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Vulnerable atherosclerotic plaques represent a critical pathological basis of acute cardiocerebrovascular 
events. Previous studies indicate that atherosclerotic plaques are more vulnerable under chronic kidney 
disease (CKD) milieus. Emerging evidence highlights that vascular smooth muscle cells (VSMCs) play 
a pivotal role in maintaining plaque stability, but the underlying mechanisms remain incompletely 
elucidated. Here, single-cell sequencing and functional enrichment analysis of arterial tissues from 
patients with CKD are performed, identifying lipid metabolism disorders in VSMCs. Further utilizing spatial 
and targeted lipidomics, apolipoprotein-E-deficient (ApoE−/−) mouse with CKD (CKD/ApoE−/− mouse) 
and bioinformatics analysis, we investigate the lipidomic profile of VSMCs and find that VSMCs in CKD-
associated vulnerable plaques exhibit significant accumulation of polyunsaturated fatty acids (PUFAs), 
which induces VSMC ferroptosis and exacerbates plaque vulnerability. Mechanistically, the deficiency of 
ECH1 leads to the accumulation of PUFA in VSMCs, thereby inducing ferroptosis in fibrous cap VSMCs 
and fibrous cap thinning. Meanwhile, low expression of mRNA binding protein human antigen R (HuR) 
resulting from CKD milieus mediates the lack of ECH1 in VSMCs. In contrast, VSMC-specific overexpression 
of ECH1, inhibition of PUFA release using giripladib or suppression of PUFA lipid peroxidation with PRGL493 
significantly alleviate VSMC ferroptosis and CKD-associated plaque vulnerability. These findings reveal that 
ECH1-deficiency-driven PUFA accumulation is responsible for VSMC ferroptosis and atherosclerotic plaque 
vulnerability. Targeted regulation of ECH1-mediated PUFA metabolism may be a promising preventive and 
therapeutic strategy for CKD-associated plaque vulnerability.

Introduction

   Cardiocerebrovascular diseases are the leading cause of mortal-
ity worldwide, accounting for approximately 19.8 million 
deaths each year and nearly one-third of all deaths globally 
[  1 ,  2 ]. Vulnerable atherosclerotic plaques can trigger the forma-
tion of thrombus and subsequent cardiovascular and cerebro-
vascular events [  3 ]. Recent study indicates that vulnerable 
plaques account for over 50% of cases in atherosclerotic disease 
[  4 ]. Therefore, elucidating the mechanisms of vulnerable ath-
erosclerotic plaques is crucial for identifying intervention tar-
gets in cardiocerebrovascular diseases.

   Vulnerable atherosclerotic plaques are primarily character-
ized by a thin fibrous cap, a large necrotic core, and significant 
inflammatory cell infiltration [  5 ,  6 ]. Previous study confirms 
that the fibrous cap, mainly composed of vascular smooth 
muscle cells (VSMCs) and VSMC-produced matrix, is a pri-
mary determinant of plaque stability [  7 ]. Fibrous cap VSMCs 
are the subset of VSMCs that reside within the fibrous cap 
structure of atherosclerotic plaques. They are predominantly 
derived from contractile VSMCs in the tunica media: Following 
phenotypic dedifferentiation, these medial VSMCs migrate 
across the internal elastic lamina into the intima and undergo 
local proliferation to accumulate in the fibrous cap region. 
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Fibrous cap VSMCs serve as a critical atheroprotective cellular 
population that maintains the mechanical tensile strength of 
the plaque and protects against plaque rupture and subsequent 
atherothrombotic events. These cells predominantly exhibit a 
synthetic phenotype while retaining the expression of a subset 
of canonical contractile markers, such as actin alpha 2, smooth 
muscle (ACTA2) and transgelin (TAGLN) [  8 ,  9 ]. Typically, a 
reduction in the number of fibrous cap VSMCs aggravates 
fibrous cap thinning, thereby promoting plaque vulnerability 
and rupture [  10 ]. Compared with patients without chronic 
kidney disease (CKD), patients with CKD exhibit more severe 
fibrous cap thinning. Our prior research demonstrates that 
VSMC senescence plays a pivotal role in the pathogenesis 
of plaque vulnerability [  11 ]. However, inhibition of VSMC 
senescence only partially ameliorates atherosclerotic plaque 
vulnerability [ 11 ], indicating the involvement of additional 
mechanisms.

   Lipid metabolism disorder is primarily related to progression 
of atherosclerosis and plaque stability [  12 ,  13 ]. Previous research 
has extensively investigated the role of VSMCs in lipid metabo-
lism disorder and their contribution to atherosclerosis, with a 
particular focus on the mechanisms of formation of lipid-loaded 
VSMCs [  14 ]. This process involves 4 core biological steps: the 
uptake of atherogenic lipoproteins by VSMCs, the intracellular 
esterification of cholesterol, hydrolysis of cholesteryl esters, and 
the efflux of cholesterol [  15 ]. Based on this pathological mecha-
nism, current treatment strategies primarily use statins and 
proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tors to reduce the amount of lipoprotein that can infiltrate the 
vessel wall and be engulfed by VSMCs [  16 ,  17 ]. However, despite 
intensive lipid-lowering therapy, the incidence of thrombotic 
events remains markedly high, often referred to as residual risk 
[  18 ]. This clinical challenge indicates a limitation in current 
therapies that focus mainly on regulating the quantity of lipids. 
Therefore, precise characterization of the lipid profile of VSMCs 
within atherosclerotic plaques is essential for elucidating the 
mechanism of plaque vulnerability [ 14 ]. Nevertheless, the pre-
cise mechanisms driving lipid metabolism abnormalities in 
VSMCs and their role in plaque vulnerability remain incom-
pletely understood.

   In this study, we observed that fibrous cap VSMCs in 
CKD/ApoE −/− mice displayed an accumulation of polyun-
saturated fatty acids (PUFAs), which consequently induced 
VSMC ferroptosis and fibrous cap thinning. The deficiency 
of enoyl-coenzyme A hydratase 1 (ECH1) was confirmed 
as the prominent cause of PUFA accumulation in fibrous 
cap VSMCs. Regulating ECH1-mediated PUFA metabolism 
might be a critical avenue to inhibit VSMC ferroptosis and 
CKD-associated plaque vulnerability.   

Results

PUFA accumulation is observed in fibrous cap 
VSMCs of CKD/ApoE−/− mice
   To investigate the potential mechanism of VSMCs in CKD-
associated plaque vulnerability, we conducted single-cell sequenc-
ing on arterial vascular tissues from patients with CKD (Fig.  1 A). 
Gene Ontology (GO) functional enrichment analysis identified 
lipid metabolism disorders in VSMCs (Fig.  1 B). The expression 
distributions of well-established lineage-specific marker genes 
across all annotated cell populations are presented as violin plots, 

verifying the accuracy of cell type annotation for human vascular 
single-cell RNA sequencing data (Fig.  S1 A). To address the lipi-
domic profile of VSMCs in CKD-associated plaque vulnerability, 
we performed the targeted lipidomics analysis, revealing a 
significant accumulation of PUFA and an obvious decrease in 
monounsaturated fatty acid (MUFA) in CKD-serum-cultured 
human VSMCs (hVSMCs) (Fig.  1 C to E). Specifically, the levels 
of ferroptosis-associated PUFAs [  19 ,  20 ], including linoleic acid 
(LA; c18:2n6), linolenic acid (ALA; c18:3n3), and arachidonic 
acid (AA; c20:4n6), were significantly elevated (Fig.  1 F to H) 
in hVSMCs. Consistently, the levels of AA, LA, and ALA 
were markedly increased in arterial VSMCs isolated from 
CKD/ApoE −/− mice (Fig.  1 I to K) and in mouse VSMCs treated 
with serum from CKD/ApoE −/− mice (Fig.  S1 B to D). Spatial 
targeted lipidomic detection further confirmed the accumulation 
of PUFA in fibrous cap VSMCs in CKD/ApoE −/− mice (Fig.  1 L 
and M). These results indicated that the lipid profile of fibrous 
cap VSMCs in CKD-associated vulnerable plaques is character-
ized by the accumulation of PUFA.           

PUFA accumulation promotes ferroptosis in fibrous 
cap VSMCs of CKD/ApoE−/− mice
   Based on single-cell sequencing analysis, the cumulative distribu-
tion function revealed a significant reduction in the ferroptosis 
suppressor score of VSMCs in patients with end-stage renal dis-
ease (ESRD), which is consistent with the accumulation of PUFA 
triggering ferroptosis (Fig.  2 A and B). Accordingly, gene set 
enrichment analysis (GSEA) of our published single-VSMC 
microarray data (GSE135626) identified significant enrichment 
of ferroptosis-associated pathways in VSMCs under CKD milieus 
(Fig.  2 C and D). In CKD/ApoE −/− mice, accelerated atheroscle-
rosis, fibrous cap thinning, reduced VSMC number, decreased 
intraplaque collagen content, and enlarged necrotic core area 
were observed, accompanied by significantly shortened vessel 
occlusion time in the ferric chloride (FeCl3)-induced carotid 
thrombosis assay (Fig.  S2 A to E). We observed marked elevations 
in both malondialdehyde (MDA) (Fig.  2 E) and reactive oxygen 
species (ROS) levels (Fig.  2 F) in arteries and fibrous cap of 
CKD/ApoE −/− mice. Meanwhile, 4-hydroxynonenal (4-HNE) 
expression was significantly increased in fibrous cap VSMCs of 
CKD/ApoE −/− mice (Fig.  2 G and H), accompanied by ferropto-
sis-associated morphological changes, including mitochondrial 
shrinkage, increased membrane density, and reduced or absent 
cristae (Fig.  2 I). Moreover, the expression of glutathione peroxi-
dase 4 (GPX4) and solute carrier family 7 member 11 (SLC7A11) 
were both significantly down-regulated in atherosclerotic vessels 
of CKD/ApoE −/− mice (Fig.  S2 F to J). In vitro, CKD serum 
incubation induced ferroptosis-associated morphological altera-
tions, the elevation of MDA, ROS, lipid ROS, and oxidized 
boron‑dipyrromethene (BODIPY) fluorescence intensity, as well 
as decreased reduced glutathione (GSH)/oxidized glutathione 
(GSSG) ratio and down-regulated expression of GPX4 and 
SLC7A11 in hVSMCs and primary mouse VSMCs (Fig.  2 J to M 
and Fig.  S3 A to L). In summary, these findings confirmed that 
PUFA accumulation in fibrous cap VSMCs under CKD milieus 
could induce lipid peroxidation and ferroptosis.        

   Given that cytosolic phospholipase A2 (cPLA2) is the major 
rate-limiting enzyme for releasing PUFA [  21 ], we used a spe-
cific cPLA2 inhibitor, giripladib, to block PUFA accumulation 
[  22 ]. Giripladib treatment ameliorated PUFA accumulation 
(Fig.  S4 A to C), reduced arterial MDA production, diminished 
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Fig. 1. Polyunsaturated fatty acid (PUFA) accumulation is observed in fibrous cap vascular smooth muscle cells (VSMCs) of chronic kidney disease (CKD)/ApoE−/− 
mice. (A) Different cell types and clusters were identified in arterial tissues from control and patients with CKD through single-cell RNA sequencing. (B) Gene Ontology 
(GO) functional enrichment analysis of differentially expressed genes (DEGs) in VSMCs of single-cell RNA sequencing. cGMP, cyclic guanosine monophosphate; IFN-α, 
interferon-α. (C) Heatmap of targeted lipidomics analysis in human VSMCs (hVSMCs) after incubation with normal or CKD serum. (D and E) Quantification of the level 
of PUFA or monounsaturated fatty acid (MUFA) in hVSMCs after incubation with normal or CKD serum (n = 6). (F to H) Quantification of the level of arachidonic acid 
(AA), linoleic acid (LA), and linolenic acid (ALA) in hVSMCs after incubation with normal or CKD serum (n = 6). (I to K) Quantification of the level of AA, LA, and ALA in 
aortic VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice (n = 6). (L) Representative hematoxylin and eosin (H&E) staining and spatial targeted lipidomic image in AA, LA, 
and ALA of the fraction area of aortic root plaques in sham/ApoE−/− and CKD/ApoE−/− mice. Scale bars, 100 μm. (M) Quantification of average intensity of root mean 
square of spatial targeted lipidomic image in AA, LA, and ALA (n = 3). Data represent means ± SD. *P < 0.05, **P < 0.01, and ***P < 0.001, 2-tailed Student’s t test.
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4-HNE expression, and mitigated mitochondrial-ferroptosis-
associated morphological alterations in fibrous cap VSMCs 
within the atherosclerotic plaques of CKD mice (Fig.  3 A to D). 
Furthermore, it significantly mitigated atherosclerotic plaque 

vulnerability (Fig.  3 E to K and Fig.  S4 D and E). Consistent with 
these findings in vivo, pretreatment of hVSMCs with giripladib 
significantly attenuated CKD-serum-induced PUFA accumula-
tion (Fig.  S4 F to H), inhibited the elevation of MDA, ROS, and 

Fig. 2. Polyunsaturated fatty acid (PUFA) accumulation promotes ferroptosis in fibrous cap vascular smooth muscle cells (VSMCs) of chronic kidney disease (CKD)/ApoE−/− 
mice. (A and B) Cumulative distribution function analysis of ferroptosis suppressor score of VSMCs in control and patients with CKD. (C) The volcano plot shows the differentially 
expressed genes in aortic VSMCs between sham/ApoE−/− and CKD/ApoE-/− mice. (D) Gene set enrichment analysis (GSEA) analysis of ferroptosis gene set in aortic VSMCs of 
Sham/ApoE−/− and CKD/ApoE−/− mice. NES, normalized enrichment score; FDR, false discovery rate. (E) Relative of malondialdehyde (MDA) content in arteries of sham/ApoE−/− 
and CKD/ApoE−/− mice (n = 10). (F) Representative images and quantification of relative mean fluorescence intensity (MFI) of dihydroethidium (DHE) staining in aortic root 
plaques of sham/ApoE−/− and CKD/ApoE−/− mice (n = 10). Scale bar, 100 μm. (G) Representative images of hematoxylin and eosin (H&E), 4-hydroxynonenal (4-HNE), and 
α-smooth muscle actin (α-SMA) staining in fibrous cap VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice. Scale bars, 200 μm (H&E) and 10 μm (immunofluorescence [IF]). 
(H) Quantification of relative mean MFI of 4-HNE in fibrous cap VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice (n = 10). (I) Representative transmission electron microscopy 
(TEM) images of fibrous cap VSMCs in sham/ApoE−/− and CKD/ApoE−/− mice. Scale bar, 2 μm. (J and K) Relative of MDA content and the ratio of reduced glutathione (GSH)/
oxidized glutathione (GSSG) in human VSMCs (hVSMCs) after incubation with normal or CKD serum (n = 5). (L and M) Representative flow cytometry analysis and the MFI 
of reactive oxygen species (ROS) and Liperfluo in hVSMCs incubated with normal or CKD serum (n = 3). Data represent means ± SD. ***P < 0.001, 2-tailed Student’s t test.
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lipid ROS levels, and restored the GSH/GSSG ratio in hVSMC 
(Fig.  S4 I to M). Overall, these data emphasize that PUFA accu-
mulation promotes VSMC ferroptosis and CKD-associated 
atherosclerotic plaque vulnerability.           

ECH1 deficiency contributes to PUFA accumulation 
and VSMC ferroptosis under CKD milieus
   To investigate the underlying mechanisms of PUFA accumulation 
in VSMCs under CKD milieus, we integrated differentially expressed 

Fig. 3. Pharmacological inhibition of cytosolic phospholipase A2 (cPLA2) mitigates vascular smooth muscle cell (VSMC) ferroptosis and plaque vulnerability. (A and B) 
Representative images and quantification of relative mean fluorescence intensity (MFI) of α-smooth muscle actin (α-SMA) and 4-hydroxynonenal (4-HNE) staining in fibrous 
cap VSMCs of sham/ApoE−/− and chronic kidney disease (CKD)/ApoE−/− mice after giripladib treatment (n = 10). Scale bar, 10 μm. (C) Relative of malondialdehyde (MDA) 
content in arteries of sham/ApoE−/− and CKD/ApoE−/− mice after giripladib treatment (n = 10). (D) Representative transmission electron microscopy (TEM) images of fibrous 
cap VSMCs in sham/ApoE−/− and CKD/ApoE−/− mice after giripladib treatment. Scale bars, 2 μm. (E) Representative images of α-SMA immunofluorescence (IF) staining 
in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after giripladib treatment. Scale bar, 10 μm (hematoxylin and eosin [H&E]). (F) Quantification of the fold 
change of fibrous cap thickness and fibrous cap VSMCs (α-SMA+) contents in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after giripladib treatment 
(n = 10). (G and H) Representative images and quantification of Oil Red O staining in arteries of sham/ApoE−/− and CKD/ApoE−/− mice after giripladib treatment (n = 10).  
(I to K) Representative H&E staining images, quantification of mean plaque fraction area and necrotic area percentage within plaques in sham/ApoE−/− and CKD/ApoE−/− mice 
after giripladib treatment (n = 10). Scale bar, 200 μm. Data represent means ± SD. **P < 0.01 and ***P < 0.001, ANOVA.
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genes (DEGs) from previous microarray data (GSE135626), 
FerrDB databases [  23 ], and genes implicated in PUFA metabo-
lism by intersection analysis [  24 ]. The results hinted that ECH1 
might be instrumental in PUFA accumulation and VSMC fer-
roptosis (Fig.  4 A). Accordingly, the expression of ECH1 was 

markedly decreased in arteries and fibrous cap VSMCs of 
CKD/ApoE −/− mice and human vascular samples from patients 
with ESRD (Fig.  4 B to D and Fig.  S5 A). In vitro, ECH1 expres-
sion was also decreased in hVSMCs after CKD serum treatment 
(Fig.  4 E to G). Overexpression of ECH1 (Fig.  S5 B and C) in 

Fig. 4. Enoyl-coenzyme A hydratase 1 (ECH1) deficiency is responsible for polyunsaturated fatty acid (PUFA) accumulation and vascular smooth muscle cell (VSMC) ferroptosis. 
(A) Venn diagram shows the intersection of differentially expressed genes (DEGs) from the GSE135626 microarray dataset, ferroptosis regulators, and PUFA metabolism-related 
genes. (B) Relative mRNA expression levels of ECH1 in arteries of sham/ApoE−/− and chronic kidney disease (CKD)/ApoE−/− mice (n = 6). (C) Western blot (WB) analysis and 
quantification of ECH1 expression levels in arteries of sham/ApoE−/− and CKD/ApoE−/− mice (n = 6). (D) Representative images of ECH1 and α-smooth muscle actin (α-SMA) 
staining in fibrous cap VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice. Scale bar, 20 μm. (E) Relative mRNA expression levels of ECH1 in human VSMCs (hVSMCs) after incubation 
with normal or CKD serum (n = 3). (F) WB analysis and quantification of ECH1 expression levels in hVSMCs after incubation with normal or CKD serum (n = 3). (G) Representative 
images of ECH1 staining in hVSMCs after incubation with normal or CKD serum. Scale bar, 5 μm. (H to J) Quantification of the level of arachidonic acid (AA), linoleic acid (LA), and 
linolenic acid (ALA) in hVSMCs incubated with normal or CKD serum after ECH1 overexpression (OE) (n = 6). (K and L) Relative of malondialdehyde (MDA) content and the ratio 
of reduced glutathione (GSH)/oxidized glutathione (GSSG) in hVSMCs incubated with normal or CKD serum after ECH1 overexpression (n = 5). (M) Representative transmission 
electron microscopy (TEM) images of VSMCs in hVSMCs incubated with normal or CKD serum after ECH1 overexpression. Scale bars, 2 μm. Data represent means ± SD. **P < 
0.01 and ***P < 0.001; Student’s t test was applied to (B-C and E-F); one-way analysis of variance (ANOVA) was applied to (H-L). n.s., not significant.
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hVSMCs alleviated the accumulation of PUFAs and mitochon-
drial damage and suppressed the MDA, ROS, and lipid ROS 
levels, as well as the decreased ratio of GSH/GSSG, indicating 
a reduction in lipid peroxidation and ferroptosis (Fig.  4 H to M 
and Fig.  S5 D to K).        

   ECH1 primarily metabolizes endogenous PUFAs. Meanwhile, 
exogenous AA, a prototypical ω-6 PUFA, is oxidized by lipoxy-
genase to induce ferroptosis [  25 ]. Thus, we further investigated 
whether exogenous AA could independently or synergistically 
promote ferroptosis in CKD-serum-incubated hVSMCs to simu-
late clinical scenarios of excessive PUFA exposure. We found that 
AA treatment exacerbated the accumulation of AA, MDA, ROS, 
and lipid ROS levels, as well as the decreased ratio of GSH/GSSG 
in CKD-serum-incubated VSMCs (Fig.  S6 A to J). However, AA 
treatment alone did not affect lipid peroxidation in VSMCs (Fig. 
 S6 A to J). Moreover, ECH1 overexpression could reverse the 
exacerbating effect of AA on CKD-induced ferroptosis in VSMCs 
(Fig.  S7 A to E). Collectively, these results indicated that the 
down-regulation of ECH1 in VSMCs induced by CKD milieus 
is a major factor in promoting PUFA accumulation, which sub-
sequently triggers lipid peroxidation and ferroptosis.   

Human antigen R down-regulation induces ECH1 
deficiency in VSMCs under CKD milieus
   To elucidate the underlying mechanism of ECH1 deficiency, we 
detected the stability of ECH1 mRNA in hVSMCs after CKD 
serum treatment and found a significant reduction (Fig.  5 A). 
GSEA of previous microarray data revealed enrichment in the 
“Regulation of mRNA stability by proteins that bind ARE” path-
way (Fig.  5 B) [  26 ]. Database predictions and previous cross-
linking and immunoprecipitation sequencing data identified 
that human antigen R (HuR) is the only adenine–uracil-rich ele-
ment (ARE)-binding protein predicted protein to interact with 
﻿ECH1 mRNA, and HuR binds to 6 motifs within the 3′-untrans-
lated region (UTR) region of ECH1 mRNA (Fig.  5 C). Moreover, a 
positive correlation was observed between ECH1 and HuR expres-
sion ( http://utrdb.cloud.ba.infn.it/utrdb/ ). Notably, decreased 
HuR levels were observed in arteries of CKD/ApoE −/− mice and 
human vascular samples from patients with ESRD (Fig.  5 D and 
Fig.  S8 A) and CKD-serum-treated VSMCs in vitro (Fig.  5 E). 
Subsequently, knocking down HuR using short interfering RNA 
in vitro (Fig.  S8 B and C) reduced the stability of ECH1 mRNA, 
thereby decreasing the expression of ECH1 (Fig.  S8 F and G). 
Overexpression of HuR (Fig.  S6 D and E) significantly mitigated 
CKD-induced ECH1 mRNA instability and enhanced ECH1 
expression (Fig.  5 F and G). Notably, RNA immunoprecipitation 
(RIP)-polymerase chain reaction (PCR) experiments confirmed 
a direct binding relationship between HuR and ECH1 mRNA (Fig. 
 5 H). Furthermore, overexpression of HuR mitigated CKD-induced 
accumulation of PUFAs, attenuated the elevation of MDA levels, 
and prevented the decline of GSH-to-GSSG ratio (Fig.  5 I to M). 
Therefore, the above data suggest that HuR down-regulation serves 
as a critical mechanism underlying ECH1 deficiency.           

VSMC-specific ECH1 overexpression stabilizes 
atherosclerotic plaques by inhibiting ferroptosis in 
fibrous cap VSMCs
   To further elucidate the role of ECH1 in vulnerable atherosclerotic 
plaque, we established a mouse model featuring a conditional 
site-specific knock-in of ECH1 at the Rosa26 locus [C57BL/6J-
Gt(ROSA)26Sorem1(CAG-LSL-Kozak-ECH1-WPRE-pA)1Smoc] (Fig.  6 A and 

Table  S1 ). Subsequently, this mouse strain was crossed with Tagln-
Cre and ApoE −/− mouse to generate ApoE −/− mouse exhibiting 
VSMC-specific overexpression of ECH1 (ECH1 Tagln-OE-ApoE −/−) 
(Fig.  6 B and Fig.  S9 A to C). ECH1 R26-LSL-ApoE −/− mice were applied 
as the control group. ECH1 Tagln-OE-ApoE −/− and ECH1 R26-LSL-
﻿ApoE −/− mice underwent either a sham operation or CKD surgery 
and were subsequently maintained on a high-fat diet for 12 weeks 
(Fig.  6 B). Notably, VSMC-specific overexpression of ECH1 ame-
liorated PUFA accumulation, decreased the expression of 4-HNE 
and MDA, and suppressed mitochondrial damage in plaque 
fibrous cap VSMCs (Fig.  6 C to K). Meanwhile, VSMC-specific 
overexpression of ECH1 markedly attenuated atherosclerosis 
progression and enhanced atherosclerotic plaque stability 
(Fig.  7 A to E and Fig.  S10 A to D). In conclusion, these findings 
suggested that ECH1-deficiency-induced VSMC ferroptosis pro-
motes plaque vulnerability and atherosclerosis progression in 
mice, especially in CKD/ApoE −/− mice.                   

Inhibition of ACSL4 alleviates VSMC ferroptosis and 
atherosclerotic plaque vulnerability of  
CKD/ApoE−/− mice
   Previous studies have demonstrated that acyl-coenzyme A syn-
thetase long-chain family member 4 (ACSL4) is a key enzyme 
in PUFA lipid peroxidation [  27 ]. Thus, the pharmacological 
ACSL4 inhibitor PRGL493 was used to explore the role of PUFA 
metabolism in VSMC ferroptosis within vulnerable atheroscle-
rotic plaques. PRGL493 treatment decreased the expression 
of 4-HNE in fibrous cap VSMCs and arteries (Fig.  8 A to D), 
reduced arterial MDA production, and attenuated the char-
acteristic features of ferroptosis in fibrous cap VSMCs in 
CKD/ApoE −/− mice (Fig.  8 E and F). Consistent with these find-
ings in vivo, PRGL493 pretreatment significantly mitigated 
mitochondrial damage, reduced MDA, ROS, and lipid ROS 
levels, and restored the GSH/GSSG ratio in CKD-serum-
incubated hVSMCs (Fig.  S11 D to K). Nonetheless, there was no 
significant impact of PRGL493 on PUFA levels (Fig.  8 I to K and 
Fig.  S11 A to C). Furthermore, PRGL493 treatment markedly 
mitigated atherosclerosis progression and plaque vulnerability 
(Fig.  8 G and H and Fig.  S12 A to D).        

   At last, as PRGL493 and ECH1 overexpression mitigated 
CKD-induced ferroptosis via distinct mechanisms, we further 
explored the potential synergistic inhibitory effects of combin-
ing PRGL493 with ECH1 overexpression. Combined treatment 
exhibited a significantly enhanced synergistic inhibitory effect 
on CKD-induced hVSMC ferroptosis and resulted in a marked 
reduction in ferroptosis-associated markers (including MDA, 
ROS, and lipid ROS levels in hVSMCs) (Fig.  S13 A to D), accom-
panied by a significant increase in GSH/GSSG ratio (Fig.  S13 E).    

Discussion
   Recent studies have demonstrated that stable and vulnerable 
plaques exhibit distinct spatial distribution characteristics of lipids 
across different plaque regions, suggesting that investigating local 
lipid profile could provide a novel perspective for exploring molec-
ular mechanisms of atherosclerosis progression [  28 ]. However, 
research in this field currently relies predominantly on untargeted 
spatial metabolomics techniques [  29 ,  30 ], which have inherent limi-
tations. Certain lipid molecules (such as PUFAs and MUFAs) are 
prone to degradation at plaque sites during detection [  31 ], result-
ing in loss of critical lipid information. Notably, targeted spatial 
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metabolomics studies specifically focusing on the fibrous cap region 
of atherosclerotic plaques remain unexplored. This study bridges 
this gap through integrated multidimensional approaches. First, 

single-cell analysis of vascular samples from patients with CKD 
revealed distinct lipid metabolic dysregulation signatures in VSMCs 
under CKD milieus. Subsequent in vitro targeted metabolomics 

Fig. 5. Human antigen R (HuR) down-regulation-induced enoyl-coenzyme A hydratase 1 (ECH1) deficiency in vascular smooth muscle cells (VSMCs) under chronic kidney 
disease (CKD) milieus. (A) Detection of mRNA stability of ECH1 in human VSMCs (hVSMCs) after incubation with normal or CKD serum (n = 3). (B) Gene set enrichment analysis 
(GSEA) analysis of “Regulation of mRNA stability by proteins that bind ARE” gene set in aortic VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice. (C) Predicted 6 motifs in the 
3′-untranslated region (UTR) of ECH1 mRNA bound by HuR. (D) Western blot (WB) analysis and RNA quantification of HuR expression levels in arteries of sham/ApoE−/− and 
CKD/ApoE−/− mice (n = 6). (E) WB analysis and quantification of HuR expression levels in hVSMCs after incubation with normal or CKD serum (n = 3). (F) Detection of mRNA 
stability of ECH1 in hVSMCs normal or CKD serum after ECH1 overexpression (n = 3). (G) WB analysis and quantification of ECH1 expression in hVSMCs after incubation 
with normal or CKD serum after HuR overexpression (n = 3). (H) RNA immunoprecipitation (RIP)-quantitative polymerase chain reaction (qPCR) of HuR and ECH1 mRNA in 
hVSMCs after incubation with normal or CKD serum (n = 3). (I to K) Quantification of the level of arachidonic acid (AA), linoleic acid (LA), and linolenic acid (ALA) in hVSMCs 
incubated with normal or CKD serum after HuR overexpression (n = 6). (L and M) Relative of malondialdehyde (MDA) content and the ratio of reduced glutathione (GSH)/
oxidized glutathione (GSSG) in hVSMCs incubated with normal or CKD serum after HuR overexpression (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001; Student’s t test (A), 
(D), and (E); ANOVA was applied to (F) to (M). ActD, actinomycin D; ORF, open reading frame.
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validation confirmed that CKD induces significant accumulation 
of PUFAs in VSMCs. Finally, targeted spatial metabolomics tech-
niques clarified that PUFAs specifically accumulate in the fibrous 

cap region of CKD-associated plaques. These findings provide 
pivotal molecular evidence for understanding the lipid metabolic 
mechanisms driving CKD-related plaque vulnerability.

Fig. 6. Vascular smooth muscle cell (VSMC)-specific overexpression of enoyl-coenzyme A hydratase 1 (ECH1) reduced ferroptosis of fibrous cap VSMCs. (A) Schematic illustration 
of the generation of ECH1R26-LSL conditional knock-in mice via CRISPR–Cas9-mediated homology-directed repair. (B) The protocol of plaque analysis between ECH1R26-LSL-
ApoE−/− and ECH1Tagln-OE-ApoE−/− mice with or without chronic kidney disease (CKD) operation. HFD, high-fat diet. (C to E) Quantification of the level of arachidonic acid (AA), 
linoleic acid (LA), and linolenic acid (ALA) in arteries of ECH1R26-LSL-ApoE−/− and ECH1Tagln-OE-ApoE−/− mice with or without CKD operation (n = 6). (F and G) Representative 
images and quantification of relative mean fluorescence intensity (MFI) of 4-hydroxynonenal (4-HNE) and α-smooth muscle actin (α-SMA) staining in fibrous cap VSMCs in 
arteries of ECH1R26-LSL-ApoE−/− and ECH1Tagln-OE-ApoE−/− mice with or without CKD operation (n = 6). Scale bar, 10 μm. (H and I) Western blot (WB) analysis and quantification 
of 4-HNE expression levels in arteries of ECH1R26-LSL-ApoE−/− and ECH1Tagln-OE-ApoE−/− mice with or without CKD operation (n = 3). (J) Relative of malondialdehyde (MDA) 
content in arteries of ECH1R26-LSL-ApoE−/− and ECH1Tagln-OE-ApoE−/− mice with or without CKD operation (n = 6). (K) Representative transmission electron microscopy (TEM) 
images of fibrous cap VSMCs in ECH1R26-LSL-ApoE−/− and ECH1Tagln-OE-ApoE−/− with or without CKD operation. Scale bar, 2 μm. Data represent means ± SD. **P < 0.05, 
**P < 0.01, and ***P < 0.001, ANOVA.
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   The stability of atherosclerotic plaques is a critical factor 
influencing the prognosis in patients with cardiocerebrovas-
cular diseases. VSMCs, as the principal structural component 
of the fibrous cap in atherosclerotic plaques, play an essential 
role in regulating atherosclerotic plaque stability [ 7 ]. Growing 
evidence indicates that VSMC ferroptosis is closely associated 
with multiple cardiovascular diseases [  32 ], including vascular 
calcification [  33 ], aortic dissection [  34 ], abdominal aortic 
aneurysm [  35 ], and atherosclerosis [  36 ]. Notably, 2 studies 
have directly examined the impact of VSMC ferroptosis in 
plaque stability. One study finds that administration of fer-
roptosis inhibitor ferrostatin-1 (1.0 mg/kg) stabilizes athero-
sclerotic plaques in ApoE −/− mice [  37 ]. Nonetheless, this 
study uses a conventional model of atherosclerosis in ApoE −/− 
mice. Another study established an atherosclerosis model in 
﻿ApoE −/− mice by subjecting them to partial ligation of the 
left common carotid artery, followed by 4 weeks of high-fat 
diet feeding [  38 ]. This model is characterized by rapid pro-
gression and localized lesion formation [  39 ]. In contrast to 

the model utilized in our study, it is noteworthy that CKD/ApoE −/− 
mouse model approximates more closely the complex patho-
logical context observed in humans, while the former model 
lacks the systemic metabolic disease background. The estab-
lishment and merits of CKD/ApoE −/− mouse model have been 
comprehensively examined in our previously published work 
[ 11 ]. Thus, above evidence suggests that inhibiting VSMC fer-
roptosis may be a potential therapeutic approach for the treat-
ment of atherosclerosis progression and vulnerable plaques.

   Accumulating evidence indicates that ferroptosis contrib-
utes to the pathogenesis of multiple diseases [  40 ,  41 ]. Previous 
studies have explored the molecular mechanisms of VSMC 
ferroptosis in cardiovascular disease, focusing on factors such 
as GSH/GPX4 inhibition [  42 ], iron metabolic dysfunction [ 34 ], 
oxidative stress [  43 ], mitochondrial dysfunction [  44 ], and epi-
genetic regulation [  45 ]. While PUFA metabolism is recognized 
as a crucial mechanism in ferroptosis [  46 ], its specific role 
and regulatory mechanism in VSMCs within atherosclerotic 
vulnerable plaque remain inadequately understood. Through 

Fig. 7. Vascular smooth muscle cell (VSMC)-specific overexpression of enoyl-coenzyme A hydratase 1 (ECH1) mitigates atherosclerotic plaque vulnerability. (A) Representative 
images and quantification of Oil Red O staining in arteries of sham/ApoE−/− and chronic kidney disease (CKD)/ApoE−/− mice after ECH1 overexpression (n = 10). Scale bar, 
2 μm. (B) Representative images of α-smooth muscle actin (α-SMA) immunofluorescence (IF) staining in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after 
ECH1 overexpression. Scale bar, 10 μm (hematoxylin and eosin [H&E]). (C) Quantification of the fold change of fibrous cap thickness and fibrous cap VSMCs (α-SMA+) contents 
in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after ECH1 overexpression (n = 10). (D and E) Representative H&E staining and quantification of the fraction area of 
multiple sections of aortic root plaques in sham/ApoE−/− and CKD/ApoE−/− mice after ECH1 overexpression (n = 10). Scale bar, 200 μm. **P < 0.01 and ***P < 0.001, ANOVA.
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spatial and targeted metabolomics and gas chromatography-
mass spectrometry (GC-MS) detection, we examine long-chain 
fatty acid levels in VSMCs and discover that PUFA accumulation 

induces VSMC ferroptosis. Our findings underscore the pivotal 
role of PUFA metabolism. Previously, impaired catabolism 
and accumulation of PUFA have been identified as critical 

Fig. 8. Inhibition of acyl-coenzyme A synthetase long-chain family member 4 (ACSL4) alleviates vascular smooth muscle cells (VSMC) ferroptosis and atherosclerotic plaque 
vulnerability of chronic kidney disease (CKD)/ApoE−/− mice. (A and B) Representative images and quantification of relative mean fluorescence intensity (MFI) of α-smooth 
muscle actin (α-SMA) and 4-hydroxynonenal (4-HNE) staining in fibrous cap VSMCs of sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment (n = 10). Scale bar, 
10 μm. (C and D) Western blot (WB) analysis and quantification of 4-HNE expression levels in arteries of sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment. 
(E) Relative of malondialdehyde (MDA) content in arteries of sham/ApoE−/− and CKD/ApoE-/− mice after PRGL493 treatment (n = 10). (F) Representative transmission 
electron microscopy (TEM) images of fibrous cap VSMCs in sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment. Scale bar, 2 μm. (G) Representative images of 
α-SMA immunofluorescence (IF) staining in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment. Scale bar, 10 μm. Quantification of the 
fold change of fibrous cap thickness and fibrous cap VSMCs (α-SMA+) contents in aortic root plaques of sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment 
(n = 10). (H) Representative images and quantification of Oil Red O staining in arteries of sham/ApoE−/− and CKD/ApoE−/− mice after PRGL493 treatment. Scale bar, 2 μm. 
(n = 10). (I to K) Quantification of the level of arachidonic acid (AA), linoleic acid (LA), and linolenic acid (ALA) in arteries of sham/ApoE−/− and CKD/ApoE−/− mice after 
PRGL493 treatment (n = 6).
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mediators of ferroptosis in prostate cancer cells [  47 ]. Studies 
[  48 ,  49 ] have demonstrated that silencing 2,4‑dienoyl‑CoA 
reductase 1 (DECR1), a key gene involved in PUFA metabo-
lism, disrupts normal PUFA metabolic processes. This disrup-
tion leads to the intracellular accumulation of PUFA, thereby 
triggering lipid peroxidation and ultimately promoting the 
onset of ferroptosis. Similarly, our findings reveal that PUFA 
metabolic dysfunction and accumulation constitute central 
mechanisms driving VSMC ferroptosis in vulnerable athero-
sclerotic plaque.

   ECH1 is an enzyme predominantly localized within the mito-
chondria and facilitates the catabolism of PUFA as energy-
producing fatty acid substrates [  50 ]. Consequently, the expression 
and activity of ECH1 are critical for the rate and efficiency of 
PUFA β-oxidation [  51 ]. Notably, endogenous ECH1 has been 
reported to suppress ferroptosis in liver cells [  52 ]. However, the 
precise mechanism by which ECH1 inhibits ferroptosis remains 
inadequately explored. In this study, we discover the mechanism 
through which ECH1 suppresses ferroptosis induced by PUFA 
accumulation. Previous research has examined the effects of exog-
enous ECH1 on atherosclerotic plaques, revealing that supple-
mentation with ECH1 recombinant protein (0.5 μg/ml) inhibited 
plaque formation in ApoE −/− mice [  53 ]. Nonetheless, this study 
did not investigate the impact of endogenous ECH1 in VSMCs 
on plaque stability. In our study, we further elucidate the role of 
endogenous ECH1. By developing a VSMC-specific ECH1 over-
expression mouse model and overexpressing ECH1 in vitro, we 
demonstrate that overexpression of endogenous ECH1 inhibits 
VSMC ferroptosis and improves plaque stability.

   HuR regulates posttranscriptional processes by binding to 
specific mRNA sequences, exerting central regulatory roles in 
tumorigenesis [  54 ], inflammation, and vascular diseases [  55 ]. 
Recent studies have revealed that HuR exhibits a dual func-
tional mode in atherosclerosis progression [  56 ]. It has been 
reported that HuR enhances C-FOS protein levels by stabilizing 
C-FOS mRNA, directly driving VSMC proliferation and migra-
tion, and promoting vascular remodeling and neointima hyper-
plasia, which is a key driving step in early atherosclerosis 
pathogenesis [  57 ]. Liu et al. [  58 ] confirmed that VSMC-specific 
knockout of HuR accelerates AMP‑activated protein kinase 
catalytic subunit α1/α2 (AMPKα1/α2) mRNA degradation, 
induces autophagy deficiency, and exacerbates atherosclerotic 
instability. This aligns with our finding that HuR plays a protec-
tive role in maintaining plaque stability under CKD milieus. 
Vascular remodeling and neointima hyperplasia are early driv-
ing events in atherosclerosis [  59 ], while in late-stage plaques, 
the main pathological characteristics shift to cell death, aging, 
and plaque vulnerability [ 9 ]. Thus, biological effects of HuR are 
determined by key mRNA targets and specific pathological 
microenvironments. Notably, we discover a novel interaction 
that HuR regulates ECH1 mRNA stability in VSMCs and empha-
size that targeting HuR for disease intervention requires precise 
analysis of cell type specificity and pathological-environment-
dependent functional networks.

   Given the critical involvement of ferroptosis in VSMCs within 
atherosclerotic vulnerable plaque, we evaluate the translational 
potential of our study in treating vulnerable plaque using newly 
identified cPLA2 and ACSL4 inhibitors. Pharmacological inhibi-
tion of cPLA2 and ACSL4 inhibitors can mitigate the release of 
PUFA and correspondingly relieve PUFA lipid peroxidation. 
Previous studies have shown that traditional Chinese medicinal 
compounds with cPLA2 inhibitory activity, such as tanshinone 

I [  60 ] and salidroside [  61 ], can significantly decrease the risk of 
cardiovascular disease. Our findings indicate that giripladib, a 
specific cPLA2 inhibitor, [  62 ] exerts a protective role on vulner-
able atherosclerotic plaque. However, clinical trials of giripladib 
are terminated at phase II ( clinicaltrials.gov ) due to pronounced 
gastrointestinal side effects. Therefore, future research on cPLA2 
inhibition for treating vulnerable plaques could focus on the 
active ingredients in traditional Chinese medicine and the struc-
tural modifications of giripladib. ACSL4 serves as a crucial 
enzyme in the process of PUFA lipid peroxidation [  63 ]; research 
has shown that its activity can be inhibited through various path-
ways. Inhibition of ACSL4 with atorvastatin [  64 ], berberine [  65 ], 
or magnesium ions [  66 ] could significantly retard the athero-
sclerotic progression. In addition, recent studies have identified 
PRGL493 as a highly efficient and selective inhibitor of ACSL4 
[  67 ]. However, the application of PRGL493 in atherosclerosis-
related research has not yet been explored, we demonstrate 
that PRGL493 plays a protective role in vulnerable atheroscle-
rotic plaque.

   The limitation of this study is that we only characterized the 
accumulation of AA, LA, and ALA, while the profiles of ω-3 
PUFAs (e.g., eicosapentaenoic acid, docosahexaenoic acid, and 
docosapentaenoic acid) were not systematically examined. The 
potential regulatory effects of ω-3 PUFAs on VSMC ferroptosis 
and atherosclerotic lesion progression deserve independent and 
thorough investigation in future work. Moreover, while we delin-
eate the downstream ECH1/HuR regulatory axis underlying 
PUFA accumulation, the specific upstream pathogenic mediators 
in CKD serum that initiate this metabolic reprogramming 
remain to be definitively isolated and functionally validated.

   In conclusion, our study demonstrates that ECH1 defi-
ciency in fibrous cap VSMCs induced PUFA accumulation and 
enhanced lipid peroxidation, which promote VSMC ferroptosis 
and contribute to the vulnerability of atherosclerotic plaques. 
Mechanically, the decreased expression of ECH1 is mediated by 
the reduction of HuR. The application of giripladib, PRGL493, 
and overexpressing ECH1 may provide promising therapeutic 
strategies by targeting PUFA metabolism in VSMCs for treating 
atherosclerotic plaque vulnerability. Overall, our research elu-
cidates novel mechanisms underlying atherosclerotic plaque 
vulnerability and suggests promising strategies for its preven-
tion and treatment.   

Materials and Methods

Animals
   ApoE −/− mice (C57BL/6J background, male, 8 weeks old, weigh-
ing 20 to 25 g) were obtained from SJA Laboratory Animal Co. 
Ltd. C57BL/6J-Gt(ROSA)26Sorem1(CAG-LSL-Kozak-ECH1-WPRE-pA)1Smoc 
(ECH1 R26-LSL) mice were generated using the CRISPR–Cas9 tech-
nique by the Shanghai Model Organisms Center. Specifically, the 
CRISPR–Cas9 technology was used to introduce a knock-in at 
the Rosa26 locus. This technology involves designing guide RNAs 
specific to the gene of interest, which direct the Cas9 nuclease to 
modify the genome at the insertion site. This process enhances 
the efficiency of homologous recombination within the targeted 
genomic region, facilitating the homologous recombination of 
the target fragment into the desired locus. The inserted coding 
DNA sequence has a full length of 984 bp, with the specific 
sequence detailed in Table  S1 . To generate ECH1 Tagln-OE-ApoE −/− 
mice, ECH1 R26-LSL mice were crossed onto ApoE −/− and Tagln-Cre 
mice. To compare plaque morphology, ECH1 R26-LSL-ApoE −/− mice 

https://doi.org/10.34133/research.1411
http://clinicaltrials.gov


Bi et al. 2026 | https://doi.org/10.34133/research.1411 13

were utilized as control. A classic 2-step 5/6 nephrectomy was 
performed to establish the CKD mouse model, with the detailed 
and standardized surgical procedure fully validated and described 
in our previous study [ 11 ]. After the second surgery, high-fat diet 
(H10141, HFK Biologic Technology) was administered to 
the mice. For giripladib (MedChemExpress) or PRGL493 
(MedChemExpress) treatment, mice were treated utilizing a dose 
of 7.5 or 0.25 mg/kg intraperitoneally every day. After 12 weeks 
on the high-fat diet, the mice were anesthetized and euthanized; 
blood, hearts, and arteries were collected for further analyses. 
The metabolic parameters of mice are listed in Tables  S2  to  S5 . 
All mice were pathogen-free and maintained under specific-
pathogen-free conditions. Experimental units were individual 
mice. All the experimental procedures were approved by the 
Animal Care Committee of the Army Medical University 
(AMUWEC20222973).   

Single-cell RNA sequencing on 10x Genomics 
Chromium platform
   Vascular tissues trimmed during surgery from 4 patients with 
ESRD scheduled for renal transplantation were collected as the 
disease group, while vascular tissues trimmed from 3 healthy 
donor kidneys were selected as the control group. Detailed 
baseline clinical characteristics of all enrolled subjects are sum-
marized in Table  S10 . Subsequently, single-cell sample prepara-
tion of the vascular tissues was carried out, followed by cell 
counting and quality control to ensure that the samples con-
tained an optimal concentration of viable cells. Based on the 
predetermined number of cells to be acquired, Gel Bead-in-
Emulsions for single-cell separation were constructed. After 
the Gel Bead-in-Emulsions were normally formed, they were 
collected and placed in a PCR instrument for reverse transcrip-
tion to achieve labeling. Then, cDNA amplification was per-
formed, followed by the construction of a gene expression 
library. Ultimately, the library mixture was sequenced on an 
Illumina 10x Genomics Chromium sequencer using 150-bp 
paired-end reads. After quality control of the sequencing data, 
the remaining cells were normalized, and variable genes 
were identified. The Uniform Manifold Approximation and 
Projection (UMAP) method was used to visualize data in a 
2-dimensional space. For cell type classification, the FindClusters 
function in Seurat was used for unsupervised clustering, which 
adopts a graph-based clustering approach. Based on the expres-
sion of marker genes, the resolved cell clusters were annotated 
as specific cell types. In addition, GO functional enrichment 
analysis and ferroptosis-associated gene set variation analysis 
were performed on the differential genes of VSMCs between 
control and CKD group. The study protocol was approved by the 
Ethics Committee of Xinqiao Hospital (2024-Research063-02).   

Cell culture
   hVSMCs were acquired from the American Type Culture 
Collection. The culture condition is the Dulbecco’s modified 
Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal 
bovine serum (Gibco) at 37 °C with 5% CO2. The modeling 
method for simulating the CKD internal environment in vitro 
using hVSMCs is the same as depicted above. We utilized 
hVSMCs from passages 2 to 5 for tests. Cells were cultured in 
DMEM containing 10% uremic serum or human normal serum. 
For drug administration, the following reagents were used before 
treating with human normal or uremic serum: 10 μM giripladib 

(MedChemExpress), 50 μM PRGL493 (MedChemExpress), and 
2.5 μM AA (MedChemExpress).   

Transmission electron microscopy
   Mouse aortas and hVSMCs were collected and fixed in 2.5% 
glutaraldehyde. The specimens were sent to the Biomedical 
Analysis Center (Army Medical University) for transmission 
electron microscopy (TEM) ultrastructural analysis. Using a 
JEM-1400 transmission electron microscope (JEOL, Tokyo, 
Japan) to examine and photograph the sections.   

GSH/GSSG assay
   Based on the manufacturer’s procedures for the GSH/GSSG assay 
kit (Beyotime), intracellular GSH and GSSG levels were deter-
mined as follows. After treatment, hVSMCs were gathered, and 
the supernatant was removed. A protein removal reagent solu-
tion M was added, and the mixture was centrifuged at 10,000g 
for 10 min at 4 °C. Then, the supernatant was collected for analy-
sis. The total glutathione content in each sample was determined 
by preparing a standard curve and measuring its absorbance at 
412 nm. Subsequently, GSH in the samples was eliminated using 
a GSH-removing auxiliary solution, and absorbance at 412 nm 
was determined again to quantify GSSG levels. The GSH con-
centration was determined by subtracting the measured GSSG 
level from the total glutathione pool.   

MDA assay
   The relative MDA concentrations in arterial tissues and hVSMCs 
were assessed using an MDA assay kit (Beyotime) based on the 
protocols. Arterial tissues or cell samples were homogenized 
and lysed using an immunoprecipitation lysis buffer. The lysates 
were then centrifuged at 10,000g for 10 min, and supernatants 
were collected for subsequent assays. After sample preparation, 
protein concentrations were quantified. Standard solutions, test 
samples, and detection working solution were added separately 
into a 96-well plate. Measuring the absorbance of each sample 
was at 532 nm with a microplate reader.   

Plaque and intracellular ROS analysis
   To detect ROS production in plaques, fresh-frozen sections of 
the aortic root were incubated with 10 μM dihydroethidium 
(Thermo Fisher Scientific) dissolved in phosphate-buffered 
saline (PBS) at 37 °C for 0.5 h in the dark. The sections were 
immediately photographed utilizing a Zeiss LSM800 NLO con-
focal microscope (Carl Zeiss), and fluorescence intensity was 
quantified via ZEN software (Carl Zeiss).   

Western blot analyses
   Protein specimens isolated from hVSMCs or endothelium-
removed aortas were used for Western blotting analysis, as pre-
viously described. Briefly, protein specimens were separated by 
SDS–polyacrylamide gel electrophoresis and transferred onto 
polyvinylidene difluoride membranes (Millipore). The mem-
branes were blocked with 5% skimmed milk powder for 2 h at 
37 °C and subsequently incubated overnight at 4 °C utilizing 
primary antibodies. Primary antibody against 4-HNE (ab48506; 
1:1,000) was bought from Abcam (Cambridge, MA, UK). 
The primary antibodies against ECH1 (A12944; 1:1,000), HuR 
(A19622; 1:1,000), GPX4 (A27995; 1:1,000), SLC7A11(A25302; 
1:1,000), and β-actin (AC026; 1:1,000) were obtained from 
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Abclonal (Wuhan, China). β-Actin was used as loading control 
for normalization. Then, the membranes were incubated 
with secondary antibodies for 1 h, and signals were detected 
using a Bio-Rad ChemiDoc MP imager (Bio-Rad Laboratories, 
Hercules, CA, USA).   

Quantitative PCR
   RNA was extracted from endothelium-removed aortas and 
hVSMCs using TRIzol Plus reagent (TaKaRa) and reverse-
transcribed into cDNA using PrimeScript RT Reagent Kit 
(TaKaRa). Quantitative PCR (qPCR) was performed on the 
CFX96 Real-Time System (Bio-Rad) using the GoTaq qPCR 
Master Mix (Promega) to determine the mRNA expression 
levels of the indicated genes. Data were normalized relative 
to β-actin. The primer sequences used are listed in Table  S7 .   

Oil Red O staining
   The intact aorta was meticulously dissected from the aortic root 
to the iliac bifurcation, with all perivascular adipose and con-
nective tissues carefully removed. The vessel was then longitu-
dinally incised along the lesser curvature of the aortic arch to 
expose the lumen, extending proximally to the common carotid 
and subclavian arteries and distally to the iliac arteries. The 
dissected aorta was fixed in 4% paraformaldehyde for 24 h and 
subsequently stained with a freshly prepared Oil Red O work-
ing solution (Solarbio) at 37 °C for 60 min. Nonspecific back-
ground staining was differentiated by briefly rinsing the samples 
with 60% isopropanol. Quantitative analysis of the atheroscle-
rotic lesion areas was conducted using ImageJ software.   

Histology analysis of atherosclerotic plaque
   We analyzed atherosclerotic plaque morphology and composi-
tion as depicted above. Briefly, mouse hearts were perfused and 
fixed in 4% paraformaldehyde for 24 h before sectioning. The 
aortic roots were embedded in paraffin and serially sectioned 
at a thickness of 4 μm through the region of the aortic valves. 
Aortic root paraffin sections were stained with hematoxylin 
and eosin (H&E) (for plaque and necrotic core area analysis) 
and Masson’s trichrome (for collagen content quantification) 
following standard procedures and subjected to immunohis-
tological staining using an anti-α-smooth muscle actin (α-SMA; 
Abcam). The stained tissues and sections were imaged utilizing 
a microscope (Olympus Optical), and quantitative analyses 
were performed using ImagePro software.   

FeCl3-induced carotid artery thrombosis model
   Carotid arterial thrombosis was induced using the FeCl3 injury 
approach with minor modifications. Following adequate anes-
thesia, a midline cervical incision was made to carefully blunt-
dissect and expose the common carotid artery. A perivascular 
miniature Doppler flow probe (Transonic Systems Inc.) was 
secured around the isolated vessel to continuously record real-
time blood flow dynamics. To induce standardized endothelial 
injury, a 2 mm × 2 mm piece of Whatman filter paper pre-
soaked with 10% FeCl3 solution was topically applied to the 
adventitial surface of the carotid artery for 60 s. After removal 
of the filter paper, the injured segment was thoroughly rinsed 
with prewarmed (37 °C) sterile saline, and blood flow was 
monitored continuously for a total of 30 min. Time to complete 
vessel occlusion was defined as the interval from FeCl3 applica-
tion to persistent blood flow arrest lasting more than 30 s; 

specimens that did not develop full occlusion within the obser-
vation window were assigned a cutoff value of 30 min.   

Immunofluorescence
   For immunofluorescence (IF) staining, paraffin sections were 
prepared as described above. Antigen retrieval was performed by 
boiling the sections in citrate buffer (Santa Cruz Biotechnology) 
at over 95 °C for 0.5 h for sections. Subsequently, the sections 
were blocked utilizing goat serum (Beyotime) for 30 min at 
room temperature. The sections were then incubated overnight 
at 4°C with primary antibodies against 4-HNE (Abcam), ECH1 
(Abclonal), HuR (Abclonal), or α-SMA (Abcam). After incuba-
tion, appropriate fluorescent-dye-conjugated secondary anti-
bodies were used and using 4′,6-diamidino-2-phenylindole 
(DAPI; Beyotime) to counterstain. Finally, sections were pho-
tographed using a Zeiss LSM800 NLO confocal microscope 
(Carl Zeiss).   

Ferroptosis assay
   For the assessment of ferroptosis, fluorescent probes including 
2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) and 
Liperfluo were used to measure ROS and lipid peroxide levels 
in hVSMCs. Probe loading was performed either in situ or after 
cell collection, followed by confocal fluorescence microscopy 
imaging and flow cytometric analysis of the aforementioned 
indicators. To visualize the staining of the fluorescent probes, 
hVSMCs were incubated with 1 μM 2′,7′-dichlorodihydrofluo-
rescein diacetate (MedChemExpress), 5 μM BODIPY 581/591 
C11 (Beyotime), or 5 μM Liperfluo (Dojindo Molecular 
Technologies) at 37 °C for 30 min in the dark after treatment. 
Subsequently, hVSMCs were rinsed with PBS to remove extra 
probes and photographed using a Zeiss LSM800 NLO confocal 
microscope (Carl Zeiss). For flow cytometry analysis, cells were 
first digested with trypsin and then incubated with the fluores-
cent probes and under the same incubation conditions men-
tioned above. Following washing with PBS to remove unbound 
probes, the hVSMCs were analyzed by flow cytometry.   

Spatial targeted lipidomics
   Spatial lipidomics enables the mapping of lipidomics distribu-
tions within aortic root plaque sections. Here, we present a 
targeted spatial metabolomics workflow that integrates on-
tissue MS/MS fragmentation with authentic standard compari-
son for confident metabolite annotation. After pretreating the 
samples, which were stored at −80 °C, at 20 °C for 1 h, 10-μm 
sections were cut using a Leica CM1950 cryostat and immedi-
ately mounted onto indium-tin-oxide-coated slides (Bruker) 
for matrix-assisted laser desorption/ionization MS imaging; 
adjacent sections were stained with H&E. The slides were 
then vacuum-dried for 15 min, sealed, and stored at −80°C. A 
1.5‑mM 1,5‑diaminonaphthalene solution (90% methanol/0.3% 
trifluoroacetic acid) was sprayed in 10 cycles using a TM-Sprayer 
(HTX Technologies) at the following parameters: speed, 1,200 mm/
min; spacing, 3 mm; flow rate, 0.08 ml/min; temperature, 
60 °C; nitrogen pressure, 10 psi. Images were acquired in nega-
tive ion mode using a Bruker thermal ionization mass spec-
trometry time-of-flight flex matrix-assisted laser desorption/
ionization 2 with a 10-kHz SmartBeam 3-dimensional laser 
(range, 50 to 1,300 mass/charge ratio; pixel size, 10 μm × 10 μm; 
laser frequency, 10 kHz; energy, 70%; 200 repetitions per pixel). 
The data and ion imaging were processed using SCiLS Lab 
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2024b Pro. For targeted analysis, we prepared 3 standard sam-
ples in this experiment; details refer to the Table  S8 . Precursor 
ions of interest were selected on the basis of accurate mass (<3 
parts per million), and on-tissue MS/MS spectra were acquired 
using collision energy ramping from 10 to 40eV to generate 
rich fragmentation patterns. Authentic standards were spotted 
onto metal target plate or the same tissue section at defined coor-
dinates and analyzed under identical parameters. Identification 
was confirmed by matching MS/MS spectral similarity. Results 
refer to the Fig.  S14 . This targeted spatial metabolomics approach 
provides a robust framework for confident metabolite identi-
fication by combining the strengths of targeted acquisition 
(sensitivity, specificity) with orthogonal confirmation via stan-
dard comparison and MS/MS library matching. In general, if 
the matching score value is greater than 0.6, it is considered that 
the substance can be further qualitatively identified. The work-
flow is applicable to diverse tissue types and can be extended 
to isotope tracing and absolute quantification studies.   

Lipidomics
   The long-chain fatty acid content of hVSMCs and mouse aortic 
VSMCs was determined using targeted lipidomics combined with 
GC-MS. To correct for lipid extraction efficiency and sample pro-
cessing losses, a deuterated internal standard (nonadecanoic acid-
d37, 10 μg/ml) was added immediately at the initiation of lipid 
extraction (prior to organic solvent addition). All procedures were 
performed on ice with rapid processing to minimize phospholipid 
degradation and prevent artificial release of PUFAs from storage 
lipids. Samples were gradually thawed at 4 °C, and aliquots were 
transferred to 5 ml of ice-cold dichloromethane-methanol (2:1, 
v/v), followed by vigorous vortexing. The mixture was washed 
with 2 ml of ice-cold Milli-Q water, and the lower organic layer 
was collected and dried under a gentle nitrogen stream. The resi-
due was redissolved in 2 ml of n-hexane, and acid-catalyzed meth-
ylation was performed for 0.5 h to derivatize long-chain fatty acids 
into fatty acid methyl esters, which enables efficient ionization 
and accurate GC-MS detection. After adding 2 ml of Milli-Q 
water, 2 ml of the supernatant was collected, dried under nitrogen, 
redissolved in n-hexane, and transferred to an injection vial 
(injection volume, 1 μl; split ratio, 10:1). Chromatographic separa-
tion was performed using an Agilent 19091S-433UI capillary 
column (HP-5ms; 30 m × 250 μm × 0.25 μm). A quality control 
sample (pooled sample mix) was included in each analytical batch 
to monitor system stability and reproducibility (Fig.  S15 ). MS was 
performed using an Agilent 5977B mass‑selective detector (MSD) 
with the following parameters: injection port, 280 °C; ion source, 
230 °C; transfer line, 250 °C; electron ionization energy, 70 eV; 
and SCAN mode/selected‑ion‑monitoring (SIM) mode detec-
tion. Peak areas and retention times were extracted using MSD 
ChemStation, and quantification was performed using a 7-point 
standard curve calibrated with the internal standard to account 
for matrix effects and extraction recovery.   

Primary cells isolation and culture
   The aortas were carefully dissected from mice, followed by the 
manual removal of endothelial cells. The endothelium-denuded 
aortas from 5 mice were then pooled and cut into small pieces, 
each approximately 1 mm in dimension. To prepare a single-cell 
suspension, a mixed enzyme digestion solution was utilized 
containing collagenase I (450 U/ml), collagenase XI (250 U/
ml), and hyaluronidase (120 U/ml; all from Sigma-Aldrich), 

along with deoxyribonuclease I (120 U/ml) obtained from 
Roche in Indianapolis, IN, USA. The digestion was carried out 
at 37 °C for a duration of 90 min. The resulting primary mouse 
VSMC single-cell suspension was then filtered through a 70-μm 
cell strainer. Subsequently, the cells were cultured in a 24-well 
plate using DMEM (Gibco) supplemented with 10% fetal 
bovine serum (Gibco) and 1% penicillin/streptomycin.   

Cell transfection
   hVSMCs underwent transfection with plasmids overexpress-
ing ECH1 or HuR (Youbio) or with ECH1/HuR-specific small 
interfering RNAs (Table  S9 ) using Lipofectamine 3000 
(Invitrogen), following established protocols. Transfection 
duration was 48 h. The small interfering RNAs, synthesized 
by MiaoLingPlasmid (Hubei), were validated for knockdown 
efficiency via quantitative reverse transcription PCR and 
Western blotting, using β-actin as an internal control.   

RNA immunoprecipitation
   RIP assays were conducted using a Millipore kit (Burlington) 
based on the manufacturer’s protocols. hVSMCs were lysed in 
150 μl of RIP buffer, followed by 6-h incubation with 5 μg of 
anti-human immunoglobulin G (IgG) conjugated with mag-
netic beads or HuR antibodies (Abclonal). RNA–protein com-
plexes were digested with proteinase K to isolate RNA, and 
HuR–ECH1 mRNA interactions were quantified by qPCR.   

Statistical analysis
   Data were analyzed using GraphPad Prism 10. Results are 
expressed as means ± SD, with n indicating mouse numbers 
or experimental replicates (see figure legends). When the 
data fit a normal distribution (normality was assessed using 
the Shapiro–Wilk test), 2-group comparisons used 2-tailed 
Student’s t tests, multigroup comparisons were conducted 
using analysis of variance (ANOVA), followed by post-hoc 
Tukey’s honestly significant difference tests. Statistical sig-
nificance was defined as P < 0.05.    
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