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Abstract

Objective: To investigate the protective effect of grape seed proanthocyanidin extract (GSPE) on
white matter brain injury (PWMI) in preterm mice and the underlying mechanism. Materials and
methods: PWMI model was established by surgical ligation of the right carotid artery in P9-day-old
¢57 mice, which were subsequently exposed to 8% hypoxia and intraperitoneally injected with bac-
terial lipopolysaccharide (LPS). GSPE (20 mg/Kg) was administered orally for 5 consecutive days
immediately after modeling until P14 days of age. The brain injury of mice was observed, and the
survival rate of mice was counted and calculated. Transmission electron microscopy (TEM), West-
ern blot and qPCR were used to evaluate myelin sheath injury. RNA sequencing was performed on
the right cerebral cortex of the three groups of mice (sham operation group, PWMI group, PWMI +
GSPE group), and the differentially expressed genes (DEGs) were analyzed by KEGG enrichment.
gqPCR was used to verify the differentially expressed genes. Results: PWMI mice showed significant
brain damage and poor survival rate. GSPE intervention significantly improved the survival rate of
PWMI mice and alleviated myelin sheath injury. RNA sequencing analysis showed that there were
significant differentially expressed genes among all groups. Compared with the sham group, the dif-
ferentially expressed genes in the PWMI group were enriched in inflammation, ischemia-hypoxia
signaling pathway, sphingolipid signaling pathway, and mitochondrial function-related signaling
pathway. The up-regulated genes were related to sphingolipid synthesis and mitochondrial home-
ostasis and the down-regulated genes were related to apoptosis and inflammation in the GSPE in-
tervention group compared with the PWMI group. Conclusions: GSPE can improve mitochondrial
function in preterm infants with white matter brain damage caused by hypoxic-ischemia and in-
flammation. These findings confirm the potential role of GSPE in myelin protection and suggest that
GSPE may be a potential therapeutic strategy for PWMI.
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1. 5|8

FL= JUBN 5 35345 (preterm white matter injury, PWMI)f 3= 2 4 25955 B 2% 04 740 52 i = 8 Bl 1 o 4 Ak
(periventricular leukomalacia, PVL) I 22 50/ R 3545[ 1] B2 B 8 W ICA IR vE 78, RILSGE PWMI
FRAE i A Ao oA R v R o B . D R A A ZH i (oligodendrocyte precursor cell, OPC)EJK
NI R 48 P AR T # AU G AR QA AE, A5 2 R AEREA AT o RS, /A A G r) OL X
AR S AT P BEAN A 2] SR1TT, OPC Fl1 OL #1345 5 52 B4 M B PE A XS S PEFE R R JR () 2 md, TEAR I,
U755 OPC 43 Ak A 52 45 1) il 5% AR 38 A0 — B2 — A Mk DA e IR (B 2 1) R [ 3]-[ 5] [RIUtk, 0] OPC 24
MFET:, 4EHF OPC biFa e AREM e 1B BRI, WA RAEFMESEFESK T o (hypoxia-inducible
factor o, HIFa) A 45 273 OPC 434k, TiHr:E HIFo BOE NS OPC 404632 FH[6]. P, $2& OPC A
15 Gy 40 35 0h 5 st 2R R D) Re 2 DIAR G

PEE, &R R AL T F(grape seed proanthocyanidin extract, GSPE) FJ #& BT b B T2 3t DNA 1&

DOI: 10.12677/hjbm.2026.162023 215 Y


https://doi.org/10.12677/hjbm.2026.162023
http://creativecommons.org/licenses/by/4.0/

FUeIR 55

(7). ZWUFTERH, GSPE i nf DU i o438 R 5 2 AP akie oA &5 7 sz ma AR [8] [9]. k4, GSPE
BN R AOX 11, A RN E K TF10]-[12]. RRSEIGUESL, f#FH GSPE nJ 4k £F i
PERIE S M 13]. GSPE 0] LAIE it 0428 0 S A% S50 2R PR T BE B i R R B et 4 28 e e A
PHERI14]. WA BIFIERY, GSPE R B35 i MUNE 51k 0 eh 240 P8 T, 0 v Je I 1) 80T ok 28
IR B 25155 S (R A SR S i mT SRR A [ 15] 0 BF FTAIE SR, GSPE R 35 3 i oK SRUFF I P I P S AL B [ 16
ARIH KR FES . TRAY . HRHEEENFERAR, @ PWMI siEa, W5 GSPE Xt
PWMI [FI520 , A6 7 B AH DCB00 1 7R T A S B R At o

2. MN57E
2.1. KK

SPF 2% C57BL/6] /N H T B EER} K22 SLIG sh Wy A O FE B0, /N BH 2B 5 3E 47730 S PE PR R (1E L«
22£2°C, el 12 WERE 12 h, TFHEE 80x). THAFENREPHIMATHEIGIE, L TRETEE
BERE2 258 3P OB e BEAE ML ZE S HE(IR 3 9% 5 2022-N171).

2.2, PWMI AEEISIERSIR R+

60 A SPF 2% C57BL/6J /N, fEHAJEEE 9 RPHMEBENL Y A 3 DLIR (B4 20 H): sham 4.
PWMI 4 PWMI + GSPE 4. PWMI 4/NRE 1% B eI G T AR S LA MR k. 488 kG,
BARETHRER FEZE2EE, 2 5E THEMEB% 02 + 92% No)H 80 min, /g lEHEES 15 uL
LPS (1 mg/kg) [17]. FARHN F AP B AMTBLS MK, MBS EAER K. PWMI+ GSPE 4/
SRAEZE ST PWMI AR5 4 P14 £ H 4T GSPE #EH[18]. 1£ P14 HEUWH U3 T J5 225256 .

2.3. BEZSH

7E P14 HEs /N Sl E AR EACSE J5 B 202 . BB 5 W i 41 2402\ Bouin [ 5E 7 [ 52 24
h, FET 70% BRI 1 K. SERERKGE, ¥ e im0 TR, VIS um P15, 4R
JEHEAT IR AKS - H4L(HE) G (R0 JE FC(Nissh) Gty . A3 FH 2 A0 W0 82 A5 0 Bz o X 3 () 2 25 24 5 28
2.4. EHEE

TE/NRPFIRAAR X B 2~3 HREA 2 2% % 4°CIEE 2 h, 0.1M BERR M EE 3 K 1%KL 2 h,
0.1M FFRZEME S 15 min x 3 IK; FEEHATERE RS BK, A KESIE 15 min x 2 9%, F A4
AL 5 I A e S AR A VR T EIBE 1 hs i 5 B TR 35°C 6h, B2 IR 42°C
I, 60°C 48 h; VI JGE5EE T H 4%EEER A 4L 20 min, MIMEFERASYLED 5 min. TS B4 U EZHE .
2.5.qPCR

I3/ BROK A I iz 5 [X - $EEUS, RNA. ] RNA PCR 55 & (ABclonal), LA 1000 ng RNA %
BRAE 10 uL RPBAR R F A cDNA. GAPDH EAN S . ST FI I 1. PCR P& . 95°CHiAR
P30 sec, BEJGHEAT 40 NMEFF(95C 3 sec, 55°C 30 sec, 72°C 3 sec), /a7 & AR IEM: 95°C 1 min,
55°C 30 sec, 95°C 30 sec. RHH 2724Ct il g 5 R ¥ AH X R 7K

2.6. Western blot

M ERA R Bz R B R, 4 SDS-PAGE HLVK /M B8 J5 M & PVDF . FH& 5%/ IR0k
f) TBST Hf A5, 0 5 %% Olig2 (Abcam, ab109186, 1:5000). NG2 (Abcam, ab129051, 1:2000). S-actin
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(Proteintech, 66009-1-Ig, 1:5000)[]—Hi7E 4°C FIFE LA . BFH 1 x TBST YeiE 3 ¥, &K 5Smin.
%, =R TR IgG (Proteintech, SA00001-2, 1:5000)F1 111 2£#1 /)N R 1gG (Proteintech, SA00001-2,
1:5000) —Hii#H 2h, FH 1 x TBST Pk 3 Ik, K 5 min. B HRA R EERR . FH Image J &
3 2T AT 8 B AT .
Table 1. gPCR primer sequences
% 1. qPCR 5|45

B[R4 8k SI9F5 FEK S

F:TTACAGACCGAGCCAACACC
R:TGGCCCCAGGGATGATCTAA

Olig2 129 bp

NG2 F:GGCTTGTGCTGTTCTCACA 167 b
R:CACAGACTCTGGACAGACGG P

Vatl F:TGACTTCGGCAACCTGAGAC 120 b
R:GCCGTTCCAAACACTGTCAC p

F:CAGCATGGGACAGGACTCTT

Tppl R:TCATGGCACGAAAGGGTCAA 181 bp
Vamog F:CGCCTACCTGGAGAAACCTG 1306
p R:TGCCCACGCTTCTCTTCTTT P
Mvoc F:CAGCAGCGAGGAGGTAACAA 2021
y R:CACTCCATACTTGCCAGCGA p
Abcgl F:GACGCACTGGTGTCTGTGTA 180 bp

R:GGTGACTGGGAAGGACTTGG

Acot F:CAGGACGACCACAACTGGAA 335
R:TGTACCTTTCCCCAACCTCC p

Tnfrsfla F:GGCTCTGCTGATGGGGATAC 361 b
R:CAGGTAGCGTTGGAACTGGT P

Stom F:TCTGACAAACGGCAGTCCAG 220
0 R:CTCCTTGCAAAATGCGACCC P

F:TTGTGACCCCAGGTACAGGA

Pdpn R:TGGCAAGCCATCTCTATTGGG

278 bp

F:TCCTGTTGGTGAAAAGTCCCAG

Mgstl R:-TTATCCTCTGGAATGCGGTCG

221 bp

2.7. BREAFNF

& RNA {8 TRIzol 7 (Invitrogen) M AT B I FEAS HH$R L, 4D BROEIEHIE R Ui B . RNA fy4f
F 052 25 F NanoDrop 2000 43 Y66 THEEER K HRBHL )M E, RNA 52 8MENET Agilent 2100 44
7T (Agilent Technologies)i AT VFAl. BEJ5, i VAHTS Universal V6 RNA-seq 3% fill 2 7l & 44 7
cDNA SCJE . # e H0NF 5 0 B iR 5 AE RS A BR A 7 (R i) 5 R, 22 7 R IA BE DR 2 T 0
Hh(FC)>2 5<0.5 H p<0.05 PIARAER: %558 , HA8 F st # L 8 5 2 R 40 1 RH4s F(KEGG) B E3E AT 0 4T o
3. &R
3.1. PWMI 538 T

N THRFL GSPE Xf PWMI BEAY /N UG 1 i #ia iseme, AEFH P9 HS /NI, 2 5 rRIEH
GSPE (20 mg/kg), sham 2z PWMI BBYZH I IRSE Ak, &S 5 KREE P14 HEM, ARG FEARHAT
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FERS Mooy TR () 1(2)). 38iE HE (& 1(b)AT Nissl Heti(E 1(c))MEZZH] sham 41/ 5AT I v
LR T2, GERITEMT, AW EY . T PWMI 41/ BAS M w20 234 B S AR, #0BRANE, 25
B, ML 240, R K. g5 RR M Bl &7 ORI 7 PWMI BN, R T e 8255,

(a)
SEaE (7S ) R o -
—_— %ﬁﬁmm{aaﬁ»ﬂ—» 8%0,80min- ipLPS (Img/Kg)
i =)

LN

9H U

(b)

sham PWMI

| - -

sham PWMI

Figure 1. Establishment of the PWMI model. (a) Preparation process of the PWMI model;
(b) Observation of the right brain tissue of mice by HE staining; (c) Observation of the right
brain tissue of mice by Nissl staining

& 1.PWMI RBAYE T . (2) PWMI RELHIZITAE; (b) HE RBYE /MR AMMAL;
(c) Nissl B8 /NR A MIAKLAR

3.2. GSPE A PWMI =B/ BRI SA . RSEREE

PR W5 P14 HilS/NERZLZL, sham 41/ BUINZH 215 B TE0 455, PWMI ZH/0N BR A 000 K g 9 S22 A
H LR T AR A, 973 k37 M 20 2R84, T 7E GSPE T 1 » /0> B304 (0 oG L 20095 K AR AR 4 /N, i ik 8 PWMIT
IR 2)o 5 PO HES /N RIS G IE LS 6 R(PO~P1AFEITH(F 2). PWMI 4L/ F AR5 /775 K5
i, Mgt = Bk 4 H# A SET-/NR, GSPE TR 7230 A B Th, SET/ N AR .

sham PWMI PWMI+GSPE

Figure 2. GSPE can alleviate brain injury in PWMI model
mice
2. GSPE RI/i42 PWMI &2/ FR B 45
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Table 2. Statistics of survival rates of three groups of mice over 6 consecutive days (P9~P14)

2. ZHHNRIEL 6 X(PO~PIHEFEFERG

Day 1 (P9) Day 2 (P10) Day 3 (P11) Day 4 (P12) Day 5 (P13) Day 6 (P14)

sham 100% 95.38% 95.38% 90.27% 90.27% 86.73%
PWMI 68.42% 63.16% 58.95% 55.79% 54.74% 48.30%
PWMI + GSPE 95.79% 94.32% 89.60% 89.60% 86.22% 84.53%

3.3. GSPE @5 PWMI =8/ & il $st5ids, {2t OPC 18%E

it PR Tt GSPE Xt PWMI A8/ G HESH s, BN BUBFAIRAAR X AT 1B 5 L Be 8%, (A8
T sham ZH/NRBFAMIA X BESE 5, BERZ, S5~ ] WUBEHIRZ 5 )F HARS BRI, BE8H A ] I
LRI S B AT T . PWMI ZH/) BRODFAC A4 X BERH 3D, FLRESHARZ SZHUBOMI VA R, RESH A R
DLSERB A BT . GSPE 15 /N U BER S U B 0GE, BEMIUZ S MIS)E, AN, RIZHEsE
TIE%H, TEWeEE, B AN Lobi i g5 F se BEEMT (X 3(a), 14 3(b))e qPCR 5 EIR, =4/NRINALZ F
DI 4 A bR EN) Olig2 Rk TR 2 57 3(c)), 1M OPC br&#) NG2 RILEHA B B8 L. PWMI 41 NG2
HREH R IRAK, W4 GSPE T-HUG & & Fm( 3(d). WB 4551 E/R, PWMI 41/Mi Olig2 RikfH i,
i GSPE T-¥iJa 4 T Fi%. NG2 MIFEIE#HE qPCR 45 FAH—F(& 3(e)~()). PLELERFW], GSPE Al
IR PWMI AL/ BRS8N 45493, f2312F OPC (3G H .

3.4. AR GSPE X PWMI =R/ R EES 89 1R I

AR AR [A] P 22 S AR BE DR () BEAA A A 1 DA Kl B R (] 4(a)), For AR e R 2 2 1 2 e ) ik
B, 2oty v B, ey R EM TR, BiRCA log2FoldChange, A Hli74-logl0g-value. Fi
FH BRI J n JE R 0 A5 i S AR e 3 . PWMI 415 sham 2 EL(FE 4(b1)), B BEMEZ R ARKN O 58
B B LR Gm2446, 25 I8 FACIEH Sirpble, 5 TNF-a S JIAHC ) MMP3, 2 5IR3EHER TR
Fermtl, 7E#$ME N 53K IE Saa3. Itgax Ml Bel2alb, i8] PWMI AAY /)N BB SR A BE R 105, #0105 10

(@

(b)
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Figure 3. GSPE alleviates myelin damage in the brains of PWMI model mice and promotes OPC proliferation. (a), (b) Trans-
mission electron microscopy was used to observe myelin morphology in the three groups of mice; (c), (d) gPCR was performed
to detect the expression of Olig2 and NG2 genes in the right cerebral cortex of the three groups of mice; (e)~(g) Western Blot
was used to detect the expression of Olig2 and NG2 proteins in the right cerebral cortex of the three groups of mice. All data
are presented as mean = SD (n =5), *p <0.05, **p <0.01, ***p <0.001

[# 3. GSPE #% PWMI 8/ \FANSEESIRMS, 1R OPC 5. (a), (b) ESTHRBME = H/PEIBEEE; (), (d)
qPCR #&M =40/NER A MIBXK R R Olig2. NG2 EFERIFRIE; (e)~(g) Western Blot #i =28 /)\i& 4 MK & R+ Olig2.
NG2 EAMFRIE. FTEBIERM mean £ SD (n=5), *p <0.05,**p <0.01 ,***p <0.001

RAES 5 0E IR SRR TR AR 9% . & GSPE 105 , PWMI + GSPE 415 PWMI ZHAH EL (] 4(b2)),
22 R FRIRIE RS SHER A A SSH Orm2 A1 Fam205a3, A %IRRT BERERS Runx3, 2502k
Ay ZE-Fh A () Len2. DAL SR 0K H B, 35 M 22 SR 52 GSPE fF Tl o R A= R PEF, JF HLonT ek
# PWMI B 8L/IN BRI Y R REAR T B2 400 AR = 4 35 M BhIE AT 20 103@ % R KEGG & 40T Top20 <
K. PWMI 45 sham ZLAHLE(E 4(c1)) S PWMI+ GSPE 45 PWMI 4LAH Lt 5 Sl B - E 4 vh b5 AR
KIFWEAR; 518 4 REM SSH) NF-kappa B {5 5l #; B0 7 KEMLIETHRR . T4 GSPE T
Ja. 5 PWMI ZHAHEL(E] 4(c2)), 7R B8 1) 3 B Sl Bg th 5 Ak . RIEAHSC TNF 15 S8 8. X
R B VIR . KEGG & 4RIEERTE Level2 (/KFFALE Cell growth and death (414 KHIBETS).
Transcription (753%). Development (44 % &)H Amino acid metabolism (Z &R EE 44 4328 FiA
ZERRIBIE N T 2 R R IEFE N AT 7 (] 4(d1)). PWMI A5 sham 4UMI LTRSS 5% S 07 H
AREF LB, QREERNEG ORI SREHIRE 5@ . BN mTOR 155K,
M EAA N HIF-1 5 5@ S5 RET-RKIER TNF 5 5@ LL Wt (55805 . PWMI +
GSPE 415 PWMI AHAHLL(E 4(d2)), 2R RAFH 2 E LRGBS FIFEE P ERER A . B WgAE S,
YHMAT 5 TR JORE LA K Wint {5 5 3B 8% . DL 25 SRAIE Sk i SR A LA S 1) PWMI BRI R OK 2B B
W5, JF HRW PWMI AN RZBRAR T RES2 40 I MERRAS . [RIFHBIESE GSPE o3 PWMI 5L/ ]
BESHH 5 A2 Rk Th R 2 40 I AR .
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KEGG Pathway Classification KEGG Pathway Classification
(PWMI-vs-sham) (PWMIG_SPE-vs-PWMI)
a1 &

(d1) (d2)

Figure 4. Transcriptomic investigation of the protective mechanism of GSPE on myelin in PWMI model mice. (a) Volcano
plot of differentially expressed gene distribution in three groups of samples. (b) Cluster analysis of differentially expressed
genes. PWMI group vs sham group; PWMI + GSPE group vs PWMI group. (¢) KEGG enrichment analysis of differentially
expressed genes. PWMI group vs sham group; PWMI + GSPE group vs PWMI group. (d) Comparative bar chart of KEGG
level 2 distribution of differentially expressed genes. PWMI group vs sham group, PWMI + GSPE group vs PWMI group
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Figure 5. qPCR verification of transcriptome sequencing results

B 5. QPCR JiFsE R4 S ML R
4. g

NERBIE IR B IR S AR, M R Gk R, (W 5e k. ABTSCT, R P9 [
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