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Pulmonary hypertension (PH) is a progressive cardiopulmonary disorder. It features elevated 
pulmonary arterial pressure, which leads to right ventricular failure and increased mortality. PH’s 
insidious nature, with no specific clinical symptoms, hinders early diagnosis. Recent investigations 
have implicated vascular cell senescence in the pathogenesis of PH; however, the identification of 
early diagnostic biomarkers and the development of senescence-targeted therapeutics remain areas of 
unmet need.In this study, an integrative transcriptomic analysis of multiple datasets was undertaken 
to delineate differentially expressed senescence-related genes (DESRGs). Feature genes were 
selected via the implementation of LASSO regression, random forest, and support vector machine 
algorithms. Subsequently, a diagnostic nomogram was constructed, predicated on six hub genes. The 
discriminative capacity of the nomogram was rigorously validated utilizing external datasets. Single-
gene gene set enrichment analysis (GSEA) was executed to elucidate potential biological functions. 
The expression profiles of core genes were corroborated through single-cell RNA sequencing and 
qPCR in an in vitro hypoxia model of pulmonary artery smooth muscle cells. Finally, connectivity 
map (cMAP) analysis and molecular docking were employed to identify potential therapeutic small 
molecules.The analysis identified 20 DESRGs. Six feature genes (LCN2, CBS, ABCB1, NQO1, TWIST1, 
TLR8) were consistently selected by all three machine learning methods. The diagnostic nomogram 
exhibited an area under the curve (AUC) of 0.974 in the training cohort and demonstrated robust 
performance in independent validation cohorts. Notably, CBS, TLR8, and NQO1 were significantly 
downregulated in validation datasets, single-cell sequencing, and the in vitro hypoxia model. GSEA 
revealed significant enrichment of innate immune responses, the IL-17 pathway, and oxidative stress. 
cMAP analysis identified TUL-XXI039 as a potential therapeutic compound, with molecular docking 
studies predicting strong binding affinities (binding energies < -8.0 kcal/mol) to CBS, TLR8, and NQO1.
This study introduces a novel, high-precision diagnostic model for PH based on senescence-related 
genes, underscoring CBS, TLR8, and NQO1 as promising biomarker candidates. TUL-XXI039 emerges 
as a potential multi-target therapeutic candidate for PH, thus meriting further investigation.
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Pulmonary hypertension (PH) is a severe and irreversible cardiopulmonary disease characterized by a persistent 
elevation of mean pulmonary arterial pressure (mPAP)1, ultimately resulting in right ventricular dysfunction 
(RVD) and death2. Globally, the annual incidence of PH is approximately 10 cases per million people3, and 
the condition is associated with high mortality, with a median survival of only 2–3 years4; delayed diagnosis 
significantly increases mortality. Numerous pathogenic factors contribute to PH, including genetic predisposition 
and various acquired factors, such as BMPR2 gene mutations and connective tissue diseases5. In addition to 
genetic and acquired factors, recent studies have identified vascular cell senescence as a core mechanism driving 
PH progression6. In its early stage, PH may present with nonspecific symptoms such as exertional dyspnea, 
fatigue, and reduced exercise tolerance7, often without an obvious murmur of tricuspid regurgitation, which 
poses substantial challenges for timely diagnosis and clinical decision-making8.

Despite advances in understanding PH pathogenesis, a critical clinical gap persists: current diagnostic 
methods, primarily right heart catheterization and imaging techniques, are invasive, costly, and ineffective for 
early detection of aging-driven vascular changes9,10. Previous PH biomarker studies have largely focused on 
inflammation, genetic mutations, or hemodynamic markers (e.g., BMPR2-related pathways or inflammatory 
cytokines like IL-6)11–13, but these approaches often target late-stage progression rather than the underlying 
aging mechanisms, limiting their utility for early intervention. Moreover, existing therapies, such as endothelin 
receptor antagonists, provide symptomatic relief but fail to reverse aging-related vascular remodeling14, including 
senescence-associated secretory phenotype (SASP)-induced inflammation and endothelial dysfunction15. This 
highlights the urgent need for novel, non-invasive diagnostic tools based on aging-related biomarkers to bridge 
this gap and enable early modulation of PH progression.

Cellular senescence, characterized by irreversible cell cycle arrest and cessation of mitotic proliferation, plays 
a pivotal role in this process16. Aging is a major risk factor for cardiovascular diseases, impairing endothelial 
function and promoting PH onset and progression17. For instance, every 10-year increase in age correlates with 
a ~ 30% rise in mortality risk among PH patients18. Senescent endothelium exhibits not only cell cycle arrest but 
also reduced contractile capacity, mitochondrial dysfunction, telomere shortening, and SASP-mediated chronic 
inflammation, which further compromises vascular integrity19. Immune cells exacerbate this: senescent T cells 
secrete proinflammatory SASP factors (e.g., IL-6 and TNF-α), stimulating abnormal proliferation of neighboring 
pulmonary arterial smooth muscle cells and intensifying pulmonary vascular remodeling20.

In light of the above evidence, we hypothesized that aging-related signature genes may serve as effective 
biomarkers for the early diagnosis of pulmonary hypertension. Therefore, this study aimed to systematically 
characterize aging-associated molecular alterations in PH and construct a robust diagnostic model integrating 
these signatures. Furthermore, candidate small-molecule compounds with potential activity against senescence-
driven vascular remodeling were screened to explore possible therapeutic interventions. Collectively, this work 
provides a novel framework for early, non-invasive detection of PH and offers new insights into targeting aging-
related mechanisms for disease modulation.

Methods
Identification of differentially expressed genes (DEGs) and related enrichment analyses
All data sets are download from the Gene Expression Omnibus (GEO) database and listed in Table 1. Raw 
data were loaded and processed in R. Differential expression analysis was performed using the limma package 
with thresholds of P < 0.05 and log2FC > 1. We visualized DEG expression profiles as volcano plots (using 
ggplot2) and clustered heatmaps (using pheatmap). The intersection of DEGs with SRGs yielded aging-related 
DEGs (DESRG). GO and KEGG enrichment analyses were conducted using the clusterProfiler package21–23. 
Additionally, Gene Set Enrichment Analysis (GSEA) was employed. For GSEA, the correlation between each 
diagnostic gene and other genes was first calculated, and all genes were ranked in descending order by this 
correlation. Finally, GSEA analyses were performed using the gseGO and gseKEGG functions in clusterProfiler.

Machine learning
LASSO regression, random forest (RF), and support vector machine (SVM) are three widely used machine 
learning algorithms for feature selection. LASSO, which incorporates L1 regularization, is a linear model for 
feature selection and regression analysis. It enhances linear regression by adding an L1 regularization term 
(an absolute-value penalty), which drives some coefficients toward zero and thereby enables automatic feature 
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selection. LASSO is particularly effective for handling high-dimensional data, mitigating overfitting, and 
improving the stability of linear models. In this study, key genes corresponding to the optimal λ value were 
selected using 10-fold cross-validation. RF is an ensemble learning algorithm that constructs multiple decision 
trees and aggregates their predictions for classification and regression tasks. It performs well with complex data, 
high-dimensional features, and noisy inputs. SVM is a supervised learning model and associated algorithm 
commonly applied to classification and regression problems. All machine learning analyses were performed in 
R using the glmnet, randomForest, and e1071 packages.

Construction of a nomogram
To evaluate the integrated diagnostic performance of the feature genes, the rms package was used to construct a 
nomogram, and a calibration curve was established to assess the nomogram’s accuracy. In the nomogram, each 
gene corresponds to a score, and the total score from six genes is used to predict the risk of pulmonary arterial 
hypertension (PH). Finally, decision curve analysis was performed using the rmda package to evaluate the net 
benefit of the nomogram predictions.

Evaluation of feature genes and the nomogram
Expression of six feature genes was compared across the training cohort (GSE254617) and validation cohorts 
(GSE48149 and GSE236251). Receiver operating characteristic (ROC) curves were constructed using the pROC 
package to assess the diagnostic performance of the feature genes and the nomogram.

Single-cell sequencing analysis
This study performed efficient single-cell data analysis based on the Seurat V5 framework integrated with the 
BP Cells package. Raw 10x Genomics data were converted to memory-optimized matrices via BPCells, and 
Ensembl IDs were annotated to gene symbols using the Azimuth package. A dataset combining six samples from 
Control and PH groups (totaling 69,506 cells) was constructed. Stringent quality control was applied (ribosomal 
gene proportion < 20%; gene counts 200–5000; UMI > 500). Normalization was performed using LogNormalize, 
and the top 2000 highly variable genes were used for principal component analysis (PCA; first 30 PCs). 
Dimensionality reduction was performed with UMAP, and Louvain clustering (resolution = 0.5) identified 29 
cell clusters. Cluster markers were detected by the Wilcoxon rank-sum test (min.pct = 0.25, log2FC > 0.25) and 
manually annotated using canonical marker genes. For the extracted smooth muscle cell (SMC) subpopulation 
(1234 cells), expression of CBS, TLR8, and NQO1 across groups was visualized with DotPlot and UMAP, and 
significance was assessed by the Mann-Whitney U test. Data were stored in the BPCells disk format, with the 
SketchData function (LeverageScore algorithm to extract 50,000 cells) and the future package used to optimize 
parallel computation.

RNA extraction and real-time quantitative PCR
Pulmonary artery smooth muscle cells (PASMCs) were exposed to normoxic (NX) and hypoxic (HX) conditions 
for 48 hours. Total RNA was extracted using the RNAeasy™ Animal RNA Extraction Kit (R0026, Beyotime, 
China) according to the manufacturer’s instructions. Complementary DNA was synthesized from total RNA 
using HiScript III RT SuperMix (R323-01, Vazyme Biotech, China). Quantitative real-time PCR (qRT-PCR) was 
performed with TB Green Premix Ex Taq II (RR820Q, TaKaRa, China) to quantify the expression of target genes. 
Primer sequences (5′→3′) used in this study are: CBS-F: ​C​C​A​A​G​C​A​G​A​T​G​T​A​C​C​T​G​G​C​A; CBS-R: ​T​T​T​G​G​G​G​
G​A​T​T​T​G​G​T​C​A​G​C​A; TLR8-F: ​C​C​A​G​C​C​A​G​A​A​A​G​G​G​G​A​A​A​A​C; TLR8-R: ​G​G​T​T​C​C​A​G​A​G​G​A​C​A​G​C​A​G​A​C; 
NQO1-F: ​C​T​C​T​T​C​A​A​C​C​C​A​A​G​C​C​C​A​T​T​G; NQO1-R: ​C​A​T​T​C​C​G​G​T​T​A​G​G​G​C​A​A​A​G​C.

Connectivity map (cMAP) analysis
Connectivity Map (cMAP; https://clue.io/) is a database of gene expression profiles based on cellular responses 
to perturbations or interventions and can be used to identify potential therapeutic compounds relevant to a 
disease. In this study, PH-altered DEGs were mapped to the cMAP database, and the top 10 compounds with the 
highest enrichment scores were identified as potential therapeutics for PH.

DataSets Platforms

Sample size

Organism Tissue AttributeControl Disease

GSE254617 GPL21290 52 96 Homo sapiens Lung Training

GSE48149 GPL16221 9 8 Homo sapiens Lung Validation

GSE236251 GPL11154 8 20 Homo sapiens Pulmonary arteries Validation

GSE135893 GPL24676 3 0 Homo sapiens Lung Validation

GSM8977849 GPL24676 0 1 Homo sapiens Lung Single cell

GSM8977850 GPL24676 0 1 Homo sapiens Lung Single cell

GSM8977851 GPL24676 0 1 Homo sapiens Lung Single cell

Table 1.  Detailed information on datasets used in the study.
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All statistical analyses were performed using R software (version 4.2.3)
Differences between two groups were assessed with either the Wilcoxon rank-sum test or Student’s t-test. 
Correlations between variables were evaluated using Pearson’s or Spearman’s correlation coefficients, as 
appropriate. A two-sided p-value < 0.05 was considered statistically significant.

Molecular docking
Molecular docking was performed using the online docking platform CB-Dock2 ​(​​​h​t​t​p​:​/​/​c​l​a​b​.​l​a​b​s​h​a​r​e​.​c​n​/​c​b​-​d​
o​c​k​2​/​​​​​)​.​​

Results
Identification and enrichment analysis of DEGs in PH
Figure 1 is a flow chart of this study.We first performed principal component analysis (PCA) on the training 
dataset GSE254617, and the results showed significant differences between the control group and PH group 
(Fig. 2A). A total of 637 DEG were identified, including 390 up-regulated and 247 down-regulated (Fig. 2B). A 
hierarchical clustering algorithm was performed to analyze DEG in each group and visualized in the form of 
a heat map (Fig. 2C). GO and KEGG enrichment analyses were then performed to explore relevant biological 
functions and signaling pathways. GO enrichment indicates that DEGs are significantly enriched in biological 
processes (BP) such as humoral immune response, antimicroidal humoral response, and leukocyte migration 
(Fig. 2D); cellular components (CC) such as the “collagen-containing extractive matrix” and “tertiary granule 
lumen“ (Fig. 2E); and molecular functions (MF) such as “cytokine activity”, “chemokine receptor binding” and 
“oxygen carrier activity“ (Fig. 2F). The KEGG enrichment results indicate that DEG is significantly enriched in 
pathways such as “Cytokine-cytokine receptor interaction”, “Chemokine signaling pathway” and “Neuroactive 
ligand-receptor interaction“ (Fig.  2G). Enrichment analysis showed that the pathogenesis of PH involves a 
regulatory network that exacerbates age-related immune deficiencies and ECM remodeling.

Identification and enrichment analysis of aging-related DEGs (DESRGs).
After intersecting 637 DEG with 866 SRGs, a total of 20 DESRGs were identified (Fig. 2H). Spearman correlation 
analysis showed significant interactions between DESRGs (Fig. 2I). GO analysis showed that key transcription 
regulators, including MYCN, TWST1, WT1, VEGFA, IGFBP1, SFN, FGFR2, and GLI1, were significantly 

Fig. 1.  Flow diagram of the study.
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Fig. 2.  Screening of differentially expressed genes (DEGs) and senescence-associated DEGs in pulmonary 
hypertension (PH).  (A) Principal component analysis (PCA) of GSE254617 showing distinct clustering 
between PH and control groups. (B) Volcano plot illustrating upregulated and downregulated DEGs. 
(C) Heatmap and hierarchical clustering of DEGs between PH and control groups. (D–F) Bubble plots 
representing Gene Ontology (GO) enrichment analysis of DEGs in biological processes, cellular components, 
and molecular functions. (G) Circular plot displaying KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway enrichment analysis of DEGs. (H) Venn diagram highlighting overlap between DEGs and senescence-
associated genes. (I) Correlation dot plot of senescence-associated DEGs. (J–K) GO and KEGG enrichment 
visualization of differentially expressed senescence-related genes (DESRGs). GO, Gene ontology; KEGG, Kyoto 
encyclopedia of genes and genomes.
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associated with multiple important biological processes in the pathogenesis of PH (Fig. 2J). It is worth noting 
that these genes are mainly enriched in the regulation of cytokine signaling pathways (cytokine receptor 
binding and cytokine activity), tyrosine kinase activity, molecular isolation processes, and miRNA metabolism 
processes. The significant enrichment in positive regulation of growth (p < 0.05) suggests a dysfunctional cell 
proliferation mechanism characteristic of vascular remodeling observed in ages-associated PH. KEGG pathway 
analysis further clarified the molecular basis of PH in the context of aging (Fig. 2K). The IL-17 signaling pathway 
became the most significantly enriched pathway (p < 0.001), indicating that the inflammatory process plays an 
important role. This is consistent with recent evidence that aging-related immune disorders promote chronic 
inflammation of pulmonary blood vessels. The above results suggest that studying cellular aging in pulmonary 
arterial hypertension is of great significance for exploring the pathogenesis and treatment methods of pulmonary 
arterial hypertension.

Machine learning-based identification of diagnostically valuable hub genes
Three machine learning algorithms LASSO, RF and SVM were further used to identify PH and aging-related 
characteristic genes from 20 DESRGs. In LASSO regression, the parameter family was set to binomial, and 
gene coefficient plots and binomial deviation plots were generated for cross-verification (Fig. 3A,B). The hub 
gene is selected from the variables corresponding to the optimal penalty parameter value. Here, the optimal 

Fig. 3.  (A) Identification of hub genes in pulmonary hypertension (PH) using machine learning algorithms.  
(B) LASSO (Least Absolute Shrinkage and Selection Operator) regression analysis selecting 10 optimal 
candidate genes for PH at the binomial deviance minimum; coefficients of selected genes shown. (C) ROC 
(receiver operating characteristic) curve of the LASSO model demonstrating robust diagnostic performance. 
(D) Coefficients of genes selected by LASSO regression. (E) Diagnostic error visualization for the random 
forest (RF) algorithm. (F) Ranking of genes by MeanDecreaseGini values in RF. (G) Gene importance analysis 
based on the support vector machine (SVM) model. (H) Venn diagram identifying six overlapping hub 
genes shared among LASSO, RF, and SVM as senescence-associated PH signature genes. (I) Comparative 
performance metrics of machine learning models. LASSO, Least Absolute Shrinkage and Selection Operator; 
RF, random forest; SVM, support vector machine; ROC, receiver operating characteristic.
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λ value was determined (λ min = 0.00003), and the ROC curve showed that the model demonstrated ideal 
diagnostic performance (Fig. 3C). Finally, LASSO regression identified 16 hub genes, including NQO1, TLR8, 
WTL1, ABCB1, WIF1, CBS, LCN2, TWIST1, IGFBP1, GLI1, FGFR2, IFNG, ME2, MUC4, EPHA3, and MYCN 
(Fig. 3D). For the RF algorithm, diagnostic errors are visualized and candidate genes are arranged in descending 
order based on the importance of the variables (Fig. 3E,F). Genes with MeanDecreaseGini > 3 were identified as 
important genes, including LCN2, TLR8, NQO1, ABCB1, ME2, WIF1, GLI1, MUC4, FGFR2 and TWIST1. At 
the same time, the top 10 genes were identified using SVM algorithm (Fig. 3G). The genes obtained by the three 
algorithms were overlapped, and six characteristic genes (LCN2, CBS, ABCB1, NQO1, TWIST1 and TLR8) were 
finally obtained (Fig. 3H). Further comparison of the models found that the three models had excellent overall 
classification capabilities, and random forest was the best (Fig. 4I).

Single-gene GSEA of feature genes
To further elucidate the biological functions and signaling pathways associated with the six hub genes (LCN2, 
CBS, ABCB1, NQO1, TWIST1, and TLR8), we performed single-gene GO and KEGG enrichment analyses. 
The top 10 GO and KEGG terms for each gene are shown in (Fig. 4A,F). Gene Set Enrichment Analysis (GSEA) 
revealed that these genes were significantly enriched in multiple important biological processes and signaling 

Fig. 4.  Gene set enrichment analysis (GSEA) of individual hub genes.  Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed via GSEA for 
six signature genes (LCN2, CBS, TLR8, NQO1, ABCB1, and TWIST1). GO, Gene ontology; KEGG, Kyoto 
encyclopedia of genes and genomes; GSEA, Gene set enrichment analysis.
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pathways. In the biological process (BP) category, several genes (LCN2, CBS, TLR8, NQO1) cooperated in innate 
immune response and defense response to bacterium (p.adj = 0.0403). In the stress response system, NQO1 
was primarily involved in the response to oxidative stress (p.adj = 0.0132). At the core signaling pathway level, 
within inflammatory signaling, LCN2 and CBS jointly activated the IL-17 signaling pathway (p.adj = 0.0049), 
with a Ranked Metric peak of 2.5, indicating strong signaling. Collectively, these features suggest that these genes 
play key roles in innate immunity, pathogen defense, and IL-17 signaling activation, potentially modulating the 
immune microenvironment and contributing to PH progression.

Construction of a PH diagnostic nomogram
Using the rms package, we constructed a diagnostic nomogram for PH based on the six hub genes. In the 
nomogram, each gene contributes a score, and the total score from the six genes is used to predict PH risk 
(Fig. 5A). Calibration curves demonstrated good agreement between predicted probabilities and those of an ideal 
model (Fig. 5B), and decision curve analysis indicated a net benefit for using the nomogram in clinical decision-
making (Fig.  5C). In the training cohort, expression analysis showed downregulation of LCN2, CBS, TLR8, 
and NQO1 in PH, whereas ABCB1 and TWIST1 were upregulated (Fig. 5D). All six hub genes achieved good 
diagnostic performance, with ROC AUCs of 0.864 (LCN2), 0.814 (CBS), 0.748 (TLR8), 0.807 (ABCB1), 0.799 
(NQO1), and 0.761 (TWIST1) (Fig. 5E,J). The six-gene nomogram further improved diagnostic performance, 
attaining an AUC of 0.974 (Fig. 5K).

External validation of feature genes and the nomogram
The expression and diagnostic performance of the six hub genes were further validated in two independent 
external datasets (GSE48149 and GSE236251). Three hub genes (CBS, TLR8, and NQO1) showed consistent 
downregulation in both training and validation cohorts (Fig.  6A,C), whereas LCN2, ABCB1, and TWIST1 
did not exhibit a clear trend. ROC analyses indicated favorable diagnostic performance for CBS, TLR8, and 
NQO1: in GSE48149, AUCs were CBS 1.000, TLR8 0.944, and NQO1 0.944 (Fig. 6B); in GSE236251, AUCs 
were CBS 0.701, TLR8 0.840, and NQO1 0.722 (Fig. 6D). Overall, the consistently trending genes across datasets 
demonstrate strong diagnostic value and may have potential roles in PH progression.

Single-cell RNA-seq analysis validates key targets in pulmonary arterial smooth muscle cells
To further validate previously screened key aging-related targets, we re-analyzed published scRNA-seq data 
from patients with PH, and we successfully identified and annotated multiple lung cell types via UMAP 
dimensionality reduction clustering, including pulmonary artery smooth muscle cells (PASMC), endothelial 
cells, fibroblasts, macrophages, neutrophils, T cells, B cells, mast cells, dendritic cells, and natural killer cells 
(Fig. 7A). Given the central role of PASMC in the pathogenesis of PH, we focused on the expression of CBS, 
TLR8 and NQO1 in PASMCs. scRNA-seq data showed that TLR8 and NQO1 were significantly down-regulated 
in PASMC in PH patients compared to controls, while CBS changes were not significant (Fig. 7B). It was then 
verified that the dot diagram of cell type-specific marker genes supported accurate annotation of major cell 
subtypes (Fig. 7C). To confirm these findings, we established an in vitro hypoxia (3% O2)-induced pulmonary 
hypertension model. qPCR analysis showed that CBS, TLR8 and NQO1 mRNA levels were significantly reduced 
under hypoxia compared to normoxia (Fig. 7D–F).

Potential therapeutic drug screening for PH
Based on the above findings, aging-related DEGs were submitted to the Connectivity Map (cMAP) database 
to identify small-molecule compounds with potential therapeutic value for PH. The screening identified TUL-
XXI039 as the top-ranked candidate (Supplementary Table 2), suggesting its potential to reverse PH-associated 
gene expression signatures.

To evaluate interactions with key targets, molecular docking analyses were performed. The binding energies 
of TUL-XXI039 with CBS, TLR8, and NQO1 were − 10.8, − 9.3, and − 8.5  kcal/mol, respectively, all below 
− 8.0 kcal/mol, indicating favorable binding affinity. Docking pattern analyses showed that TUL-XXI039 can 
stably bind to the active sites of these proteins, forming multiple hydrogen bonds and hydrophobic interactions, 
implying that the compound may modulate CBS, TLR8, and NQO1 activities concurrently.

Taken together, single-cell transcriptomics and in vitro validation support the roles of CBS, TLR8, and NQO1 
in PH, while docking analyses suggest that TUL-XXI039 could function as a multi-target regulator, providing a 
potential new therapeutic strategy for PH.

Discussion
Early diagnosis of PH remains challenging due to the absence of obvious tricuspid regurgitation murmurs24,25. 
In this study, we used the training dataset GSE254617 to screen and analyze differentially expressed genes 
(DEGs) in PH, focusing on aging-related DEGs (DESRGs). Three machine learning algorithms (LASSO, RF, 
and SVM)26identified six hub genes (LCN2, CBS, ABCB1, NQO1, TWIST1, and TLR8) and built a high-
performance diagnostic model (AUC = 0.974). External verification datasets GSE48149 and GSE236251 were 
used to verify its diagnostic performance. Single-gene GO/KEGG enrichment analysis (GSEA) showed that 
these genes are involved in innate immune responses, pathogen defense, inflammatory signals, especially the 
IL-17 pathway, and oxidative stress responses. Single-cell transcriptome data and an in vitro hypoxia induced 
PASMC model further demonstrated that CBS, TLR8 and NQO1 are down-regulated in PASMC. In addition, 
connectivity mapping screening and molecular docking identified TUL-XXI039 as the first choice small 
molecule drug with good binding to CBS, TLR8 and NQO1. In summary, this work provides the first model for 
aging-related PH diagnosis and points out a promising small molecule drug candidate, providing possibilities 
for future translational research.
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Our GO and KEGG analyses show that the DEGs are enriched in immune responses, cytokine signaling, 
and extracellular matrix (ECM) remodeling, aligning with previously reported inflammation and vascular 
remodeling mechanisms in PH27. The identification of aging-related DEGs (DESRGs) reveals that aging 
regulates PH processes, for example, TWIST1 participates in PASMC proliferation to drive vascular remodeling, 
and ABCB1 participates in PH-associated immune responses, indicating that aging-related immune reactions 
and ECM remodeling contribute to PH pathogenesis. Compared to existing PH diagnostic models, which 
primarily rely on invasive procedures such as right heart catheterization or late-stage hemodynamic biomarkers 

Fig. 5.  Construction and validation of a diagnostic nomogram for pulmonary hypertension (PH) risk 
prediction.  (A) Diagnostic nomogram integrating six signature genes (LCN2, CBS, TLR8, NQO1, ABCB1, 
TWIST1), where individual gene scores are summed to estimate PH risk. (B) Calibration curve assessing the 
nomogram’s predictive accuracy. (C) Decision curve analysis (DCA) evaluating the net clinical benefit of the 
nomogram for PH diagnosis. (D) Expression levels of the six hub genes in the GSE254617 dataset. (E–K) ROC 
curves validating the predictive performance of the six-gene nomogram and individual genes (LCN2, CBS, 
TLR8, NQO1, ABCB1, TWIST1) in PH diagnosis. ROC, receiver operating characteristic; DCA, decision 
curve analysis.
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(e.g., NT-proBNP with AUCs typically ranging from 0.70 to 0.85 in clinical cohorts)28,29, our aging-related 
model introduces a non-invasive, gene-based approach focused on early senescence mechanisms, achieving 
a superior AUC of 0.974 and emphasizing preventive detection in aging populations. Compared with Meng et 
al., who conducted an exploratory study on 18 clinical samples and identified IGF1, HOXB7, and YWHAZ as 
candidates30, our study leverages a larger cohort (96 PH patients and 52 controls; N = 148), enhancing statistical 
power and biological reproducibility. Single-gene GSEA showed enrichment of these hub genes in innate immune 
responses, pathogen defense, and the IL-17 signaling pathway. This implicates them in immune regulation that 
promotes PH progression. Notably, NQO1 is enriched in oxidative stress pathways, linking vascular aging to 
oxidative injury. The six hub genes show that IL-17–driven inflammatory signaling and oxidative stress may be 
central to PH biology.

Furthermore, single-cell and in vitro validations indicate that CBS, TLR8, and NQO1 play critical roles 
in PASMCs within PH. scRNA-seq analysis shows downregulation of TLR8 and NQO1 in PASMCs from PH 
patients, with CBS showing a weaker, but trending, decrease; these findings are supported by qPCR in a hypoxia-
induced PASMC model, which confirms reduced mRNA levels of CBS, TLR8, and NQO1 under hypoxic 
conditions. The downregulation of TLR8 may reflect a shift toward an immune-tolerant state under chronic 
inflammatory stimulation31, while NQO1 downregulation implies suppression of the Nrf2-mediated antioxidant 
response32, leading to ROS accumulation33, oxidative damage34, and enhanced PASMC proliferation35 and 
vascular remodeling36. Together, these data underscore aging-related immune mechanisms and PASMC 
remodeling as core contributors to PH and identify CBS, TLR8, and NQO1 as potential therapeutic targets. 
However, while these expression changes suggest mechanistic involvement, the absence of functional assays 
(e.g., gene knockdown or overexpression) limits our ability to establish causal relationships between these genes 
and PH pathogenesis, warranting future experimental validation.

In clinical significance, the diagnostic nomogram (AUC = 0.974) constructed in this study can be used as an 
auxiliary diagnostic tool for elderly patients37, providing a new strategy for the diagnosis of elderly cardiovascular 
patients without obvious tricuspid regurgitation murs in the early stage38. At the same time, TUL-XXI039, a 
small molecule compound with potential efficacy, was screened through the cMAP database and molecular 
docking, and showed high affinity for multiple targets, suggesting its potential as a new curative drug, improving 

Fig. 6.  Validation of six signature genes in external datasets.  (A) Comparative expression analysis of six 
hub genes (LCN2, CBS, TLR8, NQO1, ABCB1, TWIST1) between PH and control groups in the validation 
dataset GSE48149. (B) ROC curves and nomogram performance for the six-gene panel in GSE48149. (C) 
Expression validation of the six genes (LCN2, CBS, TLR8, NQO1, ABCBl, TWIST1) in an independent dataset 
GSE236251. (D) ROC curves and nomogram analysis for the six-gene panel in GSE236251.Abbreviations: 
ROC, receiver operating characteristic.
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Fig. 7.  Validation of signature genes in pulmonary arterial smooth muscle cells (PASMCs) and molecular 
docking with a small-molecule drug. (A) UMAP visualization of single-cell RNA sequencing (scRNA-seq) data 
reanalyzed from external datasets GSE135893 and GSE296823. (B) Differential expression of three signature 
genes (CBS, TLR8, NQO1) in PASMCs between PH and control groups (P < 0.05, unpaired Student’s t-test). 
(C) Cell type annotation markers for subpopulations in scRNA-seq data. (D–F) mRNA expression changes of 
CBS, TLR8, and NQO1 in PASMCs. (G–I) Molecular docking simulations of TUL-XXI039 (a small-molecule 
compound) with CBS, TLR8, and NQO1, demonstrating binding affinities and interactions.
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PH by regulating CBS, TLR8 and NQO1 expression patterns.This provides a new strategy for precision medicine 
to achieve personalized intervention for elderly patients with PH, but further empirical evidence is needed to 
assess safety and efficacy. In summary, these new findings not only deepen the understanding of the underlying 
mechanisms of PH, but also provide actionable treatment targets for clinical practice.

Although this study has made important progress in clarifying the aging-related mechanisms of PH and 
providing clinical applications, we must also acknowledge its limitations, which provide direction for future 
research. This study relies on public databases, and there may be batch effects and sample heterogeneity, resulting 
in inconsistencies in genes such as LCN2 in the verification set. At the same time, TUL-XXI039, a small molecule 
compound screened through the cMAP database and molecular docking, showed high affinity for multiple 
targets (CBS, TLR8, and NQO1), suggesting its potential as a new curative drug to improve PH by regulating 
their expression patterns; however, these findings remain speculative without in vitro or in vivo validation of its 
therapeutic efficacy. This provides a new strategy for precision medicine to achieve personalized intervention 
for elderly patients with PH, but further empirical evidence is needed to assess safety and efficacy. In addition, 
the small-molecule drug TUL-XXI039 screened by cMAP remains highly speculative, as it lacks any in vitro 
drug validation (e.g., cell-based assays for efficacy or toxicity) or in vivo studies, which significantly limits its 
translational potential; needs to be further demonstrated in animal models and clinical trials. At the same time, 
based on computer simulation of molecular docking, it lacks co-immunoprecipitation verification. Furthermore, 
while qPCR validation in the hypoxia-induced PASMC model provides valuable correlative evidence, the 
study does not include functional experiments (e.g., siRNA-mediated knockdown or overexpression of CBS, 
TLR8, or NQO1) to demonstrate causal roles in PH mechanisms, such as PASMC proliferation or remodeling, 
highlighting a key area for future mechanistic studies.

Taken together, we report three aging-related hub genes (CBS, TLR8, and NQO1) and present a novel 
diagnostic model for pulmonary arterial hypertension (PH). We also highlight the expression changes and 
putative roles of these genes in pulmonary arterial smooth muscle cells (PASMCs). Finally, we identified a small-
molecule compound with potential to treat PH—TUL-XXI039—and discuss potential novel mechanisms by 
which it could exert therapeutic effects in PH.

Conclusions
This study is the first to propose a high-precision early diagnostic model for PH based on senescence-related 
feature genes and identifies CBS, TLR8, and NQO1 as stable and verifiable core molecular markers. It also 
screens TUL-XXI039 as a multi-target candidate drug for PH treatment. These findings lay the foundation for 
early precision diagnosis and novel targeted therapies in PH.

Data availability
The datasets generated and/or analyzed during the current study available from the corresponding author on 
reasonable request.
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