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WE BB BHIHEBRMIENEF B (formaldehyde, FA) X XU CLFR 5t ¢ (cuprizone, CPZ) 5% 1Y £ & I ffifk
(multiple sclerosis, MS) R/ BEHERS 10 CE 800 ML . F7ik R 0.2% CPZ @iy MS 12 MR AR AL, 580 K
C57BL/6T MEPE/NEBENL /T M 4 4H . ZE TR /K (normal saline, NS) XJHRZH . MSHEAI (CPZ+NS) #H. WG FIVA T4
(CPZ+NaHSO,) (NaHSO,, —FFAJHIEH]) . 9KIFHE (astaxanthin, ATX, —FERLFAEERHF]D) BI74 (CPZ+RZ—
FEALE A4 K ATX (PEG-ATX) @NPs) . W37 . Y 2K MCHSL I ITANZ 2h e F1 SN T RE s SR A Gy 0 a2 Ak ek
LB A2, G IE R4 T 1 (Tbal) 3Rk 25 S WA HE Yo A I HE RS ARk 5 30 o0 TG S 2 W BFF 40T (enzymee-linked
immunosorbent assay, ELISA) &7 &kl i . WEIGIR 5881 Mg 46 H F o (tumor necrosis factor-a, TNF-a) . F14©
# (interleukin, IL) -1BFIIL-6 &4 ; R HEEBRET (Na-FA) I ik K B85 P IR FA K- B 56 6 % e 4l 4Um P4
(reactive oxygen species, ROS) #tJF . ZER S5 NSZIMLL, CPZ+NSAU/NRIAE TR, ZahPiE M iciZae il , B
A2ZBH (P<0.05), M. BHEFPHICA AR J00F B F R FA & R EFHm (P<0.05), MFIEEEZ4121 FA JX ROS % Lo )
W RGE (P<0.05), Tbal PHM:/NIRFRANABE R B B £ (P<0.05), WFARMEBIRER ™ H (P<0.01), {H/Z, FATHBRH
NaHSO, fil PEG-ATX@NPs 1 17 & 2 B IG5 54 FA & ik, WU BERII0s, I/ M R4 iis b, FafE RAER 7, JFek
FAI NI S RE S SONEITT R . 8518 4K ATX AT/ CPZ =R FA, IS ZE MS #5575 /)N B4 R B S B 3cse A
yailii-pa
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& R MR AREY /)N R B S "443-

9% @R, FA MG LR Y22 s vE . phiz
JUBERESE, X NI R A LR T R
PR W, 5MSERl, AASFARBESFHIL
1T R RARNBERS B, 51 R A IERERT B
B, BT IR SRR AL/ UG P9 FA B R, 1R
i 2 2 IR SEATAE 22 A B, PR oo a2 i F
peahah e T, BRI EEIR, FEOCICE
Lo MS £ A D IIG A R fik 286 PN 1 4 22 6 i
W, WA NGB S RHCIZRE S 240 Y, 1989 4F,
Khokhlov 5 ) & 31, MS £ & L AR 1 P FA
VR EE S TR, T R T BRI FA VR B, X
BEMEH . X HER IR FA 7] REAESZ I BEHY .

XU E —J% (cuprizone, CPZ) ¥5& Mt
BERY, R LI MS ShRR AL 25 . BRI 37
FARRAE A OL YA T . /INBE T 20 LG B JDF RIS A4 i
BEWS Y, BAMREN, CPZiFEFH/NEALE
Pz S H T R, B KB 2 ) A iz B s,
TR GRS o VA b PR MLS 258 58 B 4 5 114
UG R P 15 1k CPZ MR I, /NEUAT B3
RESHFRAE VY, (ERA IR, X5 MS BERER R
A RERAE—20 7 B R B, BEY
PRAEARI 2 B R TR A A T AL S o0k, BRI
BT X4 7~ MS AL B i e Al i i A 25 ) LA
BE Y

FA 4 F& 7 W B i 2 81 (sodium bisulfite,
NaHSO,) W ARUEBRIAN NI FA #:0%, wlE
SRR N T AR A B SRR AR, M TP
REARAR N FAZKSF, BELIBTILS | & ) 4 A K i fik 5 e
Ei7LF TN [V d VA o8 | 3 ol R L] G LB B o
B PO AR I S FA K- HAE &
IINFURIG R 259 O A KA e 5%, et
W, EATERATFRAE “TERRANTEEFA” SRk
{18 BEPA X6 B 1207 T g — b i 2501 FA T BR AR 75 22
(astaxanthin, ATX) H #5315 1L 1 FA 75 bR e
HBRIEFNERAELL5 M 7] 5 FA R A IS o ATX &
FHAE DR PRI KIRPUAARR], vl R
LRSS A AR B . R R FIRE, AL
ATRVEEFRANEAN] . BUAL R R e g, iR
TOUBH M PR | O IS G S AR AT g Y
AR ATXOKEMEZE . G0, RN A R,
R AR FE LAREAR <100 nm B948 KNG T4 28446,
B ATX, FEXF L8 ATX IR R E A7 R 2
(polyethylene glycol, PEG) Fmi&Mi, & ikig
PEG &1fi ATX 44K ik (PEG-ATX@NPs) . A 4

FEIAZE PE IR 6% 240%,  [FIRS PEG &1 g 1Y
SeR I 7 B 2 g 0 2, (T PN ATX VR B s T
BURA P WERES SR BR, PEG-ATX@NPs AJ
i N CPZ 77 AR FA, 2% MS B AL/ BRI N
FIE A

1 M7

1.1 ##
1.1.1 S50

KT MSHEL P AR R T B Y,
T4 MRS B M R A, AN BT 5 35 1T
C57BL/6T /N HBEAT I2 50 o AS S 0k HY 6~8 JE I 1)
C57BL/6I /N AETT 80 H, IR JuFly 18~20 g, 5%
B B SE B AL st i A e S5 S E AR A BR .S
A B2 AL (%) JC 7 2 5 B R (special pathogen free,
SPF) /ML, BAGERSER sS4 R, S
I SYXK () 2023.0047, SCEeHT, FrA /NI
TEALRHEL 27 B8 SPF 28l 52 56 U A 4 oy )
Fr, BRI (2042) °C, AHXHEEE
HEFFTE 45%~50%, JFRM 12 W BOEI S . 24
S A RIS R S, IE A TSR B B
JIT AR S AR AR G [ R A T SR e sl ) il
FHEEH, AR 2 B S5 sh W) e 31 v A
Z LI (LSS 09 202101012)
1.1.2 2545100

% iR £h 2% vh % (phosphate-buffered saline,
PBS) (P1003). ATX (A9241). & {4 il 511k
A W (P6730) . If M 4 J%  (reactive oxygen
species, ROS) kil & (CA1410) ¥yhdbnt
FRERHARA A4 CPZ (B802761) .
NaHSO, (S818005) 4 FifEd s FHEATBR A F
At B PSS A G RC 7 1 (lonized calcium
binding adapter molecule-1, Ibal) #i & (019-
19741) th WOKO R4l 2y A mlfflt s AF647 Hric
WEPiIgG (H+L) (A0468) . JRCht Fu s i e ik
2 2% " (radio-immunoprecipitation assay lysis
buffer, RIPA) (P10013B) F14',6-— pkHL-2-A8FLmm]|
WE —ERARER (4',6-diamidino-2-phenylindole, DAPI)
e (C1005) T H B3R~ RAEYHAG R
w5 /NERIREIRAEIR F- o (tumor necrosis factor-a.,
TNF-a) (ml002095-1). /NELHSZ (interleukin,
IL) -6 (ml002293-1) F1/NELIL-18 (ml063132-1)
T K G 2 W B3 AT (enzyme-linked immunosorbent
assay, ELISA) X7 & 34 FigRgHcRHL A RR A A
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PEAE; BE S U R S (- AR R )
(G3245) W A RFKENF; A3k g = H HE W
(dimethyl sulfoxide, DMSO) (D103273) M A I
MR T AR A RA R EEINEEE (ESO,
F2020999045277) W A A M8 I B R AP ER A R
/v H); PEG-15 R AELAHIERRME (D8371) W H Ki%
L EMPHE AR A s FABRE (Na-FA) T
R R EE DO EIRE 5 A W e 24 UG I TR 8
1.1.3 {488

%2 1)) B8 ¢ O i A1 /Y (Hidex Chameleon V,
Hidex, 7%2%), AT ESLLE; BRI
(Bio Tek ELx800, SN211805, £ ), @& H T
ELISA 45 Ml 5 K 3 ¥ W & 0 Hl (5424R,
Eppendorf, &), HTHAB.LAEIE; DFC450C
RUDSE R, TSRS EPRICHEA ;. CM1950 %Y
VKA R AL (78] Leica{{#8A RA R, HFHIE
VKV R KZ-TI-F BRI AU A (R E4E /R
EYRHEABR AT, HFREARMCERATE ; HH-42
S HHEPERKAE (T RESE AR ), feft
TS ; /N iE IR L 248 (IVIS Spectrum,
Ei R Ay RS (L) AIRAF), alE sk
WAGES s Y R E M SR (ORI R A Rl
R ARATRD), FHF/INRIT 2R,
1.2 Ak
1.2.1 AR S o3 4a

AHFSE 3 80 H C57BL/6I /N, M 44 i bifi
ML EE 2 4 204 5] . A LR 7K (normal saline,
NS) 4. MSHiR! (CPZ+NS) #H. FATHKRFIATTF
(CPZ+NaHSO,) 4. #1°K ATX }AJ7 (CPZ+PEG-
ATX@NPs) 2. SCi ik o By iv s 5 CPZ iR
IRAHIH, 29155 0.2% CPZ (& 6 mg/kg/d)
PREIR AR, B NS 41O R F RURD R SR, g
SRR A S CPZ AR 4 JE, LAY S8 Pk e A
SR, RIS SRS, A IR AR
FUARDRIMESE . BT, NaHSO,ZH %5 48 h 28 I v 4F
100 mg/kg NaHSO,, CPZ+PEG-ATX@NPs 41
48 h 2} I v 5 10 mg/kg PEG-ATX@NPs, NS4
J CPZANS UM i A A B AR K, R+ i 14 d
(Kl 1a). PEG-ATX@NPs [l £ 5 1 S HH8 5 1l fii

FRBEFERE IR, 275 1 AR ANATH C sy
7 ), TS I T A AR R e SR (3

SAATUESE T PEG & 4 B9 40 K N5 i AR AT I 3 42
ATX TEMNGAHZ A B 4E . NaHSO, (100 mg/kg) AYF
5 T H A AR R R A O 5 UR T FA 9T HL

b 7R H 2 A ) SCRRHRGE T . PEG-ATX@NPs
(10 mg/kg) A% 7] et DUJ 356 7 A T BT 20 T 00 0 00 52 9
GRS, ZF R RRTE R IR L 2RI T &
PR AT A A I A R 5 25 T
WA B, it 6 E (Bl 1a) . PSZE& S
Wrvkesk, okl Canfesedt . THRmR)
T REA /N (n=3~4), 4T A2 K ELISA %
KA FEA R (n=7~8)

PEG-ATX@NPs ZHKF0 Tl 5 . RHFLILTE
il % PEG-ATX@NPs, 4 g 755 Ui i 5V i T 2 ml
95% B, S0°CKIE MR, & fs 5 (i B
. BRI 20 mg ATX (FHIE 241 DMSO %) |
4 g KEENENIE . 1g PEG-15 B ELMEIEIRMS , 1E/KA
RSN E 60°C., [HIL, BENR 7T 1 412615 2]
ATX fU B A G iR (ATX@NPs) . SR )5 1E R IR
BV WA 0.15 g PEG2000, il #4% 30 min &
50°C. PEG2000 5 ATX lg il (ATX@NPs) .
K 1220 nm i3 P8 BT i AR SEA T BT R, dil 5345
A4 Kkl (nanoparticles, NPs)., A T {HBR AL
B, RABLAEE, Bl 2597 4°C
() REE F 3 000 r/min Y5 HF 2.0 5 min, AR E
REMZYIN B oy BT RE IS 258k . FEARSER &
T4 2 52 WM 56 R PEG-ATX@NPs 94 K ki -1
Hil#, [FRRPRAS . Zeta ifr . fUBHREHC 456
UE, A A 52 55 B 5% BT F PEG-ATX@NPs /)
YIRiAE o 79.4 nm, HLE T8 %L (polydispersity
index, PDI)<0.20, Zeta i H-342 mV, fER
J(81.742.5) % . FEFIRAC AW, A0F
R AL 25 HAT b 10385 2o il A B B R, F
F3%F MS FEEH (P RURAIE
122 /NEAT A ZERET

N S, SCR e R R R 1 d R E
i PR S A AN R IR A T S . 2R 2Y 6 JRI 48
J&, AT A, AR SR, i/ R
Jof SERS RS LIS R, T AT R A e
PR OGRS S R N T, a BRI, 1
TR ST AT RGO SRR B S, LA
DS/, B SEEX RER E HCE T . JOR
BPESRISCEAE N, FRE0M g0 5 HAE 10 min
WIIZ s 51T R, BRRSEIGESH S, 5L
B EUF TG B, MR — S A AR — 3K
o b Y BURKE LG, SCOREE 3K A AR
T JEZI R 10 em. K240 e WYIEE M AL, L
YT RS, A EIE Z ]I R R 1200,
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& R MR AREY /)N R B S *445-

SJUNRE TR E R RALE, RFHAHBHEZERS min
DATE N IR, BSOSO e R BRI L 2 AR
KAESATE A4 B B S5 T A8 bR o o TEFFSE
Ko SRFHEEE N 50 em ., 2 DHURS HL WA 24 HL
REBRUR (BRI RS2 56 T H . /N RSk ER R _ i
ETAFD, AR T ) R AT N shE, I
AT, 0 SRR T e 28 J 3 i o B4 B B R 3
flifehn, LR TIETEILE e,

1.2.3  HSEAT %

FH 1.25% =R SRR/ UG, BUIR BR i &
I, HFELISAR . RAREYLER 4 /AN, 2
O AR BRER K A 4% Z BT, i UG 20
LG5HERENY, 22 RPEEE, KIKET 10%.
20% . 30% FEFER IR PR EI K, BRI R LR
(optimal cutting temperature compound, OCT) fJ
M5 W EGER, AT -80°CukFa &, JF2H
VKT RHLYI AL 20 pm FIANALZA T B, Tk
36 G o F1 57 7E IR AR5 Yy {5 (Luxol fast blue,
LFB) . %20 HA/INRAN G D IERE e A= BEER K, B
Wi S8 e 2 M BRIRIAR S A, AT
—-80°Cyk4f, M T IS4 ELISA K, 4 EiE6 X
AN, RTINS A AR T FA 5 19 28 608 14
oIS
1.2.4  JFARAA DX BRLEFB Y (o K600 it s 2 1k

W8 YR ) i A 1xPBS 2% M 3 min L) £ R
OCT I T, SRJFHYI - RIK & T 100%. 95%
F185% 6 BE 1Y L WEH, RN YLETIR L 5 mine FRHL
WY R, BT Luxol W, 7E60°C FiEE Jetant
W BUBI A, BT 95% LB W IR Bk 5 min,
UL N BRI R B g FoKkh . 4l
) R T 0.05% Li,CO M, 15 s Ja g i
WY R YR SLRIVE T 70% ORER W, EE
B A5 1 067 43 9% B SR S B YD R T 95%
100% & BEVs W b ik, 78 = H 2R W v i ]
5min, )i HPPERAE B R, ST 0
IR
1.2.5 BRI XS e ot e ek M Tba 1 F2 3k 16 Bl

BB Y 2 A 1xPBS 2% b 3 min DL AR A
WA T, AR IC X B E IR ZUX
WA T BN, A 1% BSA VR FEAT ) 4] b
FF4E 20~30 min. Fifi 5 1 FH 0.5%Triton X-100 #E47
HELRELN IR, AEFEETC R 30 min, Ibal —HT (Fi
BELLBI L 2 1000) EMEY R EE, BTR&EHIF
TE4°CEAF F AT 12~18 h I . e — U

J&, M 1xPBS ST T 5 IR Fe 4 Es, 5 minAX.
Bl JE IMA SRR IS — bt (FREELGI1 = 300), 7€
FIREOCTEE P 2 h, FRUE T 3K PBS MR
) K DAPLHLZO R K 3 7 ik 4738 oAb
B, O BT SR Thal Bk . E H T
ff, I Image JHCPEXTOLEF P BHPE Y 4 40 i k1 7
THE, DAHIRTS-2H Tbal UAHXT RIN &

1.2.6  ELISAAG I I . Ao Al 8 2 21 H TNF-a.,
IL-6. IL-1p&+:

S S S BRI 5 E SR 2L LR S
PEATRRE AL B, JF 5 R4 41 8 i 5 RIPA 24/
1: O HLBIEATIR A - M KR A FEA B TR
g h (BEE R A 4°C, TAEMIR A 60 Hz) ,
AT 30 s EAE, MM 1S s/EEE 2K, HE
HAVE RSN, oW W URCIRER B . S19K 58
J5, KSR E A RO R, T
RHIZE 4°CHY R 0L, 7F 12 000 r/min (1) 4% 3
TEL30min, BELEEHRE, N0 ETER, I
YR 25 EPE P45 H . 4 ELISA 77 &
R, XA/ N BRI . B BELLZ DL I
M FEAS FP %) TNF-or, IL-6 1 TL-1B 25 48 i A 714
W BEHEA T A
1.2.7  2NFAEREFADSE G A

Ti1] 4 2 /)N B s 43 ) v B Ok 5 pmol/L )
SEPE FA %GR 4F Na-FA, %5 1% 30 min 5,
1.25% =R C I ORI INR o B /N2 SR AE)
TEINAZURIERE S, H PBS Myt A BRI
WS A0, Bl K S 2URE A B AN IR 12 4L
Mo, WA BNRAR, BUE TG TG . LR
ARTEVKTE AT B oG R GY, SEERMR k
SUEE RS (1,/4,,=430 nm/540 nm) , HEFT9EEIE
R 1
1.2.8 Iy . G RELH ZUFA MR B R

FEARLLFRR] 1.2.6 J77% . BUHBUEA ARG
96 FLAR, LKA 40 pl/INERALSURE S 5% FA A5
YERWE . 120 pul PBS & 40 ul Na-FA TAEW, 7RI
ZAF T ROEIEE 30 min Ji, R Z I BEREFR O
FE AR PSR B e, P R IR E N
440 nm, & FHEK PERE 543 nm. M FA BRAER K
P bR S, T 2 R TR S S L)
FAREE .

1.2.9 Ik . WEICARFIT BEZH ZIROSHE iR B Aol

FEAS A ] 1.2.6 777 o BUFEAS 138 WO A R
96 LR, LN 200 pwl F BEASEUS 1Y b5 W K
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2 ul —F % (dihydroethidium, DHE) #£%F, H
B RATIR ), 37°CHREEIEHE 30 minJ5, SRH]
2 VI Re B bR SO S #E AT ROS %8 65 B 1y A6 ]
o 3 & P K B E N 488 nm, A& B K ok R
610 nm, & EFLH AT ROS PG EE
1.2.10 HdEgeit

MG A B T353R ] GraphPad Prism 10
BAFSERL, S eas Ao il B Image T A13E
7o LS BE LI BAR 2% (meantSD) R,
LI B BB AI ) S rh 3 S B IR E . TR IR 22 5
e, Z 4 n) b AR IR R 7 2 40 B
(ANOVA), # MR EAFTE R ENE, Wik
I Bonferroni 1, 5 2 AU ARSI B A7 7E
Geitee2e s AN [ 2H 18] 9 79 9 B 65 D00 08 ) o A
B, KON GZH R 25 5. Gt WA VB E BOE N
P<0.05, 4 P{E/NTZEEN, HE2ERBA5H

(a) (b)

NS

Normal (4 weeks) NS (4 weeks)

CPZ (4 weeks) NS (2 weeks)

CPZ (4 weeks) NaHSOj; (2 weeks)

CPZ (4 weeks) PEG-ATX@NPs (2 weeks)

(© (d)

p="-3
aj T transfer

NS

T drops @

—
@
N
—
)
—~
aQ
=

—e NS
e— :CPZ+NS so00k
o—o :CPZ + NaHSO,
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30

[~}

G
w
=
S
S

2000

1)
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=
=3
S
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o

0
%% X%% &Oﬁ §'=

56 O QORI P &
Days after immunization/d Oﬁ(\’ é}’v
Y
x
c}ﬂ)

Total time/s

o

& %% O %Q%

R AT SR RAR (e=3) AL
Bsad, [EnRERRE ok, MR AT L
g R, BOE n=8 Al 17 R 22 R G AL B
80% LA Lo ZEIERIARRET B B R RV, RIS
K i A DR AL AR A s

2 & R

21 CPZFESMSEE/NREETHERRITAZERE

SR 525 . CFFSEE | Y R B S LA
KRN, R T 4 /MR A RS . s 8P
FTINE Rl (51 IR TR VAR R B L 7 N R S =
(F 1b~e)

RENHALE R BR . 5NSUIMEL, CPZ+NS
A/ R | REE RS, 21
K RE R TREEH, 2543 RIKEDE T K
(P<0.000 1); {HJ&% NaHSO, fll PEG-ATX@NPs 1
CPZ + NS

CPZ + NaHSO, CPZ + PEG-ATX@NPs

CPZ + NS CPZ + NaHSO,

CPZ + PEG-ATX@NPs
N

() (@
*
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= =
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g 3 =
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2 g
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Fig.1 Schematic of the experimental design and effects of different treatments on behavioral changes and body weight in

mice (mean+SD, n=3—8)

(a) Schematic diagram of experimental group design; (b) open field test trajectory diagram; (c) pole climbing test schematic diagram; (d)Y-maze test

trajectory diagram; (e) statistical analysis of weight changes during modeling and drug administration; (f) statistical analysis of total movement

distance in the open field test; (g) statistical analysis of total movement time in the pole climbing test; (h) statistical analysis of total movement

distance in the Y-maze test; (i) statistical analysis of total movement distance and spontaneous alternation rate in the Y-maze test. All data are

presented as meantstandard deviation. One-way analysis of variance (ANOVA) was used for statistical analysis, followed by Bonferroni post hoc

test. ¥*P<0.05, **P<0.01, ***P<0.001, ****P<(.000 1.
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Wi, /DERARE RS 43 RIKEZE AL F T (P<0.05,
s R woR . 5 NSHIAHIL, CPZ+NS

H/NBRAEY Pk B AR (K 1), FIN7E

Yy S v i sl e B8 R g > (P<0.05, K1),

JEFFLEG 25 R BN : S NS ML, CPZ+NS
21 /)N ERAENEAT 52 56 i DT I 2 b T 1 s ] B
FER (P<0.01, Kl1g); 5 CPZ+NSHAMI, CPZ+
NaHSO, 2H Fll CPZ+PEG-ATX@NPs 2 )\ F- A7 A1 1e 2
M AR B 2 4 k0 (P<0.05, El1g).

YR ELGEE R BN 5NSAML, CPZ+
NS 4/NERAE Y 2K B 5250 v I 3l S R B2 3 0 />
(P<0.01, [ 1h) AJERCIZHE T IR TR (P<
0.001, K 1i); 5 CPZ+NS ¢H#HH,, CPZ+PEG-
ATX@NPs /N FRAE Y 285 5250 i 21 S 2 2%
W (P<0.05, & 1h), CPZ+NaHSO,4H /N A7EY
B S A B IE 2 fE O 3 R A (P<0.05,
K1),

—~
o
=

e
—
wn

0.10F 0.10F o

0.05r 0.05r

Blood FA levels/(mmol-L™")
Callosum FA levels/(mmol-L™") &

(@ ©

NS

Brain

Total radiant efficiency

Spinal

LR LR/ R BT SR +447-
Elle),
DI 25530, RN FA I IG5 7T k3 CPZ i
SFRORGEER . PRI AT AR

2.2 FAEBRFIFEEMSHERLNFR K A R EE K
i3 Na-FA BEF 53 ki /N B m v . IDFRIG AN
BRET FARIMRE (E2),

I FA K25 S R . 5 NS 4L L,
CPZ+NS 4 Ifil ¥ FA ¥ JE i 2 7+ & (P<0.01,
2a); 5 CPZ+NS# M, CPZ+NaHSO,4H Il FA
e B E R (P<0.01, Kl2a),

ORI AA T FA R 25 SR 7R . 5 NS AR L,
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Fig. 2 Effects of different treatments on endogenous formaldehyde levels in the blood, callosum and spinal

(a) Quantitative statistical analysis chart of FA concentration in mouse blood detected by Na-FA probe; (b) quantitative statistical analysis chart of FA

concentration in mouse callosum detected by Na-FA probe; (c) quantitative statistical analysis chart of FA concentration in mouse spinal cord detected

by Na-FA probe; (d) fluorescence imaging of FA in mouse brain and spinal using Na-FA probe via in vivo animal imaging system; (e) statistical

quantitative analysis chart of fluorescence intensity in mouse brain by small animal in vivo imaging; (f) statistical quantitative analysis chart of

fluorescence intensity in mouse spinal cord by small animal in vivo imaging. All data are presented as mean+standard deviation. Statistical analysis
was performed using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. n=3—-6; *P<0.05, **P<0.01, ***P<0.001; ns: not

statistically significant.
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Fig.3 The effects of different treatments on the expression of neuroinflammatory cytokines
(a) Statistical analysis of TNF-a concentration in blood; (b) statistical analysis of TNF-a concentration in callosum; (c) statistical analysis of TNF-a
concentration in spinal; (d) statistical analysis of IL-1f concentration in blood; (e) statistical analysis of IL-1p concentration in callosum; (f) statistical
analysis of IL-1B concentration in spinal; (g) statistical analysis of IL-6 concentration in blood; (h) statistical analysis of IL-6 concentration in
callosum; (i) statistical analysis of IL-6 concentration in spinal. All data are expressed as meantstandard deviation. Statistical analysis was performed
using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc test. n=7; *P<0.05, **P<0.01, ***P<0.001; ns: not statistically

significant.
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Fig. 4 Characterization of demyelination in the corpus callosum assessed by LFB histochemistry
(a) Representative images of LFB-stained coronal sections of the callosum from four different types of modeled mice; (b) the marked area on the
brain coronal section represents the callosum region; (c) quantitative assessment of the demyelinated area ratio in each group using Image J software.
All data are presented as meantstandard deviation. Statistical analysis was performed using one-way ANOVA followed by Bonferroni post hoc test.
n=4; **P<0.01; ns: Not significant.
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Fig. 5 Quantification of reactive oxygen species levels in tissues and their correlation with formaldehyde concentration in
the callosum

(a) Fluorescence intensity of reactive oxygen species in mouse blood; (b) fluorescence intensity of reactive oxygen species in callosum tissue of
mouse brain; (c) fluorescence intensity of reactive oxygen species in mouse spinal; (d) correlation between reactive oxygen species fluorescence
intensity in mouse blood and formaldehyde concentration in the callosum; (e) correlation between reactive oxygen species fluorescence intensity in
the mouse callosum and formaldehyde concentration in the callosum; (f) correlation between reactive oxygen species fluorescence intensity in the
mouse spinal and formaldehyde concentration in the callosum. P values represent results of Pearson correlation analysis, and R values indicate
Pearson correlation coefficients. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Bonferroni post hoc
test. All data are presented as mean+tstandard deviation. n=7; *P<0.05, **P<0.01, ***P<0.001.
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Fig. 6 Immunofluorescence analysis of microglial activation and morphological changes in the callosum

(a) Immunofluorescence staining of microglia was performed using Ibal antibody and DAPI dye. Ibal: ionized calcium-binding adapter molecule 1

(red, a microglial marker). DAPI: 4',6-diamidino-2-phenylindole (blue, a nuclear dye). (b) The labeled area on the brain coronal section represents the

corpus callosum region. (c¢) Statistical analysis of the number of branches in microglia. (d) Statistical analysis of the number of branches in microglia.

All data are presented as mean+standard deviation. One-way ANOVA followed by Bonferroni post hoc test was used. n=3; **P<0.01, ***P<0.001.
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Fig.7 Correlation analyses between endogenous formaldehyde levels, inflammatory cytokines and behavioral indices
(a) Statistical analysis of the correlation between blood FA levels and TNF-o; (b) statistical analysis of the correlation between blood FA levels and IL-
1B; (c) statistical analysis of the correlation between blood FA levels and IL-6; (d) statistical analysis of the correlation between callosum FA levels
and TNF-a; (e) statistical analysis of the correlation between callosum FA levels and IL-1; (f) statistical analysis of the correlation between callosum
FA levels and IL-6; (g) statistical analysis of the correlation between spinal FA levels and TNF-a; (h) statistical analysis of the correlation between
spinal FA levels and IL-1pB; (i) statistical analysis of the correlation between spinal FA levels and IL-6; (j) statistical analysis of the correlation
between FA levels in the corpus callosum and total distance traveled in the open field test; (k) statistical analysis of the correlation between FA levels
in the corpus callosum and total time spent in the pole climbing test; (1) statistical analysis of the correlation between FA levels in the corpus callosum

and memory performance. P values are Pearson correlation analyses and R values are Pearson correlation coefficients.
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Abstract Objective Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central
nervous system (CNS); however, its underlying neurological pathogenic mechanisms remain incompletely

understood. Endogenous formaldehyde (FA), a metabolic byproduct of methylation-demethylation cycles, has
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recently been implicated in neurotoxicity, oxidative damage, and cognitive impairment. This study aimed to
investigate whether excessive FA contributes to myelin sheath demyelination in mice and to evaluate the
protective effects and mechanisms of two FA-elimination strategies: sodium bisulfite (NaHSQO,), a classical FA
scavenger, and polyethylene glycol-modified astaxanthin nanoparticles (PEG-ATX@NPs), a brain-targeted nano-
antioxidant formulation. Methods A chronic demyelination model was established by feeding female C57BL/6J
mice a diet containing 0.2% cuprizone (CPZ) for four weeks, followed by a two-week intervention period. Eighty
mice were randomly assigned to four groups: NS (normal saline), CPZ+NS, CPZ+NaHSO,, and CPZ+PEG-
ATX@NPs. Behavioral tests, including open-field, Y-maze, and pole-climbing assays, were conducted to assess
locomotor activity, motor coordination, and working memory. FA levels in serum, corpus callosum, and spinal
cord were measured using an Na-FA fluorescent probe and quantified via in vivo and ex vivo fluorescence
imaging. Neuroinflammatory responses were evaluated by measuring TNF-a, IL-1p, and IL-6 levels using ELISA,
while oxidative stress was assessed by reactive oxygen species (ROS) fluorescence intensity. Demyelination was
examined via Luxol fast blue staining, and microglial activation was analyzed by Ibal immunofluorescence.
Correlation analyses were performed to explore relationships among FA levels, inflammatory cytokines, ROS
intensity, and behavioral parameters. Results Compared with the NS group, mice in the CPZ+NS group
exhibited significant weight loss, impaired motor coordination and memory, and markedly reduced myelin
regeneration (P<0.05). FA levels and pro-inflammatory cytokines were significantly elevated in serum, corpus
callosum, and spinal cord (P<0.05). FA-associated fluorescence in brain and spinal tissues, as well as ROS
intensity across all tissues examined, also increased substantially (P<0.05). CPZ treatment induced pronounced
microglial activation and severe demyelination in the corpus callosum (P<0.01). Both NaHSO, and PEG-
ATX@NPs effectively reduced FA accumulation in the brain and spinal cord, attenuated demyelination,
suppressed microglial activation, decreased inflammatory cytokine levels, and improved motor and cognitive
performance. These results confirm that CPZ induced severe demyelination accompanied by oxidative stress,
neuroinflammation, and abnormal FA accumulation. Following intervention with either NaHSO, or PEG-
ATX@NPs, endogenous FA levels in the CNS were substantially reduced. Both treatments alleviated
demyelination and significantly decreased the number of activated microglia. Levels of TNF-a, IL-1p, and IL-6 in
serum, corpus callosum, and spinal cord were downregulated. Behavioral performance improved significantly, as
evidenced by enhanced locomotor activity, better coordination, and improved memory function. These findings
indicate that both FA-scavenging agents mitigate CPZ-induced biochemical and behavioral abnormalities.
Conclusion This study demonstrates that excessive endogenous FA is closely associated with cognitive
impairment, inflammatory dysregulation, and demyelination in a CPZ-induced chronic demyelination mouse
model. Clearing abnormally elevated FA effectively reduces neuroinflammation, suppresses microglial
overactivation, decreases oxidative stress, and alleviates demyelination, ultimately improving motor and cognitive
outcomes in mice. These results suggest that targeting endogenous FA represents a promising therapeutic strategy
for MS and other demyelinating disorders. Further investigations are warranted to explore the long-term safety,

dosage optimization, and molecular pathways involved in FA-mediated neurotoxicity.
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