086223
https://doi.org/10.3892/ijmm.2017.3036
https://doi.org/10.1186/s13062-017-0176-3
https://doi.org/10.1002/alz.13557
https://doi.org/10.1016/j.molmet.2013.11.005
https://doi.org/10.1002/mco2.175
https://doi.org/10.1101/cshperspect.a005918
https://doi.org/10.1074/jbc.M112.400697
https://doi.org/10.1371/journal.pone.0010341
https://doi.org/10.1371/journal.pone.0010341
https://doi.org/10.1016/j.bbapap.2016.06.007
https://doi.org/10.1016/j.tibs.2016.10.009
https://doi.org/10.1016/j.biopha.2023.114385
https://doi.org/10.1016/j.it.2009.09.007
https://doi.org/10.1073/pnas.2017225118
https://doi.org/10.1021/acscentsci.2c01369
https://doi.org/10.1016/j.neuropharm.2021.108690
https://doi.org/10.1016/j.neuropharm.2021.108690
https://doi.org/10.1038/s41380-021-01233-8

XA, A B A R A 1B S A 2R AT R

- 1005 -

ubiquitin profile in Alzheimer disease brain. Neurobiol
Dis, 2018, 118: 129-141

[48] Hallengren J, Chen PC, Wilson SM. Neuronal ubiquitin
homeostasis. Cell Biochem Biophys, 2013, 67(1): 67-73

[49] Hay RT. SUMO. Mol Cell, 2005, 18(1): 1-12

[50] Hoppe J. SUMOylation: novel neuroprotective approach
for Alzheimer’s disease? Aging Dis, 2015, 322-330

[51] Silveirinha V, Stephens GJ, Cimarosti H. Molecular
targets underlying SUMO-mediated neuroprotection in
brain ischemia. J Neurochem, 2013, 127(5): 580-591

[52] Lee JH, Park SM, Kim OS, et al. Differential sumoylation
of LXRa and LXR mediates transrepression of START1
inflammatory signaling in IFN-y-stimulated brain astro-
cytes. Mol Cell, 2009, 35(6): 806-817

[53] Zhang D, Tang Z, Huang H, et al. Metabolic regulation of
gene expression by histone lactylation. Nature, 2019, 574
(7779): 575-580

[54] Liberti MV, Locasale JW. Histone lactylation: a new role
for glucose metabolism. Trends Biochem Sci, 2020, 45(3):
179-182

[55] Trefely S, Lovell CD, Snyder NW, et al. Compartmenta-
lised acyl-CoA metabolism and roles in chromatin
regulation. Mol Metab, 2020, 38: 100941

[56] Pan RY, He L, Zhang J, et al. Positive feedback regulation
of microglial glucose metabolism by histone H4 lysine 12
lactylation in Alzheimer’s disease. Cell Metab, 2022, 34
(4): 634-648

[57] Chen ML, Gou JM, Meng XL, et al. Cepharanthine, a
bisbenzylisoquinoline alkaloid, inhibits lipopolysacchar-
ide-induced microglial activation. Die Pharmazie, 2019,
74(10): 606-610

[58] Pan RY, Ma J, Kong XX, et al. Sodium rutin ameliorates
Alzheimer’s disease-like pathology by enhancing micro-
glial amyloid- clearance. Sci Adv, 2019, 5(2): eaau6328

[59] Hu Y, Mai W, Chen L, et al. mTOR-mediated metabolic
reprogramming shapes distinct microglia functions in
response to lipopolysaccharide and ATP. Glia, 2020, 68
(5): 1031-1045

[60] Lu Y, Dong Y, Tucker D, et al. Treadmill exercise exerts
neuroprotection and regulates microglial polarization and
oxidative stress in a streptozotocin-induced rat model of
sporadic Alzheimer’s disease. J Alzheimer Dis, 2017, 56
(4): 1469-1484

[61] Zhang S, Zhu L, Peng Y, et al. Long-term running
exercise improves cognitive function and promotes
microglial glucose metabolism and morphological plasti-
city in the hippocampus of APP/PS1 mice. J Neuroin-
flamm, 2022, 19(1): 34

[62] Jiang T, Zhang L, Pan X, et al. Physical exercise improves
cognitive function together with microglia phenotype

modulation and remyelination in chronic cerebral hypo-
perfusion. Front Cell Neurosci, 2017, 11: 404

[63] De Miguel Z, Khoury N, Betley MJ, et al. Exercise plasma
boosts memory and dampens brain inflammation via
clusterin. Nature, 2021, 600(7889): 494-499

[64] Horowitz AM, Fan X, Bieri G, et al. Blood factors transfer
beneficial effects of exercise on neurogenesis and cognition
to the aged brain. Science, 2020, 369(6500): 167-173

[65] Lenbro S, Wiggins JM, Wittenborn T, et al. Reliability of
blood lactate as a measure of exercise intensity in different
strains of mice during forced treadmill running. PLoS
One, 2019, 14(5): 0215584

[66] Pierre K, Pellerin L. Monocarboxylate transporters in the
central nervous system: distribution, regulation and
function. J Neurochem, 2005, 94(1): 1-14

[67] Coco M. The brain behaves as a muscle? Neurol Sci,
2017, 38(10): 1865-1868

[68] El Hayek L, Khalifeh M, Zibara V, et al. Lactate mediates
the effects of exercise on learning and memory through
SIRT1-dependent activation of hippocampal brain-derived
neurotrophic factor (BDNF). J Neurosci, 2019, 39(13):
2369-2382

[69] Yang C, Pan RY, Guan F, et al. Lactate metabolism in
neurodegenerative diseases. Neural Regeneration Res,
2024, 19(1): 69-74

[70] Diskin C, Ryan TAJ, O’Neill LAJ. Modification of
proteins by metabolites in immunity. Immunity, 2021,
54(1): 19-31

[71] Han H, Zhao Y, Du J, et al. Exercise improves cognitive
dysfunction and neuroinflammation in mice through
histone H3 lactylation in microglia. Immun Ageing,
2023, 20(1): 63

[72] Cuijpers SAG, Vertegaal ACO. Guiding mitotic progres-
sion by crosstalk between post-translational modifications.
Trends Biochem Sci, 2018, 43(4): 251-268

[73] Leutert M, Entwisle SW, Villén J. Decoding post-
translational modification crosstalk with proteomics.
Mol Cell Proteomics, 2021, 20: 100129

[74] Venne AS, Kollipara L, Zahedi RP. The next level of
complexity: crosstalk of posttranslational modifications.
Proteomics, 2014, 14(4-5): 513-524

[75] Zhang Y, Zeng L. Crosstalk between ubiquitination and
other post-translational protein modifications in plant
immunity. Plant Commun, 2020, 1(4): 100041

[76] Hunter T. The age of crosstalk: phosphorylation, ubiqui-
tination, and beyond. Mol Cell, 2007, 28(5): 730-738

[77] Kosten J, Binolfi A, Stuiver M, et al. Efficient modifica-
tion of alpha-synuclein serine 129 by protein kinase CK1
requires phosphorylation of tyrosine 125 as a priming
event. ACS Chem Neurosci, 2014, 5(12): 1203-1208


https://doi.org/10.1016/j.nbd.2018.07.006
https://doi.org/10.1016/j.nbd.2018.07.006
https://doi.org/10.1007/s12013-013-9634-4
https://doi.org/10.1016/j.molcel.2005.03.012
https://doi.org/10.14336/AD.2014.1205
https://doi.org/10.1111/jnc.12347
https://doi.org/10.1016/j.molcel.2009.07.021
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1016/j.tibs.2019.12.004
https://doi.org/10.1016/j.molmet.2020.01.005
https://doi.org/10.1016/j.cmet.2022.02.013
https://doi.org/10.1126/sciadv.aau6328
https://doi.org/10.1002/glia.23760
https://doi.org/10.3233/JAD-160869
https://doi.org/10.1186/s12974-022-02401-5
https://doi.org/10.1186/s12974-022-02401-5
https://doi.org/10.3389/fncel.2017.00404
https://doi.org/10.1038/s41586-021-04183-x
https://doi.org/10.1126/science.aaw2622
https://doi.org/10.1371/journal.pone.0215584
https://doi.org/10.1371/journal.pone.0215584
https://doi.org/10.1111/j.1471-4159.2005.03168.x
https://doi.org/10.1007/s10072-017-3014-6
https://doi.org/10.1523/JNEUROSCI.1661-18.2019
https://doi.org/10.4103/1673-5374.374142
https://doi.org/10.1016/j.immuni.2020.09.014
https://doi.org/10.1186/s12979-023-00390-4
https://doi.org/10.1016/j.tibs.2018.02.004
https://doi.org/10.1016/j.mcpro.2021.100129
https://doi.org/10.1002/pmic.201300344
https://doi.org/10.1016/j.xplc.2020.100041
https://doi.org/10.1016/j.molcel.2007.11.019
https://doi.org/10.1021/cn5002254

- 1006 -

CEMLEY) 202454485614

Zrik

(78]

[79]

(81]

Sano K, Iwasaki Y, Yamashita Y, et al. Tyrosine 136
phosphorylation of a-synuclein aggregates in the Lewy
body dementia brain: involvement of serine 129 phos-
phorylation by casein kinase 2. Acta Neuropathol Com-
mun, 2021, 9(1): 182

Savastano A, Flores D, Kadavath H, et al. Disease-
associated Tau phosphorylation hinders tubulin assembly
within Tau condensates. Angew Chem Int Ed, 2021, 60(2):
726-730

Zhang X, Tang L, Yang J, et al. Soluble TREM2
ameliorates Tau phosphorylation and cognitive deficits
through activating transgelin-2 in Alzheimer’s disease.
Nat Commun, 2023, 14(1): 6670

Samuel S, Marsden A, Deepak S, et al. Inhibiting arginine

(82]

(83]

(84]

methylation as a tool to investigate cross-talk with
methylation and acetylation post-translational modifica-
tions in a glioblastoma cell line. Proteomes, 2018, 6(4): 44
Aberle L, Kriiger A, Reber JM, et al. PARP1 catalytic
variants reveal branching and chain length-specific
functions of poly(ADP-ribose) in cellular physiology and
stress response. Nucleic Acids Res, 2020, 48(18): 10015-
10033

French ME, Koehler CF, Hunter T. Emerging functions of
branched ubiquitin chains. Cell Discov, 2021, 7(1): 6
Zafar S, Fatima SI, Schmitz M, et al. Current technologies
unraveling the significance of post-translational modifica-
tions (PTMS) as crucial players in neurodegeneration.
Biomolecules, 2024, 14(1): 118


https://doi.org/10.1186/s40478-021-01281-9
https://doi.org/10.1186/s40478-021-01281-9
https://doi.org/10.1002/anie.202011157
https://doi.org/10.1038/s41467-023-42505-x
https://doi.org/10.3390/proteomes6040044
https://doi.org/10.1093/nar/gkaa590
https://doi.org/10.1038/s41421-020-00237-y
https://doi.org/10.3390/biom14010118

