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Abstract

Objective: To explore the effects of molecular hydrogen on cerebral edema and neurological out-
come after traumatic brain injury in mice and the mechanism of pyroptosis and systemic inflam-
mation. Methods: 72 male C57BL/6 mice were randomly divided into sham operation group
(group S), traumatic brain injury group (group T) and molecular hydrogen treatment group
(group H), with 24 mice in each group. After endotracheal intubation, the skull of mice in group S
was exposed, with the dura mater kept intact, and the endotracheal tube was removed 2 h later.
Mice in group T were treated with fluid percussion injury (FPI) method to construct traumatic
brain injury (TBI) model. The mice in group H inhaled 42% H3z-21% 02-37% N mixture 2 h daily
for 7 days immediately after the establishment of TBI model. The mice were sacrificed 24 h after
surgery; western blot was used to detect the levels of Caspase-1 and ASC. The levels of IL-1f and
IL-18 in serum and brain tissue of traumatic penumbra were determined by ELISA. Other mice
were sacrificed 48 h after surgery, and the edema of brain tissue was observed and the water con-
tent of brain was measured. HE staining was used to observe inflammatory cell infiltration in pe-
numbra of trauma. The number and morphology of Nissl bodies in cortex were observed by Nissl
staining. At the same time, neurological function scores and body weight changes of mice 7 days
after injury were observed and recorded. Results: Compared with group S, brain water content in
group T was significantly increased, while the brain edema was significantly improved after mo-
lecular hydrogen treatment (P < 0.05); in group T, inflammatory cell infiltration was obvious, the
number of abnormal Nissl bodies was increased, and the arrangement of neurons was loose. The
above pathological changes were significantly improved after molecular hydrogen treatment (P <
0.05). The expression of Caspase-1 and ASC protein in brain tissue was significantly increased in
group T, and the levels of IL-1f and IL-18 in cerebral cortex and serum were also significantly in-
creased. After surgery, the body weight was significantly reduced to the lowest level at 96 hours,
and then showed a slow recovery trend. mNSS scores showed that the neurological impairment of
the mice was significantly aggravated after TBI. After molecular hydrogen treatment, the above
pathological changes were significantly alleviated (P < 0.05). Conclusions: Molecular hydrogen
significantly improved brain edema and neurological outcome after TBI in mice, and the mechan-
ism may be related to inhibiting pyroptosis and systemic inflammation.
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PR AR TR AR R I — R A AR P AR T, A Bl Caspase-1 /%, 5l C4HMI % fL, &
A FERIE SN FIRTBOR[3]. MMAET T Z S 52 MBI KA KR, HLEZFREN IL-18. IL-18 |1
MUK BRI [4], BT 4 5 JRE B

HFEAF UARIEREET BT, WA —Fo M RS54, B S A k.
ToBE LHRRSER A, HRTCAESS @ PR . PUAA R, ORI TR AR GE 2 M B [5] [6]
B EAAIERPSI AR A HATE R RN, 5 FEAAENERENE, Bl E R E S R 1
B[7]. Bk, ARS8 U s R (FP) R 2 57 TBI AR AL, $RZR A IR B 1 T EX /N TBI R iizk
Ji S 22 B YA R o, DA S 4 B AL 4 B A S S AR

2. RFNTS
2.1, W5 R IL3E

i/ GAPDH (1:5000, SAB, #21612, 3% [H), fuii/IN i Caspase-1 (1:2000, Origin, #TA323204S,
), HPr/hE ASC (1:2000, Origin, #TA326289S, 3&[E); ML I 5 (enzyme linked immu-

nosorbent assay, ELISA)R A& (T34, #1L-18; #I1L-18, FH); AMS-H-03 Z A E WL LiFEEE
SR, W), W% E (AmScien Instruments, SEE), JE RGP OR(ZREKT, #G1430, HH),

22. IS HA

AL AGREER REMREE —EREYREZRA D LR I F M (FAS
SYDWGZR2020-039). 7t F i 14 fi e Ji A 1A G 45 7 141993 446 (specific pathogen free, SPF)Zk C57BL/6 /)M,
(10 % 12 JH#%), 1A 25~30 g [FA/RIEERER LB s B8 4k, YFrliES: SCXK (%) 2013-001], A
RIZEfr 6 h, AEEIRK. B SER s FIBENLEGE 73 i 3 e R ARAL(S ) B PEMGH 17 4 (T 2H) Fi 53
FEIRITHMH 4), 424 H,

2.3, HEEGIZ

ST B 1/ BRI R s 1 0 (PRI AU [8], B TBI AL, i Jisyds 56 IR E2 L Z4M(35 mg/kg) Rk
N ATREE, REA TR, RXEMMTE. &K, 1982 RHEHBIRERE, BE/Rk38T
i 744 € A7 A% (Narishige, SR-6N, HA), WIEH&YITF, BEEME, THRRGELM 1.2 mm, §IXITE
1.2 mm AbBSH EARZ) 1 mm AL, CRARRE A 8 BETCERA o KRR 5 0 2% 1 e BT AL /) SR i
R EE:, BRI E, R R B 0 B AR R e T 130, MR A TR, RS
BRI KRR J1(Z 1.5~2.0 atm)BEE/EH TRERGE, S80I R A GG R . %
TN BI04 5 T 3k A A (R IR IR BT A IR, S R P S Bl AR R BRI, RS SRR IR T
P &I

2.4, Y FSRITER

K HESE AMS-H-03 S S S A% 1:2 1 ] s 25 257K [9], (B ST 78 48, TR R 42% H-21%
0,-37% N, IR &SR . WA FRFERCA SRS . PP AR E . AR WA R B R e R kAT
S HM T HEFEWA TS (21% 0,-78% Ny), H HAEAR GBI HiEd s HR A 42%E SMIREG 54K 2 h 347
AT .

25. REKEME
T 5 48 h, 3 B LG Z2 BN TR IR T T S VI o BERZH 2R, A4 45043 O A KB R T s R
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fE I P AR R, RIS E; fl /R 8OCIEIRM TAa T4k 72 h, SZRIFRECE &, BN THE. %
ML AR SRR WEKE = (BE - THE)AZE x 100%.

2.6. FNLARFRIEN B

A5 48 h, S ELZ AR BRIV T 2202k 28 R, AR URAT A B 2 /K REVE AT 4962 TR PP RS [ 5 » ) B Sk HU »
BT 4% EHEERT ACRHE 24 h, WA O, JRESY) (3 pm), 703 UM H L) 34775
RER-BHL(HE) Qe ol JE IR(Nissl) G o ARA5 58T (x40) DU [ B SRV B, NN ZA A —F i, T
fEBE T (x400) WL 5 28 TC A L 453 13 A1 B B/

2.7. Western blot #31)

ARJG 24 h, FRAREE N PUs W RIS, BT R R BT, RIPA 2R, 4°CF 14,000 r/min &0
20 min WX EIE, BCA BRI E R IR E . M 10%01) SDS-PAGE it & [ s i AT Ik 70 5, b
B, BLIK, 7 R ET4E 2L, 6% AR Wk k47 3 1« B J5 433 LA S bt/ B GAPDH (1:5000, SAB, #21612,
F ), bt/ B R R & S8R E [ /KRR 1 (cysteinyl aspartate specific proteinase-1, Caspase-1; 1:2000,
Origin, #TA323204S, 3[H), Gpi/RIFTHHCHE SRS [ ASC %Y (apoptosis-associated speck-like protein
containing a CARD, ASC; 1:2000, Origin, #TA326289S, Z[E)i—Ji 4CHE K. WHEIRJG TBST
BElEE 5 min x 5 IR, fE= R NI E Wt B S 45 & 1 — 20 1R(1:5000; ZSGB biotechnology,
HiE) 1 he TBST BefE 5 min x 5 K5, MAMFELRIERICGE R, PHE)EREERYS, EHBUE RS LE
EFRHL, hE)REES T Caspase-1 J ASC s A B FEAE, H 5 HHR. GAPDH %t 2 L/E N & FAH

X
2.8. ELISA #:;1]

AJG 240, NRICFEMREE T 2002 8 FI B, R F P W SR B, &R AE . B IR 4°C T Bl 3000
r/min fR1E FE B0 15 min WRBUMIIE s AR 0 I 5 5 S AR FE 5 T 4°CF 400 g 2540 5 min, WX EiE
W FEUiH BRI 2 H ELISA W55 & 20 AR I 37 AN Ha 4% 215 7y BB IL-18 1 1L-18 /K.
2.9. K RMZIHEEIES (Modified Neurological Severity Score, mMNSS)F{AE T L%

ARG 1~7 K, KH mNSS [10]3F5 4 X RR2H /N AT M ThRevEAY, AR BEHERERK. &
GBS SPATACIRLS . RS R B S IR S, HLE R m A, BT N AR DR A 15 O .
[ e/ RORATR E WG IRE, RiF 1~7 REHFE—NZNC A E BRI HARE., LA
HENRAER LR, REBE = JHIKEAIEARE x 100%.

2.10. Gitor#h

KFH SPSS22.0 5 GraphPad Prism8.3 AT Gtit 20 HT. IERD AR TRER IS + frvEzE
(X +s)Fon, HMEESRAXE tRLK; JEESS A2 7R R ELBCR A U K5 &gl &40 K A
HEWETT 208, BHHANESRHBRETT 278 P<0.05 FRERARIIFE L.

3. /R
3.1 EKE

mE 1), 5SAE, TAHMARS/KEHEEMNE***P <0.0001), 5 T4, HAKA
25 K= I L PRI (*P < 0.05).
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Figure 1. Brain water content and pathological changes of mice in three groups 48 h after
surgery. (a) HE staining, x400; (b) Brain water content of mice in three groups, compared
with group S, ****P < 0.0001, compared with group H, *P < 0.05; (c) N Nissl staining,
x400; (d) The number of normal Nissl bodies per unit area of injured penumbra cortex in
three groups of mice, compared with group S, ***P < 0.001, compared with group H, ***P
<0.001

Bl 1. 3¢A/NERARE 48 h RS KERFELTIFR. () HE # x400; (b) 3 ZH/ER
MEkEHR, 5 S HELE, ****P <0.0001, 5 H ¢AELE, *P <o, 05; (c) RER%t,
x400; (d) 3 A/ NRIGHBEHRREMARTEERK/NMAHE, 5 SAEE, ~*P
<0.001, 5 H4ELLE, ***P <0.001

3.2. PtALRTRTREL T

MRZHEZ HE BettoR, S A4iBHEsI 8% . 555, gfuizse®, M s+E; 5 Samit, T4
it e G, D B8 5, 50 40 e 42 G T LA [ 40 5 9% IR o AR BT T 4L, AR B e 28 A Bk (1) 1(a))
MRZHZ R IRYL AT I, S A& KEASIER 1B IRAME; T A8 IKR/AMEECERCD, HEZIRAR, 7T 0L K&

S e /M. MHEET T A, H AR R RAMREE R, MEudimis 1c), ® 1(d).

3.3. Western Blot

KJG 24 h AL MRET M RE AREER N 2)Fn, 5 SHMt, T HmAL H Caspase-1+
ASC FRik/K PRI P <0.05); 5 T AE:, HAMALF Caspase-1. ASC ik 7KFAHXT &k %
ik(¥3 P < 0.05).

3.4. ELISA
ARJG 24 h I R 5 05415 52 5 A 1L-18 A IL-18 ik ACFun(FE 3)Fr, 5 S dltkig, T 4ifiE+
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IL-18 1 1L-18 FeAi i~ iy R o IL-18 ik AKP (3 P < 0.05), 5 T A L#, H A IL-18 #1
IL-18 K445 5l i b 1L-18 R IA/KFA T F#AEK(3) P < 0.05).

3.5. mNss WS FEETE

AJ5 7 H mNSS W45 R (15 4(a)) 2o, S AMADIREITF & T —2, RAMERE; THREZ
BoRMLDIREN B RE, N BA e aEbn; 5T A, H AR ERIERMEE NN, R
FIRRE KRR, IR E .

SHIMIARJG 7 HAREAZMAEI(E 4b)Ear, S A/NRAEIGKEABN TR, THNRAEELER
JE HBURRE L REAIC, 29 96 h PR ERAKT, BEEZER#, H ARGEERERBEEE/)N, HEF @
72 PR E R AR, I LU [ T

1.0 * * 1.0 * *
I T 081 1T 0.8 ey
T
o
< a
GAPDH . WS S S 0.6 = 0.6
n S
o <
Caspase-1 | aueGiu— §0.4- % 0.4
—y <
ASC v S O 024 0.2+
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@ (b) ©

He SHNETARA, THNCIDIERIIHE, HH v TERIT4.

Figure 2. Comparison of Caspase-1 and ASC protein contents in the injured penumbra cortex of mice in three
groups 24 h after surgery. (a) Image of Caspase-1 and ASC protein contents in the injured penumbra cortex of
mice in three groups; (b) Comparison of Caspase-1 expression levels in the injured penumbra cortex of the
three groups of mice, compared with group S, *P < 0.05, compared with group H, *P < 0.05; (c) Comparison
of ASC expression levels in the injured penumbra cortex of the three groups of mice, compared with group S,
*P < 0.05, compared with group H, *P < 0.05

Bl 2. 3 A/NRARSE 24 h R HERETT B Caspase-1. ASC ERSERELE. (a) 3 A/NRIRGERTRE R
AMEASEIER; (b) 34/ R IR 2SS R R Caspase-1 F0iA /K ERILLERIE R, 5 SLAELES, *P < 0.05,
5 H4ALEER, *P < 0.05;(c) 3 A/RIRMAHRET R BT ASC FRik/KFMLLRER, 5 S tAELE, *P < 0.05,
5 H4AR, *P<0.05
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Figure 3. Expression levels of IL-14 and IL-18 in serum and injured penumbra cortex of the three groups of
mice 24 h after surgery. (a) Comparison of serum IL-15 expression levels, compared with group S, *P <
0.05, compared with group H, *P < 0.05; (b) The expression level of IL-1f in the injured penumbra cortex
showed no statistical significance compared with group S and group H; (c) Comparison of serum IL-18 ex-
pression levels, compared with group S, *P < 0.05, compared with group H, *P < 0.05; (d) IL-18 expression
in the injured penumbra cortex compared with group S, *P < 0.05, compared with group H, *P < 0.05

E 3. ZH/NBARSG 24h MEMIRAFEETHEFRF IL-18 F1 1L-18 FiAEKF. (a) MIEFH IL-18 FRikK
THELEIER, 5 SHEtE, *P<0.05, 5HAEKE, *P<0.05; (b) MGEBEHEEESP IL-15 FiE
KERELRIER, 5§ S AR, EREHHERN, 5 HALR, EREFHITEREX; () MEF IL-18
FIEKFRILLEIER, 5 S BELEE, *P <0.05, 5 H ABELEE, *P <0.05; (d) IREEREH R BRF IL-18
FIEKFRILLRIER, 5S4k, *P<0.05, 5HAELE, *P<0.05

154 1.54

-+ S -+ S
= T ;\3 = T
=
-+ H < 1. -+ H
=
24 0.
e
=
0.0 T T T 1
0 2 4 6 8
Days Days
(@) (b)

E: SHNET AL, TANEIDTER#RGI4, H A v TEiRIT4l.

Figure 4. Long-term survival of mice in three groups. (2) The mNSS score changing trend of miceinthree groups till the 7th
day after surgery; (b) Body weight changes of mice in three groups till the 7th day after surgery
4. 3NEKIBEFER. (@) 3A/NEARG 1~7 d mNss FESTILAES; (b) 3LEPMRARE 1~7d FETHER

4. g
TBI R ETOE. BORRBER L —, BEWEG A%, FUSA RSSO [11]. 75
WFFCH, %P0 2 ML (R B A R 7 7 AL 1 Y fk b (weight-drop, WD) 2 J2 451453 (controlled

cortical impact, CCI)A17% [ i i 45145 (Fluid percussion injury, FPI)2%[12]. & T RPN 75, FPI =4 g
i R it ) B A — e T ik, FLRERS R AF BRI PR b TBI B3 B A D ReFRag 1l o, BhRe AR
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AEE I SCOA TBI A S SEIGAF 7E (1 — 2R A Ty vk . AIRHF TR HL FPI VL % TBI B, Refs iErf 5t
L TBI 5%E N, fRE T s et mfa e k. thah, XBIF LR RE 7T, ARWSEREE T /N
VERSEIENIIATIRE . BARAKRASEINR 5 THAME. AERaSRE, & UUE TBI AHRHE S &
RSEIREhY), BAERN Ko FALRZ M S, RS AR EVEZ & TR, HANR e R & 4
VG ACRE L, D ORIEAS KA 78 25 SR RE e B A5 IR EL AL 34, FRATTIE IR /b WL TBI /N R S84t 4,
) B FH B R PP, b — D A A AR

AR, 7 FACHAEW X 2 Rom B TG 18], N7 AR RS Z M. O sS4
KR OR R A BETE AR IE /7 T AN, WP ORISR R PR, 17 e ok v o B4 1 A
Ko Nk, BATEBBAK T NER S FEARSH. SHAR, $T0 72D RRERmTE, DL
kit 2 B 9 R AR B SO AN BRI VR 7 S, T A I 7 14 R MR N AR v AR ) L AT A
[14]0 AHFFERIN, 43T /NSRRI 328 54 KA DRI e 2 5 VA 1 B2 O R e R A, 20
UESE T A PRS0, 8 SRS AT o b, BOTERI N EBHIMSR. 7€ TBI KR
JZTH, T ERR AR G R 2 PI[15], X W) Re S AR B B ThRE A ¢ (R /N RUZ T,
BRI PR, AT AT, XA Re S/ N E RSN, DRI A RS2 R K. AR,
TBI /N AR E ARG AT TG A G R TBI &3, X thidt— 8 1 A 7 A 35161

WAk, R IRE T o FEARM AR ERNLS . TBI AR5 5 A1 a5 K& 20 TR
[17], A5 DX I 5 PR R 3 — 2D AE R M R BRI, SO A TR R . A RET 2 TBI ik
JRid R EER R, HRSBOZERIE A R FEEER. EATYS SR, BkER ASC 5
Caspase-1 MIRTIARZE &KL, — 7 EEE SAMMR, REESL, NHEMRB, FERERMN;
I, o 1L-18 F1 1L-18 AifREATUIE], A TR IL-18 F1 IL-18 BB sh, SRR IEMMEEELE,
P RRAERSL . FEMMAE T AR, 240 M 25 M R 58 R R 1] PRLAMRE TG, % T i 2H 235 i b
F4x G P SERE IR S35 7 A B I o T AR S0 0T 5 4 00 e 15 R S AN IR P (R EAT ) 20 B A
FHORR AR — 2B AUESE T 43 T A A & R4 1E FH S s g £ T A K.

5 yb[FEIE, 7EH RS ME H 1L-18 A1 IL-18 ZK-F I [RIRS [18], A VKA 78 tHAS I 1 i 2 £ r f 9 A
FAFATR b, SRR, [H—/NRRH A RAER TR R ACE & T g . X5 EIR IR
S RPEREAT T — R R . LT RS B RN, 01 EAE R R TT RO BV AE, X ]
Re 5 TFEMERN N, BTl A . STFARG 24h 3005200 i 1L-18 /KT 2 75
TR S, TS Z UM I R] A, SORE SN O R e A IR 2 4 B 6. 5 DLAERIE 7R [19]
A, RRERETT 7 O K LRI, I B 5E — IRIR N 5rF 2RI [R]85 AR 5 B %)
TG, MR ERE, PR T REANR B AR (b 32 d 2 IR I ) 5 SO A R, VR T AR A, X Pk
THERFE TBI PR 2 N E AR T [20], Bl T 20 T2 T BUER IR 20, G YT REis 58 i 1
W SVEIASUE . ARSI T 42% 00 NIREE, X RIS 7T S B00 5250 (1 22 4 P I R 15 22 4 i
TG ARTRH T Bk

MFE, ABFFN T AARRE RN E, fEaEERN 0.5 m 148 BB v &S kR
(A R REATSE86, fRIE TR I %4, [FRF, 2019 £Eff) COVID M 7T RIREIESE T ik i (66.6%
H,-33.3% O,)) 73X COVID M H it BRARITEM, oM TIRKR[21], XWi#—2 A
DT 45 SR I R AL PR IRt . SR, ASCIREA — MR IR M, BI7EH R E 2 AN R
&, A X o T A AR A R B AT bt O Ak, [ B R T AR A P T R B Dy B 4 4 L
K, XA R T ik 2 Ak
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