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Effects of acupuncture on the expression of ferroptosis—related factors in
the ischemic penumbra of rats with cerebral ischemia-reperfusion
injury at different time points
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(Abstract] Objective To explore the mechanism of action of acupuncture in ameliorating neural cell damage in rats with
cerebral ischemia—reperfusion injury (CIRI) by observing the effect of acupuncture on the expression of ferroptosis-related factors in

the ischemic penumbra of rats with CIRI at different time points. Methods A total of 168 male SD rats were randomly divided into
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a sham—operated group (n=42) and a modeling group (=126) using random number tables. The modified Longa suture—occlusion
method was used to establish middle cerebral artery occlusion/reperfusion (MCAO/R) models in the modeling group. After successful
modeling, the modeling group was further randomly divided into a model group, a deferiprone (DFP) group, and an acupuncture
group, with 42 rats in each group. Subsequently, each of these groups was randomly subdivided into 24 h, 48 h, and 72 h
subgroups based on tissue collection time points, with 14 rats in each subgroup. Rats in the acupuncture group were immobilized
and received acupuncture at the "Dazhui (GV14)," "Baihui (GV20)," and "Shuigou (GV26)" acupoints, with acupuncture needles left
in place for 30 minutes each time. Rats of the DFP group were administered intragastric administration of DFP solution (0.125 gkg),
while rats of the remaining groups received an equivalent volume of 0.9% sodium chloride solution via intragastric administration.
All groups were intervened every 12 hours, with the 24 h subgroup receiving three interventions, the 48 h subgroup receiving five
interventions, and the 72 h subgroup receiving seven interventions. Neurological function status was assessed using the modified
neurological severity score (mNSS) before and after intervention. 2,3,5-Triphenyltetrazolium chloride (T'TC) staining was performed to
observe and calculate the brain infarction volume ratio. Transmission electron microscopy was used to examine the mitochondrial
ultrastructure in the ischemic penumbra of the brain tissue. Prussian blue staining was employed to observe the level of iron
deposition in the brain tissue. The Fe?* content in the ischemic penumbra of the brain tissue was measured by colorimetry.
Enzyme-linked immunosorbent assay (ELISA) was used to determine the content of reactive oxygen species (ROS) and glutathione
peroxidase 4 (GPX4) in the ischemic penumbra of the brain tissue. The thiobarbituric acid (TBA) method and microplate assay were
utilized to measure malondialdehyde (MDA) and glutathione (GSH) content in the ischemic penumbra of the brain tissue. Results
Compared with the sham—operated group, rats in the model group at all time points exhibited significantly elevated mNSS
neurological function scores (P<0.01), along with a markedly increased brain infarction volume ratio (P<0.01). Mitochondria in the
model group showed varying degrees of edema and degeneration at all time points, with typical ferroptosis features and significantly
increased iron deposition observed at 72 hours. The contents of Fe**, ROS, and MDA in the ischemic penumbra significantly
increased (P<0.01), while GPX4 and GSH contents significantly decreased (P<0.01). Compared with the model group, rats in the
intervention groups at all time points showed significantly lower mNSS neurological function scores (P<0.01), along with a markedly
reduced brain infarction volume ratio (P<0.01). Ferroptosis—associated mitochondrial alterations were alleviated over time. The level of
iron deposition significantly reduced. The content of Fe?*, ROS, and MDA in the ischemic penumbra decreased (P<0.05, P<001),
while GPX4 and GSH content increased (P<0.05, P<0.01). Compared with the DFP group, the acupuncture group showed lower ROS
content after 24 and 48 hours of intervention (P<0.05, P<0.01), higher GPX4 content after 72 hours, and higher MDA content after
24 hours (P<0.05). Conclusion Acupuncture exerts neuroprotective effects in rats with CIRL The mechanism may be related to
regulating ferroptosis—related factors in the ischemic penumbra, inhibiting oxidative stress damage, and improving neuronal ferroptosis,
with dynamic changes over time.
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0.01) ;115 DFP ZLAH Lt , £ e [ 5504+ s 28 %) oG A58 E
TR 22 I RG24 L (P>0.05) . 5 24 h 414
Fb ,48 h 72 h £ 4 i B A AR R EL 2
(P<0.01) ,DFP ZH 4+ 5] 2E fii B0 ST AR Ltk 2 FAAIK
(P<0.01) ;5 48 h ZHAIEL, 72 h 4R 2 i B 4644
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Fig.1 Comparison of mNSS neurological function scores

P

among different groups of rats [M(Q), n=14, points|
T ST AL, #4P<0.01; SEUAMIEE, *P<0.01; 5 T 1l
BIAALE, “P<0.01; 5 TTUS 24 h AL, 2P<0.05,44P<0.01,

BFEAA TR DFPA g

48h#H

72h

5 mm S mm

2 HBAAFRRWERE TTC £EE (HAFIR=5 mm)
Fig.2 TTC staining of cerebral infarction in different

groups of rats (scale=5 mm)

2.3 HBAKRMA LR BT X &R B RN
A5 I T] SR T AR SRR AR 54 ZHOE

Table 1 Comparison of cerebral infarction volume

ratio among different groups of rats (x+s, n=6, %)

205 24 h#f 48 h 4 72 h#f
BFARA 0 0 0
HERIZH 23.30£1.05%%  26.92+1.43%%50 3] 17£].63#00A4
DFP 41 20.42+1.46" 17.92:1.43#44 13.33£1.21 %4044
LW | 19.17+1.69% 16.58+2.80%4% 13.08+1.43%2044

0 SERFARLAMIL,**P<0.01; SHEAILIAA L, #P<0.01; 5 24 h
HAHI, 22P<0.01; 5 48 h ZHAHIL, 44P<0.01,

PSR DL I8 | IS 25 KA A DLV ik 24 h 1A
RUZH LA (A BE K AR 1 | SRR AT 24 Ik 464 %2
BT 548 h A BEAY 2 S i e BEOK AR M | A1 g
TR AT W U 25 0 2 B A, A1 I ik S /N R
AR 72 h AR R ZH S 1A K AR | A1
WIS IS SE VR, RS WAL AR Y | ok ik
B D . 44NN E] 5 DFP 4148 b A2 5 7K fih g
P SMIFAR WL, IS5 FFR AR BV A . 24 h A4
NSRS T v 78 3 (i S | SR A e RS
48 h.72 h 41T R 2R AR B K AR | AR BRER
LI USSR A R R . TEULIEL 3,
24 FHHAEKXBRALGMDFERETX FOSELHE
25 B i) AR T A 2 A BRI, > B 7 S B B
Fe TR AN U I 5 #5 B[] AR 20 K BR e T AR %
B IG5 4% I 1E] A DFP 41 K2 B4 R B Fe2 T

Fig.3 Transmission electron microscopy images of mitochondria in the ischemic penumbra of the brain

tissue among different groups of rats (scale=1 pm)
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Fig.4 Prussian blue staining of the ischemic penumbra of the brain tissue in different

groups of rats (scale=100 pm)
TE 2L EHET R 0 B T ORI 4

U 0 b . ST ARE A L, £ I A] g5
4 Fe* 3 W 3 T (P<0.01) ; SERIZHAR LY, 255
1] 145 DFP LA L Fe & i i 3 F % (P<0.01).,
524 h AL ,48 h 72 h HEIRIZH DFP 40 M4t
I Fer & 4 2 FRE(P<0.01); 5 48 h ZHAHIL,
72 h HEHFe & 22 TG 7 L (P>0.05)
T 2 8 4,

*2 BHEXNRMALRIFES FOFERER
(x£s ,n=6, pmol/g)

Table 2 Comparison of Fe* content in the
penumbra ischemic of the brain tissue among
different groups of rats (x+s, n=6, pwmol/g)

25 24 h#l 48 h i 72 h4
BFARA 6.9620.19 7.6520.92 6.6120.06
HETIZH 15.1320.44%%  [1.1520.72%%58  10.43£0.38%*4%

DFP 4 11.04£0.63% 8.42+0.58%44 7.64+0.85%44
il 11.30+£0.65% 7.67£0.76%44 7.84+0.41%44

W SRTARAM, *P<0.01; S A, #P<0.01; 5 24 h
LA, 24P<0.01,

25 FBEXRMALEMFERGTEX ROS St

SBRFARLAML, £ 85 RLGRIZ] ROS F i
T (P<0.01) ; SRR LA LL , 4% B[] 45 DFP
ZHFNETHIZL ROS & &3 8 R (P<0.01) ; 55 DFP
UAH L, 24 h 48 h 41541 ROS & & FEAIK (P<

0.05,P<0.01), 524 h 44,48 h 72 h ZHBiH
ZHF1 DFP 2 ROS &+ (P<0.05,P<0.01),72 h
ZHEFHIZH ROS & & TR (P<0.01); 5 48 h 4
FEE, 72 h A4THHIZH ROS & & THi (P<0.01)
TR 3,
*3 BAKRBEALARMERE ROS SRR
(%+s,n=6,ng/mL)
Table 3 Comparison of ROS content in the ischemic

penumbra of the brain tissue among different groups of

rats (x+s, n=6, ng/mlL)

20 5] 24 h# 48 h#l 72 h#
BRFARH  67.75£10.83 59.35+6.96 67.08+8.81
FHIZE 115.99+8.85%%  131.94x14.21%%>  138.92+14.00%*44

DFP4]l  91.34+13.13%  107.89+8.21%~ 109.93+8.99#44
EFRIIZL 77.22+14.23%  87.34x13.01%°°  108.82+7.50%40A4
0 SR FARAM L, *+P<0.01; 5 EIRIZH AH L, #P<0.01; 5 DFP
A, °P<0.05,°°P<0.01; 5 24 h 1AL, 2P<0.05, 22P<0.01; 5
48 h 4{#tL, 44P<0.01,

26 FAKXRBALAGRMFFEFX CPX4 S2LLE

SEBRFARAMLIL, £ 0] E SR A GPX4 & a5t
110 AR (P<0.01) s SIEAIZH AR LL | £ 15 [H] 55 DFP
HAEF I GPX4 % 5 ¥ F+ 85 (P<0.05, P<0.01) ;
5 DFP A, 72 h HEFRIZH GPX4 & T (P<
0.05), 524 h#HAHI,48 h.72 h HEKIZH GPX4
EE R (P<0.05,P<0.01),72 h 41 DFP 4H GPX4
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P W RER(P<0.01) ;5 48 h 4IAMHIL,72 h 4
DFP 4] GPX4 & & [ %K (P<0.01),, FEILEE 4,

*4 BHEKXRMEALGRMEET CPX4 FELLE
(x+s ,n=6,pg/mL)
Table 4 Comparison of GPX4 content in the ischemic
penumbra of the brain tissue among different groups of

rats (xxs, n=6, pg/ml)

251 24 h 4l 48 h 4 72 h4l
RFAL 572.39+28.55  525.67+35.13 540.25+45.13
UL 341.97+68.45%% 271.03+39.39%%%  216.97+70.39%*4%
DFP 4]  427.63+63.64* 386.09+68.61%  296.18+55.10%2244
EHHI4] 438.55+54.82%  434.33+53.87% 384.86+63.13%°

S IFEARAAMLL, #+P<0.01; SHERAAH L, *P<0.05,%P<0.01; 5
DFP 4 AH L, °P<0.05;5 24 h 41HH 1L, 2P<0.05,44P<0.01;55 48 h
ZHAH I, 44P<0.01 ,

27 FBAKXKBMARLBMFERETX MDA SELbE

SBFARAAA L, £ B ] S BRI ZH MDA %
B0 T (P<0.01) s SHEAIZHAR L , & 15 [H] 55 DFP
HAEIIZE MDA 7 35 35 FEIK (P<0.01) ; 5 DFP
HAHLE , 24 h 45T HIZH MDA &8 715 (P<0.05) . 5
24 h M ,48 h 72 hZHBERIZH DFP 2 K2 T i 2
MDA & &8 %K (P<0.05,P<0.01); 5 48 h 414
Fb,72 h 41 DFP 41 MDA & & i &R (P<0.01) 1
WS,

x5 BEKRFRHEHARRMFET MDA 2K
(%%s ,n=6,nmol/mg)
Table 5 Comparison of MDA content in the ischemic
penumbra of the brain tissue among different groups of

rats (xxs, n=6, nmol/mg)

2031 24 h# 48 h# 72 h#
BFARA 1.78+0.19 1.77+0.08 1.64+0.18
HiAIZH 3.0920.41% 2.44£0.14%5%25 D D440.2]%500
DFP 41 2.22+0.22% 1.94+0.28%~ 1.57£0.11#2444
LW | 2.53+0.31% 2.01£0.16%44 1.8120.13#4%

I SEFPARAM L, #+P<0.01; SERIZIMI ., #P<0.01; 5 DFP 41
M ,°P<0.05; 524 h 4, 2P<0.05,24P<0.01; 5 48 h 414
ke, 44P<0.01,

2.8 FBAKXRMARBRMFEREFRX GSH FELEK

EBF ARG, £ (8] S B GSH & 1Y
B2 BRI (P<0.01) ; S AR L AR Eb | 45 5[] 45 DFP
A4 GSH & /¥ T (P<0.05,P<0.01), 5
24 h AL, 72 h AL GSH & g E T i (P<
0.01),48 h.72 h 41 DFP 41 GSH & [4(% (P<0.05,

P<001);55 48 h 41104E,72 h 41 DFP 41 GSH & 77}
B (P<0.05), TEWF 6,

&® o6 BAKXRMARGRMFET CSH FEILR
(xxs ,n=6, pmol/g)
Table 6 Comparison of GSH content in the ischemic
penumbra of the brain tissue among different groups of

rats (¥xs, n=6, pwmol/g)

2151 24 h#H 48 h 41 72 h 4
BFRG  33.32+3.34 33.30+2.45 31.8622.61
FEAYLH 18.07+1.83%%  20.13+2.31%* 22.90+1.74%#58
DFP #H 29.28+2.80% 234582375 26.36+2.11%4
k| 28.50+2.80% 25.88+1.97# 27.90+2.24%

1 SIRFARAME, #+P<0.01; S A L, *P<0.05,#P<0.01;
524 h 1AM, 2P<0.05,22P<0.01; 55 48 h ZHAH L, 4P<0.05,

3 e
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B I T e R A AR B 3 ) B AR, T
GPX4 2 —Fh 8 ZE M BT A AL , 76 0 2R e T2 72
R SCHER , KR EDIREE ARTF GSH & 5 |
GPX4 Bef%FI H GSH #4A5 S5t iak Ak Wi Ji Ay 4 )3
OB X — ik B AT R T 40 B R B R A
Yy, TR AR FE T 10 & AEPY, ZHANG 25205 31
MCAO/R J& o B2 3 B0 7™ & 1 fii 453 493 1 b 22 1) g
BB, FLAEA BRIET (1 B FRAE 04 Fe2 S AR
2,ROS MDA 5 fig Jit it A Ak W 8 m , UL e b Ak
fitt GSH ,GPX4 MY/K PR, ASLIEE R TR Al
ZH A FRUIBTZH 2 S B AR [ e [ 32 T hn E A A st T
REAE , SRR 03 AN W Ak R R 2 A
H ROS MDA &2 [ Ft, GSH & GPX4 /K
2 AR, 5 BRI R 45—

LTI CAESE BRI R T HA A 4
PRI LD 2B E KR MCAO/R ASERS % B
Bt 38 2o T SRR B, 3 R GPX4 GSH K-, /b
MDA % Fe* &R, SCUERIE T I il 5 il 2 2L 1)
PP, AIEIE 25 S TRUE I, 13367 5 AL BEA %L
BiE =2 AL ST IR TR R T /ST A AT 2 7
M=E R Fe ROS FIl MDA Y& E, 8] 4L
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P FRRSE T ROS A 98 i o i AR e AR
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MDA FE TS, BLAh, FEH AL R R 2L 5

JE s AL BT RAI S R A R BL PR R S
il 24 h J5 GSH & i AE Ja e ]S R FFFRE | 3R
EFfI AT REAE- I RIS SRt b S AL AR HLE] , i
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DL Rt . TEOCSRAY I 513 72 h JS
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