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Abstract

Background Altered gut microbiota may contribute to COPD development or progression. Herein, we
investigated the association of gut microorganisms with COPD, taking into account the impact of smoking
status.

Methods This cross-sectional observational study was a part of the Shiga Epidemiological Study of
Subclinical Atherosclerosis, a population-based cohort study of Japanese men aged 46-76 years, conducted
from 2010 to 2016. The gut microbiome, determined using 16S rRNA gene sequencing, was compared
among 99 never-smokers, 306 non-COPD ever-smokers and 76 patients with COPD while adjusting for
age, body mass index, ethanol consumption and treatment for type 2 diabetes mellitus.

Results The abundance of phylum Firmicutes was comparable between patients with COPD and non-
COPD ever-smokers but tended to be higher in never-smokers. Similarly, the o~ and B-diversity analysis
showed similarity between patients with COPD and non-COPD ever-smokers, which tended to differ from
never-smokers. Discriminant analysis identified the genus [Prevotella] to be more prevalent in patients
with COPD than in never-smokers or non-COPD ever-smokers. Post hoc analysis confirmed similarity of
gut microbiome between COPD Global Initiative for Chronic Obstructive Lung Disease (GOLD) I and
non-COPD ever-smokers, which was different from GOLD II.

Conclusion Smoking may alter the overall gut microbial composition, but gut microbial composition itself
may not play a role in the development of COPD. Rather, specific gut bacteria, such as [Prevotella], could
be a risk factor for the development of COPD; this may be a potential therapeutic target.

Introduction

COPD, characterised by persistent respiratory symptoms and airflow limitation [1], is a leading cause of
morbidity and mortality worldwide [2]. COPD is typically caused by tobacco smoke and other noxious
particles or gases. However, genetic factors [3], autoimmunity [4] and airway microbiota [5] may also
contribute to the pathogenesis of COPD, since 25% of ever-smokers (current and former smokers) develop
COPD [6]. At present, the pathogenesis of COPD has not been fully clarified.

The human gut is colonised by many microorganisms, which, through interaction with each other and with
the host, form a microbial community termed the microbiota [7]. Imbalance of the gut microbiota, or gut
dysbiosis, is caused by numerous factors, including host factors such as medication use and tobacco
smoking [8-10]. Gut dysbiosis may cause disorders such as obesity, diabetes or inflammatory bowel
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disease [7]. Recently, several studies have evaluated the association between the gut microbiome and
COPD, hypothesising that an altered gut microbiota contributes to the development or progression of
COPD [11-13]. However, these studies either excluded non-COPD participants or included both never-and
ever-smokers as the non-COPD controls. Therefore, the effects of COPD and smoking history could not be
evaluated separately.

The Shiga Epidemiological Study of Subclinical Atherosclerosis (SESSA) was a prospective cohort study
of a relatively large random sample from a general population of Japanese men living in Kusatsu City,
Shiga, Japan [14, 15]. Although SESSA was originally conducted to investigate atherosclerosis, it also
included information regarding pulmonary function and the gut microbiome. Utilising these data, we
conducted the present study to examine the association of gut microorganisms in patients with COPD in
comparison to that in never-smokers and ever-smokers without COPD.

Materials and methods

Participants

This cross-sectional observational study was conducted as a part of a SESSA follow-up survey. The
SESSA participants underwent physical measurements and interviews regarding smoking from 2010 to
2014, pulmonary function tests from 2014 to 2015, and provided faecal samples from 2015 to 2016.
Participants who underwent both pulmonary function and gut microbiology tests were considered eligible.

This study was performed in accordance with the Declaration of Helsinki. The study protocol was
approved by the ethics committee of the Shiga University of Medical Science (approval no. G2008-061).
All participants provided written informed consent to participate in this study.

General characteristics

The following information collected from the participants was analysed: age, height, weight, body mass
index (BMI), smoking habits and amount of ethanol consumption per week. In addition, participants were
asked if they were under treatment for type 2 diabetes mellitus (T2DM).

Pulmonary function tests

Pulmonary function tests were performed according to the recommendations from the American Thoracic
Society/European Respiratory Society [16]. The predicted values for spirometry were calculated using the
formula provided in the Japanese Respiratory Society guidelines [17]. Patients with COPD were identified
based on smoking exposure and airflow limitation of forced expiratory volume in 1s (FEV,) over forced
vital capacity <70% after bronchodilator use according to the Global Initiative for Chronic Obstructive
Lung Disease (GOLD) [1].

For the post hoc analysis, we subgrouped patients with COPD based on GOLD stages; GOLD I, FEV,
>80% predicted; GOLD II, FEV; >50% and <80% predicted; GOLD III, FEV;% >30% and <50%
predicted; and GOLD IV, FEV; <30% predicted.

Gut microbiome estimation

Participants collected their faeces in brush-type faecal collection containers (TechnoSuruga Laboratory Co,
Shizuoka, Japan) [18]. DNA was extracted from stool samples using the bead-beating method [19].
Subsequently, the bacterial 16S ribosomal RNA gene V3-V4 region was amplified using the polymerase
chain reaction method, and DNA sequencing was performed on a MiSeq System (Illumina, Inc., San
Diego, CA, USA).

The output of the sequencer was processed using the FASTX toolkit (http:/hannonlab.cshl.edu/fastx_
toolkit/), Sickle (https:/github.com/najoshi/sickle), FLASH [20] and the UCHIME algorithm of
USEARCH [21]. We identified operational taxonomic units (OTUs) on Qiime [22] with Greengenes
(version 13_8) [23] as the reference database. The microbiome data of each participant was sampled to
equalise to 9247 reads. Intra-individual diversity indices of the gut microbiome (o-diversity index), i.e.,
number of unique OTUs, Chaol and Shannon diversity index, were calculated using the R vegan package
(https:/cran.r-project.org/web/packages/vegan/index.html).

Statistical analysis

Summary statistics were evaluated using the Wilcoxon rank-sum and Chi-squared tests. To compare the
overall gut microbial compositions between participants with and without COPD, we performed principal
coordinate analysis and permutational analysis of variance (ANOVA) based on Bray—Curtis dissimilarity
using the R vegan package. To identify gut microorganisms whose abundance in patients with COPD was
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different from never-smokers or non-COPD ever-smokers, we used sparse partial least-squares discriminant
analysis (sPLS-DA) [24]. We selected 10 genera whose absolute values of loadings were highest and
further compared them using the Wilcoxon rank-sum test. p-values were corrected for multiple comparison
by the method of Benjamini and Hochberg. For the same purpose, we also used the analysis of
composition of microbiomes (ANCOM) and considered W/(number of genera tested — 1)>0.70 as
statistically significant [25]. We used the R packages mixOmics for sPLS-DA (www.bioconductor.org/
packages/release/bioc/html/mixOmics.html) and analysis of composition of microbiomes with bias
correction (ANCOMBC) for ANCOM (www.bioconductor.org/packages/release/bioc/html/ANCOMBC.html).

When appropriate, we performed analyses while adjusting for age, BMI, amount of ethanol consumption
per week (grammes per week) and treatment for T2DM. We used ANOVA to determine whether adding
smoking status, i.e. current or former smokers, to a model improved the model fitting by testing
significance of reduction in sum of squared residuals. p-values <0.05 were considered statistically
significant. Data handling, plotting and statistical analyses were performed using R version 4.3.2 (www.
r-project.org/) and RStudio version 2023.3.1.446 (Posit Software, Boston, MA, USA) with the tidyverse
package (www.tidyverse.org/).

Additional methodological details are provided in the supplementary material.

Results

Study profile

Figure 1 presents the participant screening process. Of the 853 SESSA study participants, 495 underwent
both pulmonary function tests and faecal examination. Of these, 14 participants were excluded because
information on either ethanol consumption or T2DM treatments was not available. Subsequently, 481
participants were included in the analysis, comprising 99 never-smokers, 306 non-COPD ever-smokers and
76 patients with COPD.

Table 1 shows the characteristics of the study participants. All participants were men, reflecting the
participant recruitment strategy of SESSA. There were no significant differences in age. BMI tended to be
lower in patients with COPD compared with never-smokers and non-COPD ever-smokers. Patients with
COPD and non-COPD ever-smokers consumed a similar amount of ethanol, which was significantly
greater than that consumed by never-smokers. Patients with COPD were more likely to be current smokers

853 participated in SESSA
2010-2014

304 did not undergo PFT

y

549 underwent PFT
2014-2015

54 did not undergo
faecal examination

y

495 underwent faecal examination
2015-2016

14 did not have information on
» ethanol consumption or T2DM

v treatments
481 were included in the analysis
2020-2021
99 306 non-COPD 76 patients with
never-smokers ever-smokers COPD

FIGURE 1 Study participant screening process. SESSA: Shiga Epidemiological Study of Subclinical
Atherosclerosis; PFT: pulmonary function test; T2DM: type 2 diabetes mellitus.
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TABLE 1 Characteristics of participants in this analysis

Characteristic Never-smokers Non-COPD ever-smokers COPD p-value
Participants n 99 306 76
Age years 66.3x7.9 66.6+7.1 66.916.3 0.9
Height cm 165.94£5.6 166.4+5.7 166.9+5.0 0.5
Weight kg 65.1£9.1 65.3£9.7 63.5£8.5 0.3
BMI kg~m_2 23.6+2.7 23.5+3.0 22.8+2.7 0.086
Smoking status <0.001

Current 0 (0) 67 (22) 27 (36)

Former 0 (0) 239 (78) 49 (64)

Never 99 (100) 0 (0) 0 (0)
Smoking history pack-years 0.0£0.0 30.4123.1 45.2+30.6 <0.001
Ethanol consumption g-week ™ 91.6£112.7 173.3+183.5 157.1+168.1 <0.001
Under treatment for T2DM 11 (11) 46 (15) 4 (5.3) 0.063
FVC % predicted 95.5+13.3 93.9£13.6 99.4+17.8 0.012
FEV; % predicted 90.4+12.7 89.1+12.6 77.7£15.1 <0.001
FEV,/FVC % 77.0£5.6 77.045.1 63.446.3 <0.001

Data are presented as meanzsp or number (percentage in the corresponding group). BMI: body mass index;
T2DM: type 2 diabetes mellitus; FVC: forced vital capacity; FEV;: forced expiratory volume in 1s.

with a higher smoking index compared to non-COPD ever-smokers. Patients with COPD were less likely
to be undergoing treatment for T2DM compared with never-smokers and non-COPD ever-smokers. FEV;
values were lower in patients with COPD than in non-COPD participants, as expected. In the COPD
group, 33 patients were stage I, 40 were stage II, two were stage III and one was stage IV, based on the
GOLD classification [1].

Diversities of gut microbiome

At the phylum level, the abundance of Firmicutes differed significantly among the three groups (p=0.025
by the ANCOVA model with adjustment for age, BMI, amount of ethanol consumption and treatment for
T2DM,; figure 2). The abundance of Firmicutes tended to be less in patients with COPD and non-COPD
ever-smokers compared with never-smokers (p=0.074 for patients with COPD and p=0.026 for non-COPD
smokers in comparison to never-smokers by post hoc Tukey test) but was comparable between patients
with COPD and non-COPD ever-smokers (p=0.96).

o-Diversity indices, number of unique OTUs, Chaol index and Shannon index, were significantly lower in
patients with COPD and tended to be lower in non-COPD ever-smokers than never-smokers. These indices
did not significantly differ between patients with COPD and non-COPD ever-smokers (figure 3 and
supplementary tables S1-S6). Including current smoking status, i.e. either current or former smokers, in
the statistical model to compare patients with COPD and non-COPD ever-smokers did not improve the
statistical model fitting (p=0.25, 0.36 and 0.53 by ANOVA for the models to predict number of species,
Chao-1 and Shannon index, respectively), indicating that current smoking status had no significant effects
on these diversity indices.

In the B-diversity analysis, the gut microbial composition of the three groups tended to be different
(p=0.057 by the permutational ANOVA after adjustment for age, BMI, amount of ethanol consumption
and treatment for T2DM; figure 4 and supplementary table S7). Pairwise analysis showed that the
composition of patients with COPD and non-COPD ever-smokers was similar (p=0.377 between patients
with COPD and non-COPD ever-smokers) but differed from that of never-smokers (p=0.057 between
never-smokers and non-COPD ever-smokers, and p=0.023 between never-smokers and patients with
COPD, respectively, by permutational ANOVA adjustment for age, BMI, amount of ethanol consumption
and treatment for T2DM; supplementary tables S8-S10).

Identification of genera with different abundances in patients with COPD compared to never-smokers
or non-COPD ever-smokers

To identify genera whose abundance differed between patients with COPD and never-smokers, we performed
SsPLS-DA and chose the 10 genera with the highest absolute loadings on the axis to differentiate these two
groups (figure 5a). Among them, the abundance of genera Anaerostipes, Bulleidia, Bilophila,
Dehalobacterium and Ruminococcus was significantly lower in patients with COPD, while genus [Prevotella],
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FIGURE 2 Composition of gut microbiome at the phylum level. Proportion of gut microbiome at the phylum
level in each participant was averaged for never-smokers (n=99), non-COPD ever-smokers (n=306) or patients
with COPD (n=76).

which was proposed to be affiliated with the family [Paraprevotellaceae] by the Greengenes database, was
significantly more abundant in patients with COPD compared to never-smokers. The ANCOM model with
adjustment for age, BMI, amount of ethanol consumption and treatment for type 2 diabetes did not detect any
genera whose abundance was significantly different between patients with COPD and never-smokers.

While the similarity of a- and B-diversities in the gut microbiome between patients with COPD and
non-COPD ever-smokers indicated that the abundance of most of the components of the gut microbiota was
similar between these two groups, there was still a possibility that the abundance of a few might be different.
Thus, we applied the same methods as above to compare patients with COPD and non-COPD ever-smokers.
Among the genera with top 10 absolute loadings to differentiate these two groups using sPLS-DA, genus
Catenibacterium and genus [Prevotella] were significantly more abundant in patients with COPD than in
non-COPD ever-smokers (figure 5b). The ANCOM model with the adjustment detected genus [Prevotella]
to be significantly different between these two groups (supplementary table S11).

When we examined the prevalence of gut [Prevotella] in the three groups, the gut [Prevotella] was more
frequently present in the gut of patients with COPD compared to never-smokers and non-COPD
ever-smokers (34.2%, 16.2% and 16.0%, respectively; p<0.001 by Chi-squared test; figure 6).

Post hoc analysis comparing gut microbiome among patients with COPD GOLD I, GOLD Il and
non-COPD ever-smokers

To evaluate whether the gut microbial composition changes with progression of COPD, we performed a
subgroup analysis dividing patients with COPD based on GOLD stages. Among 76 patients with COPD,
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FIGURE 3 a-diversity indices of the gut microbiome. a) The number of species, b) Chao-1 index and c) Shannon index of the gut microbiome from
each participant were compared among never-smokers (n=99), non-COPD ever-smokers (n=306) and patients with COPD (n=76). Group difference
was tested using the analysis of covariance (ANCOVA) model, and pairwise comparison was performed using the Tukey honestly significant
difference test adjusting for age, body mass index, ethanol consumption and treatment for type 2 diabetes mellitus. *: p<0.05.

only three were in GOLD III or IV. Therefore, we excluded patients with COPD GOLD III or IV, and
compared gut microbiome among patients with COPD GOLD I, GOLD II and non-COPD ever-smokers.
The characteristics of study participants in this post hoc analysis are shown in supplementary table S12.

o-Diversity indices, number of unique OTUs, Chaol index and Shannon index, were similar among these
three groups (supplementary figure S1 and tables S13-S15). In the B-diversity analysis, the gut microbial
composition of the three groups tended to be different (p=0.067 by the permutational ANOVA after
adjustment for age, BMI, amount of ethanol consumption and treatment for T2DM; supplementary figure
S2 and table S16). Pairwise analysis showed that the gut microbial composition of patients with GOLD I
and non-COPD ever-smokers was similar (p=0.833 by permutational ANOVA with adjustment,
supplementary table S17), but the composition of patients with GOLD II was likely different from that of
patients with GOLD I or non-COPD ever-smokers (p=0.051 between GOLD II and GOLD I, and p=0.015
between GOLD II and non-COPD ever-smokers, respectively, by permutational ANOVA with adjustment;
supplementary tables S18 and S19). The prevalence of gut [Prevotella] increased as COPD progressed
(supplementary figure S3).

Discussion

In the present study, we used the SESSA data of a random sample from male residents in Kusatsu City,
Shiga, Japan, and showed that gut microbiome composition of patients with COPD was different from that
of never-smokers and similar to that of non-COPD ever-smokers. In addition, discriminant analysis
revealed that several genera, especially genus [Prevotella], differed in abundance among patients with
COPD, never-smokers and non-COPD ever-smokers. To our knowledge, this is the first study which
assessed the association between gut microbiome and COPD separately from smoking history.

A few previous studies have investigated the gut microbiome in patients with COPD. BowermaAN et al. [11]
compared 28 patients with COPD (n=4, 11, 8 and 11 in GOLD stages I, II, III and IV, respectively) and
29 healthy controls (18 never-smokers and 11 ever-smokers) and found that B-diversity analysis showed a
significant difference in gut microbial components between these two groups. CHiu et al. [12] assessed the
gut microbiome in 60 patients with COPD (n=20, 20 and 20 in GOLD stages I, II and III/IV, respectively)
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FIGURE 4 Multi-dimensional scaling (MDS) plot of gut microbiome by Bray-Curtis dissimilarity. Red circles,
green triangles and blue squares indicate never-smokers, non-COPD ever-smokers and patients with COPD,
respectively. Ellipses indicate standard errors of the centroids of groups. Statistical analyses were performed
using the permutational ANOVA while adjusting for age, body mass index, ethanol consumption and treatment
for type 2 diabetes mellitus.

and found no differences in o- and B-diversities among these three groups. Of note, they did not compare
patients with COPD to either never- or non-COPD ever-smokers. Li et al. [13] compared patients with
COPD in GOLD stages /Il (n=67) and III/IV (n=32) with 73 healthy non-COPD participants (38
never-smokers, 15 former smokers and 20 current smokers). They showed that the number of unique OTUs
in the gut microbiome was significantly lower in patients with GOLD III/IV compared to healthy
participants or patients with GOLD I/II but was similar between healthy participants and patients with
GOLD I/II. In their B-diversity analysis, the three groups did not have significantly different gut microbial
components. Since these studies either excluded non-COPD participants or included combined never- and
ever-smokers as a non-COPD control group, the association of COPD with the gut microbiome could not
be assessed separately from the effect of smoking, although smoking is known to cause COPD as well as
alter the gut microbiota [8-10, 26]. In our analysis, we compared the gut microbiome between patients
with COPD, never-smokers and non-COPD ever-smokers with a relatively large number of participants
(n=494) and showed that the gut microbial composition was similar between patients with COPD and
non-COPD ever-smokers and was different from that of never-smokers. Since patients with COPD in our
cohort were mostly in GOLD stages I and I, our findings may be consistent with the results by Li et al. in
that patients with early-stage COPD and non-COPD ever-smokers were similar in terms of gut microbial
composition. Combining the results of the current and previous reports, the overall gut microbial
composition appears to be altered by smoking but may not be a direct driver of the development of COPD.
Rather, the overall gut microbial composition may change with COPD progression. This notion was further
supported by our post hoc analysis, which showed no differences between patients with GOLD I and
non-COPD ever-smokers in a- and B-diversities of gut microbiome, but gut microbial composition, i.e.
B-diversity, in patients with GOLD II was likely different from patients with GOLD I or non-COPD

https://doi.org/10.1183/23120541.00788-2023 7



ERJ OPEN RESEARCH

f_Ruminococcaceae g_Oscillospira—
f_Lachnospiraceae g_Anaerostipes-
f_Erysipelotrichaceae g_Bulleidia
f_Desulfovibrionaceae g_Bilophila-|
f_Ruminococcaceae g_Faecalibacterium-
f_Dehalobacteriaceae g_Dehalobacterium—
f_Ruminococcaceae g_Ruminococcus-
f_Enterobacteriaceae g_Trabulsiella—
f_Bifidobacteriaceae g_Alloscardovia—

f_[Paraprevotellaceae] g_[Prevotella]

ORIGINAL RESEARCH ARTICLE | S. KAWASHIMA ET AL.

p-values

0.087
0.035
0.035
0.031
0.130
0.031
0.036
0.446
0.126

0.031

b)

f_Turicibacteraceae g_Turicibacter
Desulfovibrionaceae g_Bilophila—
f_Lachnospiraceae g_Anaerostipes-
f_Dehalobacteriaceae g_Dehalobacterium-
f_Enterobacteriaceae g_Serratia—
f_Coriobacteriaceae g_Collinsella
f_Streptococcaceae g_Streptococcus—
f_Peptococcaceae g_Peptococcus
f_Erysipelotrichaceae g_Catenibacterium-

f_[Paraprevotellaceae] g_[Prevotella]

T T T T T T
-0.3 -0.2-0.1 0.0 0.1 0.2 03 04

More in Loadings Morein
never-smokers patients with
COPD

p-values

0.160
0.160
0.156
0.160
0.379
0.160
0.156
0.156
0.021

0.003

T T T
-0.3 -0.2-0.1 0.0 0.1 02 03 04

Morein Loadings Morein
non-COPD patients with
smokers COPD

FIGURE 5 10 genera with highest absolute loadings using sparse partial least-squares discriminant analysis
(sPLS-DA) to discriminate the gut microbiome of patients with COPD from either a) never-smokers or
b) non-COPD ever-smokers. Statistical analyses were performed using Wilcoxon tests and adjusted using the
Benjamini-Hochberg procedure for the multiple comparisons.

ever-smokers. Disagreement between our post hoc analysis and the results of Li et al. [13] may be

attributed to the sample size, or the study population.

In our discriminant analysis, we found genus [Prevotella] was more prevalent in the gut of patients with
COPD compared to never-smokers or non-COPD ever-smokers. Prevotella is an obligately anaerobic
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FIGURE 6 Prevalence of genus [Prevotella] in the stool samples. Statistical analysis was performed using the
Chi-squared test.

Gram-negative bacteria that belongs to the phylum Bacteroidetes. Gut Prevotella has been linked to
inflammatory disorders such as rheumatoid arthritis [27] and human immunodeficiency virus infection
[28, 29]. Li et al. reported that patients with COPD were more likely to have a Prevotella-dominated
enterotype compared to healthy controls. Furthermore, mice that have undergone faecal transplants from
patients with COPD showed elevated inflammatory cytokines in the lungs. When these mice were exposed
to biomass smoke, they developed emphysematous changes as well as airway remodelling [13]. These
results suggest that gut microbiota rich in Prevotella may promote systemic inflammation and COPD
development in people exposed to noxious substances. Since our finding was about the genus [Prevotella],
which is proposed to be a member of family [Paraprevotellaceae] by the Greengenes database, genus
Prevotella and genus [Prevotella] may have different functions. Further studies are necessary to confirm
the significance of genus Prevotella.

This study has several limitations. First, the cross-sectional, observational design complicated speculation
about the causal relationship between gut microbiota and COPD. Second, we did not have complete
information about other factors that may affect the gut microbiota, such as history of gastrointestinal
diseases, episodes of infectious disease and COPD exacerbations, history of medication usage, especially
antibiotics and corticosteroids which are used to treat COPD exacerbations, and dietary habits.
Furthermore, information on whether participants received treatment for COPD, such as inhaled
corticosteroids or bronchodilators, was not available. Few studies have shown that the gut microbiota was
altered during COPD exacerbation [30, 31]. Regarding past exacerbation events and gut microbiome, only
one small sized analysis with 28 patients with COPD by BowermaN et al. [11] was performed and showed
that there were no differences in microbial components between stable and frequent exacerbators. To date,
no study has been conducted to reveal the association of gut microbiota with future risk of COPD
exacerbations. Further studies are needed to clarify these points. Third, participation in this study was
limited only to Japanese men, making it difficult to generalise the results to women and other ethnicities.
The relationship between gut microbiota and COPD in these populations remains to be investigated.
Fourth, although the sample size of patients with COPD in this study was relatively larger than that of
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previous studies, it might be limited in terms of broadly generalising the results of this study; therefore,
further investigations with larger sample sizes are necessary.

Conclusions

Our results from this population-based study of Japanese men indicated that the overall gut microbial
composition may be affected by smoking but may not play a role in the development of COPD. In
addition, specific gut bacteria, such as [Prevotella], could be a risk factor for the development and
progression of COPD, and this may be a potential therapeutic target to prevent COPD.
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