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Background: Chronic Obstructive Pulmonary Disease (COPD) is a major cause of global mortality and disability. Previous research
suggests a relationship between gut microbiota and COPD, yet the causal link remains unclear. Hence, we conducted a dual-sample
Mendelian randomization study to elucidate the impact of gut microbiota on COPD.

Methods: We utilized single-nucleotide polymorphisms (SNPs) as instrumental variables, and the Inverse Variance Weighted
(IVW) method for primary analysis. We explored the causal linkage between gut microbiota species (Coprococcus2,
Holdemanella, Allisonella, Anaerostipes, Lachnospiraceae UCG008, Lachnospiraceac UCGO010, Prevotella9, Marvinbryantia,
Ruminococcaceac UCGO013) and COPD through the analysis of genome-wide association study (GWAS) data sourced from
a Finnish database. Summary data for COPD (6,915 cases and 186,723 controls), Early onset COPD (3,508 cases and 212,197
controls), admission rate of COPD (9,113 cases and 212,292 controls), related infection of COPD (59,925 cases and 159,867
controls), respiratory dysfunction of COPD (1,031 cases and 186,723 controls), were from FinnGen consortium R7 GWAS.
Result: Our analysis revealed statistically significant correlations between several genera and COPD. Coprococcus2 exhibits a consistent
protective role throughout the progression of COPD, evident in both typical COPD [OR=0.750, 95% CI (0.601-0.937)], early-onset cases
[OR=0.686, 95% CI (0.511-0.920)], COPD-related hospitalizations [OR=0.724, 95% CI (0.575-0.910)] and infections [OR=0.301, 95%
CI (0.094-0.961)]. Holdemanella manifests as a consistent risk factor in the COPD incidence [OR=1.211, 95% CI (1.063-1.380)], early-
onset COPD [OR=1.214, 95% CI (1.019-1.446)], COPD hospitalization [OR=1.225, 95% CI (1.072—1.401)] and respiratory impairment
(OR:1.645, 95% CI: 1.198-2.258). Allisonella demonstrates protective attributes in COPD occurrence [OR=0.884, 95% CI (0.794-0.984)].
Genera such as Anaerostipes, Lachnospiraceac UCG008, Lachnospiraceae UCGO010, and Prevotella9 show protective effects specifically in
early-onset COPD. Marvinbryantia and Ruminococcaceae UCGO013 are consistently identified as risk factors in onset of typical COPD.
Conclusion: Mendelian randomization studies confirm a causal link between gut microbiota and various COPD types and complica-
tions, offering new insights into the disease’s pathogenesis, prevention, and treatment.

Keywords: gut microbiota, Mendelian randomization analysis, chronic obstructive pulmonary disease, gut-lung axis

Introduction
Chronic obstructive pulmonary disease (COPD) is a chronic progressive inflammatory disease of the lungs affecting both
large and small airways."> COPD seriously influences the lives and health of people around the world, and has become
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a huge burden on the health of the world.®> The human body has a large number of microorganisms, including bacteria,
fungi and parasites, and the gut is rich in the number and variety of microorganisms.* Research has shown that gut flora
interacts with the lungs to influence the development of lung disease. This phenomenon is known as the “gut-lung
axis.”>® This interaction mainly focuses on immune regulation and inflammatory responses. Viral infection in the lungs
may lead to impaired innate immune function and cause dysbiosis of the intestinal flora, thereby weakening the intestinal
barrier function. Conversely, changes in the intestinal flora may not only affect the immune function of the lungs and
intensify systemic inflammatory responses, but also increase the risk of superinfection.” Many recent studies have
revealed an association between gut flora and lung disease. Liu et al analyzed the correlation between genome
sequencing results of fecal samples from 7115 patients and the incidence of asthma and COPD after 15 years, and
found that gut flora, such as Escherichia, Enterococcus, Clostridium, Veillonella, is an important risk factor for asthma
and COPD.” Yu-Chi Chiu et al showed that Fusobacterium and Aerococcus were more abundant in severe COPD
patients’ gut microbiota, according to 16S rRNA sequencing of the fecal microbiomes of patients with COPD.® Bacterial
genera are significantly reduced in the intestinal flora of patients with COPD, including the genera Bacteroides and
Roseburia in the family Lachnospiraceae. Gut flora plays an important role in the development of COPD, and an increase
or decrease in the abundance of certain specific bacteria may lead to the development or even aggravation of COPD. In
summary, existing research has preliminarily demonstrated that patients with COPD exhibit reduced gut microbiota
diversity and compositional imbalance, highlighting the potential involvement of the gut-lung axis in the onset and
progression of the disease. However, most studies to date have been cross-sectional in nature, focusing primarily on the
associations between microbial alterations and clinical features of COPD, while lacking in-depth analysis of causal
relationships. Notably, there remains a significant gap in understanding whether the gut microbiota contributes to the
development and exacerbation of COPD and its complications—such as disease progression, hospitalizations, and
infections—through modulation of systemic inflammation, immune responses, or metabolic pathways. Moreover, current
evidence supporting the efficacy of microbiota-targeted interventions in improving COPD outcomes remains limited.
Therefore, further investigation of the gut—lung axis is warranted to better characterize gut microbial alterations in COPD
patients and to elucidate the causal mechanisms underlying these changes. Such research is of great importance for
developing early intervention strategies and novel therapeutic approaches for COPD and its associated complications.
Mendelian randomization (MR) analysis uses genetic variation as an instrumental variable to infer whether there is
a causal relationship between risk factors and health outcomes.” Mendelian randomization studies using randomly
assigned genetic variants at conception are more rational and stable than other observational studies.'®'' The
Mendelian randomization approach has been widely used to investigate potential causal relationships between the gut
microbiota and a variety of diseases in multiple systems of the body, including neuropsychiatric disorders,'*"?
autoimmune disorders,'* and metabolic disorders.'® This approach is effective in exploring causality between the factors
of interest and outcomes. Concerning the relationship between the gut microbiota and COPD, a number of studies have
confirmed a causal relationship between changes in certain gut microbiota and COPD.'®!” However, fewer studies have
explored the causal relationship that exists between the gut microbiota and the onset and further progression of COPD.
MR offers unique advantages in exploring the causal relationship between gut microbiota and COPD and its complica-
tions. On one hand, the composition of the gut microbiota is influenced by a variety of environmental and lifestyle
factors, such as diet, medication use, and smoking, which are difficult to fully control for in traditional cohort studies due
to potential confounding. On the other hand, as a chronic progressive disease, COPD itself may alter gut microbiota
composition, thereby introducing the risk of reverse causality. MR, by employing genetic variants (eg, single nucleotide
polymorphisms [SNPs] identified through genome-wide association studies) associated with specific gut microbial taxa
as instrumental variables, can theoretically overcome these limitations. This approach provides more robust evidence for
assessing the potential causal role of gut microbiota in the development and progression of COPD and its related
complications. In this study, we performed two sample MR Analyses to explore potential causal relationships between
gut microbiota and COPD development, infection exacerbation, and hospital admission. This study revealed a potential
causal relationship between some gut bacteria and the development of COPD, and hoped to provide new treatment

options for treating COPD and preventing infection exacerbations.
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Materials and Methods

Study Design

The Mendelian Randomization is based on three key postulated conditions, as shown in Figure 1. The first point is the
Associative Hypothesis, which means that genetic variations must be strongly associated with the exposure factors.
The second hypothesis is the Independence Hypothesis, which asserts that genetic variations are independent of
confounding factors. The third assumption is the Exclusivity Hypothesis, which means that genetic variations can only
influence outcomes through exposure factors. (Figure 1).

Data Sources

The research harnessed GWAS summary data from the MiBioGen database to study the gut microbiota, focusing on
a comprehensive genetic analysis of 211 taxa. From this pool, 15 microbial taxa lacking specific species names were
omitted. This left a refined categorization of six taxonomic groups at the level of 9 phyla, 16 classes, 20 orders, 31
families, and 119 genera. However, the study’s final analysis was conducted exclusively at the genus level. Detailed
investigations were conducted on organisms such as (Coprococcus2, Holdemanella, Allisonella, Anaerostipes,
Lachnospiraceae UCGO008, Lachnospiraceac UCGO010, Prevotella9 and so on), with SNPs having (P< 5e-5) used as
instrumental variables.

GWAS summary data on COPD (6,915 cases and 186,723 controls), Early onset COPD which typically defined as
diagnosis before the age of 50 with a smoking history of at least 10 years'®!'? (3,508 cases and 212,197 controls),
admission rate of COPD (9,113 cases and 212,292 controls), related infection of COPD (59,925 cases and 159,867
controls), respiratory dysfunction of COPD which was evaluated using the Nijmegen Questionnaire, a validated tool
comprising 16 items, each rated on a scale from 0 to 4 and a total score exceeding 23 is indicative of clinically significant
respiratory dysfunction® (1,031 cases and 186,723 controls), were obtained from results of the GWAS on the FinnGen
consortium R7. Detailed data on the involved cohorts, genotypes, endpoint definition, and association test in the FinnGen
consortium are available on the FinnGen webpage.

Instrumental Variable Selection
The selection of instrumental variables involved the following criteria (1) Selection of Potential Instrumental Variables:
SNPs associated with each genus were chosen if they met the locus-wide significance threshold (P < 1 x 107-5). (2)
Calculation of Linkage Disequilibrium: European samples data from the 1000 Genomes Project were used as a reference
panel to compute linkage disequilibrium between SNPs. Among SNPs with an 2 < 0.001 (using a clumping window
size of 10,000 kb), only those with the lowest P-values were retained. (3) Exclusion of Low Minor Allele Frequency
SNPs: SNPs with a minor allele frequency (MAF) < 0.01 were excluded. (4) Treatment of Palindromic SNPs: In cases
where palindromic SNPs were present, the alleles on the forward strand were inferred using allele frequency information.
The strength of these instrumental variables was assessed by calculating the F-statistic using the formula F = R” x (N
-1-K)/[(1-R"2) x K], where R"2 represents the proportion of variance in the exposure explained by the genetic
variants, N represents the sample size, and K represents the number of instruments. If the corresponding F-statistic was
greater than 10, it was considered that there was no significant weak instrumental bias.

Independence Hypothesis
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genetic variations(snp) > exposure factors > outcomes
' i
4 '

L R :
Exclusivity Hypothesis

Figure | A classic designing process of Mendelian randomizations. The arrows in the DAGs depict causal relationships between two variables, indicating causality from the
cause to the effect. If an “X” is present on an arrowed line, it signifies that a causal pathway is blocked.
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Mendelian Randomization Analysis
We employed four different methods for conducting MR analysis, which included the following: inverse variance
weighted (IVW), multiplicative random effects (MR-Egger), weighted median, and weighted mode.

IVW, being the most commonly used and efficient method, was chosen as the primary analysis for this study. This
choice was made because IVW provides the estimate with the highest statistical power, under the assumption that all
SNPs used are valid instrumental variables. However, in cases where the assumption of no pleiotropy is violated, MR-
Egger offers a more robust alternative. MR-Egger regression is a commonly used complementary method in MR studies,
primarily employed to detect and correct for bias introduced by horizontal pleiotropy among genetic instrumental
variables. Unlike the IVW method, MR-Egger allows for consistent estimation of causal effects under the less stringent
InSIDE (Instrument Strength Independent of Direct Effect) assumption. It can assess the presence of directional
pleiotropy, indicated by a non-zero average pleiotropic effect of the genetic variants.”' However, MR-Egger generally
has lower statistical power than IVW and is more sensitive to outliers,>* potentially leading to unstable estimates. To
examine the presence of pleiotropy and assess the robustness of our results, we conducted an MR-Egger intercept test. It
is important to note that when multiple genetic variants influence the outcome through a shared confounding pathway,
MR-Egger may be more susceptible to bias than the IVW method and may exhibit an increased Type I error rate.”'** The
weighted median, and weighted mode methods each have their respective strengths and limitations. Their applicability
depends on the specific research question and the data available. To ensure the robustness of our findings, we also
conducted supplementary analyses using these three methods.

Our sensitivity analysis was conducted to verify the stability and reliability of our research findings. In our MR
analysis of all microbial communities, we utilized four MR methods, which included IVW, Weighted median, MR-Egger,
and Simple Mode. Additionally, we also conducted tests for heterogeneity and horizontal pleiotropy to further ensure the
stability of the results. Furthermore, we also employed Leave-One-Out cross-validation to assess the robustness of the
instrumental variables for each genus. To reduce the risk of false-positive results, we applied false discovery rate (FDR)
correction for multiple testing on associations with IVW-MR p values < 0.05.

All MR analyses were executed using R (version 4.1.2) with the R packages (TwoSampleMR and MRPRESSO).

Results
The Occurrence of COPD and Early Onset COPD

During the progression of COPD, the microbial community Coprococcus2 has shown a significant protective effect in the
occurrence of both common COPD and early-onset COPD. Specifically, using the IVW method for analysis, the odds
ratio (OR) for COPD incidence is 0.750 (95% CI: 0.601-0.937), and for early-onset COPD, the OR is 0.686 (95% CI:
0.511-0.920). On the other hand, the microbial genus Holdemanella has been identified as a risk factor in the
development of both COPD and early-onset COPD, with corresponding OR values of 1.211 (95% CI: 1.063—1.380)
and 1.214 (95% CI: 1.019-1.446). (Figures 2 and 3).

Allisonella, exhibits a protective role in the development of COPD. The odds ratios (OR) from all four MR methods are
less than 1, with the OR from the IVW method being 0.884 (95% CI: 0.794—0.984). Other genera, such as Anaerostipes,
Lachnospiraceae UCGO008, Lachnospiraceac UCGO010, and Prevotella9, show protective effects in the context of early-
onset COPD. Conversely, in the development of COPD, Marvinbryantia and Ruminococcaceae UCGO13 are identified as
risk factors. However, for some genera, although the IVW method results suggest risk, differences exist between the results
obtained from other MR methods. Therefore, the stability of their outcomes requires further investigation.

COPD-Related Complications, Such as Admission Rate, Respiratory Dysfunction, and

Infections

In the context of COPD-related hospitalization and infections, the microbial genus Coprococcus2 continues to exhibit
a protective effect with OR values of 0.724 (95% CI: 0.575-0.910) and 0.301 (95% CI: 0.094-0.961) using the IVW
method. However, caution is warranted regarding this conclusion, as the OR values from the MR Egger method
significantly exceed 1. (Figures 4 and 5).
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Figure 2 Forest plot of the causal effect of gut microbiota on the occurrence of COPD. in the analysis based on weighted mode methods, weighted median, multiplicative
random effects (MR-Egger) and inverse variance weighted (IVW).
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Figure 3 Forest plot of the causal effect of gut microbiota on the occurrence of early onset COPD in the analysis based on weighted mode methods, weighted median,
multiplicative random effects (MR-Egger) and inverse variance weighted (IVW).

On the other hand, for COPD hospitalization or respiratory impairment, the microbial genus Holdemanella consis-
tently demonstrates a stable risk effect, with OR wvalues of 1.225 (95% CI: 1.072-1.401) and 1.645 (95% CI:
1.198-2.258) using the IVW method. (Figures 4 and 6).

Other genera, such as Allisonella, Marvinbryantia, and Ruminococcaceae UCGO013, among others, each exhibit their
respective protective or risk effects in relation to COPD-related hospitalization. Additionally, various other genera show
significant impacts on respiratory impairment or infection. (Figures 4-6).

Sensitivity Analysis

We conduct sensitivity analysis to confirm the stability and reliability of the results obtained in our research. In the MR
analysis of all microbial communities, we employed four MR methods, including IVW, Weighted Median, MR-Egger,
and Simple Mode. Furthermore, we conducted examinations for heterogeneity and horizontal pleiotropy as an additional
measure to ensure the stability of our findings. Despite demonstrating a protective effect against COPD in the IVW,
Weighted Median, and Simple Mode methods, the protective effect of Coprococcus? is not pronounced in the MR-Egger
method. This may suggest that the MR-Egger method is more susceptible to the influence of weak instrument strength.
The two bacterial groups, Holdemanella and Allisonella, consistently demonstrated results across all four MR methods,
suggesting the stability of their effects in the development and early onset of COPD. Other genera, such as Anaerostipes
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Figure 4 Forest plot of the causal effect of gut microbiota on the admission rate of COPD in the analysis based on weighted mode methods, weighted median, multiplicative
random effects (MR-Egger) and inverse variance weighted (IVW).
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Figure 5 Forest plot of the causal effect of gut microbiota on the related infections of COPD in the analysis based on weighted mode methods, weighted median,
multiplicative random effects (MR-Egger) and inverse variance weighted (IVW).

and Lachnospiraceac UCGO008, exhibited significant differences in their results across different MR methods. This could
be attributed to the potential existence of non-linear causal relationships within these genera or the relatively weaker
instrument strength of their instrumental variables. Besides, we employed the Leave-One-Out cross-validation method to
assess the robustness of instrumental variables for each genus. Through the systematic process of individually excluding
each instrumental variable and observing changes in the results, we observed that the majority of instrumental variables
had a minimal impact on the stability of the outcomes. However, there were still a few instrumental variables that may
have a significant impact on the results for certain genera.

Discussion

More and more studies are showing that interactions between gut bacteria and the lungs are closely related to COPD.%*
Some clinical studies have collected feces from patients with COPD for gene sequencing to analyze the relationship
between gut bacteria and COPD.?> However, most of them are cross-sectional studies in which the patients are already in

a disease situation at the time of specimen collection, and it is not possible to determine a causal relationship between the
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Figure 6 Forest plot of the causal effect of gut microbiota on the respiratory dysfunction in COPD in the analysis based on weighted mode methods, weighted median,
multiplicative random effects (MR-Egger) and inverse variance weighted (IVW).

changes in gut bacteria and COPD.” Some other studies, analyzed the existence of an association between gut bacteria
and COPD by MR study, however, these studies were mostly limited to the occurrence of COPD.'7?%?” To the best of
our knowledge, we are the first large-scale comprehensive Mendelian randomization study designed to explore the causal
relationship between the presence of specific gut bacteria and the occurrence, progression, and severity of COPD. Using
MR study, the study reveals that some specific gut bacteria play a very important role in the occurrence and development
of COPD. This will likely help in diagnosing COPD at an early stage, predicting the progression of the disease and
providing important treatment targets.

In our study, we found that two flora had significant protective effects in the occurrence and development of COPD,
among which Allisonella flora had a significant protective effect in the occurrence of COPD and early occurrence of
COPD with good stability of the results. Coprococcus2 flora showed a significant protective effect in both common
COPD and early occurrence COPD. However, Holdemanella flora showed risk factor in both occurrence and develop-
ment of COPD with more stable results. In addition to this there were other flora that showed protective or risk factors.

In the present study, we found that Allisonella flora has a protective role in the development of COPD. Allisonella
flora is a special genus of bacteria in the human gut, which can metabolize and produce histamine, inhibit intestinal
microbial ectasia, and promote intestinal mucosal repair.'”*® A Mendelian randomization analysis in a previous study
suggested a potential inverse causal relationship between the genus Allisonella and COPD, indicating that the presence of
Allisonella may be associated with a reduced risk of developing COPD.'” Having Allisonella flora in normal proportions
helps to maintain the stability of the intestinal microflora, maintains normal intestinal barrier function, and inhibits the
onset and progression of COPD.>® However, in a study investigating gut microbiota characteristics across individuals
with varying levels of systemic inflammation, Paula et al observed a significant increase in the relative abundance of the
genus Allisonella among those with higher inflammatory indices.*® This finding suggests that Allisonella may play
a potential role in the onset and progression of COPD by promoting inflammatory responses. These conflicting findings
highlight the complexity of Allisonella’s role in COPD, suggesting that its effects may be context-dependent, potentially
influenced by host genetics, microbial interactions, or environmental factors. These results indicate the possibility of
targeting Allisonella as a novel therapeutic strategy for the prevention or treatment of COPD. However, current research
on Allisonella remains limited, and the underlying mechanisms by which it may influence COPD development and
progression require further investigation.

Coprococcus? flora is an important member of the thick-walled bacterial phylum Trichoderma, an important genus of
bacteria in the intestine. Most studies on Coprococcus?2 intestinal flora have focused on neuropsychiatric disorders such
as depression, Parkinson’s disease, and autism.’' > However, in recent years, studies have also found that Coprococcus2
flora has a protective effect against COPD disease.'” In our study, Coprococcus2 flora showed significant protection in
the development of both common COPD and early-onset COPD, as well as in COPD-associated hospitalizations and
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infections. It may be due to the fact that in the gastrointestinal tract C. faecalis is able to ferment carbohydrates and
produce metabolites such as butyric and acetic acid, which inhibit the growth of harmful intestinal flora and maintain the
stability of the intestinal flora. This finding may suggest that the genus Coprococcus2 represents a novel target for
interventions aimed at preventing or treating the development and progression of COPD and its associated complications.

Holdemanella, a strictly anaerobic, Gram-positive bacterium belonging to the phylum Firmicutes, is predominantly found
in the human gut but can also be detected in the gastrointestinal tracts of animals. Previous studies have indicated that
Holdemanella may play a role in various diseases, including diabetes, cognitive impairment, and colorectal cancer.**>° Du
and Zhou et al identified Holdemanella as a potential risk factor for COPD,?”*® which is consistent with our findings. Notably,
Holdemanella abundance was found to be negatively correlated with levels of propionate and isobutyrate, suggesting
a possible pro-inflammatory role in the progression of COPD. However, the underlying mechanisms remain to be elucidated.
Contrarily, some studies have reported a trend toward a protective effect of Holdemanella against COPD.*® Therefore, the
precise role of Holdemanella in the onset and progression of COPD remains unclear, warranting further mechanistic
investigations to clarify its functional impact.

Anaerostipes is a genus of anaerobic bacteria belonging to the phylum Firmicutes and the class Clostridia. Species within
this genus are typically anaerobic and colonize the human gut, where they break down indigestible dietary fibers to produce
short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate. These SCFAs play a crucial role in maintaining gut
health by providing energy, preserving intestinal barrier function, and regulating immune responses.*” Studies have shown that
Anaerostipes can prevent milk allergy in mice. Butyrate-producing anaerobic bacteria can facilitate the colonization and
modulation of distinct resident microbiota, as well as regulate the host’s immune response to food antigens.*' This study
suggests that Anaerostipes may exhibit a protective effect against early-onset COPD, potentially through the production of
SCFAs that regulate immune responses and suppress inflammation. This implies that increasing the abundance of Anaerostipes,
or supplementing with prebiotics or probiotics to enhance SCFA production, could help restore gut microbiome balance and
reduce systemic inflammation, offering a potential therapeutic strategy for mitigating the onset of early-onset COPD.

Marvinbryantia is a relatively novel and less extensively studied genus of anaerobic gut bacteria, classified within the
phylum Firmicutes, class Clostridia, order Clostridiales, and family Lachnospiraceae. Members of this genus are
primarily identified in the gastrointestinal tracts of humans and animals, where they may play important roles in
maintaining microbial homeostasis and contributing to the synthesis of key metabolic products. Several studies have
identified associations between Marvinbryantia and various diseases, including Alzheimer’s disease, type 2 diabetes,
diabetic nephropathy, and liver cirrhosis.**** Currently, research on the association between Marvinbryantia and COPD
remains limited, and whether Marvinbryantia plays a role in the development of COPD is still unclear. However, some
studies have reported a positive correlation between Marvinbryantia and pro-inflammatory cytokines.* In line with our
findings that Marvinbryantia may act as a risk factor for COPD development, this suggests that it could contribute to the
progression of COPD through modulation of inflammatory responses.

In conclusion, our findings suggest that gut microbial genera such as Coprococcus2, Allisonella and Marvinbryantia
hold promise as potential targets or biomarkers for COPD intervention. Modulating the gut microbiota through dietary
strategies, prebiotics, or other microbiota-directed approaches could offer novel avenues for mitigating disease progres-
sion in COPD patients and may even contribute to the prevention of disease onset.

In our study, we applied FDR correction to control for the potential risk of false positives due to testing multiple
genera. Although most associations did not reach statistical significance after correction, we observed consistent trends
across different COPD outcomes for several genera. These trends are biologically plausible and have been reported in
previous literature. Given that our study represents an exploratory Mendelian randomization analysis in the field of
microbiome research where host-microbiota interactions are inherently complex, we believe these findings offer valuable
insights and may inform future large-scale, multi-population studies.

We have several strengths in this study as follows. First, we used a two-sample Mendelian analysis to
investigate the causal relationship that exists between gut microflora and COPD disease. Secondly, we investigated
the causal associations that exist between gut flora and multiple outcomes of the onset and progression of common
COPD and early-onset COPD. Traditional observational studies are susceptible to confounding factors and reverse
causality, making the causal associations weak, but Mendelian analyses using an instrumental variable approach
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are more effective in deriving causal associations. In addition, we used GWAS database data for the study, which
covers multiple populations and has a wider applicability of the results, and we used a combination of four
analyses, IVW, Weighted median, Simple Mode, and MR-Egger, to make the results more stable.

However, several limitations of this study should be acknowledged. First, the population included in the underlying
GWAS dataset was exclusively of European ancestry. Given potential genetic and gut microbiota differences across
ethnic groups, the generalizability of our findings to non-European populations may be limited. Second, weak instrument
bias in MR studies can lead to underestimation of causal effects and reduced statistical power. Finally, the proportion of
variance in microbial exposure explained by genetic variants is relatively small, which may constrain the interpretability
and clinical applicability of the observed causal estimates.

Conclusion
In conclusion, we systematically assessed the causal relationship that exists between the gut microbiota and COPD through
two-sample MR analysis of data from the GWAS, identifying pathogenic and protective flora associated with the occurrence
of common COPD and early-onset COPD and associated complications. This study provides genetic evidence supporting the
causal role of gut microbiota in the pathogenesis of COPD, reinforcing the importance of the gut-lung axis in the development
of chronic lung diseases. The identified microbial taxa may serve as potential targets for future COPD prediction, biomarker
screening, and microbiota-based intervention strategies, such as probiotics or dietary fiber supplementation. However, despite
the strengths of Mendelian randomization in mitigating confounding and reverse causality, this study is still limited by
population heterogeneity and genetic pleiotropy, and further functional validation is needed to confirm these findings.
Overall, causal inference based on Mendelian randomization supports the gut microbiota as a crucial regulatory factor
in COPD prevention and treatment, suggesting that modulating the gut microbiome may offer novel approaches for early
intervention and personalized therapy for COPD.
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