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Background: Chronic obstructive pulmonary disease (COPD), the third leading cause of global mortality, imposes substantial
socioeconomic burdens. Existing therapies, such as smoking cessation and non-invasive ventilation, primarily alleviate symptoms
without arresting disease progression. Comorbidities, including cardiovascular disease and metabolic syndrome, exacerbate functional
decline, yet the causal role of dyslipidemia in COPD pathogenesis remains unclear. This study seeks to establish a causal link between
hypercholesterolemia and COPD while identifying potential biomarkers and therapeutic targets.

Methods: Leveraging cross-sectional data from the National Health and Nutrition Examination Survey (NHANES), we employed
Mendelian randomization (MR) analysis using 71 single-nucleotide polymorphisms (SNPs) associated with hypercholesterolemia,
integrated with bioinformatics tools for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses. Demographic variables (age, sex, body mass index [BMI]) and dietary factors were compared between COPD patients and
controls.

Results: Univariate analyses identified significant differences in demographics and dietary patterns between COPD and non-COPD
groups (P < 0.05). Multivariate logistic regression revealed: (1) a reduced risk of COPD with elevated total cholesterol levels (odds
ratio [OR]: 0.815, 95% confidence interval [CI]: 0.721-0.923, P = 0.001); and (2) increased COPD risk associated with higher age and
BMI. Bioinformatics analyses pinpointed atorvastatin, fenofibrate, and pravastatin as candidate therapeutics. Gene interaction net-
works and pathway enrichment highlighted roles for lipid homeostasis and cholesterol metabolism.

Conclusion: Analysis of NHANES data demonstrates an inverse association between cholesterol levels and COPD prevalence, with
MR confirming a causal relationship. These findings underscore targetable pathways and suggest repurposing statins and fibrates,
meriting further mechanistic studies and clinical trials for validation.
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Introduction

Chronic obstructive pulmonary disease (COPD) is a prevalent global condition that significantly impairs patients’ quality
of life and imposes a substantial burden on public health systems. According to the Global Burden of Disease Study,
COPD ranks as the third leading cause of death, resulting in considerable economic and social impacts on patients and
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their families.! Current treatment modalities, including pharmacotherapy, rehabilitation, and oxygen therapy, While
current therapies like smoking cessation programs and non-invasive ventilation (NIV) improve symptoms and reduce
exacerbations, these interventions still face limitations in enhancing patients’ quality of life and reducing mortality rates.”
Additionally, COPD patients often present with comorbidities such as coronary atherosclerosis and pulmonary embolism,
comorbidities—particularly cardiovascular diseases (CVD), metabolic syndrome, and osteoporosis—synergistically
accelerate functional decline in COPD, complicating disease management during stable periods.>* This situation under-
scores the necessity for in-depth research into the etiology of COPD and the development of novel therapeutic
approaches.

Cholesterol has garnered increasing attention for its roles in both physiological and pathological states. Beyond being
a vital component of cell membranes, cholesterol is involved in various biological processes, including cell signaling,
hormone synthesis, and bile acid formation.™ In recent years, researchers have begun to explore the relationship between
hypercholesterolemia and COPD. Elevated cholesterol levels are closely associated with the development of multiple
diseases, particularly cardiovascular diseases and metabolic syndrome. Studies suggest that hypercholesterolemia may
influence the pathogenesis of COPD, dysregulated lipid profiles, characterized by elevated low-density lipoprotein
cholesterol (LDL-C) and reduced high-density lipoprotein cholesterol (HDL-C) levels, are commonly observed in
patients with chronic obstructive pulmonary disease (COPD). This phenomenon is particularly pronounced among
smokers. Studies indicate that smokers exhibit significantly higher LDL-C and lower HDL-C levels compared to non-
smokers. These alterations are closely linked to smoking-induced oxidative stress and chronic inflammatory responses-
key pathological mechanisms in COPD development.”® Furthermore, elevated triglyceride (TG) levels are implicated in
COPD pathophysiology. Multiple studies have indicated that hypertriglyceridemia positively correlates with COPD
severity and accelerated lung function decline compared to controls. These findings suggest disturbances in lipid
metabolism may play a noteworthy role in COPD progression, potentially contributing to underlying disease
mechanisms,”” offering new perspectives for its prevention and treatment.'® However, despite accumulating evidence
indicating an association between the two, comprehensive studies on their causal relationship and underlying mechan-
isms remain insufficient, providing ample space for future research.

To investigate the connection between cholesterol levels and the incidence of COPD, we utilized the National Health
and Nutrition Examination Survey (NHANES) dataset, employing a cross-sectional study design to analyze the relation-
ship between the two variables. The richness and representativeness of the NHANES dataset enable this study to provide
more universally applicable conclusions regarding the etiology of COPD. Considering the potential confounding factors
and the possibility of reverse causality inherent in cross-sectional studies, we further employed Mendelian randomization
(MR) analysis to identify single nucleotide polymorphisms (SNPs) associated with hypercholesterolemia and their impact
on COPD. This approach not only offers more reliable causal inferences but also lays the groundwork for subsequent
exploration of potential pathogenic mechanisms and therapeutic targets. Through this research design, we aim to
elucidate the specific role of cholesterol metabolism in the pathogenesis of COPD and propose directions for future
studies. This endeavor will not only enhance our understanding of the pathophysiological mechanisms of COPD but also
provide a theoretical basis for developing new therapeutic strategies.

Methods

This study comprises three distinct parts. First, we examined the association between cholesterol levels and the incidence
of COPD using cross-sectional data from the NHANES database. Second, we conducted a two-sample Mendelian
randomization (MR) analysis to further investigate the causal relationship between hypercholesterolemia and COPD
prevalence. Finally, we performed molecular function and pathway analyses based on genes identified through single
nucleotide polymorphisms (SNPs), and predicted potential therapeutic targets and drugs.

Clinical Study Design

This part of the study is a cross-sectional analysis. All data used for analysis were freely available and obtained from
NHANES 2009-2018, conducted by the National Center for Health Statistics (NCHS) of the Centers for Disease Control
and Prevention (CDC). NHANES collects information on demographics, laboratory tests, health-related factors, and
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NHANES participants(2009-2018)
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People with unknown or missing diagnosis of
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People with a definite diagnosis of COPD or no patients with COPD
n=17037

» | people with missing total cholesterol test results
o n=1617

\ 4

People included in the analysis
n=15420

Figure | Flowchart of participant selection in the analysis. A total of 49,693 participants from the NHANES database (2009-2018) were initially considered. After excluding
individuals with an unknown or missing diagnosis of COPD (n=32,656), 17,037 participants with a confirmed diagnosis of COPD were identified. Following the exclusion of
1,617 individuals with missing total cholesterol test results, 15,420 individuals were ultimately included in the analysis.

includes a 24-hour dietary recall assessment. From 2009 to 2018, NHANES included 49,693 participants. The inclusion
and exclusion criteria of this study were as follows: Inclusion criteria: Participants who have been clearly diagnosed with
or without COPD by a physician. Participants with documented total cholesterol levels. Exclusion criteria: Patients who
answered “unknown” when asked about their COPD diagnosis. Patients with missing total cholesterol records. After
excluding cases with undiagnosed COPD and missing total cholesterol test results, 15,420 participants were included,
with 606 diagnosed with COPD (Figure 1). Missing values for diet and BMI were imputed. As NHANES is a publicly
available dataset, this study did not require approval from an institutional review board. All participants provided
informed consent.

COPD-Related Information

Self-reported COPD data were recorded in the “Medical Conditions” section of the NHANES interview. Participants who
answered “yes” to the question “Have you ever been told by a doctor or other health professional that you have COPD or
emphysema or chronic bronchitis?” were included in the case group; those who answered “no” were included in the
control group.

Total Cholesterol Levels
Total cholesterol test results were recorded in the “Laboratory Tests” section of the NHANES database.

Other Relevant Factors

Considering that people of different BMI, age, and ethnic groups have different dietary structures, which can affect total
cholesterol levels, we have included these variables in our study. Moreover, recent studies demonstrate that dietary intake
of micronutrients including vitamins modulates type 2 airway inflammation through immunomodulatory pathways.'" We
also collected the following covariates: age, gender, race, BMI, carotenoids, total energy intake, fats, carbohydrates,
various vitamins, and niacin. Age, gender, and race data were obtained from the demographic section of the NHANES
database; BMI data were obtained from the physical measurements section; and dietary-related data, including carote-
noids, total energy intake, and fats, were obtained from the first-day dietary recall section. Missing values for covariates
including BMI and carotenoids were addressed using mean imputation methodology.

MR Data Acquisition
The UK Biobank is a large biomedical database and research resource containing in-depth genetic and health information from
500,000 UK participants. The UK Biobank’s genome-wide association study (GWAS) summary dataset for cholesterol (ukb-
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b-10912) includes 462,933 European ancestry samples, and the GWAS summary dataset for COPD (ukb-a-67) includes
337,159 European ancestry samples. Both GWAS datasets are available at https://gwas.mrcieu.ac.uk/.

Gene Data Acquisition
We conducted MR analysis using a series of stringent steps to meticulously process exposure and outcome data. SNPs identified
in the MR analysis were mapped to their corresponding genes using the NCBI database (https://www.ncbi.nlm.nih.gov/snp/).

Protein—Protein Interaction Network Construction and Hub Gene Identification

Protein—protein interaction (PPI) networks were constructed using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database (http://string-db.org/), selecting a confidence score of >0.4 as the threshold for PPI. The
resulting PPI networks were visualized using Cytoscape software (https://www.cytoscape.org/). Subsequently, the

Cytohubba plugin in Cytoscape was used to identify hub genes by applying the Maximum Clique Centrality (MCC)
algorithm, selecting the top 10 hub genes from the PPI network.

Functional Clustering and Enrichment Analysis of Hub Genes and Chromosomal

Localization

We performed Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis using the R packages “clusterProfiler” and “org.Hs.eg.db”. GO enrichment analysis provides
a standardized system for the functions of genes and proteins, including biological processes (BP), molecular functions
(MF), and cellular components (CC). KEGG pathway analysis offers information on discovered pathways and their
involved interactions. Enriched GO terms and KEGG pathways were selected with an adjusted p-value (p.adj) < 0.05.
Chromosomal localization maps were generated using the “circlize” package in R.

Transcription Factor and Hub Gene Network Construction
The list of hub genes obtained was uploaded to NetworkAnalyst (https://www.networkanalyst.ca/) to construct transcrip-

tion factor—gene networks using the JASPAR database.

|dentification of Candidate Drugs and Molecular Docking of Drugs with Genes

Based on the selected hub genes, potential therapeutic drugs were predicted using the Gene—Drug Interaction Database
(GBIdb) (https://dgidb.org/). The 3D structures of the predicted drugs were searched in the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/), and protein structures were obtained from the UniProt database (https://www.uniprot.org/).
Molecular docking was performed using the CB-Dock2 website (https://cadd.labshare.cn/cb-dock2/php/blinddock.php)
to predict interaction patterns between protein active sites and ligands. The collected data were processed and visualized

based on previously reported studies.

Statistical Analysis

Statistical analyses were performed using SPSS 25 and R 4.21. Due to NHANES’s stratified, multistage probability
cluster sampling design, we included data from five cycles of NHANES (2009-2018) and applied appropriate weights for
statistical analysis. For descriptive statistics, non-normally distributed continuous variables were presented as median
(interquartile range), and binary variables as n (%). For univariate analysis, non-normally distributed continuous
variables were analyzed using non-parametric tests, and categorical variables using chi-square tests. A p-value < 0.05
(two-tailed) was considered statistically significant. Variables with p < 0.05 in univariate logistic regression analysis were
included in multivariate logistic regression analysis.

Mendelian randomization studies were conducted in R 4.21 using the “TwoSampleMR” package to explore the causal
relationship between hypercholesterolemia and COPD. MR is a method that uses genetic variation as a natural experi-
ment to investigate causal relationships between potentially modifiable risk factors and health outcomes. The effective-
ness of MR relies on three key assumptions: 1) the genetic instrument is associated with the exposure; 2) the instrument
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is independent of confounders; 3) the instrument affects the outcome only through the exposure. To construct genetic
instruments for hypercholesterolemia and COPD, we obtained reliable (P < 5x10 %) and independent (r* < 0.001, kb =
10,000) SNPs associated with hypercholesterolemia, without using proxy SNPs. We then harmonized the effect alleles
between exposure and outcome datasets. Random-effects models, including Inverse Variance Weighted (IVW), MR-
Egger, and weighted median methods, were used to test for causality, with IVW as the primary analysis method.
Cochrane’s Q test was used to assess heterogeneity, and MR-Egger intercept test to detect horizontal pleiotropy.

Results
NHANES Analysis Results

In the univariate analysis shown in Table 1, COPD patients differed significantly from the healthy population in terms of
demographics such as age, gender, race, and BMI (P < 0.001, 0.009, < 0.001, 0.006). Furthermore, in the analysis of

dietary patterns presented in Table 2, factors such as sugar, fiber, fat, vitamin E, beta-carotene, vitamin B2, vitamin K,

Table | The Demographic Characteristics of the Study Population

Variables Total (n=15420) People with People without P value
COPD (n=606) COPD (n=14814)

Age 50(35-64) 65(57-74) 49(34-63) <0.001

Gender 0.009

|.Male n=7391(47.93%) n=322(53.10%) n=7069(47.70%)

2.Female n=8029(52.07%) n=284(46.90%) n=7745(52.30%)

Race <0.001

|.Mexican American n=2315(15.01%) n=27(4.46%) n=2288(15.44%)

2.Other Hispanic n=1623(10.53%) n=28(4.62%) n=1595(10.77%)

3.Non-Hispanic White n=5764(37.38%) n=399(65.84%) n=5365(36.22%)

4.Non-Hispanic Black n=3220(20.88%) n=98(16.17%) n=3122(21.07%)

5.0ther Race - Including Multi-Racial n=2498(16.20%) n=54(8.91%) n=2444(16.50%)

BMI 28.40(24.60-33.00) | 29.30(24.90-34.53) | 28.40(24.60-33.00) 0.006

Abbreviations: COPD, Chronic Obstructive Pulmonary Disease; BMI, Body Mass Index.
Table 2 The Dietary Pattern and TC of the Study Population
Variables Total (n=15420) People with People without P value
COPD (n=606) COPD (n=14814)
Energy (kcal) 2164.01(1713.25-2291.00) 2164.01(1728.75-2164.01) 2164.01(1712.00-2307.00) | 0.047
Protein (gm) 83.90(64.03-88.79) 83.90(62.99-83.90) 83.90(64.03-89.36) 0.02
Carbohydrate (gm) 258.29(201.69-275.82) 258.29(197.84-258.29) 258.29(201.76-277.70) 0.036
Total sugars (gm) 110.03(74.37-115.78) 110.03(79.79-110.03) 110.03(74.25-116.71) 0.822
Dietary fiber (gm) 18.50(12.70-19.70) 18.50(11.25-18.50) 18.50(12.80-19.90) <0.001
Total fat (gm) 84.06(61.86-89.87) 84.06(66.27-84.06) 84.06(61.74-90.34) 0.591
Cholesterol (mg) 308.62(178.00-315.00) 308.62(201.00-308.62) 308.62(177.00-317.25) 0.738
Vitamin E (mg) 9.26(5.99-9.28) 9.26(5.85-9.26) 9.26(5.99-9.36) 0.079
Vitamin A(mcg) 629.22(356.00-629.22) 629.22(394.00-629.22) 629.22(354.00-629.22) 0.884
Alpha-carotene (mcg) 229.00(27.00—419.38) 419.38(20.00—419.38) 220.00(27.00—419.38) 0.853
Beta-carotene (mcg) 2294.00(485.00-2423.64) 2423.64(457.50-2423.64) 2259.00(487.00-2423.64) 0.296
Lycopene (mcg) 5143.83(617.25-5143.83) 5143.83(842.75-5143.83) 5143.83(609.00-5143.83) 0.507
Vitamin Bl (mg) 1.63(1.21-1.72) 1.63(1.26-1.63) 1.63(1.21-1.73) 0.579
Vitamin B2 (mg) 2.09(1.53-2.17) 2.09(1.72-2.09) 2.09(1.52-2.18) 0.053
(Continued)
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Table 2 (Continued).

Variables Total (n=15420) People with People without P value
COPD (n=606) COPD (n=14814)

Niacin (mg) 26.24(19.08-26.99) 26.24(19.49-26.24) 26.24(19.06-27.20) 0.112
Vitamin B6é (mg) 2.17(1.48-2.17) 2.17(1.45-2.17) 2.17(1.48-2.19) 0.052
Total folate (mcg) 408.00(289.25-429.00) 408.00(285.75-408.00) 408.00(289.75-433.00) 0.007
Vitamin B12 (mcg) 4.85(2.69—4.85) 4.85(3.11-4.85) 4.85(2.68—4.85) 0.344
Vitamin C (mg) 86.04(34.10-86.04) 86.04(32.43-86.04) 86.04(34.20-86.04) 0.012
Vitamin D (mcg) 4.67(2.00—4.67) 4.67(2.88-4.67) 4.67(2.00-4.67) 0.176
Vitamin K (mcg) 125.43(54.20-125.43) 125.43(51.48-125.43) 125.43(54.30-125.43) 0.086
TC (mmol/L) 4.81(4.16-5.53) 4.58(3.85-5.31) 4.81(4.16-5.53) <0.001

Abbreviation: TC, total cholesterol.

and total cholesterol (TC) also showed significant differences between COPD patients and the healthy population, with
all P values less than 0.05.

Subsequently, variables with P < 0.05 in univariate analysis were included in multivariate logistic regression analysis.
We found that age, BMI, race, and TC were associated with the incidence of COPD. Age and BMI were identified as risk
factors for COPD (OR (95% CI): 1.06 (1.054-1.066), P < 0.001; OR (95% CI): 1.02 (1.002-1.038), P = 0.026).
Regarding race, compared to Mexican Americans, individuals from other racial groups, except for Non-Hispanic Whites,
had a higher prevalence of COPD (OR (95% CI): 3.666 (2.314-5.806), P < 0.001; OR (95% CI): 2.24 (1.369-3.665), P =
0.001; OR (95% CI): 4.047 (2.219-7.38), P < 0.001) (Table 3). However, higher total cholesterol (TC) levels were
associated with a lower risk of COPD, suggesting that TC is a protective factor for COPD (OR (95% CI): 0.815
(0.721-0.923), P = 0.001). We then plotted a restricted cubic spline curve between TC and OR. Given the large sample
size, we selected 10 nodes for the plot. The restricted cubic spline analysis confirmed no evidence of nonlinearity

Table 3 Results of Multi Factor Logistics
Regression Analysis

Variables OR (95% CI) P value
Age 1.06(1.054—1.066) <0.001
BMI 1.02(1.002-1.038) 0.026
Sugar 1.002(0.999—1.004) 0.164
Fiber 0.981(0.959-1.003) 0.087
Fat 0.999(0.996—1.003) 0.789
VitaminE 0.988(0.962—1.014) 0.362
Betacarotene | I(I-I) 0.164
VitaminB2 1.101(0.984-1.233) 0.094
VitaminK 0.999(0.997-1.001) 0.197
TC 0.815(0.721-0.923) 0.001
Gender* 1.059(0.819-1.37) 0.66
Race*
2 1.61(0.814-3.184) 0.171
3 3.666(2.314-5.806) <0.001
4 2.24(1.369-3.665) 0.001
5 4.047(2.219-7.38) <0.001

Notes: Gender: Male as the reference group; Race:
Mexican American as the reference group. |: Mexican
American; 2: Other Hispanic; 3: Non-Hispanic White; 4:
Non-Hispanic Black; 5: Other Race-Including Multi-Racial;
*: Indicates categorical variables.

Abbreviations: OR, Odds Ratio; Cl, Confidence
Interval; BMI, Body Mass Index; TC, total cholesterol.
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Figure 2 Association between total cholesterol (TC) and the odds ratio (OR) for COPD. The plot displays the relationship between TC levels and the odds of COPD, with
the 95% confidence intervals (Cl) shaded. The dashed horizontal line at OR = | indicates the null value, where no association is observed. The restricted cubic spline curve
shows a statistically significant overall association (P_overall < 0.001), with no evidence of nonlinearity (P_nonlinear = 0.248). This suggests a linear relationship, where
higher TC levels are generally associated with increased COPD risk, though the effect may appear modest across the observed range.

(P_nonlinear = 0.248), supporting the use of a linear model for the TC-COPD association, with a significant overall
P-value (P_overall < 0.001; Figure 2).

MR Analysis Results

After removing linkage disequilibrium and harmonizing the exposure and outcome data based on effect alleles, 71 SNPs
were ultimately included in the analysis, with detailed information on these SNPs provided in the Supplementary Table 1.
The results revealed a causal relationship between hypercholesterolemia and COPD (OR < 1, P = 0.038) (Table 4), which
was validated by both the MR-Egger and weighted median methods (MR Egger Q=59.73; P=0.784, IVW Q=64.52;
P=0.663). Furthermore, the results from Cochrane’s Q test demonstrated that there was no heterogeneity in this study (Q
= 59.57; P = 0.784) (Figure 3).

GO and KEGG Enrichment Pathway Analysis
We searched each of the 71 SNPs obtained from the MR analysis in the NCBI database and identified 51 corresponding
genes, with the gene details provided in the Supplementary Table 1. To better understand the biological functions of these

Table 4 MR for the Association Between Predicted Hypercholesterolemia and

COPD
Method Number of SNP | P value | OR OR (95% CI)
MR Egger 71 0.004 | 0.9869 | 0.9786-0.9954
Weighted median 71 0.014 | 0.9906 | 0.9832-0.998I
Inverse variance weighted 71 0.038 | 0.9948 | 0.9899-0.9997
Simple mode 71 0.36 1.007 | 0.9921-1.0222
Weighted mode 71 0.015 | 0.9889 | 0.9803-0.9976

Abbreviations: MR, Mendelian randomization; COPD, Chronic Obstructive Pulmonary Disease; SNP,
single nucleotide polymorphism; OR, Odds Ratio; Cl, Confidence Interval.
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Figure 3 Mendelian randomization analysis examining the effect of TC on COPD. (A) Scatter plot of causal effect estimates depicting the casual effective between TC and
COPD; (B) Forest of the TC on the odds ratio for COPD; (C) Leave-one-out sensitivity analysis chart between TC and COPD; (D) Funnel plot to assess heterogeneity and

potential bias.

identified genes and the potential pathogenesis of COPD, we performed GO and KEGG pathway enrichment analyses
using the “clusterProfiler” package in R (Figure 4). The functional enrichment analysis revealed that the most sig-
nificantly enriched GO terms were related to lipid homeostasis in biological processes (BP), endocytic vesicles in cellular
components (CC), and lipoprotein particle binding, sterol transfer activity, and cholesterol transfer activity in molecular
functions (MF). Additionally, the KEGG pathways primarily involved cholesterol metabolism, bile secretion, and fat

digestion and absorption.
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Figure 4 Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis for cholesterol-related biological processes and
functions. The figure displays the results of enrichment analysis categorized by biological processes (BP), cellular components (CC), molecular functions (MF), and KEGG
pathways. The x-axis represents the GeneRatio, with the size of the circles corresponding to the number of genes involved in each pathway or process (Counts). The color
intensity of the circles indicates the adjusted p-value (P adj), with darker blue representing more significant enrichment. Notably, the KEGG pathway “Bile secretion” is
highlighted in red due to its significant association with cholesterol metabolism.

Construction of PPl Network and Identification of Hub Genes

The gene-protein interaction (PPI) network was constructed using the STRING database to analyze the interactions
between genes, with the number of interactions for each gene shown in Figure 5. To identify the central genes in the PPI
network, we used the cytoHubba plugin of Cytoscape software. Based on the MCC algorithm, the top 10 genes were
selected as potential hub genes (Figure 6), including NOS3, PCSK9, SCARBI1, CELSR2, APOB, TM6SF2, ABCAI,
MLXIPL, HMGCR, and APOE. Additionally, we used the “circlize” package in R software to map the chromosomal
locations of the 10 hub genes (Figure 7).

TF-Hub Genes Interaction

The NetworkAnalyst database was used to predict and visualize the transcription factor (TF)-gene interactions for the
hub genes. The TF-gene interaction network included 45 nodes and 63 edges (Figure 8). Among the interactions, NOS3
was found to interact with 11 transcription factors, including SPIB, JUN, RELA, GATA3, YY1, NFIC, NFYA, HOXAS,
SPF, STAT1, and USF2. Additionally, FOXC1 interacted with four hub genes, namely CELSR2, PCSK9, HMGCR, and
MLXIPL. However, these findings require further validation.

Results of Therapeutic Drug Molecules

SPIED and CMAP analyses were used to identify therapeutic drug molecules for the 10 hub genes. We successfully
predicted therapeutic drug molecules for 7 hub genes, including APOB (Figure 9). To determine the most tightly
connected drugs in the drug-gene interaction network, we used the cytoHubba plugin in Cytoscape software. Drugs
with a drgee cutoff value greater than or equal to 2 were visualized, and the most tightly connected drugs were selected
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Figure 5 Protein-protein interaction (PPI) network of cholesterol-related genes. The network was constructed using known protein interactions, highlighting key genes
associated with cholesterol metabolism and transport. Nodes represent individual proteins, and edges indicate interactions between them. Genes such as APOE, PCSK9,
APOB, ABCALI, and LDLR are centrally positioned in the network, suggesting their crucial roles in cholesterol regulation. The color of the nodes corresponds to different
functional categories, and the line colors represent the type of interaction (eg, physical, genetic).

for subsequent molecular docking. Ultimately, three drugs were identified: Atorvastatin, Fenofibrate, and Pravastatin
(Table 5).

Molecular Docking Simulation
Molecular docking simulations were conducted to explore the potential therapeutic mechanisms of these drugs. Except
for the hub genes APOB, NOS3, APOE, and PCSK9, for which no relevant data were available, the remaining three hub
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Figure 6 PPl network of cholesterol-related genes with highlighted key nodes. This network illustrates the interactions between genes associated with cholesterol
metabolism and transport. The nodes represent individual proteins, with edges indicating their interactions. Key genes, including APOE, APOAI, HMGCR, and PCSK9, are
marked in red, indicating their central roles in cholesterol regulation. Other important genes such as ABCAI, NOS3, and SCARBI are shown in Orange. The color coding
emphasizes the functional significance of these genes in lipid metabolism.

genes were docked to evaluate their binding affinity with the three compounds as potential therapeutic targets. The
binding energies between the proteins and molecules are shown in Table 4. The binding energies of Atorvastatin and
Pravastatin were higher than those of Fenofibrate, suggesting that Atorvastatin and Pravastatin may have unexpected
effects in the treatment of COPD, indicating that atorvastatin and pravastatin may have certain effects in preventing the
occurrence of chronic obstructive pulmonary disease. The 3D docking structures are presented in Figure 10.

Discussion

Chronic obstructive pulmonary disease (COPD) is currently the third leading cause of death globally, severely impacting
patients’ quality of life and imposing a substantial economic burden on society. The primary characteristics of the disease
include persistent progressive airflow limitation and excessive mucus secretion caused by abnormal lung inflammation,
leading to decreased lung function and symptoms such as dyspnea.” Despite current treatments, which mainly include
pharmacotherapy, rehabilitation, and oxygen therapy, there remain limitations in improving patients’ quality of life and
reducing mortality rates.'>'> Therefore, in-depth research into the pathogenesis of COPD and the search for new
therapeutic strategies are of paramount importance.
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Y
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Figure 7 Genomic localization of cholesterol-related genes in the human genome. The circular plot shows the chromosomal positions of key genes involved in cholesterol
metabolism and transport across the human genome. The genes APOE, PCSK9, CELSR2, APOB, ABCAI, NOS3, HMGCR, MLXIPL, and SCARBI are highlighted, with their
locations marked along the chromosomes. Each segment of the circle represents a specific chromosome, and the colored sections indicate the regions where these genes
are located.

In the first part of this study, we used a cross-sectional study design with data from the National Health and Nutrition
Examination Survey (NHANES) to analyze the relationship between cholesterol levels and COPD prevalence. Compared
to previous studies by Ruan et al, our study included a larger sample size, making the results more generalizable. We
found that COPD patients had lower cholesterol levels than healthy individuals, a result consistent with Ruan et al’s
findings.'"* Due to database constraints, our study precluded direct investigation of smoking’s impact on cholesterol
levels. Nevertheless, existing research has demonstrated that smoking alters the expression of key rate-limiting enzymes
(eg, 3-hydroxy-3-methylglutaryl-CoA reductase, HMGCR) and transcription factors (eg, sterol regulatory element-
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Figure 8 Gene regulatory network of cholesterol-related genes and transcription factors. This network diagram illustrates the interactions between cholesterol metabolism
genes and associated transcription factors. The red nodes represent key cholesterol-related genes, including APOE, SCARBI, ABCAI, NOS3, PCSK9, HMGCR, and
CELSR?2, which are central to cholesterol regulation and lipid homeostasis. The blue diamond-shaped nodes represent transcription factors that interact with these genes.

binding protein 2, SREBP2) in cholesterol metabolism, thereby inducing cholesterol dysregulation.'> Aldo et al demon-
strated elevated total cholesterol levels in active smokers, with significant reductions observed following short-term
smoking cessation.'® While Aldo et al’s cohort exclusively enrolled heavy smokers (>20 pack-years) without history of
lipid-modifying or bronchodilator therapy, some participants might not have met current GOLD criteria for COPD
diagnosis. This suggests cholesterol metabolism may play distinct roles during the disease continuum from chronic
bronchitis to established COPD. Contrasting prior reports, our study observed paradoxically lower total cholesterol levels
in COPD patients versus controls. This divergence could potentially be attributed to post-diagnosis behavioral modifica-
tions—particularly smoking cessation. This may indicate that abnormalities in cholesterol metabolism play a significant
role in the pathogenesis of COPD. Previous studies, such as those by Lee et al, have shown that reduced cholesterol
levels are associated with decreased lung function, especially in forced expiratory volume (FEV1) and forced vital
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Figure 9 Drug-gene interaction network related to cholesterol metabolism. This network diagram highlights the interactions between cholesterol-related genes and
associated therapeutic agents. The blue nodes represent key cholesterol-related genes, including APOB, SCARBI, HMGCR, NOS3, APOE, ABCAI, and PCSK9, which play
central roles in lipid regulation. The Orange nodes represent therapeutic drugs and compounds, such as Atorvastatin, Rosuvastatin, Fenofibrate, and Simvastatin, that are
known to influence these cholesterol-related genes.

capacity (FVC).!” In preclinical studies, cholesterol metabolism has been found to be associated with inflammatory
levels. Jundi et al observed that excessive cholesterol accumulation can lead to macrophage dysfunction, thereby
promoting the release of inflammatory factors such as tumor necrosis factor-a (TNF-o) and interleukin-6 (IL-6).
Abnormal cholesterol levels can also influence the infiltration and polarization of inflammatory cells, such as
macrophages.'®'? Moreover, cholesterol regulates the intensity and duration of the inflammatory response by affecting
membrane fluidity and signaling pathways. Studies have also shown that cholesterol metabolites, such as oxysterols and
cholesterol esters, are involved in regulating immune responses, possibly by binding to specific receptors to enhance or
inhibit the inflammatory response.”>*' In COPD patients, changes in cholesterol-metabolizing enzyme levels are also
noteworthy. Yuan et al found that the key enzyme in the cholesterol synthesis pathway, 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR), was upregulated in COPD patients, which may be related to cholesterol accumulation

Table 5 The Result of Molecular Docking

DRUG Pubchem ID | Docking score (kcal/mol)

HMGCR | ABCAI | SCARBI

Atorvastatin 60823 -8.8 -10.6 -6.9
Fenofibrate 3339 =72 -8.8 -6.7
Pravastatin 54687 -7.6 =9.1 —6.8
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Figure 10 Docking simulations of hub gene-encoded proteins with small molecular compounds. (a) Docking interaction of HMGCR with Atorvastatin. (b) Docking
interaction of HMGCR with Fenofibrate. (c) Docking interaction of HMGCR with Pravastatin. (d) Docking interaction of ABCA| with Atorvastatin. (e) Docking interaction
of ABCAI with Fenofibrate. (f) Docking interaction of ABCAI with Pravastatin. (g) Docking interaction of SCARBI with Atorvastatin. (h) Docking interaction of SCARBI
with Fenofibrate. (i) Docking interaction of SCARBI with Pravastatin. The protein surfaces are colored according to the electrostatic potential (red = negative, blue =
positive), and key residues involved in ligand interactions are labeled. The docked ligands are shown in stick representation with atoms colored as follows: carbon (grey),
oxygen (red), nitrogen (blue), and hydrogen (white). These results demonstrate the binding modes and potential interactions of the selected compounds with the target
proteins.

and pulmonary inflammation.”* Kotlyarov’s research found that the expression of ATP-binding cassette transporter Al
(ABCAL) in the lung tissue of COPD patients also showed significant changes. Its role in cholesterol reverse transport
may be impaired, thereby affecting lipid homeostasis and inflammation in the lungs.® Elevated cholesterol levels
upregulate ABCA1 expression, thereby enhancing reverse cholesterol transport and subsequently suppressing pro-
inflammatory activity in macrophages.'® Therefore, further investigation into the relationship between cholesterol
metabolism and pulmonary inflammation in COPD could provide new insights into the disease’s pathogenesis and
offer potential therapeutic targets. In the preliminary analysis, we also found differences in COPD prevalence among
different racial groups. Compared to the Mexican American population, the Other Race - Including Multi-Racial group
had a higher prevalence of COPD, which may be attributed to differences in dietary habits and obesity rates among
various racial groups.”* There is currently a lack of rigorous standards for dietary assessments in different racial
backgrounds. These findings could help identify high-risk populations and provide a basis for early screening and
intervention for COPD. Integrating these demographic features into clinical practice could support the development of
personalized prevention and treatment strategies.
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Mendelian randomization (MR) is a technique used to explore causal associations, with the assumption that the alleles
of interest are randomly and uniformly distributed in the population, similar to randomized controlled trials, reducing the
limitations of observational studies0.>> Considering that the relationship between cholesterol levels and COPD incidence
may be influenced by confounding factors such as cardiovascular diseases and reverse causality, we performed a two-
sample Mendelian randomization analysis to further investigate the association between cholesterol levels and COPD.
Consistent with our observational findings, higher cholesterol levels were identified as a protective factor against COPD
prevalence (OR < 1, P = 0.038).

To further understand the potential mechanisms linking cholesterol metabolism and COPD pathogenesis, we mapped
the SNPs obtained from the MR analysis to their corresponding genes using the NCBI database and analyzed potential
signaling pathways through GO and KEGG enrichment analyses. The functional enrichment analysis revealed that the
most significantly enriched GO terms were: Biological Process (BP): lipid homeostasis, Cellular Component (CC):
endocytic vesicle, and Molecular Function (MF): lipoprotein particle binding, sterol transfer activity, and cholesterol
transfer activity. The primary KEGG pathways involved were cholesterol metabolism, bile secretion, and fat digestion
and absorption, which further indicate the involvement of these genes in cholesterol metabolism. We constructed
a protein-protein interaction (PPI) network using the STRING database and Cytoscape software, and identified the top
10 hub genes using the MCODE and cytoHubba plugins in Cytoscape (NOS3, PCSK9, SCARBI1, CELSR2, APOB,
TM6SF2, ABCA1, MLXIPL, HMGCR, APOE). Nitric oxide (NO) promotes cGMP generation via soluble guanylate
cyclase (sGC), leading to smooth muscle relaxation, vasodilation, and reduced blood pressure, while also influencing
lung remodeling through endothelial cell proliferation and migration.”*?” Reduced NOS3 activity, which catalyzes NO
formation, is linked to lung function deterioration, and its interaction with pathways like PPARy and NF-«B significantly
affects lipid metabolism.”®*’ Thus, regulating NOS3 may be a new therapeutic target for delaying lung remodeling.*
PCSK9 and SCARBI have diverse roles beyond cholesterol metabolism, including inflammation and immune
responses.’' > Higham et al linked PCSK9 levels in COPD patients to disease severity and exacerbation frequency.*
SCARBI expression correlates with pro-inflammatory cytokines, indicating its role in inflammation regulation and lipid
metabolism in lung tissue, with dysfunction leading to cholesterol accumulation and exacerbated inflammation.**3>—7
CELSR2, a cadherin superfamily member, is vital for intercellular adhesion and signal transduction, influencing cell
polarity and interactions.”® Liu et al found that CELSR2 regulates macrophage polarization and inflammatory factor
release, worsening lung inflammation and COPD.?” It also affects cholesterol synthesis and levels via the SREBP
pathway and LDLR interaction.’®** APOB and APOE regulate lipid metabolism and inflammation, linking them to
COPD onset.>* APOB is causally related to serum LDL-C levels and COPD, indicating its role in COPD pathogenesis.*'
APOE polymorphisms may affect COPD susceptibility, with a study showing no significant link in Han Chinese but
a notable interaction with smoking status.*> TM6SF2 encodes a liver membrane protein; the E167K mutation disrupts
lipid metabolism, impacting hepatic lipid accumulation and VLDL secretion.*® Its expression relates to inflammatory
mediators and immune function, regulated by oxLDL in macrophages, suggesting a role in COPD pathogenesis.***
ABCAI1 is a membrane transporter that effluxes cholesterol and phospholipids, promoting HDL formation and is linked
to lung inflammation and oxidative stress.?’***® Its expression is negatively correlated with pro-inflammatory factors
like IL-1p and TNF-a, and smoking reduces its levels, suggesting it may help alleviate COPD inflammation.*” MLXIPL,
a key transcription factor in the liver and adipose tissue, regulates glycolysis and lipogenesis, impacting energy
metabolism and fat storage.*®*’ It is linked to inflammation, with abnormal metabolism worsening lung inflammation
and promoting COPD progression.’®' HMGCR, a key enzyme in cholesterol synthesis, converts HMG-CoA to
mevalonate.> It may affect lung inflammation and COPD through lipid metabolism and oxidative stress.>

In the network analysis of transcription factor (TF) and hub gene interactions, we found that FOXC1 is associated
with several hub genes. As a transcription factor, FOXCI regulates the expression of target genes by binding to specific
DNA sequences, influencing cell fate determination and tissue formation.”* FOXCI plays a critical role in the
inflammatory response by modulating cytokine expression. On one hand, the upregulation of FOXCI1 is associated
with increased expression of pro-inflammatory cytokines, such as tumor necrosis factor o (TNF-a) and interleukin 6 (IL-
6), which play significant pro-inflammatory roles in chronic inflammatory diseases like COPD.>> On the other hand,
FOXCI1 can influence the activation status of macrophages and lymphocytes, thereby regulating immune responses. For
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example, FOXCI1 regulates the polarization of macrophages, promoting their M1 polarization, which enhances the
inflammatory response.’® In cholesterol metabolism, FOXC1 acts as a crucial transcriptional regulator that directly
modulates HMGCR expression, fine-tunes SREBP-2 activity and nuclear translocation, and alters expression of multiple
mevalonate pathway enzymes — collectively governing cholesterol homeostasis. Notably, these regulatory actions are
mechanistically implicated in COPD pathogenesis.”’® Moreover, FOXCI compromises airway epithelial integrity by
dysregulating lipid metabolism, thereby impairing barrier function. This pathogenic cascade is mechanistically linked to
FOXCI1-mediated transcriptional control of the ABCA1 transporter, which accelerates cholesterol efflux and disrupts
membrane architecture.’®

In subsequent studies, we predicted drug targets for the hub genes and used Cytoscape software to identify drugs
closely connected to the genes, constructing a network diagram. We identified three drugs: Atorvastatin, Pravastatin, and
Fenofibrate. Fenofibrate, a selective PPAR-a (peroxisome proliferator-activated receptor alpha) agonist, mainly regulates
lipid metabolism, glucose metabolism, and the inflammatory response by activating PPAR-a.>® In chronic airway
diseases, Fenofibrate can reduce the release of inflammatory mediators, such as TNF-a and IL-6, by inhibiting the
NF-kB signaling pathway, thereby alleviating lung inflammation.®® Fenofibrate has also been shown to lower oxidative
stress levels in the lungs by regulating lipid metabolism, further reducing inflammation.®! Atorvastatin and Pravastatin, as
HMGCR inhibitors, not only regulate blood lipid levels but also exhibit anti-inflammatory and antioxidant effects by
inhibiting the release of inflammatory mediators and modulating immune cell functions.®® ®* In preclinical studies, Melo
et al found that Atorvastatin could promote lung tissue repair in emphysema mice by inhibiting Nrf2 and MMP-12
production.®> Current evidence from randomized controlled trials demonstrates substantial heterogeneity in the ther-
apeutic efficacy of statins for COPD management, as evidenced by divergent outcomes in landmark studies by Zhang
et al versus Criner et al®®®® We postulate that this therapeutic heterogeneity originates from differential metabolic
characteristics among enrolled COPD subpopulations: Statins may confer significant prognostic benefits in COPD
patients with metabolic comorbidities (eg, hyperlipidemia or coronary heart disease) through dual lipid-modulating
and anti-inflammatory effects, whereas limited clinical benefits are observed in pure COPD phenotypes lacking these
underlying pathophysiological alterations. However, clinical studies have not provided conclusive evidence regarding
Atorvastatin’s role in reducing COPD incidence. Kim et al’s study found that Atorvastatin did not reduce the incidence of
COPD. Furthermore, the effectiveness of HMGCR inhibitors in reducing the frequency of acute exacerbations and
hospitalizations in COPD patients remains controversial.’”**® Our study explored the potential targets of Atorvastatin
and Pravastatin in COPD treatment, providing evidence regarding the effectiveness of these drugs.

The limitations of this study are primarily reflected in several aspects. First, although we analyzed large-scale
population data, the lack of experimental validation may affect the generalizability and reliability of the results.
Second, despite the relatively large sample size, genetic differences across different racial groups may lead to incon-
sistencies in the results, limiting the broader applicability of the conclusions. Third, a notable limitation is the exclusion
of smoking status as a covariate due to its high missing data rate (approximately 80%) in the NHANES database, which
precluded reliable adjustment; future studies utilizing more comprehensive datasets are warranted to confirm our
findings. Furthermore, the study did not deeply explore the clinical relevance of the findings, which limits our under-
standing of the specific mechanisms linking cholesterol levels with COPD. Therefore, future research should consider
incorporating laboratory validation and multi-center data collection to enhance the reliability and validity of the findings.
In conclusion, through a systematic analysis of NHANES data and the application of Mendelian randomization, this
study reveals the causal relationship between hypercholesterolemia and COPD and identifies potential therapeutic drugs.
Our findings not only provide new research directions for the prevention and treatment of COPD but also lay the
foundation for future clinical trials and personalized medical strategies. As our understanding of the pathogenesis of
COPD deepens, the study of transcription factors and their interaction networks will provide important biomarkers for
novel targeted therapies, advancing the management of chronic diseases.

Conclusion
Through real-world research using NHANES data, we identified an association between cholesterol levels and the
prevalence of COPD. Additionally, from a genetic perspective, this study suggests a potential relationship between
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cholesterol levels and COPD. However, further research is needed to elucidate the potential mechanisms underlying the
relationship between cholesterol and COPD. Additionally, incorporating routine cholesterol monitoring into the manage-
ment of COPD in clinical practice may be beneficial, particularly for patients who have quit smoking or have not
responded well to non-invasive ventilation (NIV) treatment. Defining a cholesterol threshold for COPD risk stratification,
along with coordinated management of cardiovascular disease and osteoporosis comorbidities in patients with COPD and
hypercholesterolemia, may help address the complex interplay between heart and lung disease.
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