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Background: Coronary artery calcification (CAC) is in almost all patients with coronary artery disease and requires more effective 
therapies. We aim to explore the effects of phosphoglycerate dehydrogenase (PHGDH) on CAC.
Methods: We identified the differentially expressed genes through bioinformatic analysis and selected PHGDH for further verifica-
tion. Human coronary artery smooth muscle cells (HCASMCs) cultured with calcifying medium were used as models of CAC in vitro. 
Erastin was administered to induce ferroptosis. We determined the cell viability by the cell count kit-8 assay. The alkaline phosphatase 
activity, calcium content, and the expression of glutathione were evaluated by the corresponding detection kits. The calcification level 
was detected by alizarin red staining. Then we performed Western blot to examine the expression of runt-related transcription factor 2, 
bone morphogenetic protein 2, cyclooxygenase 2, glutathione peroxidase 4, P53, and solute carrier family 7a member 11 (SLC7A11).
Results: We acquired 201 differentially expressed genes and selected PHGDH to verify. In calcifying medium-induced HCASMCs, 
PHGDH overexpression increased the cell viability and decreased the alkaline phosphatase activity, calcium content, calcification 
level, and the expression of bone morphogenetic protein 2 and runt-related transcription factor 2. Additionally, we found higher levels 
of glutathione, glutathione peroxidase 4, and SLC7A11 and lower levels of cyclooxygenase 2 and P53 after up-regulating PHGDH. 
Erastin reversed the effects of PHGDH on calcification of HCASMCs.
Conclusion: PHGDH overexpression suppresses the calcification level of HCASMCs by inhibiting ferroptosis through the P53/ 
SLC7A11 signaling pathway, suggesting PHGDH as a promising therapeutic target of CAC.
Keywords: coronary artery calcification, PHGDH, the P53/SLC7A11 signaling pathway

Introduction
Coronary artery calcification (CAC) is a process of vascular degeneration in which calcium deposits occur within the 
coronary artery vessel wall.1 CAC is common in all patients with coronary artery disease and is affected by multiple 
factors such as age, gender, and race.1 CAC begins as microcalcification (0.5 ~ 15 μm), then grows into larger calcium 
fragments, and finally leads to sheet-like deposits (> 3 mm),2 which is closely related to the development of athero-
sclerosis, the extent of coronary heart disease and long-term mortality independent of conventional risk factors.3–5 

Currently, as there are few definitive pharmacological interventions available, CAC is primarily treated through inter-
ventional procedures like coronary artery rotational atherectomy,6,7 with a high rate of postoperative complications. It is 
urgent to search for biomarkers that can be used for effective diagnosis and treatment of CAC.
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Phosphoglycerate dehydrogenase (PHGDH) is a kind of rate-limiting enzyme in the first step of the serine synthesis 
pathway, involved in multiple types of diseases. Increasing evidence has demonstrated that PHGDH is associated with 
supporting cancer growth, proliferation, and metastasis8–10 and also mediates tumor resistance.11,12 Chen X et al have reported 
that PHGDH expression is positively correlated with the progression of Alzheimer’s disease pathology and symptoms.13 

PHGDH overexpression serves a protective role in osteoarthritis by promoting extracellular matrix synthesis and decreasing 
the levels of inflammation, apoptosis, and oxidative stress.14 In cardiovascular diseases, Perea-Gil et al have found that 
PHGDH plays a role in the rescue of dilated cardiomyopathy phenotypes.15 Truong V et al have reported that the epigenetic 
regulation of the PHGDH is associated with blood triglyceride metabolism in venous thromboembolism.16 In addition, 
PHGDH inhibits vascular endothelial cell senescence by elevating the stability and activity of pyruvate kinase M2.17 

However, whether PHGDH has an effect on CAC is unknown.
A growing number of studies have found PHGDH can play a role in different diseases by regulating ferroptosis which is 

a kind of programmed cell death driven by iron-dependent phospholipid peroxidation.18,19 In bladder cancer, PHGDH is up- 
regulated and promotes the progression of cancer by suppressing ferroptosis.20 In prostate cancer, down-regulation of PHGDH 
induces ferroptosis and reverses enzalutamide resistance.12 Notably, many subtypes of cardiovascular disease are associated 
with iron imbalance, suggesting ferroptosis as a promising treatment target for cardiovascular diseases. For instance, the 
restraint of ferroptosis of vascular smooth muscle cells alleviates atherosclerosis.21 Inhibition of acyl-coenzyme A thioesters 
synthetase long-chain family member 4 protects against ischemia/reperfusion injury by suppressing ferroptosis.22 

Mitochondrial outer membrane protein hepatitis C virus core binding protein 6 stimulates ferroptosis, leading to doxorubicin- 
induced cardiomyopathy.23 However, whether PHGDH can regulate ferroptosis in CAC needs to be further investigated.

Recently, bioinformatics methods have been often used to identify potential biomarkers and therapeutic targets of 
cardiovascular diseases.24–26 Therefore, bioinformatic analysis was conducted in this study to explore the differentially 
expressed genes (DEGs). We selected PHGDH to verify and found that up-regulation of PHGDH could alleviate the 
calcification of human coronary artery smooth muscle cells (HCASMCs), in hopes of providing more insights into the 
diagnosis and treatment of CAC.

Materials and Methods
Identification of DEGs
The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/) was used to download the gene 
expression profiling. Taking “coronary artery calcification” as a keyword to screen, we then selected the GSE211722 dataset. 
To identify the DEGs between CAC samples and controls, we used GEO2R (www.ncbi.nlm.nih.gov/geo/geo2r) and set | 
logFC| ≥ 1.7 and adjusted p ≤ 0.05 as the thresholds. Boxplots then were conducted for data correction and standardization and 
volcano plots were used to visualize the DEGs. The gene set enrichment analysis was performed for pathway enrichment 
analysis and the top 15 up-regulated genes and the top 15 down-regulated genes were shown in a heatmap.

Functional and Pathway Enrichment Analysis
In order to conduct Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, we 
submitted the DEGs to the Database for Annotation, Visualization, and Integrated Discovery (https://david.ncifcrf.gov/ 
summary.jsp), and displayed the top 8 items in the enrichment analysis column diagram and the bubble diagram.

Construction of the Protein-Protein Interaction (PPI) Network and Acquisition of 
Hub Genes
Using the Search Tool for the Retrieval of Interacting Genes Database (https://www.string-db.org/), we acquired the 
information on interactions between proteins encoded by DEGs, setting the confidence interaction score at 0.4. Then the 
Cytoscape software (www.cytoscape.org/) was used to show the PPI network and hub genes were screened out using the 
plug-ins CytoHubba1 and Molecular Complex Detection.
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Hub Gene Analysis
Firstly, we drew the expression ridgeline plot to show the distribution of genes in different sample data. Then we 
conducted the principal component analysis (PCA) to observe whether the hub genes we selected could distinguish the 
patients with CAC from healthy patients. A chordal graph was performed to reveal the expression changes of hub genes 
involved in the GO terms and a matrix analysis diagram was used to show the internal correlation of hub genes in 
GSE211722. Finally, the diagnostic accuracy of hub genes was evaluated by receiver operating characteristic (ROC) 
curves, which were drawn by Gene Expression Profile Interactive Analysis (http://gepia.cancer-pku.cn/).

CAC Model in vivo
We purchased 7-8-week-old male DBA-2J mice weighing 18~20 g from SPF (Beijing) Biotechnology Co., Ltd. (Beijing, 
China). The animals were randomly classified into the Control group and the CAC group, containing 6 mice in each 
group. The mice in the CAC group were administered a warfarin-containing diet (3 mg warfarin/g diet and 1.5 mg 
vitamin K1/g diet) to induce vascular calcification while the mice in the control group were fed a normal diet until mice 
were sacrificed.27 After 8 weeks, cervical dislocation was conducted to kill mice for collection of blood and myocardial 
tissues. All animal experimental procedures were performed with the approval of the Animal Care and Use Committee 
(Approval No.: SYDW2023070).

Hematoxylin and Eosin (H&E) Staining and Von-Kossa Staining
The myocardial tissue samples were embedded in paraffin after being fixed in 4% paraformaldehyde, cut into 5 μm, and 
then stained with Hematoxylin and Eosin to evaluate the pathologic changes of the coronary artery. Calcium deposition in 
the coronary artery was identified by Von-Kossa staining. All steps were carried out in strict accordance with the 
instructions of staining kits. The results were analyzed with a microscope (Eclipse 80i, Tokyo, Japan).

Immunofluorescence Co-Staining Analysis
We detected the co-localization of PHGDH and α-smooth muscle actin (α-SMA), the vascular smooth muscle cell marker 
protein, by dual-color immunofluorescence staining to analyze the relative expression level of PHGDH in aortic smooth 
muscle cells of CAC mice heart tissue. The sections which were deparaffinized and dehydrated were incubated with 
primary antibodies at 4°C overnight which included rabbit-anti-α-SMA (ab5831, 1:100, Abcam, Cambridge, USA) and 
mouse-anti-PHGDH (ab236763, 1:100, Abcam). It was then exposed to secondary antibodies at room temperature for 1 
h which included Alexa Fluor 488 goat anti-rabbit IgG (ab150077, 1:100, Abcam) and Alexa Fluor 647 goat anti-mouse 
IgG (ab150115, 1:100, Abcam). Finally, the sections were incubated with 4’,6-diamidino-2-phenylindole (DAPI; 
ab104139, 1:1000, Abcam). All images were visualized and photographed using a fluorescent microscope under the 
same parameters.

Cell Culture and Treatment
Primary HCASMCs were purchased from iCell Bioscience Inc. (Shanghai, China). The growth medium for HCASMCs 
consisted of Dulbecco’s modified eagle medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum 
(FBS, Gibco) and 1% penicillin/streptomycin (Gibco). To induce cell calcification, HCASMCs were cultured in 
calcifying medium (CM) for 7 days, which was growth medium supplemented with β-glycerophosphate (10 mM, Sigma- 
Aldrich, St Louis, MO, USA) and calcium chloride (3 mM, Sigma-Aldrich).

The overexpression plasmids PHGDH (pcDNA3.1-PHGDH) or empty plasmid pcDNA3.1-NC were purchased from 
Shenggong Bioengineering Company (Shanghai, China). The cells with induction of calcification were transfected with 
the pcDNA3.1-RAD54L or pcDNA3.1-NC using Lipofectamine 2000 (Life Technologies Corporation, Carlsbad, CA, 
USA) for 48 h to overexpress PHGDH (oe-PHGDH group) or perform as a control (oe-NC group). To investigate the 
relationship between ferroptosis and PHGDH, ferrostatin-1 (Fer-1, 5mM, MedChemExpress, NJ, USA) was used to 
inhibit ferroptosis, and Erastin (5mM, MedChemExpress) was administered to induce ferroptosis. To down-regulate the 
expression of PHGDH, HCASMCs were transfected with small interfering RNA (siRNA) for PHGDH (si- PHGDH) with 
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the Lipofectamine 2000 kit (Life Technologies Corporation). The si-NC was transfected into cells in the same way as 
a negative control. Therefore, the cells were grouped as follows: Normal group (HCASMCs without any treatment), 
Control group, oe-NC group, oe-PHGDH group, Fer-1 group (oe-NC + Fer-1), Erastin group (oe-NC + Erastin), oe- 
PHGDH + Erastin group, si-NC group, and si-PHGDH group.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
The relative mRNA expression levels of PHGDH, solute carrier family 6 member 9 (SLC6A9), asparagine synthetase 
(ASNS), tribbles homologue 3 (TRIB3), solute carrier family 7 member 5 (SLC7A5), and solute carrier family 7 member 
1 (SLC7A1) were determined by RT-qPCR. Total RNAs of myocardial tissues or HCASMCs were reversely transcribed 
into cDNA by the PrimeScript RT Reagent kit (Vazyme, Nanjing, China). RT-qPCR was performed on ABI7500 FAST 
Real-Time PCR (Applied Biosystems, Foster City, CA, USA) with the condition of 95°C, 30s initial denaturation, and 40 
amplification cycles (95°C, 10s, and 60°C, 30s). The mRNA relative expression levels were calculated by the 2−∆∆Ct 

method using GAPDH as the housekeeping gene. The sequences of primers were listed in Supplementary Table 1.

Cell Count Kit-8 (CCK-8) Assay
HCASMCs from different groups were seeded in 96-well plates at a density of 1.5×104 cells/well. After 24 h of culture, 
10 μL CCK-8 reagents (Solarbio, Beijing, China) were added to each well with an additional 2 h incubation in the dark 
condition. Then a microplate reader was used to record the optical density (OD) of each well at 450 nm.

Enzyme-Linked Immunosorbent Assay (ELISA) and Alkaline Phosphatase (ALP) Assay
We determined the expression levels of ALP and runt-related transcription factor 2 (Runx2) in the serum of mice, and the 
expression level of glutathione (GSH) in the cell supernatant with corresponding ELISA kits (Esebio, Shanghai, China) 
following the instructions in the manual. Finally, the OD values were recorded under a microplate reader at 450 nm. The 
cell lysates were collected for ALP enzyme activity determination using an ALP assay kit (Abcam).

Calcium Content Assay
We examined the calcium content with a calcium assay kit (Leagene, Beijing, China). We centrifuged the cell lysates for 
supernatants which were stained by Methyl thymol blue solution for 10 min at room temperature. Then the OD values at 
610 nm were recorded. Finally, the calcium content was normalized to protein concentrations which were evaluated by 
a bicinchoninic acid assay kit (Beyotime, Shanghai, China).

Determination of Calcification
To observe the calcification levels of HCASMCs, cells from different groups were collected for fixing with 4% 
formaldehyde (Solarbio) for 10 min, followed by incubation with 2% alizarin red solution (pH 4.2, Solarbio).

Western Blot Assay
The expression levels of PHGDH, Runx2, bone morphogenetic protein 2 (BMP2), cyclooxygenase 2 (COX2), glu-
tathione peroxidase 4 (GPX4), P53, and solute carrier family 7a member 11 (SLC7A11) were determined by Western 
blot. Using a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, we separated the proteins extracted from 
cells which were then transferred from the gel to the polyvinylidene fluoride membrane (Millipore, Danvers, USA). The 
membrane was exposed to 5% skim milk to be blocked and was then incubated with primary antibodies at 4°C overnight 
which included anti-PHGDH (ab240744, 1:2000, Abcam), anti-Runx2 (ab236639, 1:1000, Abcam), anti-BMP2 
(ab284387, 1:1000, Abcam), anti-COX2 (ab179800, 1:1000, Abcam), anti-GPX4 (ab125066, 1:1000, Abcam), anti- 
P53 (ab32049, 1:1000, Abcam), anti-SLC7A11 (ab175186, 1:1000, Abcam), and anti-GAPDH (ab181602, 1:10000, 
Abcam). It was then exposed to Horseradish Peroxidase-conjugated anti-rabbit secondary antibody (ab288151, 1:5000, 
Abcam) at room temperature for 1 h. Finally, the membranes after exposure were visualized using an electrochemilu-
minescence detection system (Tanon, Shanghai, China).
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Statistical Analysis
Data were presented as multiple groups of repeated data or means ± standard deviation and were processed by GraphPad 
Prism 7.0 statistical software (GraphPad, San Diego, CA, USA). The comparisons between two groups were determined 
by Student’s t-test, and those among multiple groups were determined by one-way ANOVA with Tukey’s post hoc 
analysis. A p-value less than 0.05 was considered statistically significant.

Results
Identification of DEGs
The GSE211722 dataset was obtained from the GEO database. We selected 3 Control samples (HCASMCs cultured in normal 
medium) and 3 CAC samples (HCASMCs cultured in osteogenic medium) in the GSE211722 dataset for analysis and the data 
correction and standardization of the 6 selected samples were achieved through the boxplots (Figure 1A). A total of 201 DEGs 
were obtained after screening, which were visualized in a volcano plot (Figure 1B) after cluster analysis. The top 3 pathways 
of gene set enrichment analysis of DEGs were shown in Figure 1C. Finally, we selected the top 15 up-regulated DEGs and the 
top 15 down-regulated DEGs in GSE211722 (Supplementary Table 2) and visualized them with a heatmap (Figure 1D).

Functional and Pathway Enrichment Analysis
We showed the top 6 items of molecular function MF, biological process BP, and cell component CC of GO enrichment 
analysis in the bubble diagram (Figure 1E). After KEGG enrichment analysis, the top 8 pathways with the lowest p-value 
were shown in Figure 1F.

PPI Network Construction and Hub Gene Selection
A PPI network was built based on the interaction information between DEGs (Supplementary Figure 1A). The hub genes 
were screened out using the plug-ins CytoHubba1 and Molecular Complex Detection in Cytoscape (Supplementary 
Figure 1B), consisting of PHGDH, SLC6A9, ASNS, TRIB3, SLC7A5, and SLC7A1, which were densely interconnected.

Hub Gene Analysis
The expression changes of hub genes involved in the GO terms were visualized in a chordal graph (Figure 2A) to show 
the correlation between hub genes and GO terms. The expression ridgeline plot exhibited the distribution of genes in 
selected sample data (Figure 2B). Using the expression of hub genes in GSE211722 as variables, we performed the PCA 
and obtained a scatter plot, showing that the two principal components (PC1 and PC2) effectively explained 98.3% of the 
difference between the control group and the model group (Figure 2C). The matrix analysis revealed the internal 
correlation of hub genes in GSE211722 (Figure 2D). The ROC curves revealed that taking PHGDH, ASNS, TRIB3, 
SLC6A9, SLC7A5, and SLC7A1 as indicators in GSE211722, the true positive rates were 88.9%, 77.8%, 88.9%, 77.8%, 
88.9%, and 88.9% respectively, indicating that these genes could be used as indicators to distinguish patients with CAC 
from healthy controls (Supplementary Figure 2).

Expression Analysis of Hub Genes on CAC Model Mice
We determined the expression levels of hub genes in mice from the Control group and the CAC group. The results of H&E 
staining revealed that in the CAC group, a larger number of punctate or massive plaques appeared around the coronary artery 
(arrow, Figure 3A). In addition, the vessel wall was thickened, and inflammatory cell infiltration was observed in the CAC group 
(Figure 3A). The results of Von-Kossa staining showed that there was obvious black calcium deposition in the coronary artery 
wall (arrow) of the CAC group, while no abnormality in the Control group (Figure 3B). Compared with the Control group, higher 
expression levels of Runx2 and ALP, the calcification markers, were detected in the CAC group (p<0.01, Figure 3C). The above 
results proved that our modeling method was feasible and successful. Subsequently, we further confirmed the mRNA expression 
levels of hub genes in the myocardial tissues and found that compared with the Control group, all of them were significantly 
decreased in the CAC group (p<0.01, Figure 3D). Based on the current level of research and innovation of each gene, we selected 
PHGDH for further research. Then we examined the expression level of PHGDH in aortic smooth muscle cells of CAC mice 
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heart tissue by immunofluorescence co-staining of PHGDH and α-SMA and the results of immunofluorescence co-staining 
showed that compared with the Control group, the expression level of PGDGH in α-SMA positive aera in the CAC group was 
decreased (Figure 3E).

Figure 1 Identification of differentially expressed genes (DEGs). (A) A Boxplot showed the data correction results of the selected samples in GSE211722. (B) A volcano map of 
DEGs in GSE211722; red points presented up-regulated DEGs, and blue points presented down-regulated DEGs. CAC: coronary artery calcification. (C) The top 3 pathways of 
gene set enrichment analysis of DEGs in GSE211722. (D) The heatmap showed the top 15 up-regulated DEGs and the top 15 down-regulated DEGs in GSE211722. (E) A bubble 
diagram of Gene Ontology enrichment analysis of DEGs. (F) A bubble diagram of the Kyoto Encyclopedia of Genes and Genomes pathway analysis of DEGs.
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Overexpression of PHGDH Inhibits the Calcification Level of CM-Induced HCASMCs
We examined the transfection efficiency of pcDNA3.1-PHGDH by RT-qPCR and Western blotting and found that 
pcDNA3.1-PHGDH transfection significantly increased the relative mRNA and protein expression levels of PHGDH in 
HCASMCs (p<0.01, Figure 4A). Subsequently, excepted for the Normal group, all cells in each group were treated with CM. 
We observed that PHGDH overexpression significantly elevated the cell viability, which was reduced by CM (p<0.01, 
Figure 4B). The results of alizarin red staining showed a lower calcification level in the oe-PHGDH group and a higher level 
in the Control group or the oe-NC group (Figure 4C). Compared with the oe-NC group, there were lower expression levels of 
RUNX2, BMP2, ALP, and calcium in the oe-PHGDH group (p<0.01, Figure 4D–F).

Figure 2 Hub gene analysis. (A) A chordal graph. (B) A ridgeline plot. (C) The principal component analysis. (D) The matrix analysis.
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Inhibition of Ferroptosis Suppresses the Calcification Level of CM-Induced HCASMCs
Compared with the Control group, the calcification level determined by alizarin red staining was decreased, which was 
induced by CM (Figure 5A). The expression levels of calcium, BMP2, and Runx2 were significantly elevated by CM, 
while were all suppressed by Fer-1 (all p<0.01, Figure 5B and C). Then, we detected the ferroptosis-related indicators in 
each group. Compared with the Normal group, lower levels of GSH and GPX4 and a higher level of COX2 were found in 
the Control group (all p<0.01, Figure 5D and E), showing that ferroptosis was induced by CM. Compared with the 
Control group, Fer-1 successfully suppressed ferroptosis based on the increased levels of GSH and GPX4 and the 
reduced level of COX2 (all p<0.01, Figure 5D and E). The above results indicated that inhibition of ferroptosis could 
restrain the calcification level of HCASMCs.

Figure 3 The expression validation of hub genes. (A) The results of Hematoxylin-eosin (HE) staining (200×). Scale bars=100 μm. Arrows pointed to the coronary artery. 
(B) The results of Von-Kossa staining (200×). Scale bars=100 μm. Arrows pointed to the coronary artery. (C) The expression levels of the calcification markers in the serum 
of mice. ALP: relative alkaline phosphatase; RUNX2: runt-related transcription factor 2. (D) The relative mRNA expression levels of hub genes. PHGDH: Phosphoglycerate 
dehydrogenase; ASNS: asparagine synthetase; TRIB3: tribbles homologue 3; SLC6A9: solute carrier family 6 member 9; SLC7A1: solute carrier family 7 member 1; SLC7A5: 
solute carrier family 7 member 5. (E) The results of immunofluorescence co-staining of PHGDH and α-smooth muscle actin (α-SMA) (400×). The positions where the co- 
expression differences were significant were shown in the white boxes. Scale bars=20 μm. DAPI: 4’,6-diamidino-2-phenylindole. **p < 0.01 vs the Control group.
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Figure 4 PHGDH overexpression inhibited the calcification level of calcifying medium (CM)-induced human coronary artery smooth muscle cells (HCASMCs). (A) The 
relative mRNA and protein expression levels of PHGDH. (B) The cell viability. (C) The results of alizarin red staining. (D) The protein expression level of RUNX2 and bone 
morphogenetic protein 2 (BMP2). (E) The relative ALP activity. (F) The calcium content. **p < 0.01 vs the Normal group; ##p < 0.01 vs the oe-NC group.
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Overexpression of PHGDH Inhibits the Calcification Level of CM-Induced HCASMCs 
by Inhibiting Ferroptosis
We further explored the role of PHDGH in the calcification of HCASMCs using Erastin, an inducer of ferroptosis. 
Excepted for the Normal group, all cells in each group were treated with CM. Compared with the Normal group, the 
calcification level determined by alizarin red staining was induced by CM in the oe-NC group, which was further 
elevated by Erastin (Figure 6A). Compared with the oe-NC group, PHGDH overexpression suppressed the calcification 
level, which was reversed by Erastin (Figure 6A). Similarly, PHGDH overexpression significantly suppressed the 
expression level of calcium and the ALP activity, which were all reversed by Erastin (all p<0.01, Figure 6B and C), 
indicating a correlation between PHGDH overexpression and ferroptosis. Therefore, we determined the expression levels 
of GSH, COX2, and GPX4. Compared with the Normal group, the levels of GSH and GPX4 were suppressed by CM, 
which were further decreased by Erastin (all p<0.01, Figure 6D and E), and the level of COX2 was increased by CM, 
which was further induced by Erastin (all p<0.01, Figure 6E). Compared with the oe-NC group, PHGDH overexpression 
increased the levels of GSH and GPX4 and decreased the level of COX2 (Figure 6D and E). Compared with the oe- 
PHGDH group, lower levels of GSH and GPX4 and a higher level of COX2 were found in the oe-PHGDH + Erastin 
group (all p<0.01, Figure 6D and E).

Figure 5 Inhibition of ferroptosis suppressed the calcification level of CM-induced HCASMCs. (A) The results of alizarin red staining. Fer-1: ferrostatin-1. (B) The calcium 
content. (C) The protein expression level of RUNX2 and BMP2. (D) The expression level of glutathione (GSH). (E) The protein expression levels of cyclooxygenase 2 
(COX2) and glutathione peroxidase 4 (GPX4). **p < 0.01 vs the Normal group; ##p < 0.01 vs the Control group.
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Overexpression of PHGDH Inhibits HCASMC Calcification by Regulating the P53/ 
SLC7A11 Signaling Pathway
To further reveal the regulatory mechanism of PHGDH in HCASMC calcification, we determined the protein expression 
of P53 and SLC7A11. Up-regulation of PHGDH could restrain the level of P53 and promote the level of SLC7A11 
(p<0.01, Figure 7A). On the contrary, down-regulation of PHGDH could increase the expression level of P53 and reduce 

Figure 6 PHGDH overexpression inhibited the calcification level of CM-induced HCASMCs by inhibiting ferroptosis. (A) The results of alizarin red staining. (B) The calcium 
content. (C) The relative ALP activity. (D) The expression level of GSH. (E) The protein expression level of COX2 and GPX4. **p < 0.01.
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the level of SLC7A11 (p<0.01, Figure 7B), indicating that PHGDH suppressed HCASMC calcification by regulating the 
P53/SLC7A11 signaling pathway.

Discussion
CAC is present in almost all patients with coronary artery disease, relevant to vascular injury, inflammation, and repair, 
with few definitive pharmacological interventions available.1 It is meaningful to search for effective biomarkers for the 
diagnosis and treatment of CAC. In our study, six hub genes, namely PHGDH, SLC6A9, ASNS, TRIB3, SLC7A5, and 
SLC7A1, were screened out by bioinformatics analysis. Then, we selected PHGDH and explored its potential effects on 
CAC. Finally, we found that PHGDH overexpression inhibited the calcification level of CM-induced HCASMCs by 
suppressing ferroptosis through the P53/SLC7A11 signaling pathway.

Calcium, the most abundant mineral in the human body, approximately 1% is dissolved in the bloodstream,1 which 
can be identified with the assistance of Von-Kossa and alizarin red staining.28 Calcification has been reported to be an 
active and regulated process, similar to that of bone formation, accompanied by a train of changes including ALP 
activation and elevated expression of osteogenesis-related proteins such as BMP2 and Runx2.29 ALP is involved in the 
process of mineral metabolism and is a molecular marker for vascular calcification.30 Ren et al have reported that the 
levels of ALP in serum are related to plaque vulnerability and the patterns of CAC.31 BMP2, a kind of pluripotent factor, 
can regulate the ALP activity.32 Interleukin-29 promotes vascular calcification by increasing the expression of BMP2.33 

Samanta J et al have reported that the calcification of cardiomyocytes depends on the Forkhead Box Protein O1/ Nuclear 
factor of activated T cells 3/Runx2 axis.34 C1q/ tumor necrosis factor-related protein-13 accelerates the degradation of 
Runx2, alleviating vascular calcification.35 In this research, we observed a decreased level of RUNX2, BMP2, ALP 
activity, calcium content, and calcification level in CM-induced HCASMCs with overexpression of PHGDH, indicating 
PHGDH overexpression could inhibit calcification of HCASMCs.

PHGDH, ASNS, TRIB3, SLC7A5, and SLC7A1 have been found to be associated with ferroptosis.20,36–39 

Although the role of ferroptosis in CAC is not clear, there is a growing body of research that links ferroptosis to 
vascular calcification. Ye et al have observed that ferroptosis induction can promote the progression of vascular 

Figure 7 The effect of PHGDH on the expression of P53 and Solute carrier family 7a member 11 (SLC7A11). (A) PHGDH overexpression inhibited P53 protein expression and 
increased SLC7A11 protein expression; **p < 0.01 vs the oe-NC group. (B) Silencing PHGDH increased P53 protein expression and suppressed SLC7A11 protein expression; **p 
< 0.01 vs the si-NC group.
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calcification.40 Down-regulation of Fos-like antigen 1 reduces the ferroptosis with the attenuation of vascular 
calcification.41 Therefore, we further investigated whether PHGDH could regulate the ferroptosis in CAC. 
Ferroptosis is accompanied by an increased expression of the positive regulators, such as COX2, and a decreased 
expression of the negative regulators, such as GPX4.42,43 Cell membranes containing phospholipids are under reactive 
oxygen attack due to the consumption of GSH and the impaired antioxidant capacity of GPX4.44 In our study, we 
found an elevated expression of GPX4 and GSH and a reduced expression of COX2 in CM-induced HCASMCs with 
overexpression of PHGDH, which were all reversed by Erastin, suggesting that overexpression of PHGDH inhibited 
the calcification level by inhibiting ferroptosis.

P53 is a known important regulator of ferroptosis.45 SLC7A11, a kind of cystine transporter, is a target gene of P53.45 

When p53 is activated, the expression level of SLC7A11 will be severely decreased.45 The signal transducer and activator of 
transcription 6 attenuates acute lung injury by suppressing ferroptosis via the P53/SLC7A11 pathway.46 Shank-associated RH 
domain interacting protein plays a role in stimulating cell proliferation of cholangiocarcinoma with suppression of ferroptosis 
through the P53/SLC7A11/GPX4 pathway.47 Overexpression of ubiquitin-specific protease 22 inhibits the ferroptosis of 
cardiomyocytes by the P53/SLC7A11 signaling, reducing cardiomyocyte death and alleviating myocardial ischemia- 
reperfusion injury.48 In addition, P53 signaling can regulate mitochondrial dynamics in vascular smooth muscle cell 
calcification.49 Suppression of SLC7A11/GSH/GPX4 axis promotes ferroptosis and vascular calcification.40 Down- 
regulation of Fos-like antigen 1 protects against vascular calcification with ferroptosis inhibition by P53/SLC7A11 signaling 
pathway.41 Accumulating studies have shown that there is an interaction between P53 and PHGDH. Wu et al have reported 
that PHGDH is a p53-binding protein and participates in the formation of p53-binding complexes.50 In human melanoma 
cells, P53 can suppress PHGDH expression to promote the apoptotic response.51 Wang J et al have found that inhibition of 
PHGDH triggers ferroptosis by up-regulating P53 and suppressing SLC7A11, overcoming enzalutamide resistance in 
castration-resistant prostate cancer cells.12 In this study, we found that up-regulation of PHGDH could restrain the expression 
of P53 and promote the expression of SLC7A11, indicating that PHGDH overexpression inhibited HCASMC calcification by 
regulating the P53/SLC7A11 signaling pathway. The potential mechanism of PHGDH overexpression inhibiting P53 needs to 
be investigated in the future.

In conclusion, PHGDH was finally screened out by bioinformatic analysis. PHGDH overexpression could suppress 
the calcification of HCASMCs by inhibiting ferroptosis through the P53/SLC7A11 signaling pathway, suggesting 
PHGDH as a possible therapeutic target of CAC.
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