Journal of S
% Clinical Medicine ﬂVI\D\Py

Article

Association between Cigarette Smoking Status and
Composition of Gut Microbiota: Population-Based
Cross-Sectional Study

Su Hwan Lee 1'%, Yeojun Yun %%, Soo Jung Kim !, Eun-Ju Lee 2, Yoosoo Chang 34,
Seungho Ryu 340, Hocheol Shin 5, Hyung-Lae Kim 2(7, Han-Na Kim ®*% and Jin Hwa Lee 1*#

1 Division of Pulmonary and Critical Care Medicine, Department of Internal Medicine, College of Medicine,

Ewha Womans University, 1071 Anyangcheon-ro, Yangcheon-gu, Seoul 07985, Korea;
hihogogo@naver.com (S.H.L.); crystalkim38@gmail.com (S.J.K.)

Department of Biochemistry, College of Medicine, Ewha Womans University, Seoul 07985, Korea;
yeojuny@gmail.com (Y.Y.); ionantha97@gmail.com (E.-J.L.); hyung@ewha.ac.kr (H.-L.K.)

Center for Cohort Studies, Total Healthcare Center, Kangbuk Samsung Hospital, Sungkyunkwan University
School of Medicine, Seoul 03181, Korea; yoosoo.chang@samsung.com (Y.C.); sh703.yoo@samsung.com (S.R.)
Department of Occupational and Environmental Medicine, Kangbuk Samsung Hospital, Sungkyunkwan
University, School of Medicine, Seoul 03181, Korea

Department of Family Medicine, Kangbuk Samsung Hospital, Sungkyunkwan University School of
Medicine, Seoul 03181, Korea; hcfm.shin@samsung.com

Medical Research Institute, Kangbuk Samsung Hospital, Sungkyunkwan University, School of Medicine, 29,
Saemunan-ro, Jongno-gu, Seoul 03181, Korea

Correspondence: hannal47942@gmail.com or hannal4 kim@samsung.com (H.-N.K.);
jinhwalee@ewha.ac.kr (J.H.L.); Tel.: +82-2-2001-2585 (H.-N.K.); +82-2-2650-6007 (J.H.L.);

Fax: +82-2-2001-2399 (H.-N.K.); +82-2655-2076 (J.H.L.)

t These two authors contributed equally to this work as first authors.

I These two authors contributed equally to this work as corresponding authors.

check for
Received: 6 August 2018; Accepted: 13 September 2018; Published: 14 September 2018 updates

Abstract: There have been few large-scale studies on the relationship between smoking and gut
microbiota. We investigated the relationship between smoking status and the composition of gut
microbiota. This was a population-based cross-sectional study using Healthcare Screening Center
cohort data. A total of 758 men were selected and divided into three groups: never (n = 288),
former (n = 267), and current smokers (1 = 203). Among the three groups, there was no difference
in alpha diversity, however, Jaccard-based beta diversity showed significant difference (p = 0.015).
Pairwise permutational multivariate analysis of variance (PERMANOVA) tests between never and
former smokers did not show a difference; however, there was significant difference between never
and current smokers (p = 0.017) and between former and current smokers (p = 0.011). Weighted
UniFrac-based beta diversity also showed significant difference among the three groups (p = 0.038),
and pairwise PERMANOVA analysis of never and current smokers showed significant difference
(p = 0.01). In the analysis of bacterial composition, current smokers had an increased proportion of the
phylum Bacteroidetes with decreased Firmicutes and Proteobacteria compared with never smokers,
whereas there were no differences between former and never smokers. In conclusion, gut microbiota
composition of current smokers was significantly different from that of never smokers. Additionally,
there was no difference in gut microbiota composition between never and former smokers.
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1. Introduction

Cigarette smoking has been objectively reported to be associated with lung cancer and has
been revealed to be associated with several diseases [1]. Cigarette smoke is a complex mixture of
an estimated 7357 chemical compounds and is inhaled into the lung as aerosol particles or free in a
gaseous state; it causes more than 480,000 deaths annually in the United States alone [1,2]. Nonetheless,
cigarettes are still legally sold in many countries around the world, and a large number of people are
exposed to second-hand smoke daily [3]. Cigarette smoking is known to affect not only the tissues and
organs of the human body, but also the gut microbiota, which is the community of microorganisms in
the gastrointestinal tract [4-7].

Gut microbiota maintains homeostasis with a mucosal barrier and the immune system in health
status and plays an important role in metabolism, modulation of immune response, and protection
from pathologic bacteria [7-10]. In addition, gut microbiota has been reported to be associated
with several diseases such as inflammatory bowel diseases, obesity, cardiovascular diseases, cancers,
and rheumatoid arthritis [11-13]; it is also known to be affected by various factors including host sex,
age, diet, antibiotics, other drugs, genetics, and the local environment [14]. Among these factors,
cigarette smoking was reported to be associated with Clostridium difficile infection and the gut
microbiota of inflammatory bowel diseases [15,16]. Biedermann et al. reported changes in gut the
microbiota at 4 weeks and 8 weeks after 10 smokers quit smoking [6]. In animal models, it has also
been shown that smoking could change the intestinal microbiota though various mechanisms such as
changes in mucus and the gut immune system [4,14].

To our knowledge, all previous studies have been carried out with only a small number of
subjects or did not fully exclude factors that affect gut microbiota such as antibiotics, diseases,
and cholesterol-lowering agents [6,15,17,18]. Therefore, we investigated the relationship between
smoking status and gut microbiota in a large number of subjects after eliminating many other factors
affecting gut microbiota.

2. Materials and Methods

2.1. Study Population and Study Design

Participants were recruited from the Kangbuk Samsung Health Study, which is a cohort study of
Korean men and women who undergo comprehensive annual or biennial examinations at the Kangbuk
Samsung Hospital Healthcare Screening Center in South Korea. Fecal samples were collected from 1463
participants between the ages of 23 and 78 years between June 2014 and September 2014. Among them,
758 men were included in this study (Figure 1). Women were excluded since the percentage of current
smokers was too low (12/556). Subjects who had taken medication which could affect gut microbiota
such as antibiotics, probiotics and cholesterol-lowering medication, were excluded. Enrolled subjects
were divided into three groups: never smokers, former smokers, and current smokers. Demographic
characteristics, laboratory results, dietary data, smoking history, and medical history were evaluated.
Medical, smoking history, and dietary data were obtained through questionnaires.

2.2. DNA Extraction from Fecal Samples and Sequencing of the Bacterial 16S rRNA Gene

Fecal samples were immediately frozen at —20 °C after defecation and were placed at —70 °C
within 24 h. Within one month, DNA extraction from fecal samples was performed using the
MOBio PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) according to the
manufacturer’s instructions. Amplification and sequencing were performed as described previously
for analysis of bacterial communities [19]. The genomic DNA was amplified using fusion primers
targeting the variable V3 and V4 regions of the 165 rRNA gene with indexing barcodes. All samples
were pooled for sequencing on the [llumina Miseq platform (Illumina, San Diego, CA, USA) according
to the manufacturer’s specifications [20,21].
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16S 1RNA gene sequencing from fecal DNA (n = 1463)

Exclusion criteria *
* Antibiotics, probiotics or cholesterol-lowering medication (7 =141)
+ <1.000 sequences per sample (12 =3)
+ <10 observed operational taxonomic unit (77= 34)
+ Missing data on smoking history (n =92)
* Women (1 = 556)

Final sample size (n = 758)
Sequencing depth (min: 1563, max: 90.498, mean: 20.604)

Analysis: divided into 3 groups

Never smokers '(n = 288), former smokers = (n =267), current smokers * (= 203)

* Someone was included in several exclusion criteria at the same time.
"Never-smokers had smoked < 100 cigarettes in their lifetime.
fFormer smokers had smoked >100 cigarettes in their lifetime but had not smoked in the last 1 month.

§ Current smokers had smoked =100 cigarettes in their lifetime and had smoked in the last 1 month.
Figure 1. Flow of study.

2.3. 165 rRNA Gene Compositional Analysis

Quality filtering, chimera removal, and de novo operational taxonomic unit (OTU) clustering were
carried out using the UPARSE pipeline [22], which identifies highly accurate OTUs from amplicon
sequencing data. The reads were dereplicated, sorted, and clustered into candidate OTUs while
removing chimeric OTUs. The taxonomic assignment for OTU was annotated by Ribosomal Database
Project reference (version 16) with an identity threshold of 97% using the UTAX command in the
UPARSE pipeline. Finally, 29,745,401 reads /208 OTUs with a mean of 20,331 sequences per fecal sample
were included for QIIME analysis (http://qiime.org/). Supplementary data include commands used
for the UPARSE pipeline and QIIME2.

2.4. Statistical Analysis

All continuous values are described as mean =+ standard deviation, and categorical values are
reported as numbers and percentages. The t test, analysis of variance and the chi-squared test was used
for analysis of baseline characteristics among groups. These basic statistical analyses were performed
using SPSS version 23 (IBM Inc., Chicago, IL, USA). Exploratory and differential microbial composition
analyses were conducted in QIIME2 (version 2017.09) [23]. For the diversity analysis, we rarefied
the data to 1000 sequences per sample. Alpha diversity based on identified OTU was estimated
using the Shannon index, which means diversity by accounting for evenness and abundance in gut
microbial taxa in each sample [24]. The Kruskal-Wallis test and the Mann-Whitney U test were used to
estimate the median of difference among groups. Beta diversity was used to analyze the dissimilarity
among the groups’ membership and structure. Among beta diversity, Jaccard-based diversity was
to identify compositional differences and weighted UniFrac-based diversity to identify phylogenetic
abundance differences [10,25]. Permutational multivariate analysis of variance (PERMANOVA) was
used to test of significance among groups. The comparison between the two groups within the three
groups was measured using pairwise PERMANOVA that were measured in conjunction with the
PERMANOVA [23]. Significant difference in microbial taxa abundance between two groups was
analyzed using the analysis of composition of microbiome (ANCOM) in the QIIME2 [26]. ANCOM
compares the relative abundance of taxa between two groups by log-ratio of abundance of each taxon
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to the abundance of all the remaining taxa one at a time. We performed ANCOM as the default setting
in QIIME2 and the final significance expressed in empirical distribution of W. The resulting p-values
were corrected for multiple comparisons on each phylogenetic level using the Benjamini-Hochberg
correction (FDR). A p-value < 0.05 was considered statistically significant.

2.5. Ethics Approval and Consent to Participate

Ethical approval for the phenotype, genotype and microbiota studies within the Kangbuk
Samsung Cohort Study (KSCS) was provided by the Institutional Review Board of Kangbook Samsung
Hospital (KBSMC 2013-01-245-12) and Ewha Mokdong Hospital (EUMC 2017-08-037-001), Seoul,
Korea. Written consent was obtained from all participants. Research was carried out in accordance
with the Helsinki Declaration.

2.6. Availability of Data and Materials

Individual-level 16S sequence data for 1463 samples within this study are available through the
CODA (Clinical and Omics data archives, http://coda.nih.go.kr/coda/frt/index.do) repository at the
KNIH (Korea National Institute of Health), under accession numbers R000635.

All remaining 16S, genotype and phenotype data in this study are available upon request through
application to the KSCS data access committee.

3. Results

3.1. Baseline Characteristics of the Subjects

The baseline characteristics of enrolled subjects are described in Table 1. Among the total 758
men, 288 (38.0%) were never smokers, 267 (35.2%) were former smokers, and 203 (26.8%) were current
smokers. Mean age (p < 0.001), prevalence of diabetic mellitus (p = 0.014), and smoking variables
were significantly different among three groups (p < 0.001). In the pulmonary function, there were no
differences in forced vital capacity (FVC) or in forced expiratory volume in one second (FEV1) among
groups. While the mean values of FEV;/FVC as an index of obstructive lung disease were normal
in all groups, there was a difference among groups (p < 0.001). There was no difference in the mean
daily amount of cigarette smoking between former smokers and current smokers (14.5 cigarette/day
vs. 14.3 cigarette/day, p = 0.792). Although creatinine level and estimated glomerular filtration
rate (eGFR) showed differences among groups, the prevalence of kidney disease was not different.
Mean body mass index (BMI), muscle mass, and fat mass did not differ significantly among groups.
Other variables including nutritional composition based on questionnaires of subjects did not show
significant differences among groups.

Table 1. Baseline characteristics of the study population.

. Never Former Current
Variable (N = 288) (N = 267) (N = 203) p-Value
Age, year 442 +9.1 472 + 8.5 457 £ 8.2 <0.001
BMI, kg/m2 247 £ 3.0 24.6 2.6 24.8 +£3.1 0.823
Muscle mass, kg 52.8 +£5.8 525+54 532+ 6.0 0.455
Fat mass, kg 173 +£5.7 17.1 £ 4.9 172 £5.7 0.864
Smoking history
Smoking amount, pack-years 0 129 +10.2 17.6 + 124 <0.001
Smoking amount, cigarette/day 0 145+ 7.0 143 +72 <0.001
Smoking duration, years 0 16.2 +£9.0 229 +£87 <0.001
Creatinine, mg/dL 0.99 +0.12 1.0 £0.11 0.97 £ 0.13 0.011
eGFR, MDRD, /mL min/1.73 m? 88.8 +13.1 869 +£11.5 915+ 14.6 0.001
Iron, ug/dL 127.0 £ 37.9 127.0 £ 39.3 1279 + 38.7 0.972
Ferritin, ng/mL 203 +111.8 218.5 + 134.1 224.8 + 164.4 0.176

C-reactive protein, mg/dL 0.11+0.17 0.12+0.21 0.12+0.19 0.754
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Table 1. Cont.

. Never Former Current
Variable (N = 288) (N = 267) (N = 203) p-Value
Comorbidities
Diabetes mellitus 11 (3.8) 27 (10.1) 15 (7.4) 0.014
Hypertension 53 (18.4) 60 (22.5) 36 (17.7) 0.500
COPD 8 (2.8) 14 (5.2) 15 (7.4) 0.065
Liver disease * 46 (16) 58 (21.7) 33 (16.3) 0.160
Dyslipidemia 54 (18.8) 55 (20.6) 41 (20.2) 0.858
Kidney disease * 10 (3.5) 14 (5.2) 7(3.4) 0.500
Spirometry
FVC, % predicted 89.2+94 89.6 + 8.8 902 £95 0.489
FEV1, % predicted 89.6 9.3 89.0 £9.9 88.7 +£10.7 0.583
FEV, /FVC (%) 814 +59 795+ 59 793 + 6.9 <0.001
Nutrition
Total energy, kcal/day 1485.6 £ 667.5  1417.6 5704  1523.4 + 634.9 0.266
Total protein, g/day 51.2 +28.4 48.6 +22.1 53.1+254 0.251
Total fat, g/day 31.0£222 26.8 +£15.8 30.8 £19.3 0.054
Total carbohydrate, g/day 246.1 +105.0 241.4 +101.9 253.7 = 111.3 0.557
Total calcium, mg/day 314.2 £ 215.7 287.5 +167.9 306.6 & 186.5 0.346
Total phosphorus, mg/day 739.8 - 380.8 700.6 & 294.4 759.1 £ 344.2 0.252
Total vitamin A, ug/day 309.3 & 210.6 311.9 +218.0 344.8 +230.4 0.255
Total sodium, mg/day 1613.4 +£1032.5 1578.2+987.6  1809.8 4 1093.8 0.089
Vitamin B1, mg/day 0.87 £ 0.48 0.82 + 041 0.91 + 0.46 0.176
Vitamin C, mg/day 60.5 + 46.1 70.0 + 59.5 66.7 +47.2 0.158
Folate, mg/day 141.8 +89.4 145.7 £+ 96.6 152.8 +93.5 0.53
Retinol, ug/day 754 + 63.8 67.0 £ 51.9 72.9 + 60.6 0.327
Fiber, g/day 35+20 37+21 3.8+21 0.42
Cholesterol, mg/day 171.8 +153.1 171.3 £138.0 182.6 1515 0.734

Values represented as mean + standard deviation or N (%); BMI, body mass index; COPD, chronic obstructive
pulmonary disease; FVC, forced vital capacity; FEVy, forced expiratory volume in one second; eGFR, estimated
glomerular filtration rate; MDRD, modification of diet in renal disease * liver disease including hepatitis B,
hepatitis C, liver cirrhosis, and fatty liver; * kidney disease including chronic kidney disease, ureter stones,
and benign prostate hypertrophy; p-value for difference between groups by analysis of variance test (ANOVA) for
continuous variables and the chi-squared test for categorical variables.

3.2. Diversity within and among Groups

The richness and evenness of gut microbial taxa within never smokers, former smokers, and current
smokers, as measured using the Shannon index of alpha diversity, did not show significant differences
(never smokers vs. former smoker vs. current smokers, p = 0.179) (Supplement Figure S1).

However, there were significant differences in beta diversity indices, which suggests diversity
among the three groups. Results of Jaccard-based diversity showed significant compositional
differences among the three groups (Figure 2A, p = 0.015). In pairwise PERMANOVA, there was
no difference between never smokers and former smokers (p = 0.523); however, there was a significant
difference between never smokers and current smokers (p = 0.017) and between former smokers
and current smokers (p = 0.011). Results of weighted UniFrac-based diversity showed significant
phylogenetic abundance differences among the three groups (Figure 2B, p = 0.038). In pairwise
PERMANOVA, analysis of never smokers and current smokers showed significant differences
(p = 0.001); however, analysis of never and former smokers and analysis of former and current smokers
showed no significant differences (p = 0.258 and p = 0.115, respectively).

3.3. Analysis of Microbiota Composition

Figure 3 shows taxonomic assignment with compositional changes among the three groups.
The proportion differences of phylum Bacteroidetes and phylum Firmicutes, which account for a large
proportion of gut microbiota, are shown in Figure 4. Compared with never smokers, current smokers
showed a higher relative abundance of phylum Bacteroidetes, a lower relative abundance of phylum
Firmicutes, and a lower Firmucutes/Bacteroidetes ratio.
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Figure 2. Beta diversity among groups. (A) Results of beta diversity using Jaccard measure among
current smokers, former smokers, and never smokers; (B) results of beta diversity using weighted
UniFrac measure among current smokers, former smokers, and never smokers. The y-axes represent
the distance of each group to the current group (baseline). The line in each box means the median
of data. In both Jaccard measure and Weight UniFrac measure, p-values among three groups were
estimated using permutational multivariate analysis of variance (PERMANOVA). PERMANOVA of
the diversity analysis was calculated with the 999 Monte Carlo permutation and Benjamini—-Hochberg
correction (FDR).
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Figure 4. Comparison among groups of phylum Bacteroidetes and phylum Firmicutes with high gut
microbiota composition. ns, non-significant; *, true values in analysis of composition of microbiomes.

We investigated statistical differences in microbial taxa abundance between two groups using the
ANCOM method (Table 2, Supplement Table S1). This analysis of relative abundances on the phylum
through genus levels revealed that notably there were far more significant results in the comparison
between never and current smokers. Current smokers had a significantly increased proportion of
phylum Bacteroidetes and decreased proportions of phylum Firmicutes and phylum Proteobacteria
compared to never smokers. There were also many taxonomic differences at the family level (Table 2)
as well as the genus level (Supplement Table S1) between never and current smokers. However,
former and current smokers showed taxa abundance differences only at the phylum level, but no
differences at the family level. Phylum Bacteroidetes and phylum Tenericutes were increased and
phylum Verrucomicrobia was decreased in current smokers compared with former smokers. Never and
former smokers did not have any difference in ANCOM.
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Table 2. Results of analysis of microbiome composition.

Level Taxonomic Assignment w

Never vs. current

Phylum k__Bacteria;p__Bacteroidetes (increased in current smokers) * 2
k__Bacteria;p__Firmicutes (decreased in current smokers) 1
k__Bacteria;p__Proteobacteria (decreased in current smokers) 2

Family k__Bacteria;p__Bacteroidetes;c__Bacteroidia;o__Bacteroidales;f_ Bacteroidaceae * (increased in current smokers) * 5
k__Bacteria;p__Bacteroidetes;c_ Bacteroidia;o__Bacteroidales;f Porphyromonadaceae * (increased in current smokers) * 1
k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f Lactobacillaceae * (increased in current smokers) * 3
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Clostridiales_Incertae_Sedis_XII (decreased in current smokers) 3
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Gracilibacteraceae (decreased in current smoker)s 1
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Peptococcaceae (decreased in current smokers) 6
k__ Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f Ruminococcaceae (decreased in current smokers) 1
k__Bacteria;p__Fusobacteria;c__Fusobacteriia;o__Fusobacteriales;f Fusobacteriaceae (decreased in current smokers) 3
k__Bacteria;p__Proteobacteria;c__Betaproteobacteria;o_ Burkholderiales;f_Comamonadaceae (decreased in current smokers) 1
k__Bacteria;p__Proteobacteria;c_ Gammaproteobacteria;o__Enterobacteriales;f_Enterobacteriaceae (decreased in current 2
smokers)

Former vs. current

Phylum k__Bacteria;p__Bacteroidetes (increased in current smokers) * 1
k__Bacteria;p__Tenericutes (increased in current smokers) * 1
k__Bacteria;p__Verrucomicrobia (decreased in current smokers) 2

Family None

Never vs. former

Phylum None

Family None

k, kingdom; p, phylum; ¢, class; o, order; f, family; * marker bacteria are increased in current smokers.

8 of 13
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3.4. Additional Analysis of Subjects

We divided the subjects into two: (current smokers and current non-smokers (both never and
former smokers), and performed additional analyses (Supplement Table S2, Supplement Figures 52-S5)
since our analysis between former and never smokers did not show significant differences, and a
previous large study of smoking and oral microbiota reported differences between current and
current non-smokers [27]. There was no difference in alpha diversity (Supplement Figure S2, current
non-smokers vs. current smokers, p = 0.066). However, beta diversity measures showed significant
differences in both Jaccard and weighted UniFrac measure methods (Supplement Figure S3, p = 0.006
and p = 0.021, respectively). In the ANCOM method, current smokers had a significantly increased
proportion of phylum Bacteroidetes compared to current non-smokers (Supplement Table S1).

4. Discussion

In this large scale-study, we found that gut microbiota was associated with smoking status in
men. Particularly, at the phylum level, current smokers had a higher proportion of Bacteroidetes
in their gut microbiota compared with never and former smokers. In addition, current smokers
had lower proportions of Firmicutes and Proteobacteria compared with never smokers. However,
the composition of gut microbiota between never and former smokers did not show significant
differences, which suggests that, if smokers quit smoking, gut microbiota composition is likely to
recover to pre-smoking status.

There have been few studies on the relationship between smoking and human gut microbiota,
and most of these studies have been performed in specific patient groups such as in individuals with
Crohn’s disease [28,29]. A study by Biedermann et al. seems to be the only one that examined the
association between smoking and gut microbiota in smokers without specific diseases [6]. However,
they described the longitudinal changes of gut microbiota at the 4th and 8th weeks after smoking
cessation only in 10 smokers. In that study, smoking cessation induced an increase in Firmicutes and
Actinobacteria and a decrease in Bacteroidetes and Proteobacteria [6]. For Firmicutes and Bacteriodetes,
our results seem to be comparable to those of Biedermann'’s study [6]. However, which phylum is
affected by smoking requires further research, because unlike our study, that of Biedermann et al.
compared gut microbiota before and after quitting smoking only in 10 subjects, and most of them had
increased BMI after smoking cessation [6]. It is known that persons with higher BMI have increased
Firmicutes and decreased Bacteroidetes in the gut compared to those with normal BMI [13,30,31].
Therefore, changes in gut microbiota of individuals in Biedermann'’s study [6] might be associated
with weight gain after smoking cessation as well as with smoking itself. In contrast to Biedermann’s
longitudinal study [6], our study was a cross-sectional study comparing the gut microbiota of current
smokers, former smokers, and never smokers, and our three groups did not differ in terms of BMI or
nutrient intake. In our study, never smokers showed an increase in Firmicutes and Proteobacteria and
a decrease in Bacteroidetes compared to current smokers. Similarly, other cross-sectional studies on
smoking and gut microbiota in patients with Crohn’s disease also showed an increase in Bacteroidetes
in the gut microbiota of smokers [28,29]. Therefore, in most studies, including our study, it was shown
that the proportion of gut Bacteroidetes tends to increase with current smoking.

In our study, gut microbiota composition of former smokers was different from that of current
smokers at the phylum level, but it was not different from that of never smokers. Former smokers
in our study likely correspond to the smoking cessation group in the Bierderman study. According
to Bierderman, intestinal bacterial composition and diversity began to change from the fourth week
after smoking cessation [6]. In the current study, we defined former smokers as those who had not
smoked during the last one month. However, the average smoking cessation period of former smokers
is estimated to be approximately 6 years on average. This is because, when they were smoking,
the average daily smoking amount of former smokers was almost the same as that of current smokers
(14.5 cigarette/day vs. 14.3 cigarette/day, p = 0.792), but the average smoking period of former smokers
was about 6 years shorter than that of current smokers. In other words, the increased alpha diversity at
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the fourth week after smoking cessation, as observed in Bierderman’s study, might have disappeared
in former smokers of our study, who had a longer period of smoking cessation. In addition, as the
smoking cessation period gets longer, the composition of gut microbiota of former smokers is likely
to be more similar to that of never smokers than that of current smokers. However, further study is
needed on the timing of changes in gut microbiota composition after smoking cessation. Additionally,
similar to our study, a comparative large-scale cross-sectional study on the relationship between
smoking and oral bacterial composition showed that the oral bacterial composition of current smokers
was different from that of never smokers and former smokers, but there was no difference between
former smokers and never smokers [27]. In fact, the effects of smoking cessation on health can be
expected to be as good as the reduction of cardiovascular disease, even over a relatively short period
of smoking cessation except for lung cancer [32].

Although the biological mechanism between smoking and gut environment is not yet exactly known,
several researchers have reported animal studies on the effects of smoking on gut microbiota [4,33,34].
Smoking seems to affect bowel mucosa and mucin expression [4,35]. For example, nicotine, among
the complex mixtures in cigarettes, decreased prostaglandin E2 production, increased nitric oxide
synthase activity, and finally led to progression of jejunitis in murine models [36,37]. Based on
nicotine effects on the central nervous system and the effects of gut microbiota on neural activity,
one study showed that nicotine may alter the microbiota by signaling the gut-brain axis in a
murine model [38]. Gut microbiota is also known to play a role in metabolism of nutrients, drugs,
and potentially toxic compounds, and in the maintenance of structural integrity [9,39]. The absorption
of several toxic chemical compounds in cigarette smoking could change metabolism and alter the
composition of gut microbiota. Since microbiota have recently been revealed to be associated with
host immune function [8], cigarette smoking, which can affect immune function, may indirectly affect
the composition of gut microbiota [40]. Actually, short chain fatty acids (SCFA), which are associated
with regulation of immune cell function, are known to be associated with members of the phylum
Bacteroidetes [41]. Furthermore, Crohn’s disease, a type of inflammatory bowel disease, is known
to be affected by cigarette smoking, though it is unclear which factors of smoking contribute to the
pathogenesis of Crohn’s disease. Smokers with Crohn’s disease showed changes in the composition of
gut microbiota, especially increased levels of Bacteroidetes [18,28]. Other studies have reported that
gut microbiota is associated with human metabolic diseases [42,43], and the Firmicutes/Bacteroidetes
ratio is associated with predisposition to disease states and obesity [30,31,44].

The greatest strength of this study is that it clearly demonstrated the relationship between
smoking status and gut microbiota. This conclusion is unlikely to be controversial, as our study is
not only the largest study, but also excluded the effects of medication affecting gut microbiota such
as probiotics, antibiotics, and cholesterol-lowering medication. In addition, the long-term effects of
smoking cessation on gut microbiota can be supposed through a large number of former smokers.
Nevertheless, our study has several limitations. First, it was a cross-sectional study, which cannot
determine causality. Second, we have a technical limitation from 165 amplicon-based sequencing data
which can introduce biases through polymerase chain reaction (PCR) amplification steps, and resolve
only genus level as a maximum. Third, although we adjusted some medications, there are the
effects of potential confounders such as diet and other medications which we have not noticed.
Fourth, we studied only men since most women in this cohort were never smokers; the rates of men
and women smoking in Korea are 42.1% and 6.2%, respectively [45]. Finally, although our study
showed many taxonomic differences at the family level between never and current smokers, this study
was not enough to discuss the family level since studies about human and gut microbiota are few.
With reference to a recently reported study about smoking and gut microbiota, most family levels of
gut microbiota related with smoking were revealed in animal experiments [46]. Therefore, further
studies into smoking and human gut microbiota are needed.
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5. Conclusions

The composition of gut microbiota is associated with smoking status in men; in particular, the gut
microbiota of current smokers was composed of significantly higher levels of Bacteroidetes. Also,
if smokers quit smoking for a long period of time, their gut microbiota may return to the microbiota of
never smokers. Therefore, for diseases related to the alteration of gut microbiota, smoking cessation is
likely to be one of the best treatments.
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