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A B S T R A C T   

Background: Acute Stanford type A aortic dissection (ATAAD) is characterized by intimal tearing 
and false lumen formation containing large amounts of erythrocytes with heme. Heme oxygenase 
1 (HO-1) is the key enzyme to degrade heme for iron accumulation and further ferroptosis. The 
current study aimed at investigating the role of HO-1 in the dissection progression of ATAAD. 
Methods: Bioinformatic analyses and experimental validation were performed to reveal ferroptosis 
and HO-1 expression in ATAAD. Human aortic vascular smooth muscle cell (HA-VSMC) was used 
to explore underlying molecular mechanisms and the role of HO-1 overexpression in ATAAD. 
Results: Ferroptosis was identified as a critical manner of regulated cell death in ATAAD. HO-1 
was screened as a key signature of ferroptosis in ATAAD, which was closely associated with 
oxidative stress. Single cell/nucleus transcriptomic analysis and histological staining revealed 
that HO-1 and HIF-1α were upregulated in vascular smooth muscle cell (VSMC) of ATAAD. 
Further in vitro experiments showed that H2O2-induced oxidative stress increased VSMC fer-
roptosis with the overexpression of HO-1, which could be suppressed by HIF-1α inhibitor PX-478. 
HIF-1α could transcriptionally regulate the expression of HO-1 through binding to its promoter 
region. Pharmacological inhibition of HO-1 by zinc protoporphyrin (ZnPP) did not reduce H2O2- 
induced HA-VSMC damage without heme co-incubation. However, H2O2-induced HA-VSMC 
damage was worsened when heme was added into the medium, and ZnPP could reduce HA- 
VSMC damage in this condition. 
Conclusion: HO-1 is a key signature of VSMC ferroptosis in ATAAD. HIF-1α/HO-1 mediated fer-
roptosis might participate in oxidative stress induced VSMC damage.   
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1. Introduction 

Thoracic aortic aneurysm and dissection is a life-threatening cardiovascular disease with high risk of mortality with annual 
incidence of 6–16 per 100,000 [1]. Ascending thoracic aortic aneurysm (ATAA) and acute Stanford type A aortic dissection (ATAAD) 
are two subtypes of thoracic aortic diseases based on shared histopathologic feature of medial layer degeneration [2]. However, ATAA 
is characterized by chronic and progressive weakening and dilation of ascending thoracic aortic walls, while ATAAD is acute intimal 
tearing and dissection involving the ascending aorta. 

Unlike ATAA, ATAAD is characterized by intimal tearing and acute false lumen formation. With the progression of false lumen, 
multiple complications might occur, including aortic valve insufficiency, tamponade, and even aortic rupture. Compared with type B 
aortic dissection, ATAAD is more life-threatening and requires urgent surgical repair [1,3]. In current era, mortality rate of ATAAD still 
remains as high as 23.7 % within 48 h after onset [4]. False lumen formation plays a key role in the dissection progression of ATAAD. It 
has been reported that larger size of false lumen predicts poor prognosis of ATAAD [5]. Currently, the progression of false lumen is 
mainly explained by physical tearing in an antegrade and retrograde manner. However, underlying molecular mechanisms of how 
false lumen progressed remains largely unknown. Better understanding of this process could provide novel insights into controlling the 
progression of false lumen after ATAAD onset. 

Vascular smooth muscle cell (VSMC) damage and death may play an important role in the microenvironment of false lumen [2]. 
Besides apoptosis and necrosis, several new manners of regulated cell death (RCD) have been discovered in recent years, including 
cuproptosis, ferroptosis, necroptosis, autophagy, immunogenic cell death (ICD), and pyroptosis [6]. Notably, ferroptosis is a kind of 
RCD based on iron accumulation and lipid peroxidation [7]. Thrombus within false lumen of ATAAD contains large amounts of 
erythrocytes with heme. Heme oxygenase (HO) is the key enzyme in heme catabolism to produce iron for ferroptosis. HO-1, a major 
type of HO, is strongly induced in response to hypoxia, oxidative stress, and other internal environmental shifts [8]. HO-1 plays an 
essential role in the pathogenesis of several cardiovascular disorders such as atherosclerosis and ischemic cardiomyopathy [9]. 
However, the role of HO-1 in ATAAD has not been fully understood. This study aimed at investigating how HO-1 functions in ATAAD, 
especially in oxidative stress-induced VSMC damage. 

2. Methods and materials 

2.1. Clinical specimens and ethics statement 

A total of 96 aortic specimens were integrated and analyzed in this study, including 81 specimens from Gene Expression Omnibus 
(GEO) database and 15 clinical specimens from our center. Study protocols involving clinical specimens from patients were reviewed 
and approved by Ethical Committee of Zhongshan Hospital, Fudan University (Ethical number: B2022-374R). Written informed 
consent for experimentation was obtained from all patients. A total of 5 control, 5 ATAA and 5 ATAAD specimens were retrieved from 
patients undergoing open cardiac surgery. Control ascending thoracic aorta was obtained from recipient or donor of heart trans-
plantation. For ATAA and ATAAD, patients were diagnosed according to the guideline [1], and were excluded if they had hereditary 
aortic disease (i.e., Marfan syndrome and Loeys-Dietz syndrome), iatrogenic injury, infection, and trauma. 

2.2. Public transcriptome data acquisition and preprocessing 

Transcription data of human ATAAD were obtained from the open-source GEO database (https://www.ncbi.nlm.nih.gov/geo/) 
including high throughput sequencing datasets (GSE107844, GSE147026, GSE153434) and a microarray dataset (GSE52093). 
Transcription dataset GSE140947 of human ATAA was also downloaded from GEO database. The details of public transcriptional 
datasets were available at Supplementary File 1. 

High throughput sequencing datasets GSE153434 and GSE107844 were combined as test group. Batch effect was eliminated with R 
function ‘ComBat’ from R package ‘sva’ (Version 3.42.0) through empirical Bayesian theory [10]. R function ‘prcomp’ was used to 
perform PCA to confirm the effect of batch-normalized data. For combination of ATAA and ATAAD samples, merged GSE153434 and 
GSE107844 were combined with ATAA dataset GSE140947, with elimination of batch effect as described above. Another high 
throughput dataset GSE147026 and microarray dataset GSE52093 were independently used as validation datasets. 

2.3. Differential analysis 

We performed differential analysis for screening differentially expressed genes (DEGs) between ATAAD and control specimens 
using R package ‘limma’ (Version 3.50.0). Genes with an average transcriptional value lower than 0.5 were filtered and excluded. R 
function ‘wilcox.test’ was used for screening DEGs after overall checking data distributions. |logFC| > 1 and P value < 0.05 were set as 
the cut-off value to identity DEGs [11]. Heatmap of gene expression was plotted with a Z-score standardization [12]. 

2.4. Protein-protein interaction (PPI) network 

Interested gene list was uploaded to STRING database (https://cn.string-db.org/) to construct networks and analyze protein 
functional interaction relationships [13]. Then, networks were uploaded to Cytoscape (Version 3.9.1) for visualization [14]. 
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2.5. Gene ontology (GO) analysis 

GO enrichment analysis was further performed based on DEGs to reveal the difference of biofunction between groups including 
biological process (BP), cellular component (CC), and molecular function (MF) [15]. This process was performed using R packages 
‘clusterProfiler’ (Version 4.2.0), ‘org.Hs.eg.db’ (Version 3.14.0), ‘enrichplot’ (Version 1.14.0) and ‘ggplot2’ (Version 3.3.5). 

2.6. Gene set enrichment analysis (GSEA) and single sample gene set enrichment analysis (ssGSEA) 

In this study, six different manners of RCD were focused and analyzed including autophagy, cuproptosis, ferroptosis, ICD, nec-
roptosis and pyroptosis. First, we obtained gene lists involving in these six RCD from high-quality literatures, including 847 autophagy 
related genes (ARG) [16], 10 cuproptosis related genes (CRG) [17], 61 ferroptosis related genes (FRG) [7], 28 ICD related genes (IRG) 
[18], 52 necroptosis related genes (NRG) [19] and 51 pyroptosis related genes (PRG) [20]. We summarized these genes in Supple-
mentary File 2 as a reference dataset for GSEA and ssGSEA analysis. 

GSEA was performed with ‘gsea-3.0.jar’ software. The number of permutations was set as 1000 as default. Multi-GSEA enrichment 
plots were described based on interested GSEA pathways using R package ‘plyr’ (Version 1.8.6), ‘ggplot2’, ‘grid’ (Version 4.1.1) and 
‘gridExtra’ (Version 2.3). The significant threshold for GSEA analysis was set as 0.05 [21]. For ssGSEA, R packages ‘GSVA’ (Version 
1.42.0) and ‘GSEABase’ (Version 1.56.0) were used to perform the analyses. Method was set as ‘ssgsea’ in R function ‘gsva’. Enrichment 
scores were standardized with Min-Max method [22]. The average of enrichment scores was compared between groups and the 
significant threshold was 0.05 as default [23]. 

2.7. Hub gene screening based on machine learning algorithms 

Two independent machine learning algorithms were used for hub gene screening including random forest [24] and support vector 
machine recursive feature elimination (SVM-RFE) [25]. For random forest algorithm, R package ‘randomForest’ was utilized to screen 
the hub genes from DEGs. Firstly, the optimal parameter ‘mtry’ was identified through the recurrent random forest classification for all 
possible variables (1–500). Secondly, each error rate of 1~500 trees was calculated and the optimal parameter mtry was determined 
by the lowest error rate and best stability. The random forest classifier was then used to calculate the results based on the 
above-selected parameters. Finally, the DEGs with significant importance were selected as the hub candidate genes for subsequent 
analysis according to the Gini coefficient method. The R packages ‘e1071’ (Version 1.7-9), ‘kernlab’ (Version 0.9-29) and ‘caret’ 
(Version 6.0-90) were used to conduct SVM-RFE algorithm. The receiver operating characteristic (ROC) curve was plotted using the R 
package ‘pROC’ (Version 1.18.0). 

2.8. Single cell/nucleus transcriptomic analysis 

Single cell/nucleus transcriptomic analysis was performed on control, ATAA and ATAAD thoracic aortic tissues. We integrated 
three control and seven aneurysmal ascending aortas from GSE155468 including a total of 41,744 aortic cells. The GSE155468 dataset 
initially contained 11 samples [26]. However, the expression of HO-1 was not available in the sample GSM4704937, which was 
excluded in further single-cell transcriptomic analysis. Single-nucleus RNA sequencing was performed on one ATAAD specimen from 
our center using 10X genomics platform (NovelBio, Shanghai, China). 

Single cell/nucleus transcriptomic analysis was performed using R package ‘Seurat’ [27]. Data was first filtered with the following 
criteria: 200 < feature number <5000, percent of mitochondria genes <10 %. Then data was scaled with a log normalization. Scale 
factor was set as 10,000. High variable genes were reserved for further analysis with R function ‘FindVariableFeatures’. Cells were 
dimensionally reduced through PCA and t-distribution stochastic neighbor embedding (TSNE). R function ‘FindAllMarkers’ was used 
to identify marker genes between different clusters. Interested genes were then visualized in a TSNE plot through R function 
‘FeaturePlot’. 

2.9. Morphological assay 

Aortic specimens were fixed with 4 % neutral-buffered formalin, dehydrated, embedded with paraffin, and cut into 5-μm sections 
[28]. For Prussian blue staining, a morphological detection manner to evaluate iron accumulation, sections were stained with Prussian 
blue (Powerful Biology, Wuhan, China) for 60 min. Nuclei was stained with 2 % nuclear solid red for 5 min. For immunostaining, 
sections were immersed in sodium citrate antigen retrieval solution (Solarbio, Beijing, China) at 95 ◦C for 5 min to perform 
heat-induced antigen retrieval process. Unspecific bounding was blocked by 1 % bovine serum albumin (BSA) dissolved in phosphate 
buffer saline (PBS) for 60 min at room temperature. The tissues on the sections were then covered with diluted primary antibodies 
dissolved in 1 % BSA. Immunohistochemistry (IHC) was performed using a DAB kit (Gene Tech, Shanghai, China). For immunoflu-
orescence (IF) dual staining, the first primary antibody was stained using a TSA kit (AKOYA, Delaware, USA) and the second primary 
antibody was directly labeled with the fluorescence secondary antibody. Nuclei were stained with DAPI (Solarbio, Beijing, China). 
Sections were scanned using a VS-120 microscope (Olympus, Tokyo, Japan). The primary and secondary antibodies were listed in 
Supplementary File 3. Image J software (Version: 1.8.0, NIH, Bethesda, MD, USA, RRID: SCR_003070) was used to calculate positive 
area of Prussian staining and the integral optical density (IOD) of IHC staining. 
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2.10. Cell culture and treatment 

Human aortic vascular smooth muscle cell (HA-VSMC, RRID: CVCL_4009) was cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) with high glucose, 10 % fetal bovine serum (FBS) and antibiotics including penicillin and streptomycin (Gibco, Oakland, CA, 
USA). For induction of oxidative stress, HA-VSMC was serum starved overnight and hydrogen peroxide (H2O2) was dose-dependently 
(0, 12.5, 25, 50, 100, 200, 400, 800 and 1000 μM) added into the serum-starved HA-VSMC for 24 h [29]. 

Simultaneously, cells were treated with ferroptosis inhibitor liproxstatin-1 (Lip-1), HIF-1α inhibitor PX-478 or HO-1 inhibitor Zinc 
Protoporphyrin (ZnPP) (MCE, New Jersey, USA) for 24 h at a dose of 0.1, 1, and 10 μM dissolved in dimethyl sulfoxide (DMSO) 
according to the manufacturer’s instructions and previous studies [30–32]. All cells were cultured in a 37 ◦C incubator with 5 % CO2. 
For induction of protective effect of ZnPP on HA-VSMC, heme (Sigma-Aldrich, St. Louis, MO, USA) was added into the medium at a 
concentration of 50 μM based on previous studies [33,34]. For MTT assay, cells were seeded into 96 well plates at a density of 1 × 104 

cells per well. For Annexin V/7-AAD, Western blot and glutathione (GSH) assay, cells were seeded into 6 well plates at a density of 5 ×
105 cells per well. 

2.11. Cell viability assay and cell death assay 

In this study, cell viability was measured through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 
Annexin V/7-AAD assay [35]. For MTT assay, cultured cells were first planted into 96-well plates. MTT regent was added at a volume 
of 10 μL into each well (0.5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA). The plate was incubated at 37 ◦C for 4 h. Medium was then 
removed from the plate. Finally, 100 μL DMSO was added into each well to dissolve the crystal. The absorbency at a wavelength of 492 
nm was measured by a microplate reader (Allsheng, Hangzhou, China). For cell death assay, Annexin V/7-AAD assay was performed on 
a flow cytometer (BD Biosciences, USA) to detect the cellular fluorescence using an Annexin V-PE/7-AAD detection kit (Vazyme, 
Nanjing, China) according to the manufacturers’ protocol. 

2.12. Lipid peroxidation, GSH assay and labile iron pool analysis 

Ferroptosis is marked by increased lipid peroxidation induced by iron overload and imbalance of GSH-oxidized glutathione (GSSG) 
antioxidant system [36]. In this study, intracellular iron was evaluated by labile iron pool analysis using Calcein AM method 
(Beyotime, China) as previously described [37]. Malondialdehyde (MDA) and GSH concentrations of tissue or cell lysate were 
measured following the manufacturers’ protocols using lipid peroxidation assay kit (Beyotime, China) and GSH assay kit (Beyotime, 
China), respectively. 

2.13. Western blotting 

After culture and treatment, cells were lysed with ice-cold lysis buffer containing 50 mmol L− 1 Tris–HCL (pH = 7.4), 1 % NP-40, 
150 mmol L− 1 NaCl, 1 mmol L− 1 EDTA and 1 mmol L− 1 phenylmethyl sulfonyl fluoride (PMSF) for 30 min. Lysates were centrifuged at 
12,000 g for 15 min at 4 ◦C. The supernatants were collected, and the protein concentration was measured using coomassie brilliant 
blue (Solarbio, Beijing, China) [38]. Cell lysates were boiled in SDS sample at 95 ◦C for 10 min and run on a 10 % SDS–polyacrylamide 
gel (120V constant voltage in stacking gel for 20 min, 20 mA constant current in separating gel for 100 min). The proteins were then 
transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA) at 4 ◦C, 300 mA for 1.5 h. PVDF mem-
branes were blocked with 5 % fat-free dry milk in TBST buffer (Tris-buffered saline with 0.1 % Tween 20) at room temperature for 1 h 
and then immersed in diluted primary antibodies at 4 ◦C overnight. The PVDF membranes were washed with TBST buffer and were 
incubated with secondary antibodies. The membranes were treated with enhanced chemiluminescence system (Millipore, Billerica, 
MA, USA) and pictured in automatic chemiluminescence image analysis system (Tanon, Shanghai, China). The primary and secondary 
antibodies were listed in Supplementary File 3. The bands were analyzed with Image J software. 

2.14. Luciferase reporter gene assay 

We predicted binding sites of HIF-1α in the promotor region of HO-1 from JASPAR database (http://jaspar.genereg.net/). The 
promotor region was defined as 2000 bases forward of the transcriptional start site (TSS) of the gene. The HIF-1α binding sites were 
identified as hypoxia response element (HRE). HO-1 promoter region was cloned forward of the luciferase reporter gene in a pGL3 
basic vector (HO-1-promoter-luc, Genecreate, Wuhan, China). HIF-1α coding sequence was cloned in a pCAGGS basic vector for 
establishment of HIF-1α overexpression vector (Genecreate, Wuhan, China). For luciferase reporter gene assay, HA-VSMC cells were 
cultured at a density of 1 × 105 cells/well in 24 well culture plates. Cells were co-transfected with HO-1-promoter-luc and HIF-1α 
plasmid for 24 h using a Lipofectamine 3000 transfection kit (Invitrogen, Carlsbad, CA). The cells were lysed with 100 μL cold Glo lysis 
buffer (Promega, Fitchburg, WI, USA) for 5 min. Luciferase activity was detected using Luciferase Reporter Assay System (Promega, 
Fitchburg, WI, USA). Luciferase substrate was first diluted in PBS in a ratio of 1:3 and was added into 96 well in a volume of 100 μL with 
10 μL cell lysates. The plate was read using a SpectraMax iD3 microplate reader (Molecular Devices, Shanghai, China). 
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2.15. Statistical analysis 

R 4.1.3 and GraphPad Prism 9.0 software (San Diego, CA, USA) were applied to perform statistical analysis. All statistical analysis 
was performed based on characteristics and distributions of original data. Student’s t-test was used for comparison between two groups 
if data obeyed normal distribution and homogeneity of variances. If not, Student’s t-test with Welch’s correction or Wilcoxon test was 
applied for comparison. Statistical analysis between multiple groups was performed through one-way ANOVA combined with Bon-
ferroni correction [39]. Spearman’s correlation was applied for correlation analysis. P < 0.05 was regarded as statistically significant. 

3. Results 

3.1. Ferroptosis is a critical manner of RCD in ATAAD 

Transcriptome datasets from GEO database were downloaded for bioinformatic analysis. The flow chart of this part was available in 

Fig. 1. Ferroptosis is Identified as a Critical Manner of RCD in ATAAD. (A) Flow chart of evaluating six manners of RCD in control and ATAAD 
ascending aorta. (B–C) Comparison of six manners of RCD in control and ATAAD of GSE153434 and GSE107844 through ssGSEA and GSEA. (D–E) 
Comparison of six manners of RCD in control and ATAAD of GSE147026 through ssGSEA and GSEA. (F–G) Comparison of six manners of RCD in 
control and ATAAD of GSE52093 through ssGSEA and GSEA. RCD, regulated cell death; ATAAD, acute Stanford type A aortic dissection; GSEA, gene 
set enrichment analysis; ssGSEA, single sample gene set enrichment analysis; ARG, autophagy related gene; CRG, cuproptosis related gene; FRG, 
ferroptosis related gene; IRG, immunogenic cell death related gene; NRG, necroptosis related gene; PRG, pyroptosis related gene. Data shown are 
means ± SEM. Statistical analysis was performed through Student’s two-tailed t-test. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 2. Identification of HO-1 as a Key Signature of ATAAD through Machine Learning Algorithms. (A) Prussian blue staining in control and 
ATAAD. (B) Statistical analysis of Prussian blue staining. (C) MDA concentration in lipid peroxidation assay. (D) IHC staining of GPX-4 and 4-HNE in 
control and ATAAD. (E) Statistical analysis of GPX-4 and 4-HNE. (F) PPI network of differentially expressed FRGs from bioinformatic analysis. (G) 
Heatmap of differentially expressed FRGs between control and ATAAD thoracic aorta. Expression of FRGs in each specimen was normalized as z- 
scores. (H) Screening of key signature of ATAAD through random forest. (I) Screening of key signature of ATAAD through SVM-RFE. (J) Intersection 
of selected genes screened by random forest and SVM-RFE. (K) Intersection of DEGs and FRG. (L) Relative expression of HO-1 in control and ATAAD 
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Fig. 1A. GSE153434 and GSE107844 were merged and further used as test datasets (13 control and 13 ATAAD). GSE147026 and 
GSE52093 were independently used as validation datasets (9 control and 11 ATAAD). GSEA and ssGSEA were performed to evaluate 
six manners of RCD in control and ATAAD ascending aorta. 

In test datasets, we performed ssGSEA and found that ferroptosis, pyroptosis, ICD and necroptosis were significantly upregulated in 
ATAAD compared with control specimens (Fig. 1B). GSEA analysis showed that five manners of RCD were significantly enriched in 
ATAAD except cuproptosis (Fig. 1C). Validation dataset GSE147026 revealed an upregulation of ferroptosis, pyroptosis and nec-
roptosis and a downregulation of cuproptosis (Fig. 1D). GSEA analysis only suggested significant enrichment of ferroptosis (Fig. 1E). 
Thus, ferroptosis was preliminarily identified as a critical RCD manner in ATAAD. Similar result was also observed with another 
validation dataset GSE52093 (Fig. 1F–G). Average enrichment scores of ferroptosis in ATAAD ranked first among these six manners of 
RCD in both test and validation datasets. With an integration and intersection, ferroptosis was screened as a prominent manner of RCD 
in ATAAD. 

of three datasets. HO-1, Heme oxygenase-1; MDA, malondialdehyde; PPI, protein-protein interaction network; SVM-RFE, support vector machine 
recursive feature elimination; DEG1, DEGs of GSE153434 and GSE107844; DEG2, DEGs of GSE147026; DEG3, DEGs of GSE52093; DEG, differ-
entially expressed gene. Data shown are means ± SEM. Statistical analysis of morphological and lipid peroxidation assay were performed through 
Student’s two-tailed t-test (Panel B, C and E). Statistical analysis of HO-1 expression was performed through Student’s two-tailed t-test with Welch’s 
correction (Panel L). *P < 0.05, **P < 0.01, ***P < 0.001. 

Fig. 3. Activation of Oxidative Stress is Significantly Associated with Ferroptosis and HO-1 expression in ATAAD. (A) Flow chart of analyses 
on ferroptosis and HO-1 based on GSE140947 of control and ATAA specimens. (B) GSEA of control and ATAA ascending aorta. (C) ssGSEA of control 
and ATAA ascending aorta. (D) Heatmap of HO-1 expression in control and ATAA ascending aorta. (E) GO analysis of ATAAD compared with ATAA. 
(F) Correlation analysis between oxidative stress and ferroptosis. (G) Correlation analysis between oxidative stress and HO-1 relative expression. 
ATAA, ascending thoracic aortic dissection; GO, gene ontology. Data shown are means ± SEM. Statistical analysis was performed through Student’s 
two-tailed t-test (Panel C). ***P < 0.001, ns = not significant. 
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Fig. 4. HO-1 is Upregulated in VSMC of ATAAD Aorta. (A) TSNE plots of different cell clusters in ATAAD. (B) TSNE plots of different cell types in 
ATAAD. (C) TSNE plots of HO-1 expression in ATAAD. (D) Conserved cell markers in human control and aneurysmal thoracic aortic tissues. (E) 
TSNE plots of different cell clusters in control and ATAA. (F) TSNE plots of different cell types in control and ATAA. (G) TSNE plots of HO-1 
expression in control and ATAA. (H) IHC staining of HO-1 in control, ATAA and ATAAD specimens. (I) IF staining of HO-1/α-SMA in control, 
ATAA and ATAAD specimens. n = 5 per group. IHC, Immunohistochemistry; IF, Immunofluorescence. 
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3.2. HO-1 is a key signature of ferroptosis in ATAAD 

Above bioinformatic findings were further confirmed by experimental validation. Prussian blue staining showed significant iron 
accumulation in the ATAAD tissues marked by blue area (Fig. 2A-B). Lipid peroxidation assay showed the concentration of MDA, 
representative product of lipid peroxidation, was significantly increased in ATAAD (Fig. 2C). IHC staining further demonstrated that 4- 
HNE, a marker of lipid peroxidation, was significantly overexpressed in ATAAD. GPX-4, the key enzyme of GSH-GSSG antioxidant 
system, was significantly downregulated (Fig. 2D-E). These results verified that ferroptosis was a critical manner of RCD in ATAAD. 

Fig. 5. HIF-1α is Overexpressed in VSMC of ATAAD and Closely Correlated with HO-1 Expression. (A) Heatmap of differentially expressed 
oxidative stress related genes in ATAAD. (B) Expression of HIF-1α in control, ATAA and ATAAD specimens. (C) Confirmation of HIF-1α expression in 
GSE52093. (D) IHC staining of HIF-1α in control, ATAA and ATAAD specimens. (E) IF staining of HIF-1α/α-SMA in control, ATAA and ATAAD 
specimens. n = 5 per group. (F) TSNE plots of HIF-1α expression in control and ATAA specimens (left). TSNE plots of HIF-1α expression in ATAAD 
specimen (right). (G) Correlation analysis between oxidative stress and HIF-1α relative expression (left). Correlation analysis between HIF-1α and 
HO-1 relative expression (right). Data shown are means ± SEM. Statistical analysis was performed through one-way ANOVA combined with 
Bonferroni correction (Panel B) and Student’s two-tailed t-test with Welch’s correction (Panel C). *P < 0.05, **P < 0.01, ***P < 0.001. 
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Furthermore, it is valuable to identify which molecule may play a key role in the ferroptosis of ATAAD. First, differential analysis 
was performed between control and ATAAD ascending aorta. A total of 1977 DEGs was identified in the test group GSE153434 and 
GSE107844 including 9 FRGs (|logFC| > 1 and P value < 0.05). Differently expressed FRGs were shown as PPI network in Fig. 2F. 
Heatmap of differentially expressed FRGs revealed overexpression of LPCAT3, SLC7A11, STEAP3, MT1G, HO-1, AKR1C3, FTH1 and 
SAT1 while DPP4 was downregulated in ATAAD compared with control specimens (Fig. 2G). These 9 FRGs were further used for 
identification of key signature in ATAAD through machine learning algorithms. First, random forest was used for selection. We set one 
as the cut-off value of MeanDecreaseGini and identified HO-1, SAT1, MT1G and LPCAT3 as hub FRGs in ATAAD. Specifically, 
MeanDecreaseGini of HO-1 was obviously higher than other three hub FRGs (Fig. 2H). Further, SVM-RFE screened HO-1 and DPP4 as 
hub FRGs in ATAAD (Fig. 2I). Through integration and intersection, HO-1 was finally confirmed as a key signature in ATAAD (Fig. 2J). 
This result was in line with the fact that HO-1 was the only intersection gene among DEGs of three GEO datasets and FRGs (Fig. 2K). 
Fold change of HO-1 in ATAAD compared with control specimens in three datasets were 7.84, 13.08 and 9.08, respectively (Fig. 2L). 
Our results demonstrated that HO-1 may be a key signature of ferroptosis in ATAAD. 

3.3. Oxidative stress is associated with ferroptosis and HO-1 expression in ATAAD 

To better understand the potential mechanism of increased HO-1 expression in ATAAD, we checked whether ferroptosis and HO-1 
were also upregulated in non-dissected ATAA that shares similar histopathologic features with ATAAD. We obtained 12 control and 12 
ATAA specimens from GSE140947 (Fig. 3A). Surprisingly, GSEA found no significant enrichment of six manners of RCD in ATAA 
(Fig. 3B). Further ssGSEA only revealed that autophagy was significantly downregulated in ATAA compared with control ascending 
aorta (Fig. 3C). Comparison of HO-1 expression revealed that HO-1 was not significantly altered in ATAA compared with control 
samples, along with no change of several FRGs including FTH1 and SLC7A11 (Fig. 3D). 

Considering that ferroptosis and HO-1 were upregulated in ATAAD but not ATAA, it is valuable to explore the difference between 
ATAAD and ATAA on molecular levels. GO analysis demonstrated that oxidative stress was significantly upregulated in ATAAD 
compared with ATAA (Supplementary File 4). Oxidative stress related pathways were significantly activated in ATAAD such as MAPK 
cascade, JNK cascade and intrinsic apoptotic signaling pathway in response to oxidative stress (Fig. 3E). Next, we retrieved 396 genes 
from significantly enriched oxidative stress related pathways (Supplementary File 4). Oxidative stress was evaluated based on the 
expression of these genes through ssGSEA. Correlation analysis revealed that oxidative stress was positively correlated with ferroptosis 
(Fig. 3F, R = 0.80, P < 0.001) and HO-1 relative expression (Fig. 3G, R = 0.82, P < 0.001). Therefore, we hypothesized that upre-
gulation of ferroptosis and HO-1 expression might be closely associated with high-level oxidative stress in ATAAD. 

3.4. HO-1 is mainly overexpressed in the VSMC and macrophage of ATAAD 

Since transcriptomic analysis suggested overexpression of HO-1 in ATAAD, we performed further investigations on cellular 
expression of HO-1. We performed single-nucleus extraction, 10X genomics sequencing and obtained a total of 5,680 aortic cells from 
ATAAD specimen (Fig. 4A). According to conserved cell markers, 9 clusters and 4 cell types were identified including VSMC, fibroblast, 
macrophage, and endothelial cell (EC) (Fig. 4B). Analysis of HO-1 expression demonstrated that HO-1 was highly expressed in VSMC, 
which is the main cell type in the aortic walls (Fig. 4C). In addition, HO-1 is also expressed in macrophage and fibroblast. The cell 
quantity of EC is too low for analysis. Single-cell transcriptomic analysis of GSE155468 demonstrated that HO-1 was highly expressed 
in macrophage but lowly expressed in other cell types of control and ATAA aorta (Fig. 4D–G). Therefore, VSMC and macrophage were 
mainly focused for further investigation on the cellular expression of HO-1. 

Histological staining of control, ATAA and ATAAD were further performed to confirm cellular expression of HO-1. IHC staining 
revealed that HO-1 was lowly expressed in control and ATAA specimens. However, it was highly expressed within ATAAD aortic tissue 
(Fig. 4H). Further, IF staining confirmed that HO-1 was co-localized with+VSMC marked by α-SMA in ATAAD specimens (Fig. 4I). In 
addition, IHC staining of CD68 revealed accumulation of macrophages within thoracic aorta of ATAAD (Supplementary Fig. 1A). Dual 
IF staining showed that HO-1 was also expressed in the macrophages (Supplementary Fig. 1B). Taken together, these results suggested 
that VSMC and macrophage could provide the expression of HO-1 in ATAAD. 

3.5. HIF-1α is overexpressed and closely correlated with HO-1 expression in the VSMC of ATAAD 

Considering that VSMC is a major cell type within thoracic aortic walls and the overexpression of HO-1 was obviously observed in 
VSMC of ATAAD, we next mainly focused on the underlying mechanisms. Since ferroptosis and HO-1 expression were closely asso-
ciated with high condition of oxidative stress, we hypothesized that HO-1 might be induced under oxidative stress in VSMC of ATAAD. 
Hypoxia induced factor 1α (HIF-1α) was a classical molecular to be induced by oxidative stress and was among differentially expressed 
oxidative stress related genes (Fig. 5A). HIF-1α was significantly overexpressed in ATAAD compared with control and ATAA 
(Fig. 5B–C). Thus, HIF-1α was screened as a key participator of oxidative stress in ATAAD. 

IHC and IF staining confirmed these findings (Fig. 5D–E). Specifically, co-staining of HIF-1α with α-SMA revealed upregulation of 
HIF-1α in VSMC. Similarly, single-cell/nucleus transcriptomic analysis demonstrated that HIF-1α was lowly expressed in VSMC of 
thoracic aorta in control and ATAA but was relatively highly expressed in VSMC of ATAAD specimens (Fig. 5F). Next, we speculated 
that oxidative stress might induce expression of HO-1 through HIF-1α. Correlation analysis showed that HIF-1α expression was 
positively correlated with oxidative stress (Fig. 5G, R = 0.69, P < 0.001) and HO-1 expression (Fig. 5G, R = 0.79, P < 0.001). 
Collectively, these bioinformatic analyses suggested a potential regulatory relationship between oxidative stress, HIF-1α and HO-1 

W. Song et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e22857

11

(caption on next page) 

W. Song et al.                                                                                                                                                                                                          



Heliyon 9 (2023) e22857

12

expression. 

3.6. HIF-1α/HO-1 mediated ferroptosis is involved in oxidative stress induced HA-VSMC damage 

To verify the oxidative stress/HIF-1α/HO-1 axis in VSMC ferroptosis, in vitro experiment in HA-VSMC cell line was performed. 
First, we focused on whether ferroptosis was involved in oxidative stress induced VSMC damage. H2O2 was used to establish the in 
vitro model of oxidative stress in HA-VSMC [40]. In our results, H2O2 dose-dependently inhibited cell viability of HA-VSMC via MTT 
assay (Supplementary Fig. 2, IC50 = 64.21 μM). Annexin V/7-AAD assay provided evidence that 50 μM H2O2 induced cell damage and 
death of HA-VSMC (Fig. 6A). Labile iron pool analysis suggested iron overload and GSH assay showed significantly lower cellular 
concentration of GSH in this condition (Fig. 6B–C). Further, three concentrations (25, 50 and 75 μM) was used to reveal that H2O2 
could dose-dependently induce expression of lipid peroxidation marker 4-HNE (Fig. 6D–E). These results consolidated that ferroptosis 
was involved in H2O2 induced VSMC damage. 

We further verified whether H2O2 induced VSMC ferroptosis via HO-1. Western blot assay clearly showed that H2O2 induced the 
overexpression of HO-1 by 4.50, 5.92 and 6.98-fold at the concentration of 25, 50 and 75 μM, respectively, which matched the fold 
change of HO-1 in clinical ATAAD specimens. Ferroptosis inhibitor Lip-1 remarkably suppressed the expression of HO-1 induced by 
H2O2 in a dose-dependent manner (Fig. 6F). These results underlined the important role of HO-1 mediated ferroptosis in H2O2 induced 
VSMC damage. 

We next tested whether oxidative stress could induce the expression of HO-1 and further ferroptosis through HIF-1α. Western blot 
assay suggested overexpression of HIF-1α in HA-VSMC with treatment of H2O2 (Fig. 6D). Co-incubation with PX-478, a HIF-1α in-
hibitor, could dose-dependently suppress ferroptosis marked by decrease of 4-HNE. In addition, PX-478 inhibited the overexpression of 
HO-1 induced by H2O2 (Fig. 6G–H). This result further provided evidence that HIF-1α/HO-1 axis could participate in oxidative stress 
induced VSMC ferroptosis. We further specify the molecular regulation between HIF-1α and HO-1. Considering that HIF-1α is a 
transcriptional factor, we hypothesized that HIF-1α might direct initiate the transcription of HO-1. One predicted sequence of HRE was 
found on the promoter region of HO-1 (Fig. 6I–J). Then, we performed luciferase reporter gene assay to detect whether HIF-1α could 
bind to the promotor region of HO-1. As expected, HIF-1α overexpression increased the luciferase activity after HO-1 promoter 
sequence, which supported that HIF-1α could transcriptionally regulate the expression of HO-1 (Fig. 6K). 

We finally explored whether inhibition of HO-1 could alleviate VSMC damage induced by oxidative stress. Interestingly, HO-1 
inhibitor ZnPP did not attenuate H2O2-induced cell damage of HA-VSMC (Fig. 6L). This result indicated that ZnPP did not directly 
reduce VSMC damage induced by oxidative stress, which might be attributed to the difference between the microenvironment of 
oxidative stress in vitro and in ATAAD tissues. The microenvironment of ATAAD is not only characterized by activated oxidative stress, 
but also contains large number of erythrocytes with heme. To better simulate the microenvironment in ATAAD tissues, heme was 
added into the cell medium and co-incubated with H2O2. When heme was added into the medium, H2O2-induced HA-VSMC damage 
was worsened. ZnPP administration significantly protected H2O2-induced HA-VSMC damage when co-incubated with heme (Fig. 6M). 

4. Discussion 

With blood flow into the false lumen of ATAAD, oxidative stress drives large expression of HO-1 through HIF-1α in VSMC. Infil-
trated macrophages also express and offer HO-1 as well. HO-1 degrades heme, which produces large amount of free iron and lead to 
ferroptosis of VSMC. With VSMC death, HO-1 might be released into microenvironment of false lumen and produce new cycles of iron 
overload and ferroptosis. Positive feedback of oxidative stress, HO-1 expression and ferroptosis might lead to false lumen enlargement 
and dissection progression (Graphic Abstract). 

Ferroptosis was identified as a critical manner of RCD based on bioinformatic methods in ATAAD, which is an iron-dependent RCD. 
Iron is distributed in hemoglobin, myoglobin, and iron-dependent enzymes as functional iron, stored in liver and spleen for medullary 
hematopoiesis and excreted from dejection, urine, skin, and milk [41]. Iron plays a key role in cell longevity and is involved in a wide 
range of biological processes including oxygen storage and transportation, DNA repair, mitochondrial respiration, and others. How-
ever, excessive iron has detrimental and toxic effects on cell biology termed as ferroptosis. Iron is mainly originated from daily food 
intake as well as heme degradation [41]. When erythrocytes are destroyed, the hemoglobin is released and degraded into globin and 

Fig. 6. HIF-1α/HO-1 mediated ferroptosis is involved in oxidative stress induced HA-VSMC damage. (A) Annexin V/7-AAD assay. (B) Labile 
iron pool analysis. (C) GSH assay. (D) Western blot of HO-1, HIF-1α and 4-HNE in HA-VSMC with three concentrations of H2O2 (25, 50 and 75 μM). 
(E) Statistical analysis of Western blot. (F) Western blot assay of HO-1 in HA-VSMC co-incubated with 50 μM H2O2 and different concentrations of 
ferroptosis inhibitor Lip-1 (0.1, 1, 10 μM). (G) Western blot assay of HO-1 and 4-HNE in HA-VSMC co-incubated with 50 μM H2O2 and different 
concentrations of HIF-1α inhibitor PX-478 (0.1, 1, 10 μM). (H) Statistical analysis of Western blot. (I) HIF-1α binding sequence HRE. (J) The 
predicted sequence of HIF-1α binding sites in the promoter region of HO-1 (2000 bases forward TSS, − 2000/0) on the basis of JASPAR database. 
HRE, − 49/-40. (K) Luciferase reporter gene assay to test whether HIF-1α binds to promoter region of HO-1. (L) Cell viability of HA-VSMC co-treated 
with H2O2 and HO-1 inhibitor ZnPP. (M) Cell viability of HA-VSMC co-treated with H2O2, heme and HO-1 inhibitor ZnPP. H2O2, hydrogen peroxide; 
GSH, glutathione; Lip-1, liproxstatin-1; HRE, hypoxia response element; TSS, transcription starting site; ZnPP, zinc protoporphyrin. MTT assay, n =
6 per group. Western blot, n = 3 per group. Data shown are means ± SEM. Statistical analysis between two groups was performed through Student’s 
two-tailed t-test (Panel B, C and G). Statistical analysis between multiple groups was performed through one-way ANOVA combined with Bonferroni 
correction (Panel E, H, L, and M). Uncropped and non-adjusted images of Western blot assay were available in Supplementary File 5. *P < 0.05, 
**P < 0.01, ***P < 0.001, ns = not significant. 
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heme. Heme is further degraded by heme oxygenase to produce iron. The interaction of iron with oxygen or hydrogen peroxide leads to 
production of reactive oxygen species and further lipid peroxidation [42]. Notably, the false lumen of ATAAD contains large number of 
erythrocytes to produce excessive iron for ferroptosis. This may explain why ferroptosis is statistically most significant among six RCDs 
in ATAAD. 

Since ferroptosis might serve as a critical manner of RCD in ATAAD, we further identified HO-1 as a prominent hallmark gene of 
ferroptosis on clinical tissue levels. HO is mainly classified into two categories including HO-1 and HO-2. HO-2 is constitutively 
expressed while HO-1 might be induced under certain circumstances [43]. Both transcriptome datasets and histological staining 
confirmed significant elevation of HO-1 in ATAAD specimens. For further investigation of its biological functions, it is valuable to 
specify cellular expression of HO-1. Our data suggested that VSMC is an important source of HO-1 in ATAAD, which is the major cell 
type within thoracic aortic walls [44]. Although HO-1 was also expressed in infiltrated aortic macrophage, the quantity of macrophage 
might not be as many as VSMC in the media layer. Consistently, our morphological staining has demonstrated that HO-1 was highly 
expressed and mainly co-localized with VSMC. Therefore, we speculated that the overexpression of HO-1 in VSMC is more likely to 
play the dominant role in the VSMC ferroptosis in ATAAD. In vitro experiments verified that classical ferroptosis inhibitor 
liproxstatin-1 could suppress the expression of HO-1 in H2O2-induced ferroptosis model. Our findings were in line with previous in 
vitro experiments, which demonstrated that HO-1 was overexpressed in both cystine deprivation and imidazole ketone erastin induced 
VSMC ferroptosis models [45]. 

However, it remains unknown whether ferroptosis and HO-1 overexpression are a cause or effect of ATAAD. It has been reported 
that serum and aortic iron were increased in ATAAD [46]. Consistently, previous studies observed upregulation of ferroptosis in 
ATAAD marked by overexpression of several FRGs including SLC7A11 and FSP1 and the downregulation of GPX4 [47,48]. In addition, 
targeting at ferroptosis might have the potential value in the alleviation of aortic dissection [47,49]. These studies supported that 
ferroptosis might participate in the pathogenesis of aortic dissection. As we know, aortic specimens were isolated from open surgery of 
ATAAD patients after dissection onset, which have already been exposed to a microenvironment of high stress and inflammatory 
response. In our opinion, it is difficult to clarify whether ferroptosis occurs before or after ATAAD onset [50]. Interestingly, ferroptosis 
and HO-1 was not upregulated in ATAA specimens. Thus, HO-1 mediated ferroptosis may be induced after dissection onset. 

Special microenvironment within false lumen might create optimal conditions for ferroptosis. It has been well acknowledged that 
ferroptosis could be induced by oxidative stress and thus form positive feedback to drive inflammation and immune response [51,52]. 
Dissection onset and intimal tearing are a great stress for human body, especially oxidative stress. Exposure to hemoglobin and im-
mune cells may drive severe oxidative stress and VSMC damage within false lumen. In line with these, our results also demonstrated 
that ferroptosis was closely associated with reactive oxygen species and oxidative stress. To find out downstream molecular mecha-
nisms of HO-1 overexpression, we compared ATAAD and ATAA to screen key oxidative stress related genes. Specifically, we identified 
HIF-1α as a critical transcriptional regulator of HO-1 in HA-VSMC. Over the decades, HIF-1α has been proved to be induced under 
hypoxia, oxidative stress and other transient stimulus [53]. Although its overexpression has already been identified in several liter-
atures on ATAAD [45,54,55], molecular mechanisms of how HIF-1α promotes dissection progression remain still little known. Here, 
we have demonstrated a novel mechanism of VSMC ferroptosis through HIF-1α/HO-1 axis in response to oxidative stress. 

In vitro experiments of this study are linked with our findings in ATAAD tissues. First, ATAAD is characterized by a microenvi-
ronment of oxidative stress. In vitro experiments simulated this condition in HA-VSMC by H2O2 stimulation. Next, oxidative stress and 
ferroptosis are associated with the overexpression of HIF-1α/HO-1 in ATAAD tissues. In line with this finding, HIF-1α/HO-1/fer-
roptosis axis was confirmed in vitro through H2O2 induced HA-VSMC model. In addition, ATAAD tissues are exposed to large amount 
of heme, which could be degraded by HO-1 into free iron. In the absence of heme, HO-1 inhibitor ZnPP had little effect on VSMC 
survival with H2O2. However, protective effect of ZnPP was observed when heme was co-incubated. This finding emphasized the 
importance of HIF-1α/HO-1 mediated ferroptosis in the microenvironment of oxidative stress with heme, which is closer to ATAAD 
tissues in vivo. Therefore, we hypothesized that HIF-1α/HO-1 mediated VSMC ferroptosis might play a key role in the VSMC damage 
during dissection progression. 

This study has some limitations. In this study, we put out a reasonable hypothesis of ferroptosis and dissection progression based on 
current bioinformatic analysis and in vitro experiments. Protective effect of HO-1 inhibitor ZnPP was only investigated on HA-VSMC in 
vitro. Further in vivo experiments are warranted to further extrapolate these findings in ATAAD tissues. However, it is difficult to 
simulate false lumen progression and dissection progression in vivo. Existing mouse model only simulate a pattern of aortic dilation 
and has different mechanisms from human ATAAD. In addition, we cannot totally exclude other manners of cell death from our in vitro 
experiments. Comprehensive understanding of VSMC damage in ATAAD is warranted in the future. 

5. Conclusions 

HO-1 is a key signature of VSMC ferroptosis in ATAAD. HIF-1α/HO-1 mediated ferroptosis might participate in oxidative stress 
induced VSMC damage. HO-1 mediated ferroptosis might serve as a novel therapeutic target to control dissection progression in the 
future. 
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