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TR FE SRR SN, o ) FH B 1 T3 B R e G A R 25 45 2 R Bl i % S SRR T S 7 ) R PR (I 5 A 0 32 44 3(NLRP3) i 7Y
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Abstract:  Objective To investigate the effects of methylene blue (MB) on neuroinflammation and neuronal pyroptosis
in a post-traumatic stress disorder (PTSD) mouse model and its possible molecular mechanisms. Methods ~ Sixty C57BL/6
mice were randomly divided into four groups: control group, model group (PTSD group) , low-dose treatment group (MB 2
mg group) , and medium-dose treatment group (MB 10 mg group). PTSD was induced using single prolonged stress/shock
(SPSS) in mice, that is, SPS with additional foot shock stimulation. The open field test and elevated plus maze test were
used to assess anxiety- and depression-like behaviors in the model mice. Western blotting was used to measure the protein

expression levels of nucleotide -binding domain leucine -rich repeat and pyrin domain - containing receptor 3 (NLRP3) ,
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Cleaved-Caspase-1, and N-terminal gasdermin D (N-GSDMD). Immunohistochemical staining was performed to detect the
expression of N -GSDMD and NLRP3. Enzyme - linked immunosorbent assay kits were used to measure the levels of
inflammatory cytokines such as IL-1f and IL-18. Results Compared with the control group, the PTSD group exhibited
obvious anxiety-, depression-, and fear-like behavioral changes; the number of N-GSDMD-positive cells and the expression
of N-GSDMD were increased (P<0.05), the expression of NLRP3 and Cleaved-Caspase-1 and N-GSDMD was elevated, the
release of inflammatory cytokines such as IL-1f and IL-18 was increased, and neuronal pyroptosis was enhanced. After
treatment with either low-dose or medium-dose MB, the stress-like symptoms in mice were alleviated, the expression of
pyroptosis pathway-related molecules was reduced (P<0.05), and neuronal pyroptosis was decreased. There was significant
difference in therapeutic effect between 2 mg and 10 mg MB (P<0.05). Conclusions Both medium- and low-dose MB
improve behavioral abnormalities in PTSD mice, and the underlying mechanisms may involve inhibiting NLRP3
inflammasome activation, down-regulating N-GSDMD expression, and inhibiting the neuroinflammatory response, thereby
alleviating neuronal pyroptosis.

Keywords: post-traumatic stress disorder; methylene blue; pyroptosis; nucleotide-binding domain leucine-rich repeat and

pyrin domain-containing receptor 3 inflammasome ; open field test
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P H % (methylene blue, MB) , Bl 3,7-30( — H & 3&)
Wy WEIE-5-$5 S AW , BB — TP 44 1Y T 22 A Y
Jekh, 2 —FE A M E R RO E
1 24 i B HLUR) (FDA) HEE R IR YT i 21 28 14 1
JiE (19— £ FH 24, 304 K ko el I DA AIF 9 & B 4 7k
o A 0 R A 1 R UL A 0 2R B A E A5 T AR 2 R
Gepi BAT B Y7 HAEAR IR O S E S5
VB SRy SR A W B v A 7 A p e, R T R
A AE BN AR AN MU T AR AR Y R O
T MB 3 i Bt R BT A T AE LG A ARSI 5 N
ﬁ%’ﬂ(post-traumatic stress disorder, PTSD) BHF5T &F DLHRIE o

PTSD & 1 28 [y s B A% o B 1 SR (e 4 L A
SRICE T HE G R IIALAR HEAREE) B R 1 — R G
PP o AL FFIEALAE S ARTR B 15 . 1138 AH DGR
NS 15 4 O B RS, AR A 14
H S8t S REZ 87 i & 3, PTSD 1l i
TR JBT T VA A A% A5 Ml DA A v b 2 0 4 s AT
SR BRI R, A [ A AR SCHERSE 7R PTSD s /NS B4
ML B RR 2 B A A B e AR T A Y S A VR
45 ¥4 3, 52 & 3 (nucleotide - binding domain leucine - rich
repeat and pyrin domain-containing receptor 3, NLRP3) %
FE/MAR S ZE BN, SRR P AR TS 5 PTSD AR A K
JES fET R AR Ok & B — Fh il NLRP3 &2 4 JH 1=
HH I BE 5 FE 2R BT (apoptosis-associated speck-like protein
containing a CARD, ASC)FIZf# 5t K2 FH - 1(Cleaved -
Caspase-1) ZH B (1) NLRP3 58 5E /MA & (14 35 B 34 400
MEFET =, i B A 1 40 i A - 1B (Interleukin-
18, IL-1B) 115 20 i /> & -18 (Interleukin-18, IL-18){{¢ ik
AN S A SRE S AR T R M AT TR R
TE PTSD A2t R b R AR AT, M ANTEAE
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AWFFE H HITE T-HZ MB XF PTSD # /N BRLAS S [ v
FEZ B 2 e R T AR 3PV F S A7 HLL, S i IR IR
7 B BE R AR AR A S B
1 #MR5EE
1.1 FERFI S

MB (Sigma, 32 [ ) ; SDS % i e il i 7] 5 (R 3K ) 5
RIPA GHUR S B DTVE 1L ) 2443 . BCA (2, 2- Bk WEMR-4 ,4-—
H R — ) 2 1 0 i) & (VR = RAE AR ety
HRRATD s bt/ B-actin HL4& (Proteintech, No.81115-
1-RR) ; 54t/ B NLRP3 HiA& (Affinity, DF7438) 5 f /)
L N-GSDMD (Gasdermin D 8 1S9 E1 55 7= 42 A N 5l
PE BB P (Abcam, ab215203) ; S/ B, Caspase-15Y
VIAHTIA (CST, 89332) ; St/ Pro-Caspase-1(Abcam,
ab179515) ; LI E40 f HRP B o (L Pl ) — 40 (V5 %
AR A RA A s HRP L 22 &R Y (£ H
Millipore ) ; IL-1B \IL-18 ELISA {7 & ( |2 = RAYH
AR BRA T 5 BERE AR 74T R 55 (28 Bio-Rad) .
1.2 SEIEEhY

Tk 9% 6~8 A%, C5TBL/6 1 KL 60 H 1A 20~25 g,
P N R4S AR R s S g o B .
R e R AR 5 23 18] (CREE 2~4 H) ¥ /N RUBEDL 428 , >R F [
KIS UENG 5 2B SPF (TG4 /2 96 SRR sh ) ) 9 i) Al B 4
BE R SR IR B (2422) °C MR B (65+5) %, 12 h G IR, i 3 T
ok BE/N T A IR E . ARSI sh i S g 4k
VEX 3 3 v N IR 28 AR R s e 2 B 2
H A (HEHES 1 250842)

1.3 YERBESTSHE
1.3.1 PTSD#A & 5

SEYG PRI A IR 20~24 °C, MIXHEREE 45%~65% , I8

W5 B 60~120 Ix, 75 St E 61 4E 45 dBLL R o L5 3)
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VI HEHT 60 min 36 W IR, SEH I A AR SR B
TEvkAe B OKIR 30 em) | L BERFRAA 0 T oful ke & it
i R RS & . T A AT 75% &
BT

SRy A S WY B 5 — B BN AR R SR
A RAAE RS B ORGE A TSRS BUR R R4
FFEE 4 hy 55 B B SR EIETK , HE 4 (2321) CIE K, K IR
30 cm, #4730 min SR EFIK ; 55 = B B SEERREY , 4T
5 min CBERRIE , 5% WA PEIROIR S, SRR 8 2T TR (15~
20 min) J5 /R B 30 min; 55 VU B Bk R o RS o R o
F£(0.7 mA) , i ) 3 min 545 T 2 s Ly, WL%¢ 30 s 5 iR 1A
TFETE . By BOAR T s WA Sh IR A B PR SE 50 &
4o R UK IRV A R A, Tk PR TSI T Rk
o FTHBRERR R B BNV . E et id s
ST S IAE A5 o B AT R S, AR ASE R /N BRUX 22 B
WIS 52 58 70 R S B ARFAE o
1.3.2 54

60 H C57BL/6 /N R 4 B HIL 43y X R ZH (Control 4H )
FERIZL (PTSD 41) A IA YT 4L (MB 2 mg 41) K s it
BITHL (MB 10 mg 2H)4 41, PTSD 41 2% FH By K i (]
R / W 5 (single prolonged stress/shock, SPSS) il £
PTSD SR A IS e MB FH 2E B R K % i, LA
2110 mg/(kg-d) I IETESF 7 d.

1.4 1TAHZLE

W™ S5 ST 6 hole /N BUH A S8 = il 5T 4y
TN 2 A . 45 4/ BRI 7E 1 4F (8:00~11:00)
VEAT , A FU/INERIER 1R 5/ NRUBCE T S 04 8l i X
B, mREE . HSORAT T R Gl kIR
& AH/NBRAEW 46 N 15 min FORS S M BE S, A0 el &
T Eh B .

PR S 1 e S G B W A S5 R
T WY 30 min, B PR AN F L ERE RS o IR N B
RHCE T Yo Sk F RO B R0 T LG T 5
FFLEWIEE S min. FLIA) TG PRANIC 5% s 4 0E AT R0 &t
PARE A VR A5 BRI, DA RSk R 5 TS R EE B 451 T
K.

20 S 6« e AR B S Al /) BB 20
WHRIRFSE 3 s, (A1 30 s HEAT T — UL o X 4 A 450
HEAT 5 CE S, CRA5 I B — 3, SERH SRSl 5%
/N BROGH A YRR 355 %) R 220 B, A AR L ekt ks L ST
GRS RS eSS

SRR ST R 2 B B IR BECEE 1K),
¥/ R TSI ARG I 3 min; @457 0.7 mA HL
FFE 2 s BRLEMEE 30 s S iR IR FRE . MK B (24 h
Jei ), W /N B ] 58 52 30 4 5 Q3% 2 W 4210 5% 5 min;
O TEYNIC AR B AT R B

1.5 SREXAFEARNBXEGRS FEMFER

/NERURRBR S , FATF 28 A R 7K R 49 22 208 WY RS VA
U R 3 ) UG, G 2 2R 25 4% 22 WS [T 32 24 b, IFR K,
BT 4 COKFA A . AL B ARV EIREE &Y
(optimal cutting temperature compound, OCT) fi# ¥4 V%,
AT RDIRTE ST o IRV BT 4% 2 R P REFE &
15 min, B R 2% wh L (PBS) YR ¥ 3 WK, IMLE 1A 30 min,
WA —¥i 4 CiE 7, PBS VB 3 3, A 28 96 40 (1
1 .000) G Z IRIFE 2 h, (] 47, 6- — RIL-2- 4Kk ng|w
(DAPD GLRHE R B R TR RS T WEIFR 4
K.
1.6 ERRFESW

K #1150 B35 %5 (Western blotting) o /I B £ Jfk
P A BE , WS BR A& A/IN BRI A5 2H 20, S0 0 s S AR
J5T, BCA VAN 5 25 BTk B2 . SR DN I e B e PR Dk, 4 25
AR 5 R B R e 9 £ M (PVDF) JBE B ] B-actin
(1:1000) \NLRP3(1:600) . Cleaved-Caspase-1(1:800) .
Pro-Caspase-1(1:1000) F1 N-GSDMD (1:600) —$i 4 “CHi}
B, RS HRPARICH P& EIRME 1 he 1L
SR WA S A . S B R R 4t (Image
Master VDS) 455 , G 43 HT 84 (Image] ) 47 1K 1 451 4
I38Te LAH B B S B-actin A8 (504 255 I
Z AR HAR B K B A
1.7 Bk o0 % W i 06 46 i 28 iE B F

FA/INEU 412, R 4 ‘CTCH PBS #he A 25 Bk i
WAEI IR K BRI ZH 405 PBS LA 1:9 B HL (1 g 4141
A9 mL PBS) K FIBEHI &R & )5, & Tk b, 585y
WEEE . K213 4 °CL 5 000 r/min B0 5~ 10 min, 5055
T ARE R R A I O IL-18 A IL-18
MR o AR UE AR S A S A SO AL R, 37 "C i
30 min DAZE G0 VG A —$0, S E 2 h; FRIK
VEVRIT A TL-18 A IL-18 FUAE R, S IR 6 2 hs [
BG4 B AP W, 1) FH B SO0 5 WO B
1.8 SZitEHE

K FH SPSS 22.0 #4418 112# 0 r , i F GraphPad
Prism 8.0/ &l o 1 %R A B+ b 1fE 22 (v = 5) TR
EH [R) 530 53 A T S A 56 R H Shapiro-Wilk A5 56, J7 22 5%
PER 0K FH Levene K 50 o X T BRI K 4321 W28}, 760 2
B 5T 25 e MR, 4 1) 22 5 R R R R 25
Hr (one-way ANOVA) A . 5 ANOVA 42 /1% 21 1] ik 22
S EAGIEE L OB, P<0.05) , Wi — 2k HI =
Ji £ T R 5 (post hoc multiple comparisons) ™ L
BT 225 MR RTHR T 2 FH Tukey 5, 27 22 A7) R
I Games-Howell £ 5 o 73 748 8 DLFIEL (% ) 32 , 4[]
SR K56 B Fisher KR 30 . DA P<0.05 N 2ZERH
gt L
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2 BR X35 A4 R 2% I 1] 45 45 (P<0.05 ) 5 [R) I, 4550 5 4 s BB K
2.1 FBHMNRFORIEIRZRE B KIS IR R E F14) 58 L ST ) 1B 58 1 2R AT O B (P<0.05) . MB Tl
&5 J& , 5 PTSD 40 He#5 , ot MB 2 mg ZH3iA & MB 10 mg 2, /)s

A5 2/ B 37 20 1) T DCIRAR R IR] o A e 4 BT i 4 R B0 TR A 452 B I ] 388 (P<0.05)
TR E S A TT O PR ] LA, 2R RS RN R BRI 113 1 (P<0.05) 5 [R] I, BT

P O KRR B ] | B < F=241.300, P<0.0001 ; (1) 24 Jesd AN RL LA T O 26 PR 55 (P<0.05) o MB 10 mg 4H 5
FEHUE R R A & - F=198.100, P<0.0001) . MB 2 mg ZHAR LL , i 42 7 2K 5 TF iR iy 452 BRI 1) 37

5 Control ZHAH FL , PTSD 2H /)N BUFE B 28 -+ 72k B B T F L X3 A 4 2R ) 2458 R L s ) 4 e A RLAR AT A
TICRE 1) 45= B8 B (R AR A VR B0 D (P<0.05) , 2 3 ot FIWE (P<0.05). WK1,

50 =

®
*

60 =

40 = —

5 40 —_—

30 -

& 20 - %
S 20 -

rpC DI 2L I ) /S 1] /9%
) =)
1 ]
FF O PR 2R ] 7L B[] /%
o

T T 0= T T
g‘% Q@é ;jﬁé Q%»‘ié &W% Q»ﬁ% %?& %‘%
é'\é Q&% (\'@ S Q\\ QQ% q}&e &
Q
NN © NN

A B RAEY I F b oo RIAR R EE & S ey ks B: &40 RAES R+ FR g P B ko & & ad ek
5, *RRABR FILLZ A BLER , £ F B A it 5 & SL(P<0.05),
BEl1  MB*PTSD s SAh 22 2 4k 1 57 69 % v

2.2 FAPTSD/MRANALF N-GSDMD IR IEE R B, 2% %A G it 2 X (P<0.05) ,{H Pro-Caspase-1 [ 3315
A/ ZH 21 N-GSDMD 1Y 263k L8 , 2% S A 4t IKFAEAS LR 3, 25 7 g 124 2 X (P>0.05) , ULIEI 3A
T L(F=29.710,P=0.0001) . 5 Control 414H It , PTSD ~3D,
270N BRI B S5 M 28 G Y R RN i R N-GSDMD &2 AN, 41/ INEUIN 2 5 NLRP3 & N-GSDMD k7K
RORERIE, HON-GSDMD FHPE 4 i3 hn . MBALFRS , 5 T, 2 A G L (NLRP3: F=10.040,P=0.0044 ; N-
PTSD 41 L3¢, MB 2 mg 415 MB 10 mg 2H i 45 - Kz J5 4 92 GSDMD: F=22.880, P=0.0003) . it — & W ¥ L 4% & 3K
76 YL 2 1Y) N-GSDMD BH 4 41 g %5008 /> (P<0.05) . I PTSD 41 ) NLRP3 %5 Control £H & k38 75 , H.BHP: 40 Mo I 25
2, B A ER A A ) 25 SRt B, MB 2 mg 415 MB 2 b4y A /INE AR L 107 2 A1 10 mg MB 34 REA A5k
10 mg 20 ¥ ] &A% PTSD 530/ N-GSDMD £ [ % ik 7K F #% NLRP3 (31K (P<0.05) . [AIFERY, N-GSDMD TE fifi K¢ 5t

(P<0.05). WLKE3. f A A NLRP3 26 B/ B 28 (P<0.05) , K45 Al PTSD 41 4
2.3 HANMRKALHNLRPIEBREARIEERL L, 2 mg MB &b 2 K GE F Ik N-GSDMD ik, {H 10 mg MB
A4/ BRI 123 P NLRP3 3l 6 55 1 R s e, 22 57 fib B BE A R B AR N-GSDMD 1 2 1k (P<0.05) ( L[4 3E
HA 4124 3 L (NLRP3: F=43.510, P<0.0001 ; Cleaved- ~3F).
Caspase-1/Pro-Caspase-1:F=197.900,P<0.0001;N-GSDMD: 2.4 BAMPMRMARPRERFIL-1B.IL-18HEE
F=74.780, P<0.0001) . 5 Control H L4, PTSD 20 /] KUK S /NI LU IL-18 IL-18 [ i L, 2 7 B

ZH 417 NLRP3 , Cleaved-Caspase-1 il N-GSDMD & ik 14 AR X (L-18:F=316.600,P<0.000 1;11.- 18:F=118.100,
Jn(P<0.05) ., %5t MBALFES , 5 PTSD ZH L4, MB 2 mg ~ P<0.0001). 5 Control ZH H#5% , PTSD 2H/NUINZH LT IL- 18
Z1 AT MB 10 mg 41 H NLRP3 1 N-GSDMD %3k J Cleaved- AIL-18 & &GN (P<0.05) . Zid MBALEE SR, 5 PTSD 41
Caspase-1 7% FF#E(P<0.05) . H MB 2 mgZl5 MB 10 mg IL#: , MB 2 mg 2H & MB 10 mg 2H IL-1B FIIL- 185 %, H.
ZH 1 NLRP3 .N-GSDMD 235 & Cleaved-Caspase-1 7 7 [ W2 Rl HL R, 2 /B GiH i L (P<0.05) . WL 4.
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Control 2 PTSD 41 MB 2 mg 4

MB 10 mg 4

25= *
— *
N-GSDMD _ 3 204
, C
Q
50 um = 154
= %
+ZI 104
Z
£ 5+
Merge ~ _i
0= T T T
R

. N BN o &
*OQ\\ Q&‘O Q’q’\\\ \Q\
» o
100 wm

A R 9 A AR M &2 B X NeuN(40 &, ) N-GSDMD (3% & ) & DAPI( ¥ &, ) ¢ & & B 32 454 51 ; B: NeuN*N-GSDMD*
XL 40 i & NeuN*4m MLt & 5 b 2 F 907, * R =AR B M A iR, 2 F A 4t 3 & L (P<0.05),
B2 &) R N-GSDMD %, 9% 3% & B 4% (x20)

A MB  MB B b
Control 2l PTSD# 2 mg ] 10 mg 4 kDa
NLRP3 T =
Cleaved-Caspase-1 & u ;. " 22 "E
Pro-Caspase-1 % s & § 45 g
N-GSDMD " a ‘- ;3)
E Control 411 PTSD 41

v

MB 2 mg 41 MB 10 mg‘?ﬂ

MB 2 mg 2 MB 10 mg i

NLRP3 BHE ifi B/ oA WL /9%

)
N-GSDMD FH A I BY AL EF /%

50_jum 50

A : Western blotting #-] & 28 /) R, % & 21 22 F NLRP3 , Cleaved-Caspase-1 . Pro-Caspase-1 #2 N-GSDMD & & /i 89 & i& 5 5L , B-actin
A W % ;B~D:NLRP3/B-actin(B) . Cleaved-Caspase-1/Pro-Caspase-1(C) Z N-GSDMD/B-actin(D) % & /48 ﬁ%u;g 08 Z T
E: So % 20404 ) & 28 i . NLRP3 Rk K F B F 40 F: 0% 240 & 28 5 % SR N-GSDMD & ik K -F B F AL, * R T4 B H
L2 A HER , £ F A it F & SL(P<0.05) ,ns & T £ F B4t 5 & L(P>0.05)

B3 &) R4 L P NLRP3 . Cleaved-Caspase-1 . Pro-Caspase-1 #2 N-GSDMD #9 %& & Sy & ik KT
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A -
60 .
— *

é 40 - i *
3
&
@
=

20 =

O'_ﬁ T T

40 = — *

E *

30 —
T“E [ ]
E
> 20 =
=

10 =

0= T T

0 R
@\w‘% %Q% & &%‘%
RN

A& AR LR P IL-18 48 69 ELISA %ol 48 £ ;B: S48 R AHLL R P IL-18 4 F 69 ELISA 4 m 45 R . R 7 LA [ 1k

85,27 A %5 & L (P<0.05),
& 4

2.5 HFIEFN MBI NLRP3GEEBELE SN
Sy 1 B WEE MBI R TR S IR TEALS] B
WAL T MB FIZ B AR T2 7 NLRP3 L5 516 0 o il
By /N BUNLRP3 E H i) & K = 4e 45 K e A
AlphaFold £ H o 5 K B A SR (AlphaFold Protein Structure
Database , https: //alphafold.ebi.ac.uk) , 557 5 14 UniProt 25 5
J3 Q8R4B8 (%1 45 = : AF-Q8R4B8-F1) , /N> T MB Y 45
F2K [ PubChem B4 72 , CAS 5 : 61-73—4 R it fE Fiik

NLRP3

,,,,,,,,,,,,,,,,,,,

____________________

Ko Rmn P IL-18 IL-18 Rkt ot

(genetic algorithm, GA) TEFT R 5 R AEFNFT 43, AR B XoF $22
1 AT G PR B A 52 o AR 73T X 2 51
NLRP3 & 1 Jit FIZN> 7 MB (45 4 fiE N -6.493 keal/mol .
/Ny FMBE NLRP3FE AN GLN-448 SER-445FTALA-152
Z I A T A BAE (A 5 BB R TR ) o A F
JA Bl o A1 4 2 oK P SR ik 5 , 0 4% LEU-446 . LEU-
154 ALA-152 %5 (51 5) , ik 2e 58 5L 5 W H 35 A B K B 22T
BT R AR T4l

TRP-412
ALA-152’

LEU-154 ‘39
H e ; GLU-423
.37, PHE-442

[
0

LEU-446

SER-44

3.7

GLN-448 I

B &35 h % G i NLRP3, I &35 4 ) 5-F MB,
B 5 NLRP3% & Fifed5-F MBAI Z4FF A

3 e

A I B 5T 32 R 0 L 30 4 B 2 0 Bl At 22
25 LA R 5405 0 Ty R AT A DA A 2 7 A IO U A A T
FZ—. PTSDAEN—FP & Jx ik g , HAR RN UK
A 2B SRR B A Ry 2 72 Wl RE -5 A9 I B2 I X Y
RN YIS ARBFSE b, w3 IR
S F Rk BTS2, R I PTSD /N A PR 3 0 4 kg

1128 IR IR i E . RIS, PTSD A5 AL/ B J5 [X.
(14 9 iE B TL- 1B 1 TL-18 K B, B 78 SRAE S I & 2
5 PTSD K iy EREIF N o g — DL AR AT
F % 4 F NLRP3 . Cleaved-Caspase-1/Pro-Caspase-1 yi|
N-GSDMD £ MB B35 T RIBFEAR (K1 6) o 701 X 2 7
T4 7% MB A7 78 BL4% 7 NLRP3 A7 5 i vl fe bk, Ak ok
PLHI BT SR 52
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