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ABSTRACT 
 

Background: Both genetic and environmental factors can influence idiopathic pulmonary fibrosis (IPF) and 
chronic obstructive pulmonary disease (COPD) development. The gut microbiota plays crucial roles in 
maintaining tissue homeostasis. Dysregulation of the gut microbiota can result in disease. However, whether 
the alteration of the gut microbiota influences IPF and COPD remains unknown. 

Research Question: What is the causal relationship between IPF, COPD and the gut microbiota-related 
metabolic pathways? What are the potential intermediate mediators in this relationship? 

Study Design and Methods: Intersect the gut microbiota and its metabolic pathways associated with IPF and 
COPD. Utilizing summary data from GWAS in public databases, a two-sample Mendelian randomization (MR) 
analysis was conducted on the gut microbiota-related metabolic pathway, the aspartate superpathway, in 
relation to IPF and COPD. Furthermore, we employed a two-step MR to quantify the proportion of influence 
mediated by monocytes and cDCs on the aspartate superpathway in relation to IPF and COPD. 

Results: The MR analysis found that the aspartate superpathway decreased the risk of developing IPF and 
COPD. Monocytes and cDCs acted as intermediary substances, participating in this with influence proportions 
of 7.88% and 6.27%, respectively. 

Interpretation: There is a causal link between the gut microbiota-related metabolic pathway, the aspartate 
superpathway, and IPF and COPD, where the influence is partially mediated by monocytes and cDCs. In clinical 
practice, we increase the focus on gut microbiota-mediated immune cells in relation to IPF and COPD. 
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INTRODUCTION 
 

The human gastrointestinal tract hosts an extensive 

community of microorganisms, primarily consisting of 

bacteria and fungi, collectively known as the gut 

microbiota [1]. This microbial community comprises 

approximately 40 trillion organisms, possessing a 

genetic repertoire about 150 times larger than that of 

the human host [2]. Consequently, the gut microbiota 

has been dubbed “the second brain,” owing to its 

pivotal roles in food digestion, synthesis of essential 

vitamins, and modulation of the immune system [3]. 

This intricate ecosystem profoundly influences the 

internal environment of the human body, playing a 

crucial role in maintaining homeostasis. The 

emergence of the Gut-lung axis concept highlights the 

deep interplay between intestinal dysbiosis and 

gastrointestinal function with distal organ function, 

particularly the lungs [4]. 

 

Chronic Obstructive Pulmonary Disease (COPD) and 

Idiopathic Pulmonary Fibrosis (IPF) represent the most 

prevalent chronic respiratory ailments that particularly 

afflict the elderly demographic [5]. The global prevalence 

of COPD and IPF poses significant public health 

challenges, given their profound impact on airway 

structure alteration and heightened mortality rates among 

older adults [6]. Although the precise etiology and 

pathogenesis of COPD and IPF remain incompletely 

elucidated, their development is believed to be influenced 

by a confluence of genetic and environmental factors [7]. 

Mounting evidence underscores the growing association 

between gut microbiota composition and chronic 

respiratory disorders [8]. 

 

Gut microbiota can influence the immune system both 

locally, through cell-cell interactions, and systemically, 

through their metabolites. Consequently, the aberrant 

alteration of gut microbiota can lead to the onset and 

progression of disease [9]. For example, gut microbial 

dysbiosis has been implicated in the pathogenesis of 

lung diseases through various immune-mediated 

pathways, including modulation of T helper 17 cell 

(Th17) responses, CD8 T-cell activity, and interleukin-

13 (IL-13), interleukin 25 (IL-25), and prostaglandin E2 

production [10]. Moreover, disruption of intestinal 

barrier integrity facilitates the translocation of gut 

microbiota-derived components into the bloodstream, 

subsequently initiating chronic inflammation and fibrotic 

processes in the lungs. These insights offer novel 

therapeutic avenues and mechanistic insights for the 

understanding and intervention of COPD and IPF [11]. 

 

Notably, monocyte-derived macrophages and endothelial 

cells have emerged as key players in the fibrotic cascade 

underlying IPF pathogenesis [12]. Clinical studies have 

underscored the prognostic value of monocyte profiles in 

IPF patients, while single-cell RNA sequencing of lung 

tissues has unveiled the considerable heterogeneity of 

monocyte-derived macrophages in IPF pathophysiology 

[13]. Similarly, dendritic cells are one of the major 

antigens - presenting entities. Among them, cDC cells 

can be classified into two types: cDC1 and cDC2. cDC1 

cells mainly activate CD8+ T cells, initiate cellular 

immunity, and play a prominent role in aspects such as 

anti - tumor immunity. cDC2 cells are more likely to 

activate CD4+ T cells, participate in humoral immunity, 

and play an important role in processes including anti-

parasitic immunity and immune regulation. Studies have 

found that the expression pattern of dendritic cells in 

patients with chronic obstructive pulmonary disease is 

altered in comparison to healthy individuals, indicating 

that dendritic cells play a crucial role in chronic 

respiratory diseases [14]. 

 

In our investigation, we employed a two-sample, 

bidirectional Mendelian Randomization approach to 

delineate the causal relationships between gut 

microbiota-related metabolic pathways and the onset of 

IPF and COPD. We uncovered that immune cell 

interactions serve as an important mediator in this 

causality. This integrative approach provides novel 

insights into the pathogenesis of IPF and COPD, paving 

the way for future innovative therapeutic strategies 

against these diseases. 

 

MATERIALS AND METHODS 
 

Study design 

 

We conducted a two-sample, bidirectional Mendelian 

Randomization (MR) study to investigate the causal 

associations between potential metabolic pathways of gut 

microbiota and Idiopathic Pulmonary Fibrosis (IPF) and 

Chronic Obstructive Pulmonary Disease (COPD). The 

study consisted of several sequential steps (Figure 1): 

 

(1) Screening of metabolic pathways associated with 

gut microbiota. 

(2) Two-sample MR analysis to examine the 

relationships with IPF and COPD. 

(3) Exploration of immune cells as mediators to assess 

causality between bacterial genus metabolic 

pathways and the diseases. 

(4) Analysis of the proportion of mediated effects. 

 

Source of GWAS data 

 

GWAS data on the gut microbiome were sourced from 

a study involving 7738 Dutch participants, investigating 

207 taxonomic units and 205 pathways representing 

microbial composition and function [15]. IPF-associated 
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genetic variants were obtained from a study published 

in The Lancet involving 451,025 patients [16], while 

COPD-related summary statistics were obtained from 

published studies [17]. Pooled GWAS data related to 

immune cell traits were obtained from the NHGRI-EBI 

GWAS Catalog. 

 

Selection of instrumental variables (IVs) 

 

IVs were selected based on their close relationship with 

the exposure factor, exclusive effect on the outcome 

through the exposure factor, and independence from any 

confounders. IVs were chosen at a significance level of 

1 × 10-5, and weak and chained imbalance variables 

were removed. A total of 11 IVs related to the aspartate 

superpathway, 48 COPD-related IVs, 18 IPF-related 

IVs, 32 cDC-related IVs, and 22 monocyte-related IVs 

were selected. 

 

Mendelian randomization 

 

Two-sample bidirectional MR was employed to assess 

the causal links between the aspartate superpathway and 

IPF/COPD. Mendelian randomization commonly 

employs the following five algorithms: 1) MR Egger: It 

is a Mendelian randomization analysis method that 

incorporates the Wald ratio into meta - regression. It can 

detect and correct horizontal confounding factors, 

provide evidence of direct confounding through the 

intercept, and estimate the causal effect adjusted for 

pleiotropic effects in any direction. However, it has 

relatively low statistical power. 2) Weighted median: It is 

one of the Mendelian randomization analysis methods. It 

assigns greater weights to valid instrumental variables. 

Even if some instrumental variables are invalid, it can 

still provide valid estimates of the causal effect. When 

50% of the instrumental variables are invalid, a consistent 

estimate can still be obtained. 3) Inverse variance 

weighted (IVW): It is the main analysis method in 

Mendelian randomization. It assumes that all instrumental 

variables are valid, uses the reciprocal of the outcome 

variance as the weight for fitting, and does not consider 

the intercept term. When all genetic variations meet the 

instrumental variable assumptions, it can provide a 

consistent estimate of the causal effect. 4) Simple mode: 

It is a mode - based Mendelian randomization estimation 

model. It can cluster SNPs with similar causal effects and 

return the estimated causal effect of most clustered SNPs. 

5) Weighted mode: It is also a mode - based estimation 

model. It usually has a relatively low bias and type - I 

error rate, but its ability to detect causal effects is also 

relatively low. In Mendelian randomization analysis, it 

can estimate the causal effect by comprehensively 

considering the weights of different SNPs. 

 

 
 

Figure 1. The experimental design of this study. In IPF, the indirect effect = a×b, and the direct effect is c’. In COPD, the indirect effect = 
a’×b’, and the direct effect is c1’. The proportion of the mediating effect is the indirect effect divided by the total effect. 
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Mediated effects analysis 

 

Mediation analyses were conducted to examine the 

influence of gut microbiota metabolic pathways and 

immune cells on IPF and COPD. The overall effect was 

calculated as the sum of the indirect and direct effects. 

The indirect effect represented the pathway’s impact on 

the disease through immune cells, while the direct effect 

denoted the pathway’s direct influence on the disease. 

 

Mediation effect for idiopathic pulmonary fibrosis (IPF) 

Let the aspartate superpathway be the exposure factor X, 

monocytes be the mediator variable M, and idiopathic 

pulmonary fibrosis (IPF) be the outcome variable Y. 

 

Effect of X on M : a represents the effect of the aspartate 

superpathway on monocytes, i.e., M = aX + ε1; Effect of 

Y on M : b represents the effect of monocytes on 

idiopathic pulmonary fibrosis, i.e., Y = bM + ε2; 

Mediation effect (Indirect effect): The mediation effect is 

a×b, and the proportion of the indirect effect is 7.88% ; 

Direct effect: c' represents the direct effect of the 

aspartate superpathway on idiopathic pulmonary fibrosis, 

i.e., Y = c'X + bM + ε3. 

 

Mediation effect for chronic obstructive pulmonary 

disease (COPD) 

Let the aspartate superpathway be the exposure factor X, 

cDC be the mediator variable M, and chronic obstructive 

pulmonary disease (COPD) be the outcome variable Y. 

 

Effect of X on M: a' represents the effect of the aspartate 

superpathway on cDC, i.e., M = a'X+ε1; Effect of Y on 

M : b' represents the effect of cDC on chronic 

obstructive pulmonary disease, i.e., Y = b'M + ε2; 

Mediation effect (Indirect effect): The mediation effect 

is a × b, and the proportion of the indirect effect is 

6.27% ; Direct effect: c1' represents the direct effect of 

the aspartate superpathway on chronic obstructive 

pulmonary disease, i.e., Y = c1' X + b'M + ε3. 

 

Statistical analysis 

 

Statistical significance was considered at p < 0.05. 

Student’s t-tests were utilized for comparisons between 

groups. All data analysis was performed using R 

Foundation version 4.2.0. 

 

Consent for publication 

 

All authors have agreed to publish this article. 

 

Availability of data and material 

 

All data analyzed during this study are included in the 

article. 

RESULTS 
 

Screening of metabolic pathways in the gut 

microbiota 

 

Utilizing the biological data repository described 

above, we conducted an analysis to correlate gut 

microbiota composition with Idiopathic Pulmonary 

Fibrosis (IPF) and Chronic Obstructive Pulmonary 

Disease (COPD). Our investigation identified 19 

bacterial genera and associated metabolic pathways 

linked to IPF (Supplementary Table 1), alongside 21 

bacterial genera and metabolic pathways associated 

with COPD (Supplementary Table 2). By intersecting 

these findings, we discerned the presence of an 

aspartate superpathway within the metabolic repertoire 

of gut microbiota relevant to both IPF and COPD. 

Subsequently, this discovery served as a focal point for 

a follow-up study (Supplementary Figure 1). 

 

MR analysis of the gut microbiota metabolic 

pathways 

 

We identified 11 Single Nucleotide Polymorphisms 

(SNPs) as Instrumental Variables (IVs) based on our 

screening criteria. Utilizing the inverse variance 

weighted (IVW) algorithm, our analysis revealed that 

the aspartate super pathway posed a protective factor for 

Idiopathic Pulmonary Fibrosis (IPF) (p-value=0.0379, 

Odds Ratio=0.999) (Figure 2). Furthermore, both the 

Mendelian randomization-Egger (MR-Egger) and IVW 

assays indicated no significant heterogeneity in our 

results (Figure 3). 

 

Following a predefined screening protocol and after 

excluding confounding factors and irrelevant SNPs, we 

identified 11 SNPs for further analysis. The Mendelian 

Randomization (MR) analysis indicated that the 

aspartate superpathway constitutes a protective factor 

for Chronic Obstructive Pulmonary Disease (COPD). 

Notably, there was a statistically significant difference 

between the results obtained from different IVW 

algorithms (p-value < 0.05). However, the remaining 

four algorithms exhibited consistent directional effects. 

Specifically, the IVW analysis yielded an odds ratio 

(OR) of 0.879, with a 95% confidence interval (CI) of 

0.8036-0.9615 (Figure 4). Detection of horizontal 

pleiotropy and heterogeneity was further confirmed 

through MR-Egger and IVW analyses (Figure 5). 

 

Screening of immune cells 

 

We conducted reverse Mendelian Randomization (MR) 

analysis using Idiopathic Pulmonary Fibrosis (IPF) and 

Chronic Obstructive Pulmonary Disease (COPD) as 

exposure factors and the aspartate super pathway as the 
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outcome. The findings revealed no discernible causal 

relationship between IPF and the aspartate super 

pathway, similar results were obtained for COPD. 

These outcomes suggest the potential involvement of 

intermediary factors in the intricate interaction between 

gut microbiota and the development of IPF and COPD. 

 

Given the close association of diseases with immune 

responses, we explored correlations between IPF, 

COPD, and immune cell populations. Our estimates 

demonstrated a robust correlation between IPF and 

monocytes (specifically, HLA DR expression on 

CD14+ monocytes), consistent with findings reported in 

previous studies. Similarly, for COPD, the analysis 

indicated a correlation with conventional dendritic cells 

(cDCs) expressing CD80. These findings shed light on 

potential immune-mediated mechanisms underlying the 

pathogenesis of IPF and COPD. 

 

MR analysis of immune cells 

 

The aspartate superpathway served as an exposure 

factor to investigate the causal relationship with two 

distinct outcome variables: monocytes and cDC. 

Leveraging the 11 SNPs identified through screening 

as instrumental variables (IVs) for Mendelian 

Randomization (MR) analysis, our results indicated 

significant associations. Specifically, employing the 

IVW algorithm, we observed a statistically significant 

association (p-value < 0.05) between the aspartate 

superpathway and monocytes, suggesting a protective 

factor effect with an odds ratio (OR) of 0.772 (Figure 

2). Conversely, for cDC, the IVW algorithm yielded a 

significant association (p-value < 0.05) indicating a 

risk effect with an OR of 1.260 (Figure 4). 

 

Furthermore, employing MR analysis to explore the 

causal link between immune cells and disease, we 

focused on the relationships with Idiopathic Pulmonary 

Fibrosis (IPF) and Chronic Obstructive Pulmonary 

Disease (COPD). For IPF, screening identified 22 

monocyte-associated SNPs as IVs. Notably, the IVW 

algorithm revealed a significant risk effect of monocytes 

against IPF (p-value < 0.05, OR = 1.0003) (Figure 2). 

Conversely, in the context of COPD, employing 32 cDC-

related IVs, the IVW analysis showed a significant 

association (p-value < 0.05, OR = 0.966), indicating that 

cDC represents a protective factor for COPD (Figure 4). 

 

 
 

Figure 2. The forest plot shows the causal relationship between the aspartate superpathway, monocytes, and IPF. The 
relationship between the exposure variable and the outcome is calculated through several functions, including MR Egger, weighted median, 
inverse variance weighted (IVW), simple mode, and weighted mode. Among them, IVW is the primary method. OR: odds ratio; CI: confidence 
interval. 
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Analysis of mediating effects 

 

Based on the two-sample bidirectional mediation 

analysis, we have derived the following hypotheses. 

 

1). The aspartate super pathway participates in the 

protective effects of IPF by inhibiting monocytes, 

in which monocytes induce IPF development. 

2). The aspartate super pathway participates in the 

protective effects of COPD by enhancing the 

involvement of cDC, and cDC reduces the 

incidence of COPD. 

 

Our mediation effect analysis revealed specific insights. 

For IPF, the direct effect of the aspartate super pathway 

was calculated as -0.0009240468. Additionally, the 

 

 
 

Figure 3. Forest plot shows the causal effect of each single SNP on total IPF risk. The horizontal axis is employed to quantify the 
magnitude of the impact exerted by the exposure factor on the outcome, whereas the vertical axis denotes single-nucleotide polymorphisms 
(SNPs). A negative value implies that the exposure may decrease the risk of the outcome’s occurrence, while a positive value suggests that 
the exposure may elevate the risk of the outcome’s occurrence. The inverse-variance weighted (IVW) method is utilized to assess validity, 
and the Mendelian randomization Egger (MR Egger) method is applied to detect and correct for potential horizontal pleiotropy. 
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analysis indicated that 7.88% of the effect was mediated 

through monocytes (direct effect=-7.908946e-05). 

Conversely, in the context of COPD, the direct effect of 

the aspartate super pathway was -0.1208708. Notably, 

6.27% of this effect was mediated via cDC (with an 

indirect effect of 0.81%). 

 

DISCUSSION AND CONCLUSIONS 
 

Once perceived merely as a digestive organ, the 

gastrointestinal tract has undergone a renaissance  

in scientific exploration, with advancements in 

technology unveiling the profound impact of gut 

microbiota on human health and disease [18]. The 

ubiquitous presence of microbes across many organs in 

the human body suggests potential inter-organ flora 

interactions. The proposition of the “lung-gut axis”  

has sparked novel inquiries into the potential influence 

of gut microbiota on chronic respiratory ailments 

prevalent in the elderly [19]. In our study, we 

meticulously screened genera and metabolic pathways 

associated with Idiopathic Pulmonary Fibrosis (IPF) 

and Chronic Obstructive Pulmonary Disease (COPD), 

identifying the aspartate superpathway through 

intersectional analysis. This pathway encompasses the 

synthesis of various compounds (Supplementary 

Table3, https://biocyc.org/), including amino acids such 

as L-aspartate, lysine, threonine, and methionine, along 

with coenzymes such as S-adenosylmethionine (SAM) 

and nicotinamide adenine dinucleotide (NAD) [20]. 

The clinical significance of the aspartate superpathway 

is mainly reflected in cancer, neurological diseases, and 

cardiovascular diseases. In the treatment of acute 

lymphoblastic leukemia, asparaginase is used as a 

chemotherapy agent to degrade extracellular asparagine, 

thereby inhibiting the growth of leukemia cells. 

Aspartate can also be converted to glutamate through 

transamination. Glutamate is essential for the synthesis 

of glutathione, a key antioxidant that scavenges  

free radicals in nerve cells and reduces oxidative stress. 

In neurodegenerative diseases such as Parkinson’s 

disease, metabolic abnormalities in the aspartate 

 

 
 

Figure 4. The forest plot shows the causal relationship between the aspartate superpathway, cDC, and COPD. OR: odds ratio; 

CI: confidence interval. The relationship between the exposure variable and the outcome is calculated through several functions, including 
MR Egger, weighted median, inverse variance weighted (IVW), simple mode, and weighted mode. Among them, IVW is the primary 
method. 
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superpathway may impair the synthesis of glutathione, 

thereby weakening the antioxidant capacity of nerve  

cells and accelerating disease progression. Similarly,  

in cardiovascular diseases such as hypertension and 

atherosclerosis, disruptions in the aspartate superpathway 

can affect the arginine-NO pathway, leading to  

vascular endothelial dysfunction and promoting disease 

development. 

 

 
 

Figure 5. Forest plot showing the causal effect of each single SNP on total COPD risk. The horizontal axis is employed to quantify 

the magnitude of the impact exerted by the exposure factor on the outcome, whereas the vertical axis denotes single-nucleotide 
polymorphisms (SNPs). A negative value implies that the exposure may decrease the risk of the outcome’s occurrence, while a positive value 
suggests that the exposure may elevate the risk of the outcome’s occurrence. The inverse-variance weighted (IVW) method is utilized to 
assess validity, and the Mendelian randomization Egger (MR Egger) method is applied to detect and correct for potential horizontal 
pleiotropy. 
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IPF and COPD are both chronic, progressive, and 

heterogeneous respiratory diseases that can culminate 

in deteriorating lung function and respiratory failure 

[21]. Emerging research underscores abnormal 

organismal repair mechanisms underlying IPF and 

COPD pathogenesis. The etiology of these diseases 

remains elusive, although genetic predisposition, 

telomere shortening, and mitochondrial damage are 

implicated [22]. Animal models suggest that lifestyle 

and dietary factors can modulate gut microbiota 

composition, thereby influencing pulmonary fibrosis 

progression. Perturbations in glucose-lipid metabolism 

observed in IPF patients highlight the potential 

association of gut microbiota metabolic pathways with 

disease progression [23]. Antibiotic and probiotic 

interventions in COPD treatment exhibit promising 

outcomes by enhancing lung immunity and restoring 

gut microbiota balance, albeit requiring further 

mechanistic elucidation. Increased D-Asp residues in 

COPD patients exacerbate mitochondrial damage, 

accentuating the potential role of aspartic acid in 

common elderly chronic respiratory diseases [24]. 

 

Recent insights underscore the intricate involvement of 

gut microbiota in immune processes through modulation 

of metabolic pathways like short-chain fatty acids, bile 

acids, and tryptophan, with ramifications on distal organs 

[25]. Monocytes, as innate immune cells expressing 

multiple microbial receptors, play pivotal roles in colitis 

[26] and cancer [27] through dectin-1 and STING 

pathway activation by gut microbiota ligands [28]. Our 

study corroborates the significant role of monocytes  

in IPF development, mediated by gut microbiota 

metabolic pathways [29]. Dendritic cells, which are 

proficient antigen-presenting cells crucial in T cell-

mediated immune responses, exhibit elevated quinolinate 

expression after LPS stimulation. It is worth noting that 

this metabolite is associated with the central metabolite 

oxalacetic acid in the aspartate superpathway, providing a 

potential mechanism for our finding [30]. 

 

In summary, our study identified that the alteration of gut 

microbiota is related to the onset of IPF and COPD. 

Specifically, metabolites that result from the aspartate 

superpathway of the gut microbiota can influence 

immune cells including monocytes and cDCs, which will 

subsequently function in IPF and COPD pathogenesis. 

 

Despite our study’s robustness, certain limitations 

warrant acknowledgment. The sample population is 

mainly composed of European cohorts. It may not 

comprehensively and accurately reflect the inherent 

characteristics, genetic profiles, and responses of  
other diverse ethnic and geographical populations. 

Experimental validation is warranted to complement 

our retrospective analysis, urging a longitudinal 

perspective. Nevertheless, our study underscores the 

causal association of the aspartate superpathway with 

COPD and IPF using Mendelian randomization, 

highlighting immune cells as potential mediators 

influencing disease trajectory and offering innovative 

therapeutic avenues for COPD and IPF management. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figure 

 

 

 

 
 

Supplementary Figure 1. Venn diagram showing the numbers of IPF- and COPD-associated gut microbiota pathways. The 
aspartate superpathway (shown by the intersection) is a microbiota metabolic pathway associated with both IPF and COPD. 19 IPF-associated 
and 21 COPD-associated gut microbiota composition were taken to be intersected. 
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Supplementary Tables 
 

Supplementary Table 1. IPF-related gut microbiota and metabolic pathways. 

id name p-value 

GCST90027459 DAPLYSINESYN.PWY..L.lysine.biosynthesis.I 0.0174982873746744 

GCST90027476 GLYCOGENSYNTH.PWY..glycogen.biosynthesis.I..from.ADP.D.Glucose. 0.0258085976949285 

GCST90027520 PWY0.1338..polymyxin.resistance 0.000561305378200455 

GCST90027526 PWY0.781..aspartate.superpathway 0.0378528122088573 

GCST90027537 PWY.5022..4.aminobutanoate.degradation.V 0.0268849216334508 

GCST90027541 PWY.5101..L.isoleucine.biosynthesis.II 0.0381510042823094 

GCST90027562 PWY.5918..superpathay.of.heme.biosynthesis.from.glutamate 0.0321507133378937 

GCST90027590 PWY.6629..superpathway.of.L.tryptophan.biosynthesis 0.00992156423579139 

GCST90027593 PWY.6690..cinnamate.and.3.hydroxycinnamate.degradation.to.2.oxopent.4.enoate 0.00668720180700082 

GCST90027609 PWY.7197..pyrimidine.deoxyribonucleotide.phosphorylation 0.0482522745688315 

GCST90027710 k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Coprococcus 0.0448015037701725 

GCST90027724 k_Bacteria.p_Firmicutes.c_Negativicutes.o_Selenomonadales.f_Veillonellaceae.g_Veillonella 0.0211839781922249 

GCST90027751 k_Bacteria.p_Proteobacteria 0.00766392094032009 

GCST90027767 
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Bacteroidales.f_Porphyromonadaceae.g_Parabacteroides.s_Pa

rabacteroides_goldsteinii 
0.0349290697876317 

GCST90027773 
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Bacteroidales.f_Prevotellaceae.g_Paraprevotella.s_Paraprevot

ella_xylaniphila 
0.0248353543722653 

GCST90027782 
k_Bacteria.p_Firmicutes.c_Bacilli.o_Lactobacillales.f_Lactobacillaceae.g_Lactobacillus.s_Lactobacillus_d

elbrueckii 
0.0128776814690116 

GCST90027803 
k_Bacteria.p_Firmicutes.c_Erysipelotrichia.o_Erysipelotrichales.f_Erysipelotrichaceae.g_Erysipelotrichac

eae_noname.s_Eubacterium_biforme 
0.0123723137486221 

GCST90027805 
k_Bacteria.p_Firmicutes.c_Erysipelotrichia.o_Erysipelotrichales.f_Erysipelotrichaceae.g_Holdemania.s_H

oldemania_unclassified 
0.0334695199585892 

GCST90027822 
k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Bacteroidales.f_Bacteroidaceae.g_Bacteroides.s_Bacteroides_

clarus 
0.0372791341579532 

GCST90027850 
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Lachnospiraceae_noname.s_La

chnospiraceae_bacterium_3_1_46FAA 
0.0103334164682713 

Statistical significance was considered at p < 0.05. 
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Supplementary Table 2. COPD-related gut microbiota and metabolic pathways. 

id name p-value 

GCST90027454 COA.PWY..coenzyme.A.biosynthesis.I 0.0456156517859008 

GCST90027458 CRNFORCAT.PWY..creatinine.degradation.I 0.0450799236171167 

GCST90027460 DENOVOPURINE2.PWY..superpathway.of.purine.nucleotides.de.novo.biosynthesis.II 0.0260102805544053 

GCST90027501 P42.PWY..incomplete.reductive.TCA.cycle 0.00164234790594733 

GCST90027526 PWY0.781..aspartate.superpathway 0.00485565879440769 

GCST90027538 PWY.5088..L.glutamate.degradation.VIII..to.propanoate. 0.0330992473218536 

GCST90027543 PWY.5121..superpathway.of.geranylgeranyl.diphosphate.biosynthesis.II..via.MEP. 0.00763686025662704 

GCST90027585 PWY.6590..superpathway.of.Clostridium.acetobutylicum.acidogenic.fermentation 0.0179446292169535 

GCST90027632 PWY_GLYOXYLATE.BYPASS..glyoxylate.cycle 0.0287543285399453 

GCST90027689 k_Bacteria.p_Actinobacteria.c_Actinobacteria.o_Coriobacteriales.f_Coriobacteriaceae.g_Adlercreutzia 0.0346146070242656 

GCST90027703 k_Bacteria.p_Firmicutes.c_Bacilli.o_Lactobacillales.f_Streptococcaceae.g_Streptococcus 0.0348109428077718 

GCST90027705 k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Clostridiales_noname.g_Flavonifractor 0.0110893986035683 

GCST90027758 
k_Bacteria.p_Actinobacteria.c_Actinobacteria.o_Coriobacteriales.f_Coriobacteriaceae.g_Adlercreutzia.s_Adl

ercreutzia_equolifaciens 
0.0348423554504129 

GCST90027774 k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Bacteroidales.f_Prevotellaceae.g_Prevotella.s_Prevotella_copri 0.0275518765301815 

GCST90027790 k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Eubacteriaceae.g_Eubacterium.s_Eubacterium_eligens 0.0224288748777411 

GCST90027808 
k_Bacteria.p_Firmicutes.c_Negativicutes.o_Selenomonadales.f_Veillonellaceae.g_Veillonella.s_Veillonella_u

nclassified 
0.0469163857617631 

GCST90027817 
k_Bacteria.p_Proteobacteria.c_Gammaproteobacteria.o_Enterobacteriales.f_Enterobacteriaceae.g_Escherichi

a.s_Escherichia_unclassified 
0.0374646593397856 

GCST90027824 k_Bacteria.p_Bacteroidetes.c_Bacteroidia.o_Bacteroidales.f_Bacteroidaceae.g_Bacteroides.s_Bacteroides_dorei 0.0116210412375593 

GCST90027842 k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Butyrivibrio.s_Butyrivibrio_crossotus 0.0411945185417917 

GCST90027845 
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Coprococcus.s_Coprococcus_sp_

ART55_1 
0.0185148218336091 

GCST90027848 k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Dorea.s_Dorea_unclassified 0.0179394856149212 

GCST90027852 
k_Bacteria.p_Firmicutes.c_Clostridia.o_Clostridiales.f_Lachnospiraceae.g_Lachnospiraceae_noname.s_Lach

nospiraceae_bacterium_7_1_58FAA 
0.021748490257721 

Statistical significance was considered at p < 0.05. 
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Supplementary Table 3. Major components of the aspartate 
superpathway. 

MetaCyc-Main compound 

oxaloacetate 

L-aspartate 

2-iminosuccinate 

quinolinate 

β-nicotinate D-ribonucleotide 

nicotinate adenine dinucleotide 

NAD 

L-aspartyl-4-phosphate 

L-aspartate 4-semialdehyde 

(2S,4S)-4-hydroxy-2,3,4,5tetrahydrodipicolinate 

(S)-2,3,4,5-tetrahydrodipicolinate 

N-succinyl-2-amino-6-ketopimelate 

N-succinyl-L,L-2,6-diaminopimelate 

L,L-diaminopimelate 

meso-diaminopimelate 

L-lysine 

L-homoserine 

L-cysteine 

O-succinyl-L-homoserine 

O-phospho-L-homoserine 

L-threonine 

L-cystathionine 

L-homocysteine 

L-methionine 

S-adenosyl-L-methionine 
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