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A B S T R A C T

Background: Naoluotong granules (NLTGs) are a medicinal formula derived from traditional 
Chinese medicine, which have been demonstrated to be effective in slowing down the progression 
of atherosclerosis (AS) through clinical practice and animal experiments. By means of multidi
mensional analysis, the relevant mechanism of NLTGs in delaying the progression of athero
sclerosis was studied, which is conducive to its widespread adoption.
Materials and methods: In this study, data from network pharmacology and GEO database were 
comprehensively analysed to identify differentially expressed core cluster genes (DECCGs). 
Subsequently, multilevel analyses were applied to investigate the potential mechanistic linkages 
and causal associations of NLTGs in delaying atherosclerosis.
Results: Eight DECCGs positively correlated with atherosclerosis risk were identified, with Pol
ygonatum sibiricum (Huangjing), Hirudo nipponica (Shuizhi), and Ligusticum chuanxiong (Chuan
xiong) as the core drug pairs. Senkyunone, Wallichilide, and Aurantiamide were the core 
components. The prediction model using principal components (PC) demonstrated high accuracy 
and clinical relevance. The mechanisms were strongly associated with the PI3K-Akt signaling 
pathway, as well as the polarization of Macrophages M0 and the balanced regulation of M1/M2 
types. Ultimately, elevated expression of CTSB was causally associated with increased risk of 
cerebral atherosclerosis (OR = 1.313; 95 % CI = 1.024–1.685; P = 0.032).
Conclusions: Employing multidimensional analysis, we identified core pairs, components, and 
targets of NLTGs. Our multilevel analysis of DECCGs enabled the construction of a clinical pre
diction model, highlighting CTSB as a risk target for AS. Additionally, we unveiled NLTGs’ 
mechanisms closely tied to the polarization and regulation of macrophage, facilitating subsequent 
research and application.

1. Introduction

Atherosclerosis, a chronic progressive disease, is the pathological foundation of several major cardio-cerebrovascular diseases such 
as coronary artery disease, heart failure, and stroke. These conditions persistently impact global health and well-being, thereby 
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constituting a significant burden on public health worldwide [1]. The exact aetiology of AS remains unknown and dyslipidemia is 
considered the primary risk factor. Therefore, the primary focus in preventing and treating AS is to reduce patients’ blood lipid levels 
and associated complications. The most commonly used medications include statins, fibrates, and new lipid regulators [2], which have 
achieved consistent clinical success. Although the annual mortality rate from atherosclerosis is decreasing, its incidence is still on the 
rise [3]. Additionally, the long-term use of lipid-lowering medications has been linked to numerous adverse effects [4], which post 
significant challenges to clinical practice.

In the last few years, traditional Chinese medicine (TCM) has gained traction in preventing and delaying atherosclerosis because of 
its multi-session, multi-pathway, and multi-target effects, along with its comparatively minimal adverse effects [5]. However, the 
uncertainty of active components, therapeutic mechanisms, and efficacy evaluation of its complex formulations has impeded its 

Fig. 1. Overall research flowchart.
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continued popularization and application [6].
The composition of NLTGs includes Polygonum multiflorum (Shouwu, SW), Polygonatum sibiricum (Huangjing, HJ), Sargassum 

fusiforme (Haizao, HZ), Hirudo nipponica (Shuizhi, SZ), Panax notoginseng (Sanqi, SQ), and Ligusticum chuanxiong (Chuanxiong, CX). 
This formulation was developed by Professor Zhou Zhongying, a renowned expert in TCM. Significantly, both clinical theoretical 
discussions [7] and animal trials [8] have demonstrated its potent therapeutic effects. Based on the multimodal ultrasound system of 
vascular morphology-function-biomechanics, our researchers previously conducted a multicenter clinical trial to investigate the 
application of NLTGs for the mitigation and treatment of subclinical atherosclerosis (Sub-AS). RT-SWE and ufPWV techniques were 
employed to diagnose and quantitatively assess Sub-AS [9,10]. It showed that combining atorvastatin with NLTGs can more effectively 
lower lipid levels, alleviate inflammatory responses, improve hemorheology and vascular morphology, thereby significantly allevi
ating clinical symptoms in patients.

However, the preliminary research on NLTGs is still insufficient. Despite the conclusive evidence from the multicenter clinical trial, 
the research perspective remains relatively limited. Therefore, further study is still in need to determine the mechanisms of action. In 
recent years, advances in information technology have made multidimensional analysis further developed. Both multidimensional 
data and multilevel analysis can be used to examine NLTGs from multiple perspectives, such as gene expression, immune infiltration, 
modeling and genetic variation, to investigate the active components of NLTGs, the mechanisms of delaying the progression of AS and 
to predict the risks after treatment (Fig. 1). This will address the shortcomings of previous studies by broadening the scope of research 
and providing more guidance for clinical medicine [11].

2. Methods

2.1. Components and targets in Naoluotong granules

We set the retrieval deadline for all databases to cover from database establishment until February 1, 2024. Firstly, we queried the 
Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https://tcmsp-e.com/tcmsp.php) [12] 
for components of these herbs, with screening settings configured to OB ≥ 30 % and DL ≥ 0.18. The search keywords were these herbs’ 
Chinese names: "Shouwu", "Huangjing", "Haizao", "Shuizhi", and "Sanqi". If the TCMSP database has no relevant herbs included, we 
utilized the HERB database (http://herb.ac.cn/) [13] for the query and SwissADME (http://www.swissadme.ch) [14] for activity 
screening, with "GI absorption" defined "High" and at least three "Druglikeness" reached "Yes". Subsequently, we retrieved concerned 
literatures to filter out the components that did not meet the above criteria, whereas the ones that did have potential research value 
announced in literatures could still be included in subsequent analyses [15];[16]. Finally, the Swiss Target Prediction protein database 
(http://www.swisstargetprediction.ch/) [17] was used to obtain the targets of active components. Those that could not be predicted 
due to excessively long SMILES were analysed by the Pharmmapper platform (https://www.lilab-ecust.cn/pharmmapper/) [18], with 
the species restricted to Homo sapiens.

2.2. Construction of network

We utilized Cytoscape 3.7.1 to construct a "Drug-component-target" network with drugs, components and related targets as nodes 
and their interrelationships as edges. We further performed topological analysis on the network with the node degree ≥100 taken as 
the condition to preliminarily screen the main components of the network.

2.3. Acquisition and enrichment analysis of PCGs

The search term "Atherosclerosis" was selected to collect AS-related targets from the GeneCards database (https://www.genecards. 
org/) [19]. These targets were then intersected with drug component targets to obtain Potential Core Genes (PCGs), which may play a 
crucial role in the chronic development of atherosclerosis. Therefore, we employed the R programming language to acquire their 
biological functions and pathways through GO and KEGG enrichment analysis. This enabled us to further explore their potential roles.

2.4. Collection and adjustment of GEO samples

We searched for samples in the GEO database (https://www.ncbi.nlm.nih.gov/geo/) with the keyword "Atherosclerosis". After 
acquiring the gene expression and clinical data, we then used the R programming language to annotate the gene symbols and adjust the 
data. Finally, the different expression levels of human genes were obtained in the early and advanced stages of atherosclerosis.

2.5. Difference analysis and WGCNA of AS-related GEO data

After obtaining and processing the AS-related GEO data, we conducted a difference analysis with conditions set |logFC| >1, adj.P. 
Val <0.05. We then reused this dataset and applied weighted gene co-expression network analysis (WGCNA) [20] to the candidate 
genes with average expression ≥5. The minModuleSize was set to 100, and following the neighbour-joining matrix transformation, 
TOM distance matrix, gene clustering, and merging of similar modules, the major module was selected for subsequent analysis.
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2.6. Construction of the protein-protein interaction network for hub genes

We intersected the results of the difference analysis from the GEO database with the major module obtained from WGCNA to obtain 
the intersection targets and subsequently imported them into the String database (https://string-db.org) [21]. The species was 
configured to Homo sapiens, and other parameters were maintained as default to obtain the PPI network of the intersection targets. 
Next, we applied six topological network algorithms, including MCC, Degree, Betweenness, Closeness, MNC, and EPC, via the Cyto
Hubba plugin to filter out the top 60 as the target genes for each algorithm. Finally, we took the intersection of the six sets to obtain the 
hub genes. These were then visualized using the upsets diagram. The diagram was drawn with ChiPlot (https://www.chiplot.online/) 
(accessed on April 12, 2024).

2.7. Expression difference analysis of DECCGs

The PCGs obtained in 2.3 were intersected with the hub genes obtained in 2.6 to acquire DECCGs. Subsequently, a heatmap was 
generated for visualization.

2.8. Molecular docking and reconstruction of network

We obtained 14 main components of NLTGs from the previous "drug-component-target" network and retrieved their small molecule 
ligand structures from Pubchem (https://pubchem.ncbi.nlm.nih.gov)[22] or the TCMSP database. The 3D protein receptor structures 
of DECCGs were obtained from the AlphaFold protein structure database (https://alphafold.com/) [23]. We utilized Autodock Vina for 
molecular docking of ligands of main components with receptors of DECCGs to explore their interactions. Combinations with the best 
docking affinity were selected and visualized with Pymol. To further acquire the core components and core drug pairs, we recon
structed the network in Cytoscape 3.7.1, which was sorted and filtered based on degree size subsequently.

2.9. PCA, construction and validation of clinical prediction model

The expression data of DECCGs obtained after layer-by-layer screening was imported into SPSS 25.0 for standardisation and then 
we performed principal component analysis (PCA). Principal components meeting eigenvalues greater than 1 and cumulative variance 
contribution ratio greater than 85 % were selected. With the software packages "rms" and "rmda", a nomogram model was constructed 
via Logistic Regression after replacing the DECCGs data with the composite scores of the principal component (PC). we then calculated 
receiver operating characteristic (ROC) curves and calibration curves to evaluate diagnostic efficacy.

To explore the stability and clinical utility of the model, we selected another GEO dataset for external validation. The composite 
score of PC was calculated according to the formula, followed by the ROC curves and decision curve analysis (DCA) curves.

2.10. Infiltration, difference, and correlation of immune cells

We used the CIBERSORT package to obtain the results of immune infiltration analysis and performed difference analysis to compare 
the immune cell content between the early and advanced stages. The final results were shown in the form of violin plots. We then used 
the R packages “reshape2”, “ggpubr”, and "ggExtra" to carry out the immune cell correlation analysis of the DECCGs and obtain the 
correlation coefficient.

2.11. MR analysis between DECCGs and cerebral atherosclerosis

We performed a two-sample Mendelian randomization (MR) analysis to explore the causal relationship between the characteristic 
genes and the risk of AS. At the beginning, SNPs of the characteristic genes were obtained from the Integrated Epidemiology Unit (IEU) 
database (https://gwas.mrcieu.ac.uk/) to serve as exposure factors. Considering that NLTGs are now mainly used for cerebral 
atherosclerosis, SNPs for cerebral atherosclerosis were obtained from FinnGen R10 (https://www.finngen.fi/fi) as outcome factors. 
Analyses were then performed using the "Two Sample MR" software package, with the inverse variance weighted (IVW) method used 
to assess the relationship between the expression level of the signature genes and the risk of cerebral atherosclerosis. We finally 
performed a heterogeneity test and assessed potential horizontal pleiotropy.

3. Results

3.1. Active components and effective targets

After screening the TCMSP and HERB databases, along with literature review [24,25], we finally obtained 42 eligible active 
components of NLTGs (Supplementary Table S1). Targets were predicted by the Swiss Target Prediction protein database and the 
Pharmmapper platform. After further screening and weighting, we finally selected 722 effective targets.
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3.2. "Drug-component-target" network and main components

The above 6 herbs, 42 components, and 722 targets were imported into Cytoscape 3.7.1, resulting in the construction of a network 
containing a total of 770 nodes and 2538 edges (Supplementary Fig. S1). By setting degree ≥100 as the screening condition, these 14 
components were initially considered to be the material foundation of NLTGs in delaying the progression of AS: Aurantiamide, 
Mandenol, Wallichilide, Crocetin(2-), Crocetin, Lipase, Quercetin, Zhonghualiaoine 1, Baicalein, 4′,5-Dihydroxyflavone, Tricin, DFV, 
Myricanone, Senkyunone.

3.3. Identification and enrichment analysis of PCGs

After obtaining the drug-related components and targets, we retrieved a total of 5113 AS-related targets from the GeneCards 
database with "Atherosclerosis" as the search term. By intersecting the drug component targets with GeneCards disease targets, we 
finally obtained 496 Potential core genes (PCGs). Based on initial assessments, it was determined that PCGs might play an important 
role in delaying the progression of AS. Therefore, we further explored the potential mechanistic linkages through GO and KEGG 
enrichment analysis.

Using the R programming language, we performed GO enrichment analysis on PCGs associated with the remission of AS by NLTGs. 
The results revealed that the molecular functions (MFs) were mainly related to protein serine/threonine kinase activity, endopeptidase 
activity, and protein tyrosine kinase activity, etc. The detailed results are shown in Supplementary Figs. S2A and S2B.

We selected the top 10 pathways with the most significant enrichment results from KEGG analysis (Supplementary Fig. S2C). The 
results showed that PCGs were mainly involved in pathways such as the PI3K-Akt signaling pathway, Lipid and atherosclerosis, and Ras 
signaling pathway.

3.4. Results of GEO data acquisition

After searching the GEO database with the keyword "Atherosclerosis", we finally selected two datasets to compare the differences in 
AS progression following reading and screening. Dataset GSE28829 contained 13 early stage lesions (intimal thickening and intimal 
xanthomas) and 16 advanced stage lesions (thin or thick fibrous cap atherosclerotic plaques), which were used for analyses and model 
construction. We then selected the dataset GSE43292, which contains 32 early stage lesions (stage I and II of the Stary classification) 
and 32 advanced stage lesions (stage IV and over), for external validation of the constructed model.

3.5. Difference analysis and WGCNA of GEO data

The dataset GSE28829 was processed and first analysed for differences with |logFC| >1 and adj.P.Val <0.05. This analysis acquired 
a total of 198 differentially expressed genes (DEGs) between early and advanced AS. The volcano map of the difference analysis for 
dataset GSE28829 and the heat map for a subset of DEGs are shown in Supplementary Figs. S3A and S3B. We then used the dataset 
GSE28829 again for WGCNA. Following module merging (Supplementary Fig. S4A), 9 different modules were identified, as shown in 
Supplementary Fig. S4B.

Finally, after analysing positive correlation coefficients, the ME-yellow Cluster containing 934 genes was screened. According to 
the scatterplot suggestion (Supplementary Fig. S4C), Module Membership was positively correlated with Gene Significance, suggesting 
that the key genes in the modules were closely related to AS progression. The DEGs and ME-yellow Cluster obtained after screening and 
analysing the GEO data were sampled from human data, making them more reliable and clinically useful.

3.6. Hub genes screening

DEGs contain the most differentially expressed genes in the progression of AS, while the ME-yellow Cluster is a co-expressed gene 
module. We intersected the two sets to obtain 116 intersecting targets. After constructing the PPI network, we selected six methods for 
screening with CytoHubba plugin. Subsequently, the intersection of the six methods was determined, and 51 hub genes were obtained 
from the final screening (Supplementary Fig. S5).

Table 1 
Information of DECCGs.

Gene symbol Gene name logFC

CTSB Cathepsin B 1.3746
CTSS Cathepsin S 1.7239
CCR1 C-C chemokine receptor type 1 1.5111
HCK Tyrosine-protein kinase HCK 1.4199
C3AR1 C3a anaphylatoxin chemotactic receptor 1 1.6275
C5AR1 C5a anaphylatoxin chemotactic receptor 1 1.3334
CSF1R Macrophage colony-stimulating factor 1 receptor 1.1847
ALOX5AP Arachidonate 5-lipoxygenase-activating protein 1.3371
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3.7. Information of DECCGs

By intersecting the PCGs identified in 3.3 with the hub genes obtained in 3.6, we finally obtained 8 DECCGs (Table 1), which 
exhibited high expression levels in the advanced-AS group (Supplementary Fig. S6). The DECCGs were screened through network 
pharmacology and human samples in a stepwise manner, and they can be considered as the core targets of NLTGs in delaying the 
progression of AS.

3.8. Molecular docking and reconstruction of "drug-component-target" network

To evaluate the binding of the screened components and the targets, we conducted molecular docking studies of 14 ligands of main 
components with 8 receptors of DECCGs via Autodock Vina. The binding results are shown in Fig. 2A and Supplementary Table S2. Our 
findings revealed that the affinity of most combinations was lower than − 5.0 kcal/mol, indicating a relatively tight binding. Among the 
tested interactions, the complexes formed by zhonghualiaoine 1 and CSF1R, quercetin and HCK, as well as zhonghualiaoine 1 and 
HCK, demonstrated the most robust binding affinities, with a calculated docking energy of − 9.2 kcal/mol. Their specific binding sites 
and conditions are shown in Fig. 2B and C.

To further screen the core components and core drug pairs, we reconstructed the "Drug-component-target" network (Fig. 2D). 
According to the Degree size ranking, Polygonatum sibiricum (Huangjing, HJ), Hirudo nipponica (Shuizhi, SZ), and Ligusticum chuanxiong 
(Chuanxiong, CX) were the core drug pairs of NLTGs. The core components are Senkyunone, Wallichilide, and Aurantiamide. The heat 
map of molecular docking indicates consistently low binding energies of these three components with DECCGs, providing further 
substantiation for this conclusion.

3.9. Clinical prediction model

To reduce the effect of multicollinearity among the 8 DECCGs, we first performed PCA. After analysis, the KMO value was 0.865 

Fig. 2. (A) Heat map of molecular docking results between main components and DECCGs; (B) (C) The docking mode with the highest binding 
activity between main components and DECCGs (Zhonghualiaoine 1 and CSF1R, Quercetin and HCK, Zhonghualiaoine 1 and HCK); (D) Recon
struction of "Drug-component-target" network. Blue circles represent drugs, green arrows represent active components, and orange rectangles 
represent DECCGs. The size and color transparency of a graph are positively correlated with its degree value in the network.
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and the Bartlett’s sphere test resulted in P < 0.001, indicating that the data met the conditions for use. Finally, a principal component 
(PC) was obtained with eigenvalues greater than 1 and a cumulative variance contribution of 87.94 %, as shown in Fig. 3A and 
Supplementary Table S3. The composite score was calculated by the formula: 

PC=0.363 × CSF1R + 0.363 × HCK + 0.360 × ALOX5AP + 0.360 × CTSS + 0.357 × C3AR1 + 0.357 × CTSB + 0.349 × CCR1

+ 0.317 × C5AR1 

Fig. 3. (A) Scree plot of PCA; (B) Nomogram model of the principal component; (C) ROC curves to assess the diagnostic efficacy of nomogram 
model; (D) Calibration curves of the nomogram; (E) ROC curve of external data validation; (F) Decision curves of the nomogram.
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We used the dataset GSE28829 to construct the nomogram model by employing Logistic regression through the R programming 
language, as shown in Fig. 3B. The diagnostic efficacy was assessed by calculating ROC curves and calibration curves. The results 
showed that the area under curve (AUC) was greater than 0.9 for each DECCG, except for C5AR1 (AUC = 0.827), as shown in Fig. 3C. 
This suggested that each DECCG had good diagnostic value. Among them, the principal component PC, which was used to construct the 
model instead of DECCGs, exhibited an AUC of 0.933. Moreover, the lines in the calibration curves were close to each other, confirming 
that the predictive model had high accuracy (Fig. 3D).

Subsequently, we selected the dataset GSE43292 for external validation of the constructed model. The composite score of PC was 
calculated according to the above formula, and the ROC curve was depicted, as shown in Fig. 3E. The external validation resulted in 
AUC = 0.840, which suggests that the constructed model was high in accuracy. Moreover, the net benefit values of the model in the 
DCA curves were all higher than those of None and All (Fig. 3F), which suggests that the model has good clinical utility.

3.10. Immune cell infiltration in AS

We performed difference and correlation analyses of immune cells in AS patients in order to explore the role of immune infiltration 
in the progression of atherosclerosis. Firstly, we performed a difference analysis to compare the immune cell content between the early 
and advanced stages (Fig. 4A). Statistically significant differences were observed for 7 types of immune cells, including Macrophages 
M0, Macrophages M2, B cells memory, T cells regulatory (Tregs), T cells gamma delta, Dendritic cells activated, and Mast cells resting. 
We then performed immune cell correlation analysis on the eight DECCGs (Fig. 4B). The expression of DECCGs was mainly negatively 
correlated with B cells naive, Plasma cells, Mast cells activated, and positively correlated with NK cells resting, Macrophages M0.

3.11. Mendelian randomization analysis

In order to explore the causal relationship between DECCGs and the risk of AS, we performed a two-sample MR analysis to reduce 
systematic biases such as confounders and reverse causality. From the IEU database, corresponding SNPs were obtained for 5 genes 
(CTSS, HCK, CTSB, C5AR1, CSF1R). From the Finnish R10 database, SNPs for cerebral atherosclerosis were obtained as an outcome 
factor (Fig. 5 and Supplementary Table S4).

Fig. 4. (A) Violin plot of immune cell difference analysis; (B) Heat map of immune cell correlation analysis. *p < 0.05; **p < 0.01; ***p < 0.001.
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Ultimately, IVW analysis showed that CTSB expression levels were associated with an increased risk of cerebral atherosclerosis (OR 
= 1.313; 95 % CI = 1.024–1.685; P = 0.032). The b values were all greater than 0 and directionally consistent after using three 
Mendelian randomization methods. The causal effect of CTSB on cerebral atherosclerosis is shown in Supplementary Fig. S7A, while 
the causal effect of a single SNP is shown in Supplementary Fig. S7B. Leave-one-out analysis showed that the MR analysis results of the 
remaining SNPs remained relatively robust after the single removal of a SNP (Supplementary Fig. S7C). The scatter of the funnel plot 
was approximately symmetric, which suggested lower overall heterogeneity (Supplementary Fig. S7D).

We conducted a test for heterogeneity, and both the IVW method (P = 0.58) and MR-Egger regression (P = 0.60) yielded P-values 
greater than 0.05, suggesting no heterogeneity. As for the test of pleiotropy, both MR-Egger regression (P = 0.29) and MR-PRESSO 
analysis (P = 0.62) suggested that the presence of horizontal pleiotropy was not considered.

4. Discussion

4.1. Naoluotong granules on the progression of atherosclerosis

Regarding the causes of chronic progression of atherosclerosis, Professor Zhou Zhongying believes that from the perspective of 
TCM, the key point is the deficiency of the liver and kidney, with phlegm and blood stasis at the centre of the pathology. Therefore, the 
principle of treatment in TCM is to nourish the kidney and liver, and to eliminate phlegm and blood stasis. Based on this principle, 
Professor Zhou created Naoluotong Granules.

After our screening of Naoluotong Granules by multidimensional analysis, Polygonatum sibiricum (Huangjing), Hirudo nipponica 
(Shuizhi), and Ligusticum chuanxiong (Chuanxiong) were identified as the core drug pairs. Firstly, Huangjing has the effect of benefiting 
the kidney and nourishing yin. Studies have shown that polysaccharides from Polygonatum sibiricum can lower blood lipids and 
inhibit the formation of foam cell, thus exerting anti-atherosclerosis effects [26]. Secondly, Chuanxiong can promote the circulation of 
blood and flow of qi. The two most important components of NLTGs after screening, senkyunone and wallichilide, are derived from 
Chuanxiong. Numerous studies have been conducted on its anti-atherosclerotic mechanisms currently. Generally speaking, the main 
effects include anti-platelet aggregation [27], regulation of blood lipids [28], and so on. Thirdly, Shuizhi has an extremely strong 
blood-activating effect. Its main active component, hirudin, is the strongest natural specific inhibitor of thrombin found to date [29,
30]. A network meta-analysis also indicated that Chinese patent drugs containing Shuizhi have good efficacy in the treatment of AS 
without increasing adverse effects [31]. These three herbs, as a core pair, play the most important role in slowing down the progression 
of atherosclerosis in NLTGs.

Eight DECCGs (CTSB, CTSS, C3AR1, C5AR1, CCR1, CSF1R, HCK, ALOX5AP) were derived from the target prediction of herbal 
components and the GEO database. They underwent topological analysis, difference analysis, and WGCNA screening. Furthermore, 
they have subsequently been demonstrated to be the most central targets of NLTGs in delaying AS progression through multiple levels 
and perspectives. Notably, CTSB and CTSS are both histone proteases that share the same structural scaffolding. The expression of 
Cathepsin increases in the vascular endothelium, myocardial fibers, and blood of AS patients, affecting the activation of inflammatory 
molecules, cell migration, and neovascularization [32], which is expected to be biomarkers and diagnostic imaging tools [33]. Our 
Mendelian randomization studies have, for the first time, revealed a strong causal relationship between CTSB and cerebral athero
sclerosis (OR = 1.313; 95 % CI = 1.024–1.685; P = 0.032), which provides strong support for the above point. Both C3AR1 and C5AR1 
are anaphylatoxin chemotactic receptor, which are closely related to pathophysiological processes such as immune response 

Fig. 5. Summary of Mendelian randomization analysis between five DECCGs and cerebral atherosclerosis.
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regulation and lipid catabolism. Therefore, they are also correlated with the progression of atherosclerosis [34,35]. Further infor
mation about the remaining targets can be found in the corresponding literature. For example, activation of CCR1 was found to lead to 
macrophage migration and vascular inflammation, thus promoting atherosclerosis [36].

4.2. Application, analysis and screening of human sample data

For data sources, we utilized the GEO database for analysis and screening, complementing the classical network pharmacology 
methods. Genes screened from human samples are characterized by higher accuracy and clinical relevance [11].

For data analysis, we conducted both difference analysis and WGCNA of GEO data to explore the modular relationship between 
differentially expressed genes. The final hub genes, obtained after double screening and topological analysis, exhibit dual charac
teristics of differential expression and high synergy in the progression of atherosclerosis. These characteristics can reflect the complex 
linkage of the action targets of Chinese medicine formulas.

For case selection, we opted for the early-advanced AS group instead of the traditional healthy-disease group, considering the 
chronic progressive nature of AS. The pathological progression of AS may have started gradually in youth. This is a gradual and 
continuous process, which makes it difficult to differentiate a perfectly healthy population by a certain indicator (e.g. carotid intima- 
media thickness). It is critical to assess the risk of progression of early lesions once they have been identified by imaging techniques. 
Therefore, the selection of such human sample data is more clinically relevant.

4.3. Construction and validation of the clinical prediction model

When constructing the clinical prediction model, principal component analysis was initially performed on the data. The reason is 
that the modular genes screened by WGCNA are closely related and have multicollinearity, which may lead to a deviation from clinical 
practice in the conclusion. After dimensionality reduction via principal component analysis, the cumulative variance contribution rate 
reached 87.94 %, indicating a small information loss. The accuracy of the prediction model was confirmed by analyzing the ROC and 
calibration curves of the principal component. Subsequently, its accuracy and practicality were externally validated through the 
analysis of ROC and DCA curves with an independent dataset. By calculating the comprehensive score of the principal component with 
a specified formula and interpreting it via a nomogram, the current risk of AS progression can be assessed.

4.4. Immune cell infiltration

Through difference and correlation analyses of immune cells, it was determined that the expression of Macrophages M0 between 
early-AS and advanced-AS differed significantly (P = 0.008) and was positively correlated with DECCGs. Macrophages M0, which are 
in an unactivated and immature state, function primarily in phagocytosis and the removal of cell debris. Upon stimulation with agents 
such as IFN-γ and LPS, they can be induced to polarize into Macrophages M1, which secrete numerous inflammatory cytokines at the 
early stage of inflammatory response, thereby promoting the progression of AS. Activation by IL-4 and IL-10 can induce polarization 
into Macrophages M2, which attenuates the inflammatory response and promotes tissue repair and regeneration [37]. Therefore, 
balanced polarization of Macrophages M1/M2 is critical for regulating the body’s inflammatory response.

In the current analysis, Macrophages M2 were found to be more highly expressed in advanced-AS (P = 0.010). This expression may 
be attributed to the body’s response modulation during long-term chronic inflammation, which promotes tissue self-repair and 
remodeling for plaque stabilization [38], or to benign interventions with common anti-plaque medications such as statins [39]. 
Enrichment analysis of PCGs was performed, and the results indicated that the PCGs mainly influence the PI3K-Akt signaling pathway. 
Numerous studies have demonstrated that the PI3K-Akt signaling pathway plays a crucial role in regulating macrophage dual-property 
inflammation [40–42]. Therefore, the mechanisms by which NLTGs delay the progression of atherosclerosis are closely related to the 
polarization of Macrophages M0 and the balanced regulation of M1/M2.

4.5. The advantages and shortcomings of this study

This study has certain advantages over previous. Firstly, the preliminary work comprising multicenter clinical trials and extensive 
clinical practice verification of NLTGs, while research into the related mechanisms has not been systematically conducted. Through 
multidimensional analysis, this study has addressed these gaps. The screening of core drug pairs can facilitate the refinement of 
Chinese medicine formulas. At the same time, acquiring core components advances further in-depth research on NLTGs and facilitates 
drug development. Furthermore, selecting core targets aids in elucidating relevant mechanisms from a deeper perspective and 
identifying biomarkers with diagnostic value.

Secondly, in contrast to the traditional emphasis on differences between normal individuals and AS patients, our study concentrates 
on conducting difference analysis between early and advanced AS groups. From a clinical perspective, patients frequently seek medical 
attention upon plaque discovery to prevent further development. This research holds greater relevance to clinical practice and offers 
higher clinical practical value.

Thirdly, the formulation of TCM should focus on not only the simple combinations of herbs but also the relationship network among 
different components and targets. Consequently, we integrated GEO difference analysis with WGCNA module screening to identify 
targets exhibiting both expression differences and synergistic effects.

Finally, under the guidance of current ultrasound technology, it remains challenging to identify the early stage and quantify the 
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risks based on arterial intima-media thickening or plaque detection alone. Screening DECCGs and constructing models can aid in 
evaluating drug efficacy, quantifying and identifying early risks in high-risk populations, and may also facilitate prognosis assessment. 
Particularly for CTSB, the evidence is robust after conducting Mendelian randomization analysis for causal inference.

Despite the above advantages, there are some shortcomings in this study. While human sample data has been included, collabo
rative validation in vivo and in vitro experiments is still necessary following multidimensional analysis and screening [43]. Moreover, 
while multidimensional analysis and screening methods emphasize organizational network relationships, they may overlook isolated 
important components and drug doses.

5. Conclusions

Following multidimensional analysis of NLTGs, we identified the corresponding core drug pairs, core components, and core targets. 
Subsequently, we conducted further analysis of DECCGs from multiple levels. Ultimately, a potent risk target for predicting the 
progression of AS, CTSB, was identified, and a corresponding clinical prediction model was constructed, which will facilitate further 
research and application of NLTGs.
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