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Purpose: To explore the role of the peroxisome proliferator-activated receptor (PPAR) signaling pathway in chronic obstructive
pulmonary disease (COPD) and identify potential biomarkers and therapeutic targets, given that COPD is a major global health burden
and the specific molecular mechanisms of the PPAR pathway in COPD are not fully understood.

Patients and Methods: Gene expression data from the GEO database were analyzed to identify key genes and immune cells related
to COPD. Peripheral blood samples were collected from COPD patients and healthy controls. Key genes were confirmed by PCR, and
immune cells were characterized using flow cytometry.

Results: Eight core genes associated with the PPAR signaling pathway were identified. NCOA1 and PPARGC1A were downregulated
in COPD patients, while NCOR1, NRIP1, and SLC27AS5 were upregulated. Receiver operating characteristic (ROC) curve analysis
showed that NCOA1, NCORI1, and SLC27A5 have potential for COPD diagnosis. There was a significant increase in the proportion of
M2 macrophages in COPD patients, indicating a shift in macrophage polarization towards the M2 phenotype. Genes within the PPAR
signaling pathway were closely associated with macrophage polarization state.

Conclusion: The research findings provide new biomarkers and potential therapeutic targets for the early diagnosis and personalized
treatment of COPD, emphasizing the significant role of the PPAR signaling pathway in the pathogenesis of COPD.

Clinical Trial Registry: The population study involved in this research has been registered under the (chictr.org.cn). Registry
identifier: ChiCTR2400086268.

Keywords: COPD, PPAR signaling pathway, diagnosis biomarker, macrophage polarization

Introduction

Chronic obstructive pulmonary disease (COPD) is a common chronic respiratory disorder characterized by persistent
airflow limitation, which poses a significant global health burden.' Current therapeutic strategies offer only limited short-
term relief and are ineffective in halting disease progression. As a result, researchers are actively exploring novel
therapeutic approaches.” Although many potential therapies have shown limited efficacy, some have demonstrated
improvements in lung function, pulmonary arterial hypertension, glucocorticoid sensitivity, and the frequency of acute
exacerbations in patients with chronic obstructive pulmonary disease (COPD). These therapies include kinase inhibitors,
cytokine and chemokine-targeted biological agents, small molecules, and peroxisome proliferator-activated receptor
(PPAR) agonists. >’
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PPARs, nuclear hormone receptors with antioxidant properties, are part of the nuclear receptor transcription factor
superfamily and play a pivotal role in modulating target gene expression.* The activation state of PPARs significantly
influences cell growth, differentiation, and apoptosis, and is implicated in various diseases, including cardiovascular
diseases, diabetes, inflammation, and certain types of tumor growth.”~” The PPAR family consists of three subtypes:
PPAR-0, PPAR-3, and PPAR-y. Dysregulation of PPAR family members, particularly PPAR-y, has been associated with
the onset of COPD.® Research indicates that PPAR-y activation can suppress the production of pro-inflammatory
cytokines, such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a), thereby reducing inflammation related
to COPD.® Additionally, it promotes lung cell survival by inhibiting apoptotic pathway factors, including Bax and
caspase activity, which may slow the progression of COPD.’ In patients with COPD, PPAR-o expression is down-
regulated; however, its activation can reduce the expression of inflammatory factors, such as interleukin-8 (IL-8) and
monocyte chemoattractant protein-1 (MCP-1), while inducing antioxidant enzymes like superoxide dismutase (SOD),
thus helping to combat oxidative stress-induced lung tissue damage.'® Given the multifaceted roles of PPARs in COPD,
they have emerged as potential therapeutic targets. Certain PPAR-y agonists, such as thiazolidinediones, have demon-
strated potential in alleviating emphysema'' and reducing the risk of COPD exacerbation.'?

Disruption of the immune microenvironment is one of the important mechanisms of COPD, and macrophages play
a significant role in it. Alveolar macrophages (AMs) are at the forefront of the innate immune defense in the lungs and
play a key role in cigarette smoke (CS)-induced pulmonary inflammation in COPD patients.'*'* Macrophages have
remarkable plasticity and can polarize into different phenotypes, namely pro-inflammatory M1 macrophages and anti-
inflammatory M2 macrophages. Previous studies have shown that PPAR-y can regulate the polarization of alveolar
macrophages in COPD.'>'® Although PPAR-y exhibits potential regulatory effects on the polarization of alveolar
macrophages (AMs) in COPD, current therapeutic approaches present certain limitations. Notably, synthetic PPAR
agonists are associated with numerous off-target effects, and their efficacy is limited to specific groups of COPD
patients,” primarily smokers.'” Therefore, it is essential to conduct a comprehensive analysis of the genes involved
in the PPAR pathway to clarify their roles in the pathogenesis and progression of COPD, as well as to explore alternative
mechanisms for PPAR activation that could lead to new, more targeted treatments for COPD and other diseases related to
chronic airway inflammation. Consequently, in this study, we conducted a comprehensive analysis of RNA sequencing
(RNA-seq) and single-cell RNA sequencing (scRNA-seq) data from public databases to identify key genes in the
peroxisome PPAR signaling pathway in patients with COPD. We ultimately dissected the potential mechanisms of
these genes in the pathogenesis of COPD, including their impacts on the COPD immune microenvironment and cell-to-
cell communication. Additionally, we partially validated these findings in population samples, providing new directions
for the prevention and treatment of COPD.

Materials and Methods
|dentification of Differentially Expressed Genes (DEGs) Between Individuals with
COPD and Healthy Controls

In the GEO database (https://www.ncbi.nlm.nih.gov/geo/), three gene expression matrices associated with chronic
obstructive pulmonary disease (COPD) were accessed: GSE57148 for sequencing data, and GSE76925 and GSE47460
for microarray data. The GSE57148 dataset comprised 98 subjects with COPD and 91 subjects with normal spirometry.
The GSE76925 dataset included 111 COPD cases and 40 control smoker (all subjects were smokers). The GSE47460
dataset contained 144 COPD cases and 80 controls, and its clinical data were analyzed based on smoking status. The

results are presented in Supplementary Table 2. All specimens involved were lung tissue. For the microarray data of

GSE76925 and GSE47460, background correction was performed using backgroundCorrect in limma, normalization was
carried out with the normalizeBetweenArrays function, and differential analysis was conducted using ImFit. For the
sequencing data of GSES57148, after downloading the Count matrix, normalization was performed using the
calcNormFactors TMM (Trimmed Mean of M-values) method in edgeR, and differential analysis was carried out with
the glmQLFit and glmQLFTest functions. In the statistical analysis and assessment of differential expression, an
empirical Bayes method was adopted to adjust the standard error of the estimated multiple changes for conducting
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differential analysis, and genes with a p-value of less than 0.05 were identified as significantly differentially expressed
genes.

Identification of PPAR Core Genes in Patients with COPD

For the differential genes of GSE57148, GSE76925, and GSE47460, a total of 551 shared differential genes were
identified using the Venn intersection method. To conduct the functional enrichment analysis of these shared differential
genes, we utilized the Gene Ontology (GO) annotation from the R package org.Hs.eg.db (version 3.1.0) and the KEGG
pathway gene annotation accessed via the KEGG REST API (https://www.kegg.jp/kegg/rest/keggapi.html). The

R package ClusterProfiler (version 3.14.3) was employed for the enrichment analysis. The minimum gene set size was
established at 5, while the maximum was set at 5000, with P-values < 0.05 considered statistically significant. The PPAR
pathway gene sets, BIOCARTA PPARA PATHWAY and KEGG PPAR_SIGNALING PATHWAY, were searched in the
MSigDB database and intersected with the shared differential genes, resulting in the identification of 8 genes associated
with the PPAR pathway.

PPAR Core Genes Correlation Analysis and Diagnostic Model Construction

Pearson correlation analysis was employed to assess the relationships among the PPAR hub genes. A positive correlation
is indicated by a correlation coefficient approaching 1, while a negative correlation approaches —1. A p-value of less than
0.05 was established as the threshold for significant correlation. The diagnostic value of the PPAR core genes in chronic
obstructive pulmonary disease (COPD) was evaluated using the receiver operating characteristic (ROC) curve, with
a p-value of less than 0.05 considered statistically significant. A multi-parameter joint diagnostic model was constructed
for the selected core genes using machine learning algorithms, specifically following the methodology outlined in the
published literature regarding the construction and comparison of 113 models."'®

Analysis of Immune Infiltration in COPD and Its Relationship with PPAR Core Genes

ImmucellAI (https://guolab.wchscu.cn/ImmuCellAl) was used to analyze immune cell infiltration in each sample.

ImmucellAl is a tool designed to estimate the abundance of 24 immune cell types from gene expression datasets,
including RNA-Seq and microarray data. This includes 18 T cell subtypes and 6 other immune cells: B cells, NK cells,
monocytes, macrophages, neutrophils, and dendritic cells (DC). The Pearson correlation coefficient was employed to
examine the relationship between PPAR core genes and infiltrating immune cells.

Analysis of scRNA-Seq

The scRNA-seq data from patients with COPD was obtained from the GSE136831, which included data from 18 COPD
patients and 28 control lung tissue samples. The Python package Scanpy (version 1.9.3) was employed to process the
data. Cells were filtered based on the following criteria: a minimum of 200 genes detected per cell, each gene expressed
in at least three cells, less than 20% mitochondrial gene content, and a maximum of 4,000 unique molecular identifiers
(UMIs) per cell. A total of 165,755 cells were retained for subsequent analysis. Subsequently, to identify the differential
genes among various cell subpopulations, Scanpy compared one subpopulation of the sample with all other subpopula-
tions. This comparison yielded a list of differential genes between the selected subpopulation and the remaining cell
subpopulations. The CellMaker 2.0 database and the CellTypist package were utilized to annotate the cell subsets, while
the R language, along with Seurat and ClusterGVis, was employed to analyze and visualize the annotated subsets of
marker genes.

Preference Analysis of Cell Subsets

Based on the index used to characterize the meta-clusters in the published reference and STARTRAC analysis,'® the
distribution of the meta-clusters within the organization was examined. The odds ratio (OR) was calculated and used to
indicate preference. An OR greater than 1.5 suggests a stronger inclination for distribution within the organization, while
an OR less than 0.5 indicates a weaker tendency for distribution.
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Cell-Cell Communication Analysis
The data were processed and analyzed using the CellChat package in R (version 4.1.3) to infer and interpret intercellular
communication. CellChat (http://www.cellchat.org/) is a powerful tool that quantitatively infers, visualizes, and analyzes

intercellular communication networks. It identifies key features of intercellular communication in single-cell RNA
sequencing (scRNA-seq) datasets and predicts the potential functions of signaling pathways that have not been fully
studied. In the analysis of cell interactions, the average expression value for each single-cell cluster or sample was
calculated by determining the expression level relative to the total read length mapping of the same group of coding
genes across all transcriptomes.

Proposed Temporal Sequence Analysis

Monocle2 (v2.12.0) was employed for single-cell pseudo-temporal analysis and cell trajectory sorting.® The input data
required for Monocle2 analysis consisted of the TPM (Transcripts Per Million) matrix obtained after standardization. For
cell annotation, we performed cell clustering analysis using Seurat software. Prior to the formal analysis, we prepro-
cessed the data by estimating the size factor and dispersion to ensure the accuracy and reliability of subsequent analyses.
Subsequently, we utilized the differential Gene Test function in Monocle2 to conduct differential gene detection. During
this process, we set the p-value threshold at less than 0.05 and corrected for multiple tests using the Benjamini-Hochberg
method as the screening criteria, thereby identifying genes that were dependent on pseudo-time. Based on the distinct
expression patterns of these pseudo-time-dependent genes during cell development, we clustered them into three groups.
The starting and ending points of the cell development trajectory timeline were determined based on known cell type-
specific marker genes.

Recruitment Process and Participant Characteristics

Participants were enrolled at the Xinjiang Uygur Autonomous Region People’s Hospital between July 1 and
September 30. Eligible individuals, based on predefined inclusion and exclusion criteria, were sequentially sorted
by hospital admission number and randomly selected using a computer-generated list, resulting in ten patients
diagnosed with COPD. For each COPD patient, a health-matched individual was identified as a control subject,
ensuring that both groups had comparable demographics, specifically matching gender and limiting the age difference
to no more than five years. Statistical analysis confirmed that there were no significant differences in age or sex
between the groups.

Inclusion Criteria for the COPD Group: 1. The diagnosis of COPD strictly adheres to the guidelines established in
the 2024 Global Initiative for Chronic Obstructive Lung Disease (GOLD) report (goldcopd.org). 2. Patients categorized
under GOLD Group E. 3. Patients without cognitive impairments. Exclusion Criteria for Participants: 1. The presence
of alternative pulmonary conditions, such as asthma, bronchiectasis, pulmonary fibrosis, or any form of airway
restriction; ongoing treatment for tuberculosis; or a history of tuberculosis within the past year. 2. A History of
Lung Surgery. 3.Severe physical illnesses or psychiatric disorders. 4. Pregnancy or Breastfeeding. 5.Lack of consent to
participate or inability to meet the study requirements.

Ethical Considerations and Informed Consent

Ethical approval for this study was granted by the Ethics Committee of the Xinjiang Uygur Autonomous Region People’s
Hospital (Ethics Committee Approval No: KY2024052256). Informed consent forms were signed by every participant,
affirming their voluntary participation and understanding of the study’s purpose and procedures. This recruitment strategy
ensured a representative sample that met stringent eligibility standards, allowing for robust comparisons between COPD
patients and matched controls, while upholding ethical research practices and safeguarding participant rights. This study
complies with the Declaration of Helsinki.
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Assessment of Gene Expression

Peripheral blood samples were collected from the subjects (control group = 10, COPD group = 10), and RNA was
subsequently extracted to assess the expression of target genes in both groups using reverse transcription
quantitative polymerase chain reaction. The clinical data of these subjects are presented in Supplementary
Table 4. Total RNA extraction was performed using TRIZOL (Catalog No. 15596018, Invitrogen, USA).
Complementary DNA (cDNA) synthesis was conducted with a reverse transcription kit (Catalog No. RR047A,
TakaRa, Japan) at 42°C for 5 minutes, followed by 37°C for 15 minutes, and a final step at 85°C for 5 seconds, all
executed on a MyCycler (Catalog No. RR820A, TakaRa, Japan). Quantitative PCR (qPCR) was performed on an
ABI QuantStudio 5, which included an initial denaturation step at 95°C for 30 seconds, followed by 40 cycles of
denaturation at 95°C for 15 seconds, and annealing and extension at 60°C for 34 seconds. Each sample was
analyzed in triplicate technical replicates. The concentration of each transcript was normalized to ACTB, and

mRNA levels were analyzed using the 274"

method. Comparisons were conducted using two-way ANOVA with
GraphPad Prism software (Version 8.0, San Diego, CA). The primers used for quantitative PCR analysis are

detailed in Supplementary Table 1.

Flow Cytometry
Peripheral blood samples (5 mL each) were collected from the subjects (control group = 16, COPD group = 17).
The clinical data of these subjects are presented in Supplementary Table 3. Peripheral blood mononuclear cells

(PBMCs) were isolated using density gradient centrifugation, washed, and counted to adjust the concentration.
Fluorescently labeled antibodies specific to macrophage markers, along with isotype control antibodies, were
selected. PBMC suspensions were placed in flow cytometry tubes, with the experimental group receiving
a mixture of specific antibodies and the isotype control group receiving only isotype control antibodies. The
tubes were incubated in the dark on ice. After multiple washes to remove unbound antibodies, the cells were
resuspended. Finally, FlowJo and other software were utilized for analysis. Initially, a gate was established using
forward scatter (FSC) and side scatter (SSC) to define monocytes, followed by the differentiation of M1 and M2
macrophage subtypes based on fluorescence labeling, and their proportions within the monocyte population were
calculated.

Statistical Analysis

All measurements were performed independently, with each conducted at least in triplicate. The data were expressed as
mean + standard deviation (SD), and one-way ANOVA was utilized to evaluate differences between groups. A p-value of
<0.05 or <0.01 was considered statistically significant.

Results

Overall Expression of Lung Tissue in Patients with COPD

After obtaining three lung tissue datasets related to COPD from GSE57148, GSE76925, and GSE47460, and eliminating
any batch effects, we analyzed a total of 350 COPD patients and 220 healthy controls for expression profiling
(Figure 1A—1C). An empirical Bayesian method was employed to adjust the standard error of the estimated fold change
for conducting differential analysis, with a significance threshold set at P < 0.05 for identifying differentially expressed
genes. Using a Venn diagram, we identified 551 differentially expressed genes that were common across all three groups
(Figure 1D), and a heatmap illustrated the clustering of these genes (Figure 1E). Gene Ontology (GO) enrichment
analysis indicated that these 551 genes are primarily associated with macromolecule localization, protein localization,
transcription factor binding, and enzyme binding, among other functions (Figure 1F). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis revealed that these genes are predominantly enriched in the PI3K-Akt signaling
pathway, GnRH signaling pathway, Hippo signaling pathway, Wnt signaling pathway, and PPAR signaling pathway
(Figure 1G).
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Figure | Overall expression of lung tissue in patients with COPD. (A) A volcano plot depicting the differentially expressed genes (DEGs) of GSE47460. (B) A volcano plot
presenting the DEGs of GSE76925. (C) A volcano plot showing the DEGs of GSE57148. (D) A Venn diagram illustrating the intersection of DEGs in GSE57148, GSE76925,
and GSE47460. A total of 551 shared DEGs were identified. (E) A heatmap displaying the expression distribution of the 551 shared genes. (F) A bubble plot shows the
results of GO enrichment analysis of the shared DEGs. (G) A bubble plot shows the results of KEGG enrichment analysis of the shared DEGs.

Identification of PPAR Core Genes and Their Diagnostic Predictive Value in COPD

We identified eight core genes associated with the PPAR pathway by intersecting 551 common differentially expressed
genes with the PPAR pathway. These genes are NCOR1, NCOA1, MED1, PPARGC1A, NRIP1, DUT, PLTP, and
SLC27AS (Figure 2A). Significant differences in the expression levels of these eight core genes were observed between
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Figure 2 Identification and analysis of core genes in the PPAR pathway. (A) Using the Venn analysis method, the intersection of 551 common differentially expressed genes
(DEGs) with BIOCARTA_PPARA_PATHWAY and KEGG_PPAR_SIGNALING_PATHWAY was calculated, and finally 8 PPAR core genes were obtained. (B) The expression
levels of 8 PPAR genes in the chronic obstructive pulmonary disease (COPD) group and the control group. The relevant data were derived from GSE76925. *indicates P < 0.01,
*indicates P < 0.001, and ****indicates P < 0.0001. (C) The receiver operating characteristic (ROC) curve was used to demonstrate the diagnostic value of 8 PPAR core genes in
chronic obstructive pulmonary disease (COPD). The data were sourced from GSE76925. (D) For the 8 PPAR core genes, | 13 model construction and comparison tasks were
carried out. In the result presentation, the | 13 algorithms are listed on the leftmost side; the second column shows the training set (data from GSE47460); the third column
presents the validation set (data from GSE76925); and the rightmost side gives the area under the curve (AUC) of each model. (E) This figure shows the number of core genes
included in 113 algorithm combination patterns.

the COPD group and the control group. Specifically, NCOA1 and PPARGC1A were downregulated in the lung tissue of
COPD patients, while NCOR1, MED1, NRIP1, DUT, PLTP, and SLC27A5 were upregulated. The data were sourced
from GSE76925 (Figure 2B). Correlation analysis revealed that NCOA1 was negatively correlated with NCORI,
SLC27AS5, and PLTP, whereas NCORI1 exhibited a positive correlation with MED1, DUT, NRIP1, and PLTP
(Supplementary Figure 1A). We evaluated the discriminatory potential of these genes for distinguishing COPD patients
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from healthy individuals using Receiver Operating Characteristic (ROC) analysis. The results indicated that NCOAI,
NCORI1, and SLC27AS demonstrated significant discriminatory ability, with an Area Under the Curve (AUC) greater
than 0.7, based on data from GSE76925 (Figure 2C). Using GSE47460 as the training set and GSE76925 as the
validation set, and referencing relevant literature,'® we constructed diagnostic prediction models for the eight core genes.
The optimal combination model included PPARGC1A, MED1, PLTP, NRIP1, and SLC27AS5 (Stepglm[both] + RF),
achieving an AUC of 0.802 (Figure 2D and E).

The Influence of Smoking on the Core Genes of the PPAR Pathway

Given that smoking is a major contributing factor to COPD, it is of great significance to deeply explore whether smoking has
a specific impact on the regulation of the PPAR pathway. In this study, we conducted a detailed analysis of the GSE47460
dataset, focusing on the expression of key PPAR genes in smoking and non-smoking patients (Supplementary Figure 1). The

results showed that the selected 8 genes exhibited significant expression differences between the smoking control group and
the smoking COPD patients, as well as between the smoking control group and the non-smoking COPD patients
(Supplementary Figure 2). These findings strongly suggest that the expression of PPAR pathway genes is significantly

affected by smoking. Such differences in gene expression likely indicate that smoking interferes with the normal regulation of
the PPAR pathway through a unique molecular mechanism, thereby playing a promoting role in the pathogenesis of COPD.

The PPAR Core Gene Is Associated with the Immunological Characteristics of
Patients with COPD

We compared the levels of immune cell infiltration between patients with COPD and healthy controls. The results
indicated a phenomenon of immune dysregulation in COPD patients (Supplementary Figure 1B). Genes associated with

the PPAR pathway showed significant correlations with various immune cells (Figure 3A). Specifically, NCOA1
exhibited a negative correlation with macrophages, natural killer T (NKT) cells, and effector memory cells, while it
was positively correlated with neutrophils and monocytes. Conversely, NCOR1 was positively correlated with macro-
phages, natural killer (NK) cells, NKT cells, and effector memory cells. NRIP1 demonstrated positive correlations with
neutrophils, macrophages, B cells, monocytes, and T cells. Notably, PPARGC1A was significantly negatively correlated
with most immune cell infiltration levels, while SLC27A5 showed a positive correlation with NKT cells. Additionally,
PLPT was positively correlated with T cells and B cells. The abnormal expression of these genes may contribute to the
immune dysregulation observed in COPD. To further investigate the role of PPAR in immune cells in COPD, we
analyzed the scRNA seq data from GSE136831 for COPD patients. A total of 165,755 cells were included in the
subsequent analysis (Figure 3B). We present the distribution of cell clusters, with cells in the same cluster represented by
the same color (Figure 3C). Utilizing classical marker genes, we categorized the cells into 14 types (Figure 3D and E).

Analyze Immune Cells in Patients with COPD Using scRNA-Seq Data

Compared to the control group, the immune cell infiltration status in the COPD group exhibited notable differences
(Figure 4A). Specifically, regarding cell proportions, the levels of M1 and M2 macrophages, as well as monocytes, were
significantly lower in the COPD group than in the control group. Conversely, the proportions of T cells, B cells, and NK
cells were higher in the COPD group compared to the control group (Figure 4B and C). Further analysis of macrophages
revealed that M2 macrophages predominated in both the control and COPD groups (Figure 4D). In terms of PPAR
pathway genes, NCOR1 and NCOA1 demonstrated significant accumulation in macrophages and monocytes, while the
expression levels of PPARGCI1A and SLC27A5 were relatively low in macrophages (Figure 4E).

The COPD Group Exhibits Altered Intercellular Communication When Compared to

the Control Group
We conducted an analysis of intercellular communication in both the COPD group and the control group. An overview of
all cell populations is presented in Supplementary Figure 3. Additionally, significant differences in intercellular com-

munication were observed between the COPD group and the control group (Figure 5A and B). In the COPD group, there
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was a notable reduction in the number of communications between macrophages and CD14 monocytes, while inter-
cellular communication involving CD16 monocytes increased (Figure 5C). Further analysis of the genes influencing
macrophage communication revealed that genes associated with macrophage activation and polarization in the COPD
group (such as CD45,° APP,?' ANNEXIN,*** ADGRES5,** and CSF?’) were significantly downregulated compared to
the control group (Figure 5C).

Pseudotemporal Analysis of Macrophages in Patients with COPD
We identified macrophages within the cell population by screening for characteristic genes and demonstrated their
developmental trajectory in pseudo-time (Figure 6A and B). Based on the expression patterns, macrophages were
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Figure 6 Pseudotemporal analysis of macrophages. (A) Macrophages were screened based on marker genes. (B) The developmental trajectory of macrophages. The start
and end of the timeline are determined by known marker genes. (C) According to different expression patterns, pseudotime-dependent genes were clustered into three
clusters, namely CO, C10, and CI2. These three clusters correspond to the cell clusters in Figure 3D. Among them, CO is colored blue, C10 is yellow, and C12 is red. The
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classified into three clusters: C0O, C10, and C12 (Figure 6C). In the COPD group, the proportion of the C12 cell cluster
was significantly decreased, while the proportion of the C10 cell cluster was significantly increased (Figure 6D and E).
MRCI1 serves as a marker gene for M2 macrophages and is primarily expressed in the CO and C10 cell clusters
(Figure 6G). Conversely, the marker gene for M1 macrophages, CD86, is uniformly expressed across the C0, C10,
and C12 cell clusters (Figure 6H). As illustrated in Figure 6C, the CO and C10 cell clusters predominantly exhibit M2
characteristics, while the C12 cell cluster is more aligned with M1 characteristics. Additionally, the C10 cell cluster may
represent an intermediate transitional state or possess bidirectional traits. The developmental trajectory indicates that
macrophages in COPD tend to polarize towards the M2 phenotype (Figure 6F). The accumulation of PPARy in both C10
and CO cell clusters suggests that PPARy may be associated with the M2 polarization of macrophages in COPD
(Figure 6I).

PPAR Pathway Genes May Play a Role in Regulating the Polarization of Macrophages in
Patients with COPD

Upon reviewing the aforementioned findings and consulting relevant literature, we focused on validating the expression
of genes associated with PPARy and macrophages. The qPCR results demonstrated that NCOR1, NRIP1, and SLC27A5
were upregulated in patients with COPD, whereas NCOA1, PGC1A, and PPARy were downregulated (Figure 7A). These
findings were consistent with our sequencing data. Additionally, we measured the number of macrophages in the
peripheral blood of COPD patients. The flow cytometry results demonstrated indicated the number of M2 macrophages
in patients with COPD was higher compared to that in the control group (Figure 7B). The aforementioned findings
suggest a polarization disorder of M1 and M2 macrophages in COPD, characterized by a predominant shift towards the
M2 phenotype. PPARs are likely to play a critical role as key pathways and molecules driving M2 polarization, which
may subsequently influence immune cell infiltration levels and contribute to the progression of COPD.
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Discussion

PPARs (Peroxisome Proliferator-Activated Receptors), particularly PPAR-y, play a central role in the onset and
progression of COPD due to their extensive involvement in regulating inflammation, cell survival, oxidative stress,
and metabolic balance.”***’ Although synthetic PPAR-y agonists have shown potential in counteracting COPD, concerns
remain regarding their efficacy and side effects in clinical applications. The dual effects of these drugs, balancing efficacy
and adverse reactions, primarily arise from the complex drug-target dynamics, with off-target effects being widespread.
This highlights the challenges in drug design.?® Therefore, this study aims to explore key molecules within the PPAR
signaling pathway in the context of COPD and to identify biomarkers closely associated with the disease.

Smoking is one of the significant inducements of COPD. Research has found that smoking has a multi-dimensional
and significant impact on the PPAR pathway. Harmful substances in cigarettes can interfere with the normal activation
and signal transduction process of PPARY. Perinatal injection of nicotine can also cause intergenerational transmission of
PPARy-dependent asthma.”’ Meanwhile, smoking-mediated PPARy gene polymorphism increases the risk of cardiovas-
cular disease (CVD) in smokers.”° In terms of addiction, PPAR is located in addiction-related brain regions. Animal
experiments have shown that its agonists can reduce the characteristics of addictive drugs, but the results of human
studies are inconsistent. For instance, PPARa agonists have no effect on nicotine outcomes, while PPARy agonists are
only effective in reducing drug craving in some studies.’' Additionally, in chronic airway diseases, interfering with PPAR
can regulate cigarette smoke-induced inflammation. For example, erythromycin and bexarotene respectively inhibit or
improve related lung inflammation through specific signaling pathways.'**? In our study, we analyzed the expression of
key PPAR genes in both smoking and non-smoking patients. The results showed that the selected 8 genes were
differentially expressed in both the smoking control group and the smoking COPD patients, as well as between the
smoking control group and the non-smoking COPD patients. These findings may suggest that smoking interferes with the
normal regulation of the PPAR pathway through a unique molecular mechanism, thereby contributing to the pathogenesis
of COPD. The gene expression differences between the smoking control group and the smoking COPD patients might
reflect the dynamic changes in the PPAR pathway due to continuous exposure to tobacco harmful substances during
disease progression, which may gradually drive the condition from a relatively healthy state to COPD. The gene
expression differences between the smoking control group and the non-smoking COPD patients highlight the specific
role of smoking as an exogenous stimulus in altering the expression of PPAR pathway genes, distinct from other non-
smoking factors that may cause COPD. Further studies could focus on the specific functions of these differentially
expressed genes, exploring how they interact and their association with the pathological features of COPD.

Through a combination of screening and literature review, we have identified five candidate genes: NCOR1, NRIP1,
NCOAI1, PARGCI1A, and SLC27A5. The activation of PPARs is initiated by the binding of ligands to the hydrophobic
pocket of the receptor, which induces a conformational change in the receptor. This process leads to the dissociation of
NCoR/SMRT and histone deacetylase (HDAC), followed by the recruitment of coactivators such as PARGC1A, SRC-1,
and histone acetyltransferase (HAT). These factors collectively promote chromatin remodeling, facilitating the binding of
RNA polymerase II and subsequently initiating the transcription of target genes.>* Cofactors play a crucial role in PPAR-y
function, with the strength of ligand effects varying across different cell types. This variation is reflected in the distinct
activity of partial or full agonists, which is closely linked to the distribution of cofactor profiles.** Even within the same cell
type, a ligand may act as a full agonist in one cofactor (eg, NCoR) while serving as a partial agonist in others (eg, PARGC1A
and DRIP/TRAP220).*

The selected genes—NCOR1, NRIP1, NCOA1, PARGCI1A, and SLC27A5—form a complex regulatory network
with PPAR-y. NCORI1, functioning as a corepressor of PPAR-y, plays a crucial role in maintaining immune-metabolic
homeostasis. Research has demonstrated that stabilizing the interaction between NCOR1 and PPAR-y inhibits the
expression of target genes in both mouse and human macrophages, thereby influencing immune metabolism.>*
Furthermore, NCORI1 is essential for immune tolerance; its deletion increases the expression of IL-10, IL-27, and
SOCS3, thereby promoting an immune-tolerant state in dendritic cells (DCs) and reprogramming their metabolism to
elicit a specific immune response.>’” NRIP1 (RIP140), another ligand-dependent corepressor, plays a dual role in
regulating metabolism and inflammation by modulating PPAR signaling.***° NCOA1*'*? and PARGCIA*® are
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coactivators of PPAR-y, with PARGC1A potentially mitigating inflammation and oxidative stress in COPD.**** Notably,
NCORI1 and NRIP1 are upregulated in COPD, whereas the expression of PARGCIA and NCOALI is significantly
downregulated. This contrasting expression pattern underscores their potential as biomarkers and may provide new
opportunities for early diagnosis and prognostic monitoring of COPD. MEDI is primarily associated with PPAR-a,*®
while SLC27A5 may be a target of PPAR, although its precise role remains unclear.*’

Single-cell sequencing results revealed an immune imbalance in the lung tissues of COPD patients, particularly in the
proportions of immune cells and intercellular communication, which significantly differed from those in healthy controls.
Macrophages play a core role in this immune dysregulation process, and their immune regulation and tissue repair
functions in COPD are crucial. The polarization state of macrophages directly affects the progression of the disease.””***
Single-cell sequencing results indicate that M2-type macrophages are dominant in the lung tissue of COPD patients, and
pseudo-time analysis further supports this finding. To verify the results of single-cell sequencing at the overall level, we
detected the proportion of macrophages in the peripheral blood of COPD patients and healthy controls. The results
showed that the proportion of M2 macrophages in COPD patients was significantly higher than that in the control group
(P < 0.05), indicating that the polarization tendency of macrophages in COPD patients shifts towards the M2 type. There
remains controversy regarding the status of macrophages in COPD. Our research findings are consistent with those of
Byers DE.*’ They compared non-COPD patients, IV-stage COPD lung transplant recipients (n = 16), non-transplantable
donor lung tissues (n = 7), and resected lung tissues from patients with GOLD stages I to IV (n = 55), and found that M2-
type macrophages were activated in COPD lung tissues. Consistent with this, Cornwell** also reported that there was an
abnormal population of M2-like monocytes in the blood of patients with severe COPD.

Macrophage reprogramming is strictly regulated by the PPAR signaling. Among them, PPAR-y plays a crucial role in
the pathological process of COPD. Previous studies have reported that PPAR-y can modulate the polarization of alveolar
macrophages in COPD'>'¢ and delay their aging process.?®*” Our pseudotime analysis results further revealed that
PPAR-y is highly expressed in cell clusters that tend to differentiate into M2 macrophages. In the regulation of
macrophage polarization, multiple key genes play important roles. First, NCOR1 and NRIP1 have a significant impact
on the polarization direction of macrophages. Specifically, the upregulation of NCOR1 and NRIP1 promotes macrophage
polarization towards the M1 type. Conversely, when NCORI1 is deficient, the number of M2 macrophages increases,
thereby exacerbating allergic airway inflammation.”’ NCORI1 also influences immune responses by regulating glucose
metabolism reprogramming (GMR) in macrophages.”>>> Regarding NRIP1, its overexpression in macrophages drives
M1 polarization and cell expansion during the inflammatory response. On the contrary, a decrease in NRIP1 expression
reduces the number of M1 macrophages and increases the number of M2 macrophages.>® In addition to the above genes,
PARGCI1A and NCOALI1 are also of great significance in the regulation of macrophage differentiation. PARGCIA, as
a key factor in maintaining mitochondrial homeostasis in macrophages, its activation can promote mitochondrial
biogenesis in monocyte - derived macrophages.”> However, this process promotes the development of pulmonary
fibrosis.”® NCOA1 enhances macrophage recruitment and migration by targeting M-CSF1, and its silencing reduces
CSF1 expression, thereby decreasing macrophage recruitment and breast cancer cell metastasis.”’ Single - cell sequen-
cing data provides a new perspective for understanding the roles of these genes. The data shows that NCOR1, NRIP1,
and NCOAI1 are highly enriched in macrophages and monocytes, while the expression levels of PARGCIA and
SLC27A5 in macrophages are relatively low. Based on the above research results, these core genes of the PPARs
pathway are likely to finely regulate macrophage polarization and function by modulating the activity of PPAR-y,
ultimately affecting the progression of COPD. The increase in M2 macrophage numbers in patients with chronic
obstructive pulmonary disease (COPD) may be closely related to the decline in immune function. The cells of COPD
patients have characteristics such as decreased antigen processing ability, abnormal inflammatory response, and loss of
immune response regulation function. As M2 macrophages mainly exert anti-inflammatory effects, this feature in COPD
patients may lead to ineffective immunity. The weakening of immune function further increases the risk of infection for
patients and maintains a persistent chronic inflammatory state in the lungs.’®*’ In addition, since M2 macrophages are
believed to be associated with tissue repair and remodeling as well as tumor promotion, the increase in the M2/M1
phenotype ratio may play an important role in the remodeling of small airways in COPD.%"
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Conclusion

Given the unique regulatory role of PPARy in COPD, along with the profound impact of key genes such as NCORI1,
NRIP1, NCOA1, and PARGCIA on PPARYy activity, these genes hold significant potential as therapeutic targets. By
targeting these genes, researchers can develop more precise intervention strategies aimed at correcting macrophage
polarization dysregulation, alleviating inflammation, and promoting tissue repair. At present, our research is based solely
on RNA sequencing results from public databases. Further validation experiments using animal models or samples from
patients’ bodies are still needed in the future. This study offers new insights into the immune dysfunction underlying
COPD and paves the way for innovative therapeutic approaches, heralding the era of personalized medicine.
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