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HE: AFFEEET SD K RIS KERFEIRMBERL, 454 scRNA-seq BiA EWE B H 0 fiik N 4k
FHOCSLEG, RNARS 1 MU 4507 ) 726 P9 R 26 (R Al B2 280 L VSMCs SR BVREAL R L 5B TR R,
BE— PR FURBE R K 7 SP1 RN BRI T2 5 Ak N IR R /R R AL .

Jiik: (1) MEKRISIKERFERGHR, HE PO M EREREE, SRS Pk, |
I (MDA HEEDUEABH K (GSH) FeEiEA 1404 M 2R H 85+ MDA L GSH
K. (2) HET GEO 4 FE A Ferr db V2 B 40 R 8 HEFE T B LR SP1; 4 di
HRBRAIE SP1 EFTAE N IR FRIL . (3) I BN RNA MIFF AR (seRNA-seq) R IILE 117 )5
FERRFE MR, B f5 VSMCs (140 B 5 5 1 K& 4l i & & sk g . 46
scRNA-seq R I VSMCs FIERIET P45y, (4) A Erastin 553 VSMCs K AT )5,
Rl VSMCs R RUEEAL A S FRIC ARSI A2 BE 1 . (5) AP S2ié -7 SP1 (314 )= , /8 ] DCFH-DA
POCERER A EINA L GSH & &l MDA & &K T VSMCs H4EkFE T 197K F-, Western Blot
A1 QRT-PCR &l T VSMCs H IR ELALM AR LY. (6) T 4 NIER AT 54 & A Ferr db V2
ol RO % T SP1 R U I BRIE T AH G HE 45 & 2 (M, scRNA-seq R8I 7E L& 453475 Fh AR AH O, it
JASPAR ¥#5 2 fil HADDOCK 3k 7iill SP1 5 ACSL4 J& &7 [al 45 & 500, Al F X0 R BESL 5
Bk

4i: (1) HE 30 8oR KRB KRR O R s D i g, ZE8 05 )5 i ) (14d. 21d. 28d) #r
AP I A B s BRI AL R R BT . MDA P& GSH MK P Bon e & ifh e, gk
FETKF Al AEIsR.  (2) iz GEO $E M Ferr db V2 ¥ FEfiik 10 2 7% K, CytoHubba
WU SPT 2 I A FE AR AR RERSE T oG R % K 7, HAE VSMCs wh E1f, S A0k SP1 413
BRI R (14d. 21d A1 28d) HIETAE N RIE, T HEZF .  (3) scRNA-seq &I IME
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RUAELE, WA R F AR R L, & R AL B J5 IAEAE . U5 43 T i 7% VSMCs
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ABRBET G, SP1 & Ml mRNA FRik T, Western Blot il gRT-PCR 45 3 .78 OPN Al Vimentin f(]
FiETE, a-SMA Fik FFE, $75 VSMCs FiA TR, 4278 VSMCs KAEBRIET 5 & R B HAL .
SRR TORE A RIR SEB6 A Transwell SEF8 52560 Won (R b 40 (35T RS RE /7. (5D R SP1 )&,
VSMCs H1[#] ROS. Fe?"fl MDA 7K T, GSH /KF-Ft#r; ik %i& SP1 5, VSMCs H1f#] ROS. Fe?*
F1 MDA 7KFFt &, GSH /K FFE, 3275 SP1 {2t VSMCs FJEkFET ; @ifik SP1 J5 OPN #IiA R,
a-SMA FiE T, IE3RIE SP1 Ja A IS5 R, 1275 SP1 REfe#t VSMCs i) & iR B #1L; Erastin
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Abstract

Objective: Based on a balloon-induced carotid artery injury model in SD rats, this study comprehensively
investigated cellular heterogeneity during neointimal hyperplasia post vascular injury, phenotypic switching
of vascular smooth muscle cells (VSMCs), and its association with ferroptosis, through an integrated
approach combining single-cell RNA sequencing (scRNA-seq), bioinformatics analysis, and relevant in
vivo and in vitro experiments. Furthermore, we systematically elucidated the mechanistic role of the key
transcriptional regulator SP1 in mediating ferroptosis during neointima formation..

Methods: (1) A rat carotid artery balloon injury model was established, and evaluation of vascular stenosis
severity using HE staining. The levels of iron ions (Fe?"), malondialdehyde (MDA), and glutathione (GSH)
in the injured vascular tissues were measured using total iron ion colorimetry, MDA colorimetry, and GSH
colorimetry, respectively. (2) The GEO database and FerrDb V2 database were used to analyze key genes
associated with restenosis and ferroptosis, identifying SP1 as a critical regulator. Immunohistochemistry
was performed to validate SP1 expression in the neointima. (3) scRNA-seq was employed to identify
different cell types present after vascular injury and to reveal the heterogeneity and developmental or
differentiation trajectories of VSMCs. scRNA-seq was also used to evaluate ferroptosis scores in VSMCs
within the injured tissues. (4) VSMCs were induced to undergo ferroptosis using Erastin, followed by
detection of phenotypic switching markers and assessment of proliferation and migration capabilities. (5) In
vitro experiments involved manipulating SP1 expression, after which ferroptosis levels in VSMCs were
measured using the DCFH-DA fluorescent probe, iron content assay, GSH content assay, and MDA content
assay. Western blot and quantitative reverse transcription PCR (qRT-PCR) were performed to detect
phenotypic switching markers in VSMCs. (6) Four gene regulatory databases and FerrDb V2 were used to
screen SP1 downstream target genes related to ferroptosis. sScRNA-seq was used to assess the correlation of
these genes in vascular injury. The JASPAR database and HADDOCK website were employed to predict
binding sites between SP1 and the ACSL4 promoter, and dual-luciferase assays were conducted to validate
the binding.

Results: (1) HE staining confirmed the successful establishment of vascular injury model, with significant
neointimal hyperplasia observed in the mid-to-late stages post-injury (14d, 21d, and 28d). The levels of
Fe?, MDA, and GSH in the target vascular tissues indicated that ferroptosis levels were likely enhanced
after vascular injury. (2) Analysis using the GEO database and FerrDb V2 identified 10 differentially
expressed genes, and CytoHubba identified SP1 as a key regulator of vascular restenosis and ferroptosis,
with upregulated expression in VSMCs. Immunohistochemistry revealed that SP1 was predominantly

expressed in the neointima during the mid-to-late stages post-injury (14d, 21d, and 28d), localized in the



nucleus. (3) scRNA-seq identified major cell populations after vascular injury, including VSMCs,
fibroblasts, and endothelial cells. VSMCs primarily existed in contractile and synthetic phenotypes, with
the contractile phenotype predominant in the early stages and the synthetic phenotype predominant in the
later stages. Pseudotime analysis showed that all VSMCs initially originated from the contractile phenotype,
which gradually differentiated into the synthetic phenotype in later stages. Analysis of cell-cell
communication and differential gene expression in VSMCs demonstrated that VSMCs played a temporally
regulated central role in coordinating vascular homeostasis restoration after injury. Ferroptosis primarily
occurred in contractile VSMCs and early-stage synthetic VSMCs. (4) Induction of ferroptosis in VSMCs
led to increased SP1 protein and mRNA expression. Western blot and qRT-PCR results showed elevated
expression of OPN and Vimentin and decreased expression of a-SMA, suggesting that VSMCs underwent
phenotypic switching after ferroptosis. Plate cloning, cell scratch assay, and Transwell migration assay
indicated enhanced cell proliferation and migration capabilities. (5) Knockdown of SP1 resulted in
decreased levels of ROS, Fe?*, and MDA, and increased GSH levels in VSMCs; overexpression of SP1 led
to increased ROS, Fe?*", and MDA levels and decreased GSH levels, indicating that SP1 promotes
ferroptosis in VSMCs. Knockdown of SP1 decreased OPN expression and increased a-SMA expression,
while overexpression of SP1 had the opposite effect, suggesting that SP1 promotes the transition of VSMCs
to the synthetic phenotype. Erastin reversed the effects of SP1 knockdown, increasing ROS, Fe?*, and MDA
levels and promoting OPN expression, indicating that SP1 may influence VSMCs phenotypic
transformation by regulating ferroptosis. (6) Screening of public databases identified 86 target genes
associated with ferroptosis. sScRNA-seq revealed a significant positive correlation between SP1 and ACSL4
after vascular injury. The JASPAR database identified 14 potential binding sites for SP1 on the ACSL4
promoter, and HADDOCK analysis showed a binding energy of -250.20 kcal/mol between SP1 and ACSL4,
with SP1's ASN-109 forming hydrogen bonds with DC-2096 on ACSL4. Dual-luciferase assays confirmed
that SP1 binds to the ACSL4 gene promoter.

Conclusions: (1) Ferroptosis levels increased following vascular injury, promoting the phenotypic
transformation of VSMCs toward the synthetic type. (2)SP1-dependent ferroptosis contributes to the
phenotypic switching of VSMCs afte vascular injury. (3)SP1 binds to the ACSL4 gene promoter region,
potentially mediating neointima formation following vascular injury.

Key words: Vascular injury; Vascular smooth muscle cells; Ferroptosis; Specificity Protein 1; Long-Chain

Acyl-CoA Synthetase 4.
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M4 CF o R AR S 5 ki 2023) S22 o, FREGE K (Coronary
Heart Disease, CHD) PRI EIEZ D FA, X R PO FEA) i)™ B g . 28 J e IR 30 ik
/" N¥697 (Percutaneous Coronary Intervention, PCI) E Afliz B #f) FEFB, HiRIT
MR G BREREVIMR, P, 2R /E2e (Bare Metal Stent, BMS) fE A
HFEd, LIENFEBA (in-stent restenosis, ISR) [ &K EMER KLILE 5%F 30%.2 [A]12],
M2, RHZGMEREZEZ2E (Drug-Eluting Stent, DES) #7675, ImKREHE Box
GHRIERI R AERHE T, B2 2%2 10%15aRE A6, REmH, FREREZ DES
BIT O I R N IV EEOK, PCLR Ja B A [n] R I R _EARSR B BOR B Pk -

PCI A J& A & — P E R iy e KA BB RN, 32 S ()8 BRARFAIE A2 1L N
FEERBG A4 S AR N RS AE 2 22 A T R R AR S e A o 3 TR RS 0 — R 1 g
18, FERIUNABZAMRHGEIIRRE . RIERN KA. &PV (Vascular
smooth muscle cells, VSMCs) MH IR Z1Z 218 2 A I Z 1858 . R E/NE & K
HUR BN E R B, A& SEULEE R AES, il fEd, VSMCs diliaa iy
AR NG AR, HAHE R VSMCs R EMILEIEE H (Smooth Muscle Actin,
SMA) 5 F 1 (Calponin) Fik i35 K, 1& MR APREWPILEH (Vimentin)
FisghOel, BEAE Y A RE PG, A A VSMCs R TEAIT R ae 1153 7398,
XAEAE S M E 0l A AU, SRS B A 7 R B AE IS B 45 5 AN [R B T8] £
VSMCs W42 bR 54 Calponin, SMA fE#T AW &k, HA e B IERE &, 7£
Ja WZET R %, A R AR B Vimentin = EE 0 5 IR K By, (H2 B xS T
B JE AN VSMCs R BFIRIEFEIF AR -

TR RN, ERIET: (Ferroptosis) fEANFIZRAF.O A Bm I EEAEH, &
FEOWUR CUVESE, 0 5. METEEE. BT 2 — Mk E N SRR
ML T, FERILEAM A SE T B R BUETESA (lipid-ROS) )& 2R3
REVBIRI N o BRACT A AL 3 ZE R FE AR B AU . Bk 5 AR Al 2 AL R AR = 2508
B (1) NRIFARTR & AR A2 i - 52 I e AL Bt 2L % #2148 3 (Lyso-Phosphatidylcholine
Acyltransferase-3, LPCAT3) FIiSE 4k b A & BB K 8K 2 4 (Acyl-CoA Synthetase
Long-chain Family Member 4, ACSL4) 4k 2 AMAIE T EL (Polyunsaturated Fatty Acids,
PUFA) WA, AR ALY, B AR R, A& FEIE TR AP,

(2) BB A LY E AR 1 (Transferrin Receptor 1, Tfrl) /5 Fe f N\, f# Fe’*
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W JEH Fe SEUR RS R, HINEGEHEIN G, 551 S A4 K & ROS, AT
BRIET R AN, (3) FIEMA TR/ System Xe-R 48 (SLCTALL. SLC3A2) IJfE
AT, A R IR NS L, ] GPX4 TEPE, AT FEIETI R AL,
TEATI FEH T A5 23 B 0 a2 HH 52 RO RN B ) oG B A T B R R e e B 1
(Specificity Protein 1, SP1) , & —f454 DNA H R sh3 N KE AN . A% AN K SP1
i3 LINC01088/USP7/HLTF/SLCTA11 15 5l #5 JI2 oT BE4H MuJed 2k A0 T, 520 JibJ8d 1)
RAREM, SP1 5 SLCTALL HEITFX &G, L SLCTALL Ki&, 0 7L 40 i
(VERFE T U, {23k MR (R G AL AR U2 ek 78 A E A R, TFAP2C AT SP1 #g
FEIE MRS GPX4 HIRIE, HPHIERFET:, AR R H A i 2 o g5 3 (0 B 1113
Li 6 NUFBA, SP1 3@k i 15 W S M v 50 (1) ACSLA i SERAE T, 5 F2H 41
P, AR O MBS, E3%A KT SP1 SEIET: 21828 R EHIAHT 7T .
AR TR B, BRAETS S VSMCs R B EALZ UIAHOC, BRAET-REE 5T VSMCs
FALAN I I T/ RSB G5 L5 5 N BERG A= OS], ot Fidia 8 9243 5 2ok
130 7722 22 ELF0 ROS 72 AR 18I %) VSMCs 38 Y I35 {2 14 37 P9 IS RO o & 00 A 25 12 B )
(CSE) i@ HAEAMH L (GSH) Ayl 2 e H ik g 4 (GPX4) Kik, 51K
T VSMCs HFJERAET:, SEUME R0 AR EZH 8 1o o) B 24 i £ 2 ISR ) I/ 40
ZUEAT M, ORI ISR IR Hh IERAE T A OG0 1 GPX4 Kiki/D, SLCTALL KIS hn.
Y1 P A SR 7N 7E ISR ZH A = BN MU Rl 70 & VSMCs FIRRAF4E4H i . 17 VSMCs JEREH,
B GPX4 KR IK D> . RGP R h R EZAER
KB R A 51 4(Acyl-CoA Synthetase Long Chain Family Member 4, ACSL4)
SERRAE TR SR T PR 7, O DAIE 3 1R 4 i e A TR T RS TR . MR N — R T
it A G, FEMTTMRAKEERIIR S A (CoA) 45& 4 UEHEAHES A
(acyl-CoA) . ACSL4 A& i@ it fish & g Bk AL A AR i S04k, I 4 B kAt T Ji
SR 5055 5, ¥R o R BRIET 43 F ACSL4A R A /KT, 18 980 00
Hr, SP1 AT RUIEI 5 )5 31 X gl & k4 m oK, RN T K AN, FEBRILfS SP1
AT PUER S ACSL4 55 T X845 &0k Bl ACSL4 Rik, IS8T kA2 5 ISR #i
04, (EAEMEHG)E, SP1 A ACSL4 [iR#E < R IEAHM .
Bk, N T HRSE SP1 dEid ACSL4 /i SERFE T AE ML Hi 4% f5 521 VSMCs R ALk,
R LENLE, AW @ A SD K R I kR FEAA B, WS4 i 8 40 23 b () R OE
Tk BT S B 1 W VSMCs (040 il & & Bl & Sean i 5 bk, e
VSMCs H T SP1 [HFKIE, PRI HXTERFET: A i 3 P L4 i R B AL i 52 m, 4
ML 35145 J5 VSMCs H SP1 Fl ACSL4 FIVAIE I R o I Bt A 3 A28 FE 00 2 )
BRG o, RE SP1iEid ACSL4 AT 520 VSMCs RAVEALI 43T AL, Al
16 PCIL AR J5 F 72 R A R T HE R
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