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Objective: To explore the roles of ferroptosis and immune regulation in coronary artery disease (CAD) and find potential diagnostic
biomarkers.

Methods: Three gene expression profile datasets were used, with GSE202625 as the training set and GSE42148 and GSE180081 as
validation sets. LIMMA identified differentially expressed genes (DEGs) between CAD and control groups. ClusterProfiler conducted
functional enrichment analysis. Ferroptosis-related genes from FerrDb were intersected with DEGs. ssGSEA and Pearson analysis
analyzed immune cell subsets. LASSO built a diagnostic model. In vitro and in vivo experiments included qPCR, ELISA, pathological
examination, and Western blot.

Results: In the GSE202625 dataset, 70 genes were upregulated and 895 genes were downregulated in CAD samples. A total of 29
ferroptosis-associated DEGs were identified, and immune cell profiling revealed differences in immune cell subsets between CAD and
healthy cohorts. LASSO identified six genes (IDH1, MMD, NDRGI1, WIPI1, BID, and TRIM26) for the diagnostic model, which
collectively achieved an AUC of 0.904 in the training dataset, 0.776 in the GSE180081 validation dataset, and 0.902 in the GSE42148
validation dataset. IDH1 had the highest diagnostic efficacy with an AUC of 0.821. Clinically, 26 CAD patients (angiographically
confirmed, >50% luminal stenosis) and 12 controls showed that CAD patients had higher prevalence of hypertension, diabetes, and
elevated lipid markers. IDH1 was downregulated in CAD patients and inversely correlated with the Gensini score. In the CAD mouse
model, IDH1 expression was decreased in aortic tissues.

Conclusion: Six genes correlated with CAD, and the multi-gene diagnostic model performed well. IDH1 was a potential CAD
biomarker, aiding CAD diagnosis and treatment research.
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Introduction
Coronary Artery Disease (CAD) is a condition characterized by the development of atherosclerotic plaques within the
coronary arteries, leading to insufficient blood supply to the myocardium and is one of the leading causes of mortality and
morbidity." The primary feature of CAD is the progressive narrowing of the arterial lumen due to the growth of atherosclerotic
plaques, which impedes blood flow to the myocardium. This pathological process can manifest clinically as a spectrum of
conditions, ranging from stable angina to more severe and life-threatening acute myocardial infarction.” CAD is a multi-
factorial disease involving genetic and environmental risk factors. While lipid accumulation and inflammation are well-
established mechanisms, emerging evidence highlights the role of ferroptosis and immune dysregulation in its pathogenesis,
which may play a crucial yet underappreciated role in CAD.*”

Ferroptosis, an iron-dependent form of lipid peroxidation-driven cell death, has been linked to atherosclerotic plaque
progression and inflammatory responses in CAD.*'" Dysregulated iron metabolism and oxidative stress in CAD may
exacerbate ferroptosis, promoting vascular cell damage.'? Clinically, CAD patients often exhibit metabolic disorders such
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as dyslipidemia and hyperglycemia, which can affect iron metabolism through different mechanisms. For example, hyper-
glycemia may enhance the accumulation of intracellular iron, further promoting ferroptosis.'* Thus, investigating the role of
ferroptosis in CAD, especially the interaction between iron metabolism and oxidative stress, may provide a theoretical
foundation for novel therapeutic strategies.

The immune system has been demonstrated to play a central role in the development and progression of CAD.'* The
infiltration of immune cells, such as macrophages, T cells, and neutrophils, into atherosclerotic plaques is a common
feature of the disease.'>'® These immune cells secrete a variety of cytokines and chemokines, which not only modulate
the inflammatory microenvironment but also influence the proliferation, migration, and apoptosis of vascular cells.'”
Therefore, understanding the complex interplay between ferroptosis and immune responses in CAD is crucial for a
deeper comprehension of the pathophysiology of the disease and the identification of potential therapeutic targets.

While ferroptosis and immune regulation are increasingly recognized in CAD, their diagnostic utility remains unclear.
High-throughput technologies have enabled the analysis of large-scale gene expression datasets in CAD research.'®
Integrating bioinformatics and machine learning, we identified differentially expressed genes (DEGs) and potential
biomarkers to advance CAD diagnosis. Here, we hypothesized that ferroptosis-related genes could serve as diagnostic
biomarkers and intersect with immune cell profiles in CAD.
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In this study, we aimed to identify ferroptosis-related diagnostic biomarkers and characterize immune cell infiltration
in CAD using machine learning and network analysis. We hypothesized these genes could diagnose/prognose CAD and
reveal immune interactions. Analyzing public datasets and conducting in vitro/in vivo experiments, we integrated
bioinformatics and validation to clarify ferroptosis roles and advance precision strategies for CAD.

Materials and Methods

Data Collection and Processing

Three gene expression profile datasets (GSE42148, GSE180081, and GSE202625) were obtained from the Gene
Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), maintained by the National Center for
Biotechnology Information (NCBI). The mRNA expression profile dataset GSE202625, annotated with GPL13607,
was downloaded as the training cohort. This dataset comprises 52 samples, including 27 angiography-confirmed CAD

samples and 25 asymptomatic control samples from the general population. All samples were derived from the whole
blood of enrolled patients. The RNA single-molecule sequencing dataset GSE180081, annotated with GPL14761, was
obtained as the validation cohort, containing 96 samples: 48 with mild coronary artery stenosis and 48 with moderate to
severe (MID+) coronary artery stenosis. The mRNA expression profile dataset GSE42148, also annotated with
GPL13607, was downloaded as an additional validation cohort, including 24 samples: 13 angiography-confirmed CAD
samples and 11 asymptomatic control samples from the general population.

RNA sequencing (RNA-seq) data from GSE202625 and GSE180081 were normalized to transcripts per million
(TPM). Prior to subsequent analysis, the three datasets (GSE42148, GSE180081, and GSE202625) were processed using
the “sva” package to remove batch effects.

Identification of Differentially Expressed Genes (DEGs)

Based on the combined datasets, we utilized the LIMMA package to identify differentially expressed genes (DEGs)
between the CAD and control groups, using a threshold of [logFC| > 1 and an adjusted p-value < 0.05. Subsequently, we
visualized these DEGs using volcano plots and heatmaps.

Functional Enrichment Analysis

Functional enrichment analysis was performed using the clusterProfiler package to identify the potential functions of
target genes. GO (Gene Ontology) analysis elucidated the functional annotations of target genes across biological
processes (BP), cellular components (CC), and molecular functions (MF). Through the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, we further identified pathways involving these target genes in human biological systems
based on candidate gene annotations. Both nominal and adjusted p-values were set at 0.05.

Identification and Analysis of Ferroptosis-Related Genes
Ferroptosis-related genes were obtained from the FerrDb database (http://www.zhounan.org/ferrdb/) (Zhou and Bao,

2020) for further analysis. This database curates ferroptosis-related markers and associated diseases. The intersection of
these genes with differentially expressed genes (DEGs) from GSE202625 was identified for subsequent analysis. The
“corrplot” package was then used to assess correlations among the ferroptosis-related genes.

Immune Cell Subset Analysis

To better understand the composition of immune cells in the peripheral blood of healthy individuals and CAD patients,
we compared the differences in immune cell subsets between the two groups. Using single-sample gene set enrichment
analysis (ssGSEA), we evaluated the differential composition of 28 immune cell types. Pearson correlation analysis was
employed to reveal the correlations between immune cell distribution and differentially expressed (DE) ferroptosis-

related gene expression.
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Establishment and Evaluation of Diagnostic Models

Using feature selection, we applied the Least Absolute Shrinkage and Selection Operator (LASSO) regression algorithm
for dimensionality reduction and identified 14 iron-related genes (IRGs) to construct a diagnostic model for CAD. We
then plotted receiver operating characteristic (ROC) curves for the 14 biomarkers using training and validation datasets
and calculated the area under the curve (AUC) with R software to evaluate the diagnostic performance of individual
genes. Similarly, ROC analysis was performed on the combined 14 differentially expressed IRGs to assess their
diagnostic value in both training and validation datasets.

Study Population
Between January 2024 and September 2024, 26 patients diagnosed with CAD via coronary angiography and 12 healthy
controls were enrolled in this study at the hospital. The inclusion criteria for CAD patients were: (a) age > 18 years; (b)
CCTA showing obstructive stenosis in a single coronary artery (stenosis of > 50% in luminal diameter). The exclusion
criteria included: (a) ST-segment elevation myocardial infarction (STEMI); (b) CCTA indicating stenosis of all three
major coronary arteries < 50%; (c) CCTA showing stenosis of 2 or 3 coronary arteries > 50%; (d) PCI performed in
multiple vessels; (e) previous coronary artery bypass grafting (CABG); (f) history of malignant tumors.

The study complied with the Helsinki Declaration and was approved by the Ethics Committee of Beijing Chaoyang
Hospital. All participants provided written informed consent prior to their involvement in the study.

Clinical Data Collection

Clinical data, including general information and biochemical parameters, were collected from all participants. General
information encompassed age, gender, history of hypertension, history of diabetes, smoking status, alcohol consumption
habits, and body mass index (BMI). Blood pressure was measured using a standardized sphygmomanometer. Fasting
blood samples were collected from all subjects for laboratory testing. An automated biochemical analyzer was used to
determine the levels of serum white blood cell count (WBC), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), triglycerides (TG), total cholesterol (TC), low-density lipoprotein cholesterol
(LDL-C), and high-density lipoprotein cholesterol (HDL-C).

Gensini Score

Coronary angiography was performed on CAD patients to assess the severity of coronary artery lesions. The Gensini
score was calculated based on the degree of coronary artery stenosis and the site of the lesion. Stenosis degrees were
categorized as follows: <25% scored 1 point, 26—50% scored 2 points, 51-75% scored 4 points, 76—90% scored 8 points,
91-99% scored 16 points, and 100% scored 32 points. Weighting factors for different lesion sites were as follows: left
main coronary artery, 5 points; proximal left anterior descending or circumflex artery, 2.5 points; mid left anterior
descending artery, 1.5 points; distal left anterior descending artery, posterior descending artery, mid and distal circumflex
artery, obtuse marginal artery, and right coronary artery, 1 point each; other small branches, 0.5 points. The Gensini score
for each patient was the sum of all lesion scores, with higher scores indicating more severe CAD symptoms.

Quantitative Reverse Transcription PCR

RNA was extracted from aortic tissues of healthy controls and patients with CAD using the EZ-press RNA Purification
Kit (EZBioscience Co., Ltd, China). Complementary DNA (cDNA) was synthesized using the PrimeScript™ RT Reagent
Kit (Takara, Japan). The expression levels of six ferroptosis-related genes (WIPI1, TRIM26, NDRG1, MMD, IDH1, and
BID) were detected by polymerase chain reaction (PCR). RT-qPCR reactions were performed on a real-time PCR system
(7500, Applied Biosystems) using the TB Green Premix Ex Taq Kit (Takara, Japan), with a reaction mixture consisting of
10 uL TB Green, 0.5 pL forward primer, 0.5 uL reverse primer, 0.4 uL ROX II, 4 pL ddH,O, and 4.6 uL. cDNA sample.
Primer sequences are listed in Table 1. PCR products were analyzed by agarose gel electrophoresis, with the gene
GAPDH serving as an endogenous control. The relative expression levels of the genes were calculated using the 2*
(-AACt) method.
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Table | Comparison of General Data Between CAD Group and Normal

Group
Variable Normal Group CAD Group P-value
(n=12) (n=26)
Age 63.42+10.39 69.45£12.74 0.001
Gender, male (%) 7(58.3) 14(53.8) 0.24
Hypertension, case (%) 8(66.7) 20(76.9) 0.042
Smoking, case (%) 4(33.3) 7(26.9) 0.067
Diabetes, case (%) 2(13.3) 9(34.6) 0.005
Drinking, case (%) 2(13.3) 6(23.1) 0.056
BMI (kg/m2) 24.96+3.15 26.28+5.13 0.047
Gensini score 0.0(0.00, 6.00) 22(13.4, 37.5) 0.000

Notes: Kidney function data were not routinely recorded, Pharmacological therapy data were
partially available and not systematically documented in this retrospective analysis. Other
comorbidities were not systematically documented.

Construction of CAD Mouse Model

Twelve 7-week-old male C57BL/6] wild-type mice, weighing 18-22 g, were purchased from Beijing Huakang
Biotechnology Co., Ltd. (License No.: SCXK (Beijing) 2019-0008). Prior to the experiment, the mice were acclimated
for 7 days in an environment maintained at 20-26°C with 40-70% humidity and a 12-hour light-dark cycle, with ad
libitum access to food and water. Mice in the CAD group were fed a high-fat diet (23% protein, 45% fat, 20%
carbohydrates, 4.5 kcal/g; Product No. D12109C), whereas those in the control group received a standard diet
(24.02% protein, 12.95% fat, 63.03% carbohydrates, 3.44 kcal/g). After 20 weeks, the mice were weighed, anesthetized,
and blood was collected from the abdominal aorta. Aortic tissues were harvested for subsequent analysis. The animal
experiment was approved by the Animal Research Committee of Beijing Chaoyang Hospital and performed in
accordance with the guidelines of the National Animal Care and Ethics Institution.

Elisa

The serum concentrations of total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) in mice were measured using a kit from Nanjing Jiancheng Bioengineering Institute,
China, according to the manufacturer’s instructions.

Pathological Examination

Aortic tissues were isolated under sterile conditions and fixed in 4% paraformaldehyde for 24 hours. After trimming and
placement in dehydration cassettes, the samples were processed through standard dehydration and embedding protocols
to generate 4-um paraffin sections. These sections were stained with hematoxylin and eosin (HE) following routine
dewaxing with xylene. Nuclei were stained blue with hematoxylin, and cytoplasm was stained pink with eosin. Following
dehydration, the sections were mounted and examined under an Olympus optical microscope (Tokyo, Japan).
Additionally, the degree of collagen deposition was evaluated using a Masson’s trichrome staining kit from Solarbio
Life Sciences.

Western Blot

Protein extraction from aortic tissues was performed utilizing RIPA lysis buffer (Beyotime), followed by centrifugation at
12,000 rpm for 20 minutes at 4°C. Subsequently, the protein concentration was ascertained via a BCA protein assay kit
(Thermo Fisher Scientific). The extracted proteins were subjected to separation by SDS-PAGE electrophoresis and
subsequently electrotransferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore). The membrane was
incubated with the primary antibody targeting IDH1 at 4°C overnight, and thereafter incubated with a horseradish
peroxidase-conjugated secondary antibody (Jackson ImmunoResearch) for 2 hours at ambient temperature. Visualization
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of the proteins was achieved through the application of an ECL chemiluminescent substrate kit (Pierce). The primary
antibodies employed were anti-IDH1 (product number ab230949, Abcam, 1:100000) and anti-GAPDH (Cat No.
10494-1-AP, Proteintech, 1:40,000). Quantification of the protein bands was conducted utilizing ImageJ software.

Statistical Analysis

Data analysis was conducted using SPSS 22.0 software (SPSS, USA). The results are presented as mean + standard deviation
(SD). For normally distributed data, comparisons between two groups were made using Student’s #-test, while one-way
ANOVA was employed for the analysis of multiple groups. In cases where the data were not normally distributed, a non-
parametric test was utilized. A p-value of less than 0.05 was considered to indicate statistical significance. Post-hoc sample
size calculation was performed using GPower 3.1. For the primary endpoint (AUC of the diagnostic model), assuming a
medium effect size (f= 0.25), 0. =0.05, and 80% power, the required sample size was estimated to be 30 cases and 30 controls.
Our current sample size (26 CAD, 12 controls) meets approximately 87% of the recommended sample size for exploratory
analysis. For inter-observer variability, two independent observers evaluated Gensini scores and pathological staining results,
with coefficients of variation (CV) of 5.2% and 4.8%, respectively. Intra-observer variability was assessed by repeated
measurements by the same observer, yielding CVs of 3.9% for Gensini scores and 3.5% for histological evaluations.

Results

Identification of Differentially Expressed mRNAs in Peripheral Blood from GSE202625
Data

In the GSE202625 dataset (27 angiography-confirmed CAD vs 25 controls), limma identified 70 upregulated and 895

downregulated genes (Figure 1A). A heatmap highlights the top 20 differentially expressed genes linked to CAD
pathogenesis (Figure 1B).

Screening and Validation of Ferroptosis-Related Genes
To explore ferroptosis-related gene involvement in CAD, intersection analysis of GSE202625 DEGs and ferroptosis-driving
genes identified 29 ferroptosis-associated DEGs (Figure 1C). Their expression profiles in CAD and controls are shown in
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Figure | Screening and Analysis of Ferroptosis-related Genes. (A) Volcano plot of DEGs between CAD and controls. (B) Heatmap for the top 20 DEGs between CAD and
healthy samples. Pink: Up-regulation; Green: Down-regulation. (C) Venn diagram of 29 DE-FRGs in CAD. (D) Heatmap of the expression profiles of 29 DE-FRGs in CAD
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Figure 1D, with green-to-pink gradients indicating expression levels, and several genes showing significant differential
expression between groups. Gene Ontology (GO) analysis indicated that these genes are predominantly involved in fatty acid
metabolism, cytokine regulation, and autophagy-peroxisome functions. The interplay between dysregulated fatty acid
metabolism and inflammatory processes is intricately linked to CAD pathogenesis, and autophagy-peroxisome dysfunction
may potentiate endothelial injury (Figure 1E). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis,
highlighting the FoxO signaling pathway, ferroptosis, NOD-like receptor signaling pathway, and lipid metabolism pathways,
further emphasizes their critical roles in CAD. Among these, the FoxO pathway’s influence on endothelial integrity and its
contribution to ferroptosis-mediated cellular damage are particularly crucial (Figure 1F).

Immune Correlation Analysis

Immune cell expression profiling unveiled pronounced disparities in the distribution of immune cell subsets between
CAD and healthy cohorts. Specifically, CD56dim natural killer cells, Type 1 T helper cells, Type 17 T helper cells, and
activated dendritic cells exhibited upregulated expression in CAD subjects (Figure 2A). Enrichment score box plots
further elucidated that the abundance of dendritic cells and neutrophils was markedly elevated in CAD compared to the
control group, implicating these immune cells as key contributors to the immunological response in CAD (Figure 2B).
Additionally, a correlation matrix among diverse immune cell types revealed intricate interrelationships. Notably, a
robust positive correlation was observed between activated B cells and CD4 T cells (r = 0.83), as well as between
dendritic cells and natural killer cells. Conversely, the inverse correlation noted between activated B cells and CD56dim
natural killer cells (r = —0.71) suggests potential antagonistic regulatory mechanisms between these cell types under
specific pathophysiological contexts (Figure 2C).

LASSO Identification and Construction of Ferroptosis Diagnostic Model
Utilizing LASSO regression for dimensionality reduction, we pinpointed six genes—IDH1, MMD, NDRG1, WIPII,
BID, and TRIM26—as integral components of a diagnostic model for CAD (Figure 3A and B). Notably, IDH1

A - w C
Activated CD8 T cell M
CD56dim natural killer cell 3
Type 1T helper cell 1 _ 3 g
Type 17 T helper cell E{ _ ¢ §
Plasmacytoid dendritic cell 0 T3 i H N 3
Activated dendritic cell 23 e 8 g - 2
Neutrophil B - EE g8 - H
Macrophage . 22 EES S 2 4 o
Mast cell Activated B cell x x x ox ox x x
?i\llﬁrcallﬂlglrlire Isz?lle” AcivatedCDAToell X () x x x x x x x x x %
Activated CD8 T cell ) X x x x x x x x 08
il ettt X B 5[0 O18]
Gamma delta T cell CDS6bright natural killer cell XXX x x |8 x|x|% 06
Immature dendritic cell CDS6dim natural killer cell ) X X x x x x x x
Eosinophil eosinophil ) X X X X x x x
ga‘”’la"k“'e;ce':l GammadetaToel - X X X O x o
Regudeiory T oo rtes .o < [3X] [XXX XX * [@[ = [ [®]# = = [ = [» [* [ =
Immature B cell immature dendriic cell - D M - X X X @) x x x x x x x x ox x 02
CD56bright natural killer cell MDSC [ [0 [ [ sz [ | M| e | X[ 24 [ x x x x
Activated CD4 T cell Macrophage > X X X % °
Type 2 T helper cell wastesl X X X X X 2@ 2 = M
B p0 B8 rems 8 0 Monocyte X X X X X X x X x x x x o
Nawratkiler Teal Y X X X X X X X x x x ox  x x
Natwralkilercall X X X X X X X X x o x ox o x x
Neutrophil ¢ X X X x x o
. Plasmacyloid dendric cell | X X X X X x o ox
1 Reguatory Teal X X X X X X X X X[ X NGOG s
T follicular helper cell M > KX IX|XIX|X »[X » X X x
# Twe 1Thepercall S X X X X X X X | [ X XX x| x o8
T Type 17T hercoll X XX o= XXX XXX o = [ XXX I =
: reaThapercal X XXX XXX XXX XXX XXX L )

Figure 2 Immune correlation analysis. (A) Heatmap to show the main 28 types of immune cells changes in CAD. Pink: Up-regulation; Green: Down-regulation. (B) Box
diagram for the enrichment score differences of the immune cells above between CAD group (Red) and normal group (Blue). (C) Correlation matrix highlighting the
relationships between various immune cell types in CAD patients. Pink: Positive correlation; Green: Negative correlation. *p < 0.05, **p < 0.01.
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demonstrated the most robust diagnostic efficacy, achieving an area under the receiver operating characteristic curve
(AUC) of 0.821. The diagnostic performance of the other genes, as shown by their AUC values, was: NDRG1 (0.702),
MMD (0.698), TRIM26 (0.674), WIPI1 (0.690), and BID (0.655) (Figure 3C). When integrated into a comprehensive
diagnostic model, these six genes collectively achieved an AUC of 0.904 in the GSE202625 training dataset, 0.776 in the
GSE180081 validation dataset, and 0.902 in the GSE42148 validation dataset (Figure 3D-F). These findings underscore
the significant diagnostic potential of this ensemble of differentially expressed ferroptosis-related genes (DE-Fer),
suggesting their potential as viable targets for the prevention and therapeutic intervention of CAD.

Analysis of Peripheral Immune Characteristics in CAD Patients

Among individuals with CAD, a cohort of six salient peripheral genes associated with ferroptosis exhibited substantial
expression modifications. Notably, certain genes were downregulated, such as IDH1, MMD, WIPI1, and TRIM26, whereas
others, including NDRG1 and BID, showed no significant changes (Figure 4A). Furthermore, these genes demonstrated
unique intercorrelations. A robust positive association was observed between BID and MMD (r = 0.74), suggesting a potential
cooperative role. The correlation profile of WIPI1 was particularly intricate, marked by a negative linkage with TRIM26 (r =
—0.69). Additionally, IDH1, NDRG1, and TRIM26 exhibited complex patterns of both positive and negative correlations,
indicating their involvement in distinct regulatory pathways (Figure 4B). Correlation analysis between these genes and twenty
distinct immune cell types revealed that WIPI1 was negatively correlated with activated CD4 T cells, CD8 T cells, and
dendritic cells (p < 0.05), but positively correlated with natural killer cells and neutrophils (p < 0.01). TRIM26 showed
significant positive correlations with natural killer cells and dendritic cells. BID, in turn, was significantly positively correlated
with specific immune cells (Figure 4C). Collectively, these correlational insights highlight the multifaceted roles of these
genes in ferroptosis and immune modulation in CAD.

Clinical Studies Prove That the Differentially Expressed Gene IDHI| Can Serve as a
Biomarker for CAD

To further explore the biomarkers for CAD, a clinical investigation was conducted, comprising 12 healthy controls and
26 CAD patients. Demographic analysis revealed a significantly higher mean age in the CAD cohort (69.45 + 12.74
years) compared to controls (63.42 + 10.39 years). Additionally, the CAD group exhibited a significantly higher
prevalence of hypertension (76.9%) and diabetes (34.6%) than the control group 66.7% and 13.3%, respectively; P <
0.05). Body mass index (BMI) was also slightly higher in CAD patients (26.28 + 5.13) compared to healthy controls
(24.96 + 3.15, P < 0.05). In terms of CAD severity, assessed by Gensini scores, the CAD group had significantly higher
values (median: 22; interquartile range [IQR]: 13.4-37.5) than the control group (median: 0.0; IQR: 0.00-6.00; P < 0.05).
No significant differences were observed between groups in gender, smoking status, or alcohol consumption (P > 0.05).
A detailed summary of these findings is presented in Table 1.

Serum biomarker analysis revealed significantly higher levels of lactate dehydrogenase (LDH), triglycerides (TG), total
cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) in CAD patients [median (interquartile range, IQR)]: LDH
176.9 (153.4-234.7) U/L, TG 2.73 (1.75-4.35) mmol/L, TC 4.95 (3.86—6.45) mmol/L, LDL-C 3.12 (2.56-3.79) mmol/L]
compared to healthy controls [LDH 155.7 (141.2-162.5) U/L, TG 1.32 (1.05-1.68) mmol/L, TC 4.05 (3.72—4.69) mmol/L,
LDL-C 2.37 (2.05-2.94) mmol/L], with statistically significant differences (P < 0.05). In contrast, white blood cell (WBC)
count, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and high-density lipoprotein cholesterol (HDL-C)
levels were not significantly different between the CAD and control groups (P > 0.05), as shown in Table 2.

In an endeavor to delineate the expression patterns of six ferroptosis-associated genes—WIPI1, TRIM26, NDRG1, MMD,
IDH1, and BID—in individuals with CAD, we utilized quantitative polymerase chain reaction (QPCR) to evaluate the
transcriptional activity of these genes in CAD patients compared with healthy controls. Our findings revealed significant
downregulation of WIPI1, TRIM26, MMD, and IDH1 expression in CAD patients compared to controls (P <0.05), with IDH1
demonstrating the most substantial expression disparity between the two groups (Figure SA-D). Conversely, the expression
levels of NDRGI1 and BID did not significantly differ between CAD patients and healthy controls (P > 0.05) (Figure 5E and F).
Subsequently, CAD patients were categorized into two cohorts based on Gensini scores: a low Gensini score group (Gensini
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Table 2 Comparison of Laboratory Test Outcomes Between CAD Group

and Normal Group

Variable Normal Group CAD Group P-value
(n=12) (n=26)
WBC (L', x 10%) 6.02(5.12,7.35) 6.1(4.95,7.86) 0.82
ALT (U-L) 15.60(11.67, 23.36) | 16.30(12.59, 24.37) 0.768
AST (U-l) 17.25(14.25, 20.31) 17.5(14.9, 22.3) 0.316
LDH (U-L) 155.7(141.2, 162.5) | 176.9(153.4, 234.7) 0.007
TG (mmolsL™") 1.32(1.05, 1.68) 2.73(1.75, 4.35) 0.000
TC (mmol-L™") 4.05(3.72, 4.69) 4.95(3.86, 6.45) 0.000
LDL-C (mmol-L™") 2.37(2.05, 2.94) 3.12(2.56, 3.79) 0.000
HDL-C (mmol-L™") 1.13(0.96, 1.25) 1.17(1.02, 1.36) 0.964
IDHI expression 0.88(0.41, 1.37) 0.25(0.03, 0.46) 0.000

Abbreviations: WBC, White blood cell; ALT, Alanine aminotransferase; AST, Aspartate amino-
transferase; LDH, Lactic dehydrogenase; TG, Triglyceride; TC, Total cholesterol; LDL-C, Low-
density lipoprotein-cholesterol; HDL-C, High-density lipoprotein-cholesterol; IDHI, Isocitrate
dehydrogenase |I.

score < 30, n = 10) and a high Gensini score group (Gensini score > 30, n = 16). Quantitative PCR analysis showed that

individuals in the low Gensini score group had markedly higher mRNA expression levels in aortic tissue than those in the high

Gensini score group (Figure 6A). Furthermore, CAD patients were divided into low and high IDH1 expression groups based
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on median IDH1 expression levels. The low IDH1 expression group exhibited a significantly higher Gensini score than the
high IDH1 expression group (P < 0.05, Figure 6B). Laboratory assessments also showed that the low IDH1 expression group
had higher levels of lipid-associated markers, including LDL-C and TG, compared to the high IDH1 expression group
(P <0.05, Figure 6C and D). Integrative analysis in both CAD patients and healthy controls revealed an inverse correlation
between IDH1 expression levels and CAD severity, as measured by Gensini scores (r = —0.4865, p = 0.002, Figure 6E).
Collectively, these results indicate that the differentially expressed gene IDH1 may serve as a promising biomarker for CAD.

Validation of IDH| Expression in the CAD Mouse Model
To further explore the role of IDHI in CAD, a murine model of CAD was established using 6-week-old specific

pathogen-free C57BL/6J mice. Compared with sham-operated controls, CAD mice exhibited significant increases in
serum total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels (P < 0.05). Conversely, sham-
operated mice had higher high-density lipoprotein cholesterol (HDL-C) levels (P < 0.05) (Figure 7A). Additionally, CAD
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*p < 0.01, *p < 0.001.
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mice showed a notable increase in mean body weight (P < 0.05, Figure 7B). Pulse wave velocity (PWV) measurements
were performed to assess aortic stiffness revealing increased vascular rigidity in CAD mice (P < 0.05, Figure 7C). HE
staining demonstrated that the aortic intima of the CAD mice was significantly thickened, with a large accumulation of
inflammatory cells, compared to sham-operated mice (Figure 7D). Masson’s staining was performed on aortic sections to
evaluate collagen deposition, showing higher collagen content in the aortas of CAD mice (P < 0.05, Figure 7E).
Collectively, these results indicate lipid deposition and vascular remodeling in CAD mice, confirming the successful
establishment of the CAD model. PCR and Western blot analyses were then used to examine IDH1 expression levels in
aortic tissues. As shown in Figure 7F and G, CAD mice had markedly reduced IDHI mRNA and protein expression in
aortic tissues compared to the sham group (P < 0.05). This finding is consistent with previous bioinformatics analyses
and clinical investigations, collectively suggesting that IDHI may serve as a potential biomarker for CAD.

Discussion
The complex pathophysiology of CAD involves intricate interactions between cellular mechanisms and signaling
pathways. Ferroptosis, a form of regulated cell death, has emerged as a key player in CAD pathogenesis.” Iron
accumulation and lipid peroxidation—hallmarks of ferroptosis—directly damage cardiomyocytes and modulate the
local microenvironment to influence CAD progression. Immune regulation in CAD is dualistic: moderate immune
responses aid tissue repair, while excessive activation drives chronic inflammation and atherosclerosis. '’

Ferroptosis and immune regulation are interdependent: ferroptotic cells release damage-associated molecular patterns

(DAMPs) that trigger activate the immune activation and inflammation;'%'2

while immune cell function and cytokines
reciprocally affect iron metabolism and antioxidant capacity to regulate ferroptosis.®?® This crosstalk is central to CAD
pathophysiology. Investigating this interplay enhances understanding of CAD mechanisms and identifies novel thera-
peutic targets. In this study, we analyze gene expression, immune cell infiltration, and ferroptosis-related gene patterns to
uncover links between these processes and their diagnostic/treatment potential in CAD.

To achieve the study objectives, we obtained mRNA expression profiles of CAD patients and controls from the GEO
database. Intersection analysis with ferroptosis-related genes identified 29 DEGs. GO analysis showed these genes are
associated with fatty acid metabolism, inflammatory responses, and autophagy dysregulation—key processes in CAD
pathogenesis that may exacerbate disease progression (Figure 3B). KEGG pathway enrichment analysis revealed DEGs
were involved in ferroptosis and multiple immune-related pathways: FoxO signaling, PD-L1/PD-1 checkpoint, NOD-like
receptor signaling, HIF-1 signaling, Th17 cell differentiation, and VEGF signaling (Figure 3C). The FoxO pathway
regulates cell survival and metabolism; its dysregulation contributes to endothelial dysfunction and atherosclerosis.?' PD-
L1/PD-11 signaling influences T cell tolerance and correlates with ferroptosis; sPD-L1 levels are elevated in CAD
patients and linked to cardiovascular events.”>** NOD-like receptor signaling modulates inflammation via NLRP3
inflammasome activation, promoting endothelial dysfunction and CAD progression.”*>® Enrichment of Thl17 cell
differentiation and autophagy pathways further supports their role in CAD progression.”’ These findings confirm
associations between ferroptosis-related DEGs and CAD-relevant biological processes and pathways, providing a basis
for further mechanistic and translational research.

Immune cell activation plays a pivotal role in the progression of CAD, and single-cell RNA sequencing of immune
cell phenotypes derived from peripheral blood mononuclear cells has increasingly been utilized for the diagnosis of
CAD.?® Research has demonstrated a significant elevation in the frequency of activated dendritic cells (¢cDC) among
patients at high risk for CAD, with this increase being correlated to the severity of CAD.?® Furthermore, clinical studies
have highlighted a notable activation of neutrophils in individuals with CAD.?° In our study, we observed a significant
enrichment of dendritic cells and neutrophils within the CAD cohort (Figure 4B), a result that aligns with the findings of
Feng et al, thereby providing additional evidence for the involvement of these cell types in the pathogenesis of CAD.'

Peripheral blood biomarkers are critical for CAD diagnosis. Using LASSO regression, we developed a diagnostic model
from 29 ferroptosis-associated genes, identifying six key genes: IDH1, MMD, NDRG1, WIPI1, BID, and TRIM26. All genes
showed AUC values >0.65 (Figure 5C), with IDH1 demonstrating the highest efficacy (AUC=0.821), confirming their
potential to distinguish CAD patients from controls. Clinical analysis revealed higher hypertension, diabetes, and lipid
markers (LDH, TG, TC, LDL-C) in CAD patients. In aortic tissues, WIPI1, TRIM26, MMD, and IDH1 were downregulated,
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with IDH1 showing the most significant reduction and an inverse correlation with Gensini scores. Animal experiments
supported IDH1’s role in CAD. As a TCA cycle enzyme, IDH1 regulates intracellular redox balance and may influence
atherosclerosis via NADPH-dependent antioxidant activity.*'*> While Li et al showed IDH] inhibition reduces macrophage
ferroptosis and foam cell formation.* Our finding of IDH1 downregulation in CAD aortic tissues contrasts with this, possibly
due to differences between CAD and atherosclerosis. Further studies are needed to clarify IDH1’s role in CAD ferroptosis.
Notably, IDHI modulates immune responses in tumor immunology.®**> Our study found weak correlations with most
immune cell types in CAD. Given Badder Kattih et al’s report on mutant IDH1 and CAD prevalence,’® future research
should explore IDH1’s dual mechanisms in CAD pathogenesis.

Beyond IDH1, WIPI1, TRIM26, and MMD show potential roles in CAD. WIPI1 (Wild-type p53-induced phosphatase 1),
a serine/threonine phosphatase and regulator of autophagy-dependent ferroptosis, correlates with immune cell profiles:
negatively with activated CD4/CDS8 T cells and dendritic cells (p < 0.05), and positively with natural killer cells and
neutrophils (p < 0.01), suggesting immune regulation involvement.*’° However, its role in CAD remains uninvestigated.
Tripartite Motif Containing 26 (TRIM26), an E3 ubiquitin ligase, modulates ferroptosis and inflammation by degrading IRF3
and influencing M1 macrophage polarization, linking it to CAD pathogenesis.**** MMD (Monocyte to Macrophage
Differentiation Associated, also known as PAQR11) promotes monocyte-to-macrophage differentiation and ferroptosis in
cancer but is poorly studied in CAD.**** While these genes are implicated in immune modulation and CAD diagnosis, direct
evidence for their causal role in CAD is lacking. Future studies should clarify their mechanistic contributions.

Relative to single-gene diagnosis, the six-gene ensemble shows superior diagnostic potential for CAD. Individual gene
performance may be limited by expression variability and inter-individual differences, whereas a multi-gene model integrates
multiple expression profiles to overcome single-gene constraints and provide a comprehensive view of CAD pathology,
enhancing diagnostic accuracy. In this study, the six-gene diagnostic model (IDH1, MMD, NDRG1, WIPI1, BID, TRIM26)
developed via LASSO regression achieved AUC > 0.75 in three datasets (GSE202625, GSE180081, GSE42148), out-
performing single-gene analysis in differentiating CAD patients from controls. Future research should explore the model’s
early diagnostic utility. Given the asymptomatic nature of early CAD, sensitive and specific methods are critical. Monitoring
these six genes in peripheral blood using digital PCR or nanotechnology-based platforms could enable non-invasive, early, and
precise CAD diagnosis, facilitating timely intervention, improving outcomes, and reducing healthcare costs.

Although this investigation has illuminated the diagnostic import of genes including IDH1, WIPI1, TRIM26, and
MMD in the context of CAD, the exact pathways through which these genes participate in the etiology and advancement
of CAD necessitate additional scrutiny. Specifically, elucidating how these genes modulate the pathophysiological
trajectories of CAD via ferroptosis and immune regulation demands rigorous inquiry. A notable limitation of this
study is the relatively small sample size in clinical validation (26 CAD patients and 12 healthy controls), which may
affect the generalizability of the findings. Subsequent research initiatives should consider expanding to multicenter, large-
sample clinical trials to robustly validate the diagnostic potency and clinical relevance of these genes. Such multicenter
approaches can counterbalance the potential biases associated with single-center studies, thus bolstering the credibility
and broad applicability of the research outcomes. Furthermore, probing into the feasibility of these genes serving as
therapeutic targets for CAD represents a fertile ground for future exploration. While the identified biomarkers demon-
strated promising diagnostic value, the absence of comprehensive clinical covariates (eg, medication history) precludes
us from fully evaluating their independence from other risk factors. This highlights the need for prospective studies with
detailed data collection to validate these associations.

Another notable limitation of this study is the lack of detailed clinical data on patients’ pharmacological therapies, kidney
function, and certain comorbidities, which were not systematically recorded in the retrospective dataset. These missing data
may introduce potential confounding factors, as medications (eg, statins) or renal dysfunction could influence both ferroptosis
pathways and immune cell profiles. For example, statins might modulate lipid metabolism and impact ferroptosis-related gene
expression, while reduced kidney function could alter systemic inflammation levels. Consequently, the generalizability of our
findings to broader populations with diverse clinical profiles may be limited. To address these limitations, future studies should
incorporate longitudinal data on pharmacological interventions, renal function metrics, and comorbidities, enabling more
precise modeling of ferroptosis-immune interactions in CAD. Such approaches will enhance the translational value of our
findings and facilitate the development of personalized therapeutic strategies.
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Conclusion
This study identified ferroptosis-related genes (IDH1, MMD, NDRGI1, WIPI1, BID, TRIM26) as potential CAD
diagnostic biomarkers via machine learning, with a six-gene model showing strong diagnostic performance. Reduced

IDH1 expression correlated with higher CAD severity, and altered immune cell profiles were linked to ferroptosis

pathways. Limitations include retrospective design and incomplete clinical data, necessitating prospective validation with

comprehensive datasets to enhance translational utility. Future research endeavors will delve deeper into the precise

mechanisms by which these genes influence the pathogenesis and progression of CAD, and will also assess their viability

as

therapeutic targets.
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