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Purpose: This study aims to investigate the potential targets and signaling pathways of fenugreek, a key component of Hanchuan
Zupa Granule, in treating COPD using network pharmacology and single-cell RNA sequencing.

Patients and Methods: Utilizing single-cell RNA sequencing data on lung tissues from COPD patients (GSE173896 dataset) and
network pharmacology, we analyzed alterations in cell populations, pseudotime trajectory of alveolar macrophages, intercellular
communication networks, and performed functional enrichment and molecular docking of active fenugreek compounds with disease-
related targets. Key bioinformatics tools and databases included Seurat, Monocle2, CellChat, Cytoscape, AutoDock Vina, PyMOL,
TCMSP, SwissTargetPrediction, and Comparative Toxicogenomics Database.

Results: A total of 39,240 high-quality single cells were obtained from COPD patients, leading to the identification of 23 distinct cell
clusters, including 13 major immune and epithelial cell types. Notably, the proportion of senescent alveolar macrophages was
significantly higher in COPD samples compared to controls, indicating enhanced involvement in inflammation and oxidative stress
(P < 0.05). Pseudotime trajectory analysis categorized nine alveolar macrophage subtypes, demonstrating distinct differentiation
pathways concerning inflammation, tissue repair, and cellular senescence. Network pharmacology identified 148 overlapping genes
between the targets of fenugreek and COPD, with functional enrichment analyses revealing significant associations with “cytokine-
mediated signaling” and “oxidative stress response.” Molecular docking indicated that bioactive compounds of fenugreek exhibited
strong binding affinities to CCL2 and IL1R1, confirming their roles in disrupting inflammatory signalling and limiting oxidative
damage.

Conclusion: Our integrated analysis suggests that fenugreek in Hanchuan Zupa Granule holds promise as a therapeutic strategy for
modulating inflammatory and oxidative pathways in COPD and provides a strong mechanistic hypothesis centered on the ILIR1/CCL2
axis for experimental validation.

Keywords: chronic obstructive pulmonary disease, Hanchuan Zupa Granules, molecular docking, network pharmacology

Introduction

Chronic obstructive pulmonary disease (COPD) is a progressive respiratory disorder characterized by persistent airway
inflammation, structural changes in lung tissue, and an increase in mucus production, which collectively lead to airflow
limitation. It is estimated to impact approximately 10% of the global population aged over 40, marking it as a significant
public health concern that consumes considerable healthcare resources and imposes a heavy economic burden on
individuals and societies.' Standard treatment modalities, including bronchodilators and glucocorticoids, offer sympto-
matic relief; however, they frequently fall short in addressing the underlying pathophysiology of the disease.” Moreover,
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the issues of medication-induced toxicity and the emerging problem of drug resistance complicate the management of
COPD.? Therefore, it is necessary to develop new therapeutic strategies for COPD.

In this context, traditional Chinese medicine (TCM) has attracted attention for its holistic approach to treating chronic
complex diseases such as COPD.* TCM treatments often focus on restoring balance within the immune system and
enhancing the body’s intrinsic healing mechanisms. Specifically, the Uyghur medicinal formula Hanchuan Zupa Granule
(with fenugreek as the core component) has shown promise in alleviating COPD symptoms and potentially modifying
disease progression.” However, its underlying mechanisms remain unclear. Recent studies suggest that the ILIR1/CCL2
axis-mediated cytokine storm may constitute a central link in COPD inflammatory cascades and play a pivotal role in the
pathogenesis of the disease, leading to excessive tissue damage and exacerbated symptoms.®’ Furthermore, the
senescence-associated secretory phenotype has been implicated in accelerating COPD progression through the mechan-
ism of oxidative stress, further complicating the inflammatory milieu.®

The elucidation of TCM formula mechanisms presents a significant challenge due to their multi-component, multi-
target nature. Recent advancements in bioinformatics and genomics offer powerful solutions. Network pharmacology,
a systems biology-based approach, is adept at predicting the potential targets and signaling pathways of herbal
compounds by constructing interactive networks, and has been widely applied to study TCM formulae.”'® Single-cell
RNA sequencing technology, on the other hand, allows for the unbiased dissection of cellular heterogeneity and dynamic
cell-state transitions within complex tissues, providing unprecedented resolution to study disease microenvironments,
including in COPD.""'? The integration of these two approaches—connecting compound-target predictions with high-
resolution cellular phenotyping—provides a robust and innovative framework to deconvolute the systemic actions of
TCM formulas at a molecular and cellular level.

Building upon this integrative framework, we aim to elucidate how fenugreek, the core component of Hanchuan Zupa
Granule, inhibits alveolar macrophage (AM)-mediated inflammation-oxidative stress cascades by regulating the IL1R1/
CCL2 axis and cytokine-cytokine receptor interaction pathway in COPD. The study theoretically demonstrates the
feasibility of Hanchuan Zupa Granule for COPD treatment via immune microenvironment modulation. We anticipate that
our findings will provide molecular pharmacological evidence for the modernization of ethnomedicine and contribute to
novel therapeutic concepts targeting the COPD microenvironment.

Materials and Methods

Single-Cell Transcriptome Data Analysis

The single-cell transcriptome dataset GSE173896 was obtained from the Gene Expression Omnibus database.'® This
dataset includes single-cell transcriptome profiles from lung tissues of COPD patients (n=5) and healthy controls (n=5).
Preprocessing of the data was performed using Seurat (version 4.0). Briefly, the low-quality cells, defined as those
exhibiting gene expressions of less than 200 or mitochondrial gene expression exceeding 20%, were excluded. All cells
underwent normalization and centering with “LogNormalize” in R software (version 4.3.3). Then, the “Integration with
Anchor” method was used to mitigate batch effects across samples, followed by dimensionality reduction using principal
component analysis (PCA). Visualization of cell clustering results was achieved through Uniform Manifold
Approximation and Projection (UMAP). Classic marker genes were employed to annotate the various cell
subpopulations.

Single-Cell Pseudotime Trajectory Analysis

Utilizing the Monocle2 algorithm,'* the trajectories of AM subpopulations were classified into three branches based on
pseudotime. Upon removing smoothing points, these branches represented descendant cells, thereby delineating distinct
differentiation pathways. All differentially expressed genes (DEGs) along the pseudotime trajectory were classified into
functional modules, with heatmap visualization and g-value clustering (q < 1x10'%). Functional annotation was
conducted based on gene enrichment. Gene sets associated with oxidative stress and inflammatory responses were
selected as candidate genes.
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Intercellular Communication Network

Cell-cell communication networks were inferred and compared between COPD and healthy lung tissues using the
CellChat package.'® The differences in ligand-receptor interactions among cells between COPD and healthy tissues were
analyzed, with a focus on signaling pathways that significantly changed under disease conditions, such as ICAM1-ITGA4
/ITGB1 and TNFSF12-TNFRSF13C.The analysis quantified overall communication probability, interaction strength, and
pathway activity. Significantly altered ligand-receptor pairs and pathways (p < 0.05) were identified through differential
analysis. The signaling pathways exhibiting the most prominent changes in interaction number and strength were
prioritized for subsequent in-depth analysis.

Screening of Active Drug Components and Disease Targets of Fenugreek

The active components of fenugreek (Trigonella foenum-graccum) were screened using the Traditional Chinese Medicine
Systems Pharmacology Database (accessed Jan 17, 2025), applying the criteria of an oral bioavailability > 30% and
a druglikeness > 0.18.'® The targets of fenugreek were obtained through the SwissTarget Prediction (accessed Jan 17,
2025) and the Comparative Toxicogenomics Database (accessed Jan 17, 2025).

Screening of COPD-Related Targets

COPD-related targets were identified by searching the GeneCards (version 2.53, accessed Jan 17, 2025), OMIM
(accessed Jan 17, 2025), and DisGeNET (version 25.4, accessed Jan 17, 2025) databases using the combined keywords
“Chronic Obstructive Pulmonary Disease” AND “oxidative stress”. The DEGs between COPD and control samples
were identified through the Wilcoxon rank-sum test, applying threshold criteria of [log2FC| > 1 and adj. p < 0.05.
Volcano plots and Venn diagrams were generated utilizing the ggplot2 package in R software (version 4.3.1). The
Venny tool (version 2.1.0) was subsequently utilized to determine the intersection of the DEGs of COPD and the
targets of fenugreek.

Network Construction
The “drug-active component-target genes”, “drug-active component-target genes-disease”, and “drug-pathway-genes-
disease” networks were constructed and visualized with Cytoscape software (version 3.9.0)."”

Functional Enrichment Analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were
performed using the DAVID bioinformatics resource (version 6.8),'® with the selection criteria of false discovery rate <
0.05. The significantly enriched GO terms in biological processes, molecular functions, and cellular components were
analyzed to elucidate the mechanisms of action of fenugreek. Pathway visualization was performed using the “pathview”
R package (version 1.40.0) with KEGG REST API.

Molecular Docking

The crystal structures of CCL2 (PDB ID: 1DOK) and IL1R1 (PDB ID: 4GAF) were downloaded from the RCSB
PDB database. AutoDock Tools (version 1.5.6)'” was used to remove water molecules, add hydrogen atoms, and
assign charges. The 3D structures of the active components of fenugreek were obtained from PubChem and
converted into PDBQT format. Molecular docking was conducted using AutoDock Vina software (version 4.2.6),
with the grid box centered on the ligand binding pocket and set to a size of 20x20x20 A to ensure docking
accuracy. The exhaustiveness parameter was set to 8 to better meet the requirements of this docking study.
A binding energy threshold of less than —5.0 kcal/mol was considered indicative of binding affinity,” while values
below —8.0 kcal/mol indicated strong binding capability.?’ After docking, PyMOL (version 2.5)** software was
used to visualize the binding conformations post-docking, selecting the conformation with the lowest energy for
subsequent analysis.
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Results

Single-Cell Transcriptome Atlas of COPD

In this study, we analyzed 10 samples from the GSE173896 dataset. After excluding low-quality cells, 39240 cells were
retained for further analysis. Before performing “anchor point” integration, all cells underwent normalization and
centering. After dimensionality reduction using PCA, 23 principal components were obtained for subsequent clustering
analysis. The distribution of each cluster was observed through UMAP visualization. A total of 23 distinct cell clusters
were generated from 39240 single cells (Figure 1A). Combining previously published literature,” we identified 13 major
cell clusters (Figure 1B). Figure 1C illustrates the transcriptomic profiles of tissue single-cell RNA sequencing from both
healthy control and COPD groups. The classification of cell populations was primarily based on their classic markers:
myofibroblasts expressing LMOD1; alveolar type II cells expressing SFTPC; and alveolar type I cells expressing AGER.
Other cell populations included T cells (CD3D and CD3E), B cells (MS4A1), mast cells (MS4A2, SLC18A2, and
RGS13), and plasma cells (TNFRSF17). We also examined AMs (CYP27A1), fibroblasts (LUM, COL6A3, and CFD),
endothelial cells (CLDNS5, ECSCR, and CLEC14A), club cells (CYP2F1, SCGB3A1, and BPIFB1), Multiciliated cells
(RSPH1), and plasmacytoid dendritic cells (SCT, SMPD3, and LILRA4). The expression of these marker genes for each
cell type is illustrated in a dot plot (Figure 1D). Comparison of the distribution of different cell types between healthy and
COPD samples revealed significant differences in their relative abundance (Figure 1E). Notably, the proportion of AMs
was significantly higher in COPD samples than in healthy controls (P < 0.05). Finally, the UMAP plot in Figure 1F
highlights the expression profiles of the marker genes for the 13 identified cell types.

Identification of AM Subtypes at Different Developmental Stages Using Dimensionality

Reduction Clustering

AM subtypes at various physiological developmental stages were identified through a dimensionality reduction and
clustering approach. Following dimensionality reduction, AMs were categorized into 14 distinct subclusters (Figure 2A).
Based on differential gene expression patterns, we classified these AM subpopulations into nine functional subtypes
(Figure 2B). A detailed transcriptomic profile of these cell populations in both healthy controls and COPD samples is
presented in Figure 2C. The marker genes defining the nine subtypes are illustrated in a dot plot (Figure 2D). Quantitative
analysis indicated that COPD patients exhibited a higher proportion of specific subtypes, such as senescent AMs,
compared to the control group (Figure 2E). The nine identified subtypes within the COPD microenvironment included
senescence-associated AMs (Senescent AMs), Fibro AMs (fibroblast-related AMs), MTSS1+ AMs (AMs with high
MTSS1 expression), Lipid AMs (lipid metabolism-related AMs), FCER+ AMs (Fce receptor-positive AMs),
SELLENOP AMs (AMs with low expression of SELL and ENOPH1), T-like AMs (T cell-associated AMs), CXCLI1+
AMs (AMs with high CXCL1 expression), and IDC1+ AMs (inflammatory AMs marked by IDC1), whose expression
patterns are highlighted in the UMAP visualization (Figure 2F).

Pseudotime Trajectory Analysis Reveals Functional Heterogeneity and Differentiation
Pathways of AM Subtypes in COPD

To investigate the maturation trajectory of AMs in the COPD microenvironment, pseudotime analysis was conducted to
simulate their differentiation pathways. The analysis revealed a progression from Lipid AMs to Senescent AMs,
indicating a dynamic shift towards a Senescent AMs phenotype within COPD (Figure 3A). These subtypes reflect the
functional heterogeneity of AMs in COPD and may play roles in processes such as inflammatory regulation, tissue repair,
and immune dysregulation during disease progression. The Monocle2 algorithm was used to establish a pseudotime
trajectory for AMs in COPD, simulating their dynamic changes in the disease (Figure 3B). Nine distinct AMs were
observed at various time points (Figure 3C). Figure 3D shows the differential genes associated with COPD-related AMs,
categorized into four modules based on the trends of gene expression along the pseudotime axis: Module 1 (purple):
gradually upregulated with pseudotime, enriched in “regulation of inflammatory response” and “response to lipopoly-
saccharide,” reflecting the progressive acquisition of the senescent AMs and the pro-inflammatory polarization of AMs
during COPD progression. Module 2 (blue): initially increased, then decreased, and later increased again, involving
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Figure | UMAP visualization and characterization of single-cell samples. (A) The UMAP plot shows that the single-cell samples can be categorized into 23 distinct clusters.
(B) Thirteen cell types are identified based on the expression of specific marker genes. (C) A comparison of the UMAP cluster plots between normal and COPD tissues. (D)
The dot plot illustrates the expression of selected marker genes for each identified cell type. (E) The proportions of different cell types within the samples are represented.
(F) The UMAP plot highlights the expression profiles of marker genes for the |3 identified cell types.
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Figure 2 Characterization of AM subtypes through UMAP visualization. (A) The UMAP image indicates the presence of |4 distinct groups of AMs. (B) UMAP visualization
presents the nine identified subtypes of AMs based on marker gene expression. (C) A comparison of UMAP clustering plots reveals differences between normal tissue and
COPD tissue concerning AM subtypes. (D) The dot plot illustrates the marker genes associated with the nine identified AM subtypes. (E) The bar graph displays the
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subtypes.
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“ribosome biogenesis” and “cytoplasmic translation,” representing the dynamic remodeling of protein synthesis and
metabolic stress adaptation in AMs under the chronic irritant milieu of COPD; Module 3 (orange): gradually decreased
after a mid-peak, participating in “positive regulation of lipid localization” and “positive regulation of lipid transport,”
suggesting the impairment of lipid homeostasis and surfactant clearance capabilities as AMs transition towards a terminal
senescent state; and, Module 4 (green): downregulated with pseudotime, enriched in “antigen processing and presentation
of exogenous peptide antigen via MHC class II” and “MHC class II protein complex assembly,” indicating the significant
decline in immune surveillance and antigen-presenting capacity in senescent AMs. The pseudotime trajectory of the top
eight genes (CD300E, CD48, CD93, CSF3R, FCN1, HRH2, S100A12, and VCAN) among the nine different AM

subpopulations was determined, and the results were consistent with the heatmap findings (Figure 3E).

Alterations in Intercellular Communication Patterns and Signaling Pathways in AMs

During COPD

This study utilized single-cell RNA sequencing datasets to analyze the signaling pathways mediated by AMs in COPD
tissues, revealing a significant alteration in intercellular communication patterns within the COPD group. Compared to
normal lung tissues, both the quantity and quality of intercellular communication patterns decreased in the COPD group
(Figure 4A). Notably, connections between Senescent AMs and other cells were reduced in the COPD state, indicating
a change in the functionality of Senescent AMs and a potential alteration in their cell communication capacity during
COPD (Figure 4B). The coordination level of Senescent AMs within the AM immune system may decrease due to their
aging during COPD (Figure 4A and B). The pathway analysis comparing COPD and normal lung tissues revealed
differences in cell-cell signaling networks (Figure 4C). The bubble plot of differential ligand-receptor interactions
(Figure 4D) highlighted significant alterations (p < 0.05 or p < 0.01) in multiple inflammatory pathways, including
reduced signaling in [ICAM1-(ITGA4+ITGBI1), IL1B-IL1R1, TNFSF12-TNFRSF13C, and CCL family pairs, as well as
changes in other cytokine-mediated interactions.

Network Pharmacology Analysis of Fenugreek: Active Components and Molecular
Targets Related to COPD

Network pharmacology investigations revealed that fenugreek contained numerous bioactive components that interacted
with various molecular targets. Specifically, the drug active component-target network constructed using Cytoscape
showed the relationships between bioactive components and their expected targets, providing a more intuitive under-
standing of how fenugreek may connect its active components with target genes, thereby clarifying its mode of action.
A total of ten bioactive compounds were identified in fenugreek, which interacted with 4746 distinct molecular targets
(Figure 5A).

Furthermore, to identify COPD-related genes that reflect the disease-associated transcriptional changes observed in
our single-cell analysis—particularly those linked to the prominent increase in senescent AMs—we performed bulk-level
differential expression analysis on the lung tissue samples. This analysis identified 438 DEGs between the COPD and
control groups, of which 177 were significantly upregulated, and 261 were significantly downregulated (Figure 5B).
These genes may be crucial for the onset and development of COPD and represent potential targets for the effects of
fenugreek. Additionally, Venn diagrams revealed that there were 148 overlapping genes between fenugreek-related
targets and COPD-related DEGs (Figure 5C). To further reveal the potential molecular targets and pathways through
which fenugreek affects COPD, we constructed the drug-active component-target genes-disease network based on these
overlapping genes. As shown in Figure 5D, fenugreek influenced COPD through a molecular network involving active
components and COPD-related targets.

Mechanistic Insights of Fenugreek in Modulating Cytokine-Cytokine Receptor

Interactions Related to Oxidative Stress in COPD
To elucidate the mechanisms by which fenugreek influences chronic COPD, we conducted GO and KEGG pathway
analyses on the shared targets of fenugreek and COPD. GO enrichment analysis in biological processes demonstrated
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significant enrichment in the pathways related to oxidative stress response and reactive oxygen species response
(Figure 6A). For cellular components, there was a predominant localization of these targets in focal adhesion, endocytic
vesicles, and lipid droplets (Figure 6A). For molecular function, these targets were enriched in cytokine binding, protease
binding, and growth factor binding (Figure 6A).

A bubble plot illustrates the top 20 pathways with the highest significance, ranked by the degree of gene involvement
(Figure 6B). The results highlighted several central signaling axes, including lipid metabolism and atherosclerosis, the
MAPK signaling pathway, Th17 cell differentiation, cytokine—cytokine receptor interaction, focal adhesion, and the PI3K
—Akt signaling pathway. Moreover, these relationships are also represented in a chord diagram (Figure 6C).

Additionally, we constructed a drug-pathway-genes-disease network, which elucidates the complex relationships
between fenugreek, the cytokine—cytokine receptor interaction pathway, COPD pathology, and associated genetic targets
(Figure 6D). Finally, the KEGG pathway analysis confirmed that the cytokine—cytokine receptor interaction pathway was
crucial for the action of fenugreek (Figure 6E).

Molecular Docking Results

We conducted molecular docking analyses to investigate the interactions between 10 bioactive compounds derived from
fenugreek and the targets CCL2, CCR2, IL1R1, ILIRN, IL27, and TNFRSF12A. The binding affinity thresholds were
established as follows: < 4.25 kcal/mol (potential binding), < 5.0 kcal/mol (favorable binding), and < 7.0 kcal/mol (robust
binding). The calculated binding affinities of fenugreek’s active compounds with these targets were found to be strong
(Figure 7A). Notably, stronger binding affinities were observed for diosgenin and CCL2 (—7.50 kcal/mol) (Figure 7B),
neotigogenin and CCL2 (—7.20 kcal/mol) (Figure 7C), luteolin and IL1R1 (=9.10 kcal/mol) (Figure 7D), and quercetin
and IL1R1 (=9.10 kcal/mol) (Figure 7E). Therefore, molecular docking analysis supports the hypothesis that the effective
components of fenugreek could target CCL2 and IL1R1, suggesting a potential mechanism to regulate cytokine signaling
and indirectly modulate oxidative stress in COPD.

Discussion

This study used network pharmacology and single-cell transcriptome sequencing to generate a robust, data-driven
hypothesis and a testable mechanistic framework for how fenugreek, a key component of Hanchuan Zupa Granules,
might influence the inflammatory and oxidative stress pathways in COPD. Our integrative analysis highlights the
potential pivotal roles of critical targets such as CCL2 and IL1R1 within the cytokine-cytokine receptor interaction
pathway. We propose that by targeting these nodes, fenugreek may indirectly mitigate oxidative stress in alveolar cells
and inhibit the associated inflammatory cascades. This integrative approach provides a novel and testable hypothesis for
the interaction between fenugreek’s bioactive components and COPD pathophysiology, reinforcing the multi-target,
multi-component strategy of TCM.

The anti-inflammatory mechanisms hypothesized for fenugreek targeting the CCL2/IL1R1 axis are supported by our
molecular docking results, which predict that its active components (eg, diosgenin and isovitexin) can potentially bind to
CCL2 and ILIR1 with high affinity, exhibiting favorable binding energies (eg, —7.50 kcal/mol and —9.10 kcal/mol,
respectively). This potential binding could inhibit the interaction between the chemokine CCL2 and its receptor IL1R1,
thereby potentially suppressing downstream inflammatory signaling pathways such as NF-kB and MAPK activation.?* It
is well-established that CCL2 is a critical mediator of macrophage chemotaxis and recruitment, and neutrophils are
known to mediate CCL2-induced airway inflammation in COPD.*> Concurrently, IL1R1 serves as a key receptor for IL-
1B signaling, whose activation is a potent inducer of NF-kB and MAPK pathways, leading to the upregulation of
oxidative stress and exacerbation of tissue damage.?® Based on the co-expression of CCL2+ subpopulations of AMs and
the enzymes NOX4 and SOD2 in COPD patients, the CCL2/IL1R1 axis may represent a critical node in the inflamma-
tory-oxidative stress vicious cycle associated with COPD.?’ Therefore, we hypothesize that fenugreek might improve the
characteristic immune microenvironment dysregulation in COPD by synergistically inhibiting the CCL2/IL1R1 axis and
thereby blocking the abnormal communication between macrophages, neutrophils, and other immune cells.” These
predictive insights suggest that modulating the CCL2/IL1R1 axis could be a promising strategy to ameliorate oxidative
stress in COPD, aligning with the growing interest in antioxidant therapies for this disease.
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Although we did not perform additional protein-protein interaction network analysis to identify hub genes, the
selection of the core pathways was based on an unbiased, data-driven approach. GO and KEGG enrichment analyses
indicated that the fenugreek-related COPD targets were significantly enriched in biological processes such as “cytokine-
mediated signaling” and “oxidative stress response,” with the cytokine-cytokine receptor interaction pathway identified
as the core functional pathway. This focus on inflammation and oxidative stress is consistent with their well-established
roles as core pathological mechanisms in COPD.**?° The pathway contains key molecules like CCL2 and IL1R1, which
are closely related to alveolar epithelial damage, macrophage polarization, and cellular senescence in COPD.*® Single-
cell trajectory analysis revealed a significant increase in the proportion of Senescent AMs within the COPD micro-
environment, with their senescence-associated secretory phenotype amplifying oxidative stress signals through the IL-1f/
IL1R1 axis. Our finding that fenugreek components could target and inhibit this axis suggests a putative mechanism to
indirectly reduce alveolar epithelial damage. While our convergent evidence strongly implicates these pathways as
central, the identified targets likely function within a more complex interactome. Future studies incorporating protein-
protein interaction network analysis and experimental validation will be valuable to fully delineate this network of
interactions. Collectively, our integrated analysis proposes a testable mechanistic hypothesis wherein fenugreek mod-
ulates the COPD microenvironment through “multi-component, multi-target, and multi-pathway” actions centered on the
IL1IR1/CCL2 axis.

Single-cell technology facilitates the elucidation of the multi-component and multi-target characteristics of TCM. In
this study, through single-cell transcriptomic analysis, there were significant alterations in AMs of patients with COPD.
The characteristics of co-expression with oxidative stress genes suggest that these AMs may act as an “amplifier” for
inflammation-oxidative stress. Intercellular communication analysis revealed that AMs in COPD tissues had limited
interactions with other immune cells, indicating a potential immune dysregulation under COPD conditions. Fenugreek
may regulate immune homeostasis by repairing CCL2/IL1R 1-mediated intercellular signaling pathways (such as ligand-
receptor pairs including ICAM1-ITGA4/ITGB1 and TNFSF12-TNFRSF13C). This finding is consistent with recent
research aimed at improving COPD through macrophage-epithelial cell interactions.’’

This study has several limitations that should be considered. First, the single-cell RNA sequencing analysis, while
revealing compelling cellular dynamics, was based on a cohort of 5 patients per group. Although this sample size is
common in initial exploratory single-cell studies in the field and was sufficient to identify major cell populations and
significant shifts like the increase in senescent AMs, future studies with larger, independent cohorts are warranted to
confirm and extend these findings, assess patient heterogeneity, and enhance statistical power for rare cell subtypes.
Second, our findings are primarily computational and predictive; experimental validation in in vitro and in vivo models is
essential to confirm the proposed mechanisms of fenugreek targeting the ILIR1/CCL2 axis. Finally, the network
pharmacology approach relies on existing databases, which may have incomplete annotations.

Conclusion

In conclusion, this integrative computational study provides a hypothetical framework and a series of testable predictions
regarding the therapeutic mechanisms of fenugreek in COPD. We propose that fenugreek may modulate inflammatory
and oxidative stress pathways, potentially through targeting the IL1R1/CCL2 axis and influencing senescent AMs. The
molecular docking results provide a structural rationale for these predicted interactions. Collectively, these findings pave
the way for future wet-lab experiments to validate the proposed multi-target actions of fenugreek and to assess its
therapeutic potential in modulating the COPD immune microenvironment.
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