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Formononetin alleviates neuronal ferroptosis in cerebral ischemia—
reperfusion injury by modulating ACSL4/LPCAT3/GPX4 expression
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(Abstract] Objective To investigate whether formononetin exerts neuroprotective effects in cerebral ischemia-reperfusion
injury (CIRI) by regulating the ACSLA/LPCAT3/GPX4 signaling axis to inhibit neuronal ferroptosis. Methods The modified suture
method was used to establish a rat model of middle cerebral artery occlusion/reperfusion (MCAO/R). A sham operation group, a
model group, low—, medium—, and high—dose formononetin (FMN) groups, and an edaravone control group were set up. Neurological
function was assessed using the modified neurological severity score (mNSS). Histopathological changes in brain tissue were evaluated
by HE, Nissl, and silver staining. Neuronal apoptosis was detected by TUNEL staining. The levels of Fe?, MDA, LPO, GSH/GSSG,
and ROS were simultaneously measured to assess ferroptosis, while Western blot, flow cytometry, and immunofluorescence were
used to detect the expression of key ferroptosis-related proteins. Results Compared with the model group, formononetin significantly
improved the neurological deficits and histopathological changes in rats, reduced the proportion of apoptotic cells and ferroptosis—

related indicators (Fe*, MDA, LPO, ROS), and increased antioxidant level (GSH/GSSG) (P<0.05, P<0.01). flow cytometry results showed
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that formononetin significantly reduced the expression ratio of ACSIA/LPCAT3 double—positive cells (P<0.01); immunofluorescence
results showed that formononetin reduced the expression levels of ACSI4 and LPCAT3 in brain tissue (P<005, P<001). Conclusion

Formononetin can inhibit ferroptosis by regulating the expression of ACSLA/LPCAT3/GPX4, alleviate nerve injury caused by CIRI,

and provide theoretical support for its application in the adjuvant treatment of ischemic stroke.
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Figl HE staining results showing the improvement of pathological damage in brain tissue of MCAOR

rats by formononetin
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K ULJRT AR, 0 A% 34 St e AR AR AR D) s R
AR TUNEL FAPEZ L (P<0.01) . SHECAIZ L

BRI

SR, RS
5l

TR IR

WGRHI 2R

2 ERIEEX MCAOR KRRARHZTHEIPER(JEKYM)

Fig.2 Protective effects of formononetin on neurons in brain tissue of MCAO/R rats (Nissl staining)
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Fig.3 Effects of formononetin on nerve fiber damage in brain tissue of MCAO/R rats (silver staining)
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F2 BAKRRREFTS BR/NMEEHBRIRE
HEFRELEE (45 ,n=5)
Table 2 Pathological scores, number of Nissl bodies, and

silver—stained area ratio in each group of rats (xxs, n=5)

Gl IRERAETPA/53 TR R/IMEE B ARYLTEFR /%
BFARA 0.0020.00 81.807.28 28.31x2.44
FEAIZH 3.60£0.55%%  49.80+9.53%* 2.5620.247%%
W R R EY] 3.00+0.82¢ 59.40+4.72% 8.5020.52%
R E PRI 240£055%  63.60+8.26% 9.90+1.28%
PR R 2.000.71%  65.0021.58%  16.46x2.12%
Rk RIZE4 1.67+0.52%  72.40£7.23%  23.49+1.21%

1 SR TR L, *#P<0.01 ; SHFIZ 1L, #*P<0.05,#P<0.01

B TR AE R &R 20 B4 e A &8> TUNEL FH
i, Horh s R R RO R 2, H S A i
HPEIT(P<0.01), TEWLIE 4 3,
2.4 EREERET CIRI KREALKIETHEXIEHR
SBF AR, BRI K RN L Feifk
£ MDA K LPO 7Kl 275 (P<001),, 1fii GSH/GSSG
FOE BT [ (P<0.01) , 2EARAE R T1S , 25 70 f 20
PR OR [F) B8 B R AIK Fe?* MDA J2 LPO 7K F, 4255
GSH/GSSG HAH (P<0.05,P<0.01) , H: v i 7] 41 7E
FEAI Fe* MDA \LPO 7K°F K425 GSH/GSSG U fH J5
TR fe A, ST A F 22 5 B 3 (P<0.01)  TEDL
4,
2.5 TERTEERER CIRI KRRKEALR ROS FRE
SEFARLAM AL KRN Z1H ROS F
o e B i 2 T (P<0.01) , TR R T 1A , %%
FlE 2l ROS KW i T B, to i AR 3R I o

& #3 3*«‘ ‘ - i
SN

TERRIER A

3 BEKR TUNEL MBELEBI (%, x+s,n=5)
Table 3 TUNEL cell proportion of rats in each group

(%, xts, n=5)

4l TUNEL PR L 41
BFARA 2.43+0.81
HERIZH 45.86+3.94%%
TR R T 2 38.67+3.29%
PARAEZ Tl 28.24+2.79%
TARAE R w2 18.8322.17%
WA FIZRA 15.61x1.84%

o

TERRIER

. . e

S5 EFARG A, #4P<0.01 ; AL b3, *P<0.05,#P<0.01,

AL 2R RS R 3R R R A, 3 IR TR
ZH(P<0.01), BHM:XTHRAAKIEFIZ2 IR 2 & R AR ROS
FIRKF-(P<0.01) , HEEMRAE R i e, TR0
K535,

2.6 TERHLZFEE ACSLA/LPCAT3 (S S@BHIRIE

SRFARAAL AL 2141 ACSLA/LPCAT3
XUFFPEZR M He A9 .25 T (P<0.01) , PEARAEZR T3
&, AR R i AR R T SRR R
TR ZH A R R K AF-34) i 2 I TR AU A (P<0.01)
IR T Z2 L IRFRAR 2 52.30%20.16% , SR AE & 755
R, FEILEe6 36,

R TFARHPACSLA 5 LPCAT3 FiEHE 5 5%
ARSI o345 ST ARAM L BARYZ ik
ZHZUR ACSLA 1 LPCAT3 ik /K 15 | 54
558 B B {2 T 5 (P<0.01) , 278 MCAO/R 1 i 404K
oA F LR SRR R T 1S , & R
TR, WAL R A R4 ACSLA LPCAT3 2G50

#H

4 TUNEL #fs R & EXREALMBTIER

Fig.4

TUNEL staining showing neuronal apoptosis in brain tissues of rats in each group
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x4 BAKXKBRARDPHKFETHXIERIEE (325,n=5)

Table 4 Ferroptosis—related indicators in brain tissues of rats in each group (xts, n=5)

Waxai) Fe?/(pmol -g™) MDA/(nmol *mg™ prot) LPO/(nmol *mg™" prot) GSH/GSSG
BFARH 0.29+0.02 56.42+4.56 1.62+0.12 8.62+0.49
BRI 0.55+0.04%% 109.23+7.05%* 3.49+0.21 % 3.080.47%+
TERAE R AR 0.46+0.02* 99.23+3.27* 3.15+0.14% 4.35+0.32%
TARAEZR T a2 0.45+0.01% 83.51+5.52% 2.62+0.21% 6.07+0.85%
TARAE R R a2 0.33+0.01* 65.66+4.39% 2.22+0.24* 6.830.17%
Rk Pz 0.31+0.02% 59.29+2.59% 1.99+0.13* 7.95+0.50*

T SIRFARAE, #+P<0.01; 5L H A, P<0.05,#P<0.01

£S5 BHERBEALF ROS RIEKTFLE (vas,n=5)
Table 5 ROS expression levels in brain tissues of

rats in each group (x+s, n=5)

Gl ROS P35 63 B
BFARH 18.59+1.62
HERIZH 82.4+7.91%+
AR AR 20 67.06+3.64%
PR 2 48.37+7.34%
AL R R 4 30.97+2.78%
IRIEPLAE A 27.8622.65"

. SRFEARE R, #+P<0.01; SHLEIZH AL, #P<0.01,

Ji 4 B AR TR (P<0.01 5 P<0.05) . #HikHiiZs
2 ACSL4 I LPCAT3 %608 B 5 1A 48 2 & 7 i
HART, TEILE 7 3K 6,
27 ERMEERRESGETHXEANRIE
SRFARAAM L, BRI ACSL4 LPCAT3 Fl
ALOX15 8 H 2k 8 3% [ 1# (P<0.01), 1l GPX4 3
Ik N (P<0.01) , SR BRALT il BRI . 2o
Wit Z TS , ACSLA LPCAT3 Fil ALOX15 2535 T

(P<0.01),GPX4 FKIA/KF FIH(P<0.01), TEWAE S,
3 e

CIRI AE Ay fife i ik 4% h 3G o7 o AS T s 4 1) 4
RV AR 2 S BUE P & D) Re RSB AL RN
PR 32 BR A S DRI e i A A e o A 2
Hi 80% LA I+, HA S 1 AR Esk % Bk 70% , &
KRBT 25%57 A B LA BEA R LR
R S AR 2 1) 1 A8 P IR Y7 7 SR I B i — e 1R
FH L ARLRE 00 S0 R R AR AE SR S 0 5 20 R 1
FET WS BT 80 R A AR A Raa hi, i
Ak HAET AR — P R e g s T =, A
HAE CIRI Hh Ak AR 28T 03 1) B E T, 38
W I 2 AR X A PR P, A CIRT A4, 4l Py
BRAAfar s T 55, GPX4 KA N E g ROS K
B UMFEIRShARFET 1L A, SRk R A 2 A7 )
Sz —mo,
AWEFE L MCAO/R S # B AL JE il , AT R
s A AL FOKE RGO T A

h -----

- -----

" - -- - -

fEFAL e

TEHRTE R R

LR EL TR R k4l

5 THIERIT MCAO/R KFRAEHALR ROS IR (x63)
Fig.5 Effects of formononetin on ROS fluorescence in brain tissue of MCAO/R rats (x63)
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Fig.6 The co—expression of ACSI4 and LPCAT3 in rat brain tissues by flow cytometry
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Fig.7 Expression of ACSIA4/LPCAT3 in rat brain tissues by immunofluorescence staining (x63)

R6 KRINALF ACSL4 #1 LPCAT3 EMLEERIE
(x+s,n=5)

Table 6 Localization and quantitative expressions of

ACSI4 and LPCAT3 in rat brain tissues (xts, n=5)

Wil ACSLA+LPCAT3/% ACSL4 38 LPCAT3 #JE
BFARA 39.94+0.24 1534+1.12  22.68+1.39
FEAIZH 63.90+0.27%%  48.71+2.65%% 66.43+3.18%*
TR YA 60.72+£0.32% 42.05£2.01%  60.27£2.74*
TERRER R EA 56.3620.27* 36.86+2.23%  52.74+2.61%
EWER R 53.24x0.29% 27.58+1.74% 38.65+1.97%

fRIRPIA=2H 52.30+0.16% 24.97+1.39%  35.48+2.08"

T SR TARLLLEL, #+P<0.01; SHAIA HLEL, #P<0.01,

R LR CIRL A sl 029 7E FH o mNSS 343 i
AN, TSR AR R AT IR Ol B S T R R, U HTE
RIGH 3 KA 7 RIFRee:, HBlFas R it —3
RS FLOR AP 800 - 8 70 AW AR 2K ]t 2 D
A TCHEI AL e /M TR B 2 4 i Y
AL TR, $n AR NS E
(¥ 7). TUNEL Jetaift—20 3R] 1AL 2R ] A AL
il CIRT Ry ol 2o IR T, R B R4 Hi2n
JRAETZRE ST, L rh s 0 i RAOR e B 1 2 Wy s it
75, WA PARAE R W EREK Fe? Yk EE MDA 5 LPO
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Fig.8 Expressions of ferroptosis—related proteins in rat brain tissues by Western blot
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B PR R A BUA T PrE ) 2 E 2R
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R AR Pl T RRAC T HERE T8 i s A A 5
ACSLA R AT 30 e 1 375 ) i aed S At 1 2l
AN INRER, LA WIFSE R PEANAE 2R ] T e
Nrf2/ 1M 2138 4805 ik — 1 3 946 22 Ak S A I JRORT 2 b 4
T RE R A2 AT kAR AT T3 BRI
AR T HAEIALE], B R G R UEH X ACSLA/
LPCAT3/ALOX15/GPX4 Hli i) 8 #2007 . AWH584h
REFFENER R Rt A Ul T rvker:, H
A R IE T A% O R R — R R IR

FEPERIR SRR RS T e 2 R e 24 .
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