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[EE] B %585 Ek7K I (high-altitude cerebral edema, HACE) {9 & mHLI, - & FiALAIT RIE . Fik  HEH
6 JE & SDIENE K B, B FIUEA I, JFE27 000 mig3k AL PR3 d Ay 2% 4, 38 ek 10 2 A 7% 7 £ L 1L Bk 57 %% (blood-brain
barrier, BBB) IR EE | A1 ZUR UG 0, T4 5 U /K Ioh K BRI (R gl ST 5 T A SR8 3h i o ad, 428 H &8
FIG] R T8 e 8 U500 mifHA3 d; BETZH (HACEZL) | A 36t B 41 (BHMEXT HRZL) . XH-6003 245474 & T7 000 mifHk,
TR HR K0 A BEER K | A SE At )2 R BN A S D R] 542 B FH -1(Na-K-2Cl cotransporter 1, NKCC1) il XH-6003,
FEH2WK, 33 do 3 AR MR . ETEE IR bR o I S KR L I B B | 4 U A 2R AR AL | kG T 2R
4(aquaporin-4, AQP4) FINKCC 13k i ; YR ELLS P tn MAT 2% TSN EFE R, ER I8 T HACEX B
R 50 RRATAR L, AL G 5 K S HE i (P<0.000 1), 1L 5 R IR (P<0.000 1), 32 3242 T BE(P<0.001) FTEE B0
ABTE 45 (P<0.01); qPCREE S SRR 2 K BRUIRZH ZANK CCIMIAQP 43K W A8 I (P<0.01), Js FREH R R R 20 K FRUiiE )
H B 22 U R 22 SR AN A5 403 (P<0.01) o T ANKCC I3 XH-6003 )5, Mk 7 7K 4 . BBBG . #1280 FIES S 4 a6t 40
YA 1354 (P<0.05), KEURALNKCCIMAQP4FEIR FFE(P<0.01), JHTHI B WM, AL R bR A (R R A e
Jik(glutathione, GSH) i B3 (P<0.001) . XH-60037AY7 /& iR BANZE B IR IR R BT E] LA — @ T RE R, HoAbAT R4 2%
R EIPIVE, 418 HACEMEANKCC/AQPAIHE H M , #1238 P& rT el i /K i FIBBBRYIR, B M 20 IR I
PR . XH-60037E 2401 53 T2 HLEA W67 IR/K i i v 77, (X HACEARJGAT o Bifi A BB AR W 75 i — 2P 5T o
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[Abstract] Objective To investigate the pathogenesis of high-altitude cerebral edema (HACE) and develop new
therapeutic strategies. Methods Male Sprague-Dawley (SD) rats of 6 weeks old were selected and placed in a hypobaric
chamber. The rats were exposed to the high-altitude environment of 7000 m above sea level for 3 days for HACE
modeling. Whether the HACE model was successfully established in the rats was evaluated by measuring brain water
content, the degree of disruption to the blood-brain barrier (BBB), and brain tissue Nissl staining. The experimental
animals were divided into four groups, with 28 rats in each group. The blank control group was exposed to a normobaric
and normoxic environment simulating the conditions at 500 m above sea level for 3 d. The other groups, including a
model group (the HACE group), a bumetanide group (the positive control group), and a XH-6003 treatment group, were
placed at an altitude of 7000 m above sea level and were injected with normal saline, bumetanide, and XH-6003, a new
type of Na-K-2Cl cotransporter 1 (NKCCI1) inhibitor, via the tail vein, respectively, twice daily for 3 d. The experimental
animals were taken out of the hypobaric chamber for testing after 3 d. The primary outcome measures included brain
water content, BBB permeability, changes in brain tissue morphology, and the expression levels of aquaporin-4 (AQP4)
and NKCCI. The secondary outcome measures included behavioral changes, apoptosis, and oxidative stress markers.
Results The HACE rat model was successfully established. The model group exhibited increased brain water content
(P < 0.0001), BBB disruption (P < 0.0001), impairment in learning skills and memory (P < 0.001), and anxiety/
depression-like behaviors (P < 0.01). qPCR results showed significantly increased expression of NKCCI and AQP4 in the
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brain tissue of the model group (P < 0.01). Pathology examination revealed neuronal and glial cell damage in the

hippocampus of the model group (P < 0.01). Treatment with XH-6003, the NKCCI inhibitor, reversed brain water

content, BBB disruption, and neuronal and glial cell damage to a certain degree (P < 0.05), decreased the expression of

NKCCI and AQP4 in the brain tissue (P < 0.01), and inhibited apoptosis-related proteins. Among the oxidative stress

indices, only glutathione (GSH) showed improvement (P < 0.001). Rats treated with XH-6003 showed functional

improvement only in the time spent exploring novel objects, while other behavioral outcomes remained unchanged.

Conclusion HACE is associated with the activation of the NKCC1/AQP4 pathway. Inhibition of this pathway alleviates

brain edema, BBB disruption, and neuronal and glial cell damage. These findings suggest that XH-6003 holds potential as

a therapeutic strategy for HACE at the cellular and molecular levels, but its effects in improving HACE-related behavioral

disorders warrant further investigation.

[Key words] High-altitude cerebral edema
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A AL v R B FR IRt 5 b D i AR e 1L
HIEZR, T 20 & AN E B e oK, A s R A
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FIPUAR . RIENKCCLE U, SRIFAQPAE FIPIIA.
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ProOx-850) . MATRX VIP3000/)N8h 4% Fl Rk AL (34 [
MidmarkA&]) | s HFFF.
1.2 LIz

TR BRI D 38 AT — 2 R Bl 2 PR B/ FE D, IR
ST ZE 5 6 JR T IR PE U, 725 5 1) 3 BLbTafie 00 o, oA
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1.3 BERK X RARR R E ST FIIE
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B IEN S 28 BB E TR 6000 ~
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LI TR RS LA (RS, ProOx850), LA
BEABL T RS . LAS m/s b T3 e i iR 52 S0 A6 (A A4
AR E 6000 m, 7000 mA18 000 m, SEH: B FR+5E7E
FIRIE RIS T4 dGERRBIET- %) 3k 3 d Gt KR
A 7K, AR VR L5 /N ), DL R R s AR A5
SRR AL TR L9043 A8 53 o S — 48, TE0f
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Sy BIRINT B L 20 3. 4 dRYEEE: ka8 LRI, &
AR 16 H, S B B4, B AR AR 4 H .
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2. 3. 4 d) 0L, B S 12 1, 433k pE TS8R, E A
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A TR ARG RIS, AR S i FH AR U]
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HAL A1 ~ 1.5 L/min, HAEFEZ 2 L/min, LU A
SMN T . BN E T2 M40 kPa, 5 KSR K22
254960 kPa.  [FIHT, 1% 2B M0 P 1 SRR R B A 4
TIPERF BN AT 1.5% G F Y . S8 TPA S A3 dN
MK 5 7K B . BBBREIAFREE | M2l 22 sYs f, 0k = J5
i 7K ek A B 7R 1) 7 R A ), BT TE .51 ~
153,
14 FHYTFRSA

RG] i SR K I IR RICR, AR R
NKCC1Hl il FIXH-6003, H- LA S AthJE Ry FHH: XTI,
E AR S A R0 R B B L8 3 W 4y Ry S R R
(28 H, H HH S50 500 mifEdk ) | BEAIZH (HACE4, 28
) | A et Je 4L (PHE ST RR A, 28 ) . XH-600325 441
(28 H), BRI A7 36 M JE 4l FIXH-600325 P 4134 T

7000 mifFHRIERE3 d, TR E Ko 1 A BER K | A 3%
o JE FE RINKCC1 I 7 XH-6003, 45 H 29k, 43 d, i 3
flJe FIXH-6003 1957 13 40.125 mg/kg, Lt 2, i
SKHACE4] . XH-60032H Fi i 5 Jé 41 K A BT i, FET
WA . SETRF R FISET IR A o KB MRS 53 B
H16 R M6 HJH T I S K s, 6 A TRl
By 2144 (immunocytochemistry, IHC) Je ff, | figak
. (immunofluorescence, IF) 44 {4 | qPCR, Fl 434 L HF
TTCHYe {0 ) 7E 1 B 45 5 2 h N R B Ak S8 B, T
1.5.1 ~ 1.5.546, e A3l 6 H A T B 6o i) R RUZE b
HEHTSCER I3 ] T 1.5. 6463005 20 12 2K BN SRR 45 R
RPZI CH A RRZ0) #7175 (FED01.5.7) o

1.5 #&AE

1.5.1 KRAMEKETE
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2 h N S RUBERREEAL FE R B (RE2H 6 ), PR e i 2 28,
K HLF R FREGE B A+ 8, 3150 % K & (brain
water content, BWC), BWC= T/ E+TH),
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ok SRR T WL B, FEUCR 5 SUBE RO B, T g
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620 nmF T I HOG(E
1.53 KEMALRKREE. THCREAFLE
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o S IFGL A,

Je e fh: T56 C fEIRALR bR R S R iR
YUl hr, 22K s gk, BT e ol rh, Jok 2
PR, RSB, b s . s iR K
J5 A FHImage JEFHAT IR BEEL ST o

THCYL (0 IR (8 U1 5 ks i, o 48 SR R IR I,
PBSUER . AP BRZE thl (pHY.0) B B IB &, - 1ML
A (50 uL) E A . —PHLGFAP(1 : 10000) . IBA1(1 :
1000), NKCC1(1 : 1000), AQP4(1 : 500), Caspase-3
(1:1000) 4 CHWEHEIR. IFREMAZN (1 :
500), % IREEEHFFE 1 h, DAPI (1 : 1000) %445 min, £
R, 96 WA EE; THCY @ in AL —Fi (1 = 250),
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DABWL o, AR E YL, Bk, R, bk W iBi migg .
GFAPHIIBA I H e 2l Uk 2E e (, BHPE G 015 J A
T {f; NKCC1., AQP4#Caspase-334{# F G BE o Ly a,
FH A e o 24 o 24 (556 % . Image JHF 2 HrGFAPHI
IBA1FH VA0 &S it DAV HATG AR 100 s Image TR0 4T
NKCC1. AQP4$ﬂCaspase—3ﬁ7"|':5ﬁEﬂzﬁfﬁﬁ?ﬂiﬁo
1.5.4 KAMALKTICEE

TSRS RS2 hiN, R AR A T RBERR IS, AN
HEAT MRV I, IR OB RE Y R o KR B T A
TTCHENLH, 37 °C HEARI T, FA IR .
1.5.5 S£BFRZ FPCR (RT-qPCR)

K FHTRIzolVE: IS U5 2 hiN R BRI 2H 2 (20
6 ) PHEBUEBRNAFFHEAT RNAYR B Je 03 5, -7 B
BT -80 CUKF T IRAE . MIERNAVREE, Wif% %5, 1T
SEHF 98 E T PCR(QPCR) o W £5 4 95 °C A 1
305395 °C 10's, 65 °C 30 s, fEIFF40UKY 15 95 C 10’5, 65 C
605,97 °C 1 sl#fift; 37 °C V% #130 s, LAIGAPDH AN Z:, %
FH2 -2 DG B I mRNAAR XS 2235 5, 51 W))F 511
W1,

#1 RT-qPCR3|#15E
Table1 RT-qPCR primer information

Gene Primer sequence (5'-3') Produce length/bp
GAPDH R:ATGTATCCGTTGTGGATCTGAC 22
F: CCTGCTTCACCACCTTCTITG 20
AQP4 R: GAATCCAGCTCGATCCTTTG 20
F: CTTCCTTTAGGCGACGTTTG 20
NKCC1 R: CAAGGTCAAACCTCCATCATCA 22
F: CTGGAAGATGGTGATGGGATT 21
BAL-1 R: TCATGAGTGTCAACTACCTG 20
F: TTGAGGAAGAGTAGGCTGTG 20
Cas-3 R: GGATTGAGACGGACAGTG 18
F: TTCGCCAGGAATAGTAACC 19
BAX R: GAAGTTGAGCGAGTGTCT 18
F: AGTTGAAGTTGCCGTCAG 18

AQP4: aquaporin-4; NKCCI: Na-K-2Cl cotransporter 1; BAL-1: Bacillus
anthracis lethal factor 1; Cas-3: Caspase-3; BAX: BCL-2 associated X protein
gene.
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AN JE 2 h A A (B2 6 R B, 4T
B 7R 6 U B A A ) ALk I SR G 1 A AR AR, B
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S WA AR P A i R AL R . GSH i MISODIE PEYY
A BRALAAR PR I BR AR T, o AT AR Ry SR B ) —

HEFER
1.5.7 KRATHFi4E

KR AR B ZI, 55 BOut HR 2 . AR 2 A2 4 K
12 L, HA Yk B RBRIA K, FRR W43 58 H A
)4 FOR B, BTy A el axa LR B 43 BIEA T DA N AT
o2 F VAL SR FRAE Y R B TR R RAT R . R AR A
EARIRBIRE F7, DA L2 [RICIZ I T U B BCRE 775 K K
FUEFARAET T, IG5 B, WA X AR )
PRAR W [ FHR B, WA X B R e 12 /g it
WK FRAE W37 b (3% S0 . BRRAT R rpol I A5
B T S5 b, PP AR KT A o A B R 3 i Tk
HEYAT R B UREE, AL G R LR I | A5 LR 1) 45, PRl HUR
AAFAESNABAT A5 WK BRE e i 1 1) S A687 B[] 1P
UHL, VAR VT RE ) RS s RE T -
1.6 FitZEHiE

i HPrism 105K F 47 GE 1124 43 #7, >Rk FHImage ]
v1.8.0MEA T R 43T o JIr A e 580 1 1E S M4 78 2 by
RRE I GEHAHE T TS o X PR RS0 R B
DAPBRR R R, PIALI] FL R F SO ST AR AR R 565
Z Y] BT B R 2 7 253 T (one-way ANOVA), i —
S LEASR F Dunnett's T3R5 . X T A S IEAS
A EAE, SR T AES Y B 5 (Mann-Whitney U
test) 1407, P<0.05 0% A G55 X,

2 #R

2.1 FRINE LS R Rk Bk FRAEEY

Jek R A (FEI1A L 1B): 8000 mifg- 34 7F 3 HR 5
LRI, 25 4L 75 7K B TCHA ARk, 7E i AR 2 K i, KRR
FET -3, 1176 000 muF BRI, AN [ st ) oK BRUARG 55 7K 284
TCH AR, B 7 000 mAE Sy AR o PR E A
KEL(EI1C): 7000 miEF R B 7R, EAREE 1 ~ 2K, K
BRI FET 5% T0 B S A5 Ak, (H 3 A0S 4 R AR v AR 3 K (1Y
FET B SN, S 3 dFE R At ]

FEALEIE: QNEIID . 1EFT/R, B 1A [a] 18 K, il
/K B FIBBBRE IR BE AW T, X B2 A3 K 2 22
SAEGITEE X (P<0.001) . BLAb, W3 e Ry gl 3
N, [N REALAR LG, 551 d, 2 d. 3 difg IR B X s
PUAS IR B 4 ot 22 e 4 M 51 405 (T LF ), X G EA 7 K BE A
it kGRS dit SXT IR 2 R A T EE L (ELG) .
SO X I8t o R RE A 25 3 (B HD, Bl % B 2R s [R]
FEA, VR fR I DX I i 200 ek 22, S L e ik 40 i 4k
I, WENTR, SR B s 50 BRAH L, 22 3 A gt
S o AT L, R SR K R B A i 5T
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Fig 1 Evaluation indices of a rat model of HACE

A, Survival curves of rats exposed to conditions at different altitude (# = 16 per group); B, statistical chart of brain water content of rats at different altitudes (n = 3 per group);

C, survival rates of rats at different times at 7000 m (n = 4 per group); D, statistical chart of brain water content of rats at different times at 7000 m (n = 3 per group); E,

statistical chart of BBB permeability assessed by EB staining in rats at different times (n = 4 per group); F, schematic diagram of Niss] staining in the dentate gyrus of the hippocampus;

G, statistical diagram of neuronal cell damage in the dentate gyrus region of the hippocampus (n = 4 per group); H, schematic diagram of swollen cells in the striatum

region; I, statistical graph of the proportion of swollen cells in the striatum region (1 = 4 per group). ' P<0.05," P<0.01, P <0.001, P <0.0001.
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IR B R Rl e, i 375 PE A5 B3 e (1K12C) o LS,
qPCRAN B 5 G Y (0.1 8 /s 5 %F FRZH A [b, HACEZ4]
NKCC1. AQP4RE P FN R [ ZRIA 3 I, Aii 56 b J& FIXH-
600340 F 5, —H FKIKTRE(E2D ~ 2G) . TTCH AT
FMLILE R (F2H), 5% B A ., HACEZL G4 444 1
1M, XH-60034031 5, R 0ER 21N H 18, Joieh
A i e
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2T MR 3, A At JE RTXH-6003 40 B 5 TG 95 />
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ORI 0 BRI AN 5 (E13C, 3D), ik 4 i i
HAHACHACEZH A T B, (FURIH SXT 22 5 W . feyse i
Sk 2F Y 1 7N HACEZH 2 Ve Jo 40 R /DN e o 441 e FH
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1 TR, {H Caspase-33 ik i SHACELL AN IR 20 22 = 640
12775 L (KI4A ~ 4C) . Caspase-3% & st At iR



1 FKAENN 55 HHINKCC 1/A QP4 I X o3 v J5 i 7K Jirk X B 2 4 493 1 4 161
sgokok
g et £ 50, wws Moees | e .
E ‘_§ 40 b R o8 il _§ 4 pakololiodoboll .5 4 R R
g 80 k=) b Rk K 8 8 3 2
S b =6 = £33
= = 30 = o
b3 L = 2 2 o<
- 2z o 4 U g 5 w2
< 75 E e L L O =]
= © 20 = 23 S "
- 2 S 2 gel 221
£70 & 10 8 olm Ll 20 Gl
© SOSS S S SEST g SOSS
0 VF @ ey @Y @ MY @ oMY
&5 ©
& & o & &
DAPI NKCC1
Control Control .
trol
HACE HACE @
ACE
XH-6003 XH-6003 Q
e
Bumetanide Bumetanide @
@ H-6003

2 XH-6003%HACEX ER &7k B 820
Fig 2 Effect of XH-6003 on cerebral edema in HACE rats

A, Effect of XH-6003 on brain water content in HACE rats (n = 6 per group); B, effect of XH-6003 on the weight loss rate of HACE rats (n = 6 per group); C, XH-

6003 improves the BBB permeability of HACE rats (n = 4 per group); D, qQPCR was used to determine the expression of NKCCI in different groups (n = 6 per group); E,

qPCR was used to determine the expression of AQP4 in different groups (n = 6 per group); F, immunofluorescence assessment of NKCC1 expression; G,

immunofluorescence assessment of AQP4 expression; H, TTC staining schematic diagram of intracerebral hemorrhage in different groups (original magnification x 10).

"P<0.05 " P<0.01," P<0.001," P<0.0001.
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Table 2 Effect of XH-6003 on oxidative stress in HACE rats

Index Control group (n = 6) HACE group (n =6) Bumetanide group (n = 6) XH-6003 group (n = 6)
SOD/(U/mL) 183.3+7.520 124.4+10.752" 112.9+13.230" 131.748.315"
MDA/(mmol/mL) 1.667+0.414 5.888+1.441"" 4.253+0.559" 4.337+1.122°
GSH/(mmol/mL) 22.35+1.519 15.16+1.078"" 6.759+0.306 8.811+0.553
MDA: malondialdehyde; GSH: glutathione; SOD: superoxide dismutase. " P < 0.05," P<0.01, " P<0.001, P <0.0001, vs. control group; * P < 0.0001, vs.
HACE group.
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A, Statistical plot of time and number of times the rats explored the new arm; B, statistical plot of time and number of rats exploring new objects; C, rat open field

exploration trajectory diagram; D, statistical chart of total distance the rats covered in the open field of; E, diagram of forced swimming pattern in rats; F, statistical chart of

the proportion of resting time in rats; G, statistical chart of rat drop time. " P< 0.05, " P<0.01, " P<0.001, " P<0.0001. n = 4 per group.
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