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Smoking is associated with an increased risk of cancer, pulmonary and cardiovascular dis-
eases, but the precise mechanisms by which such risk is mediated remain poorly under-
stood. Additionally, smoking can impact the oral, nasal, oropharyngeal, lung and gut micro-
biome composition, function, and secreted molecule repertoire. Microbiome changes in-
duced by smoking can bear direct consequences on smoking-related illnesses. Moreover,
smoking-associated dysbiosis may modulate weight gain development following smoking
cessation. Here, we review the implications of cigarette smoking on microbiome community
structure and function. In addition, we highlight the potential impacts of microbial dysbiosis
on smoking-related diseases. We discuss challenges in studying host-microbiome inter-
actions in the context of smoking, such as the correlations with smoking-related disease
severity versus causation and mechanism. In all, understanding the microbiome’s role in
the pathophysiology of smoking-related diseases may promote the development of ratio-
nal therapies for smoking- and smoking cessation-related disorders, as well as assist in
smoking abstinence.

Introduction

Over 1 billion individuals worldwide smoke cigarettes, collectively generating a global health and eco-
nomic burden [1]. Prolonged smoking is associated with increased morbidity, leading to an estimated
average loss of a decade of life in developing countries [2-4]. Cigarette smoking increases the probability
of developing cardiovascular diseases such as atherosclerosis and coronary artery disease (CAD). Smoking
is considered a major driver of chronic obstructive pulmonary disease (COPD), which includes emphy-
sema and chronic bronchitis [2,5]. Importantly, cigarette smoking enhances the risk for development of
multiple cancers including lung, upper digestive tract, oral, bladder, kidney and liver cancers [5-7], by
several possible mechanisms such as induction of somatic mutations and epigenetic DNA modifications
[8]. Other adverse effects of smoking include increased risk of diabetes and exacerbated Crohn’s disease
(CD). Smoking cessation can substantially lower smoking-related health hazards [2-4].

Multiple systemic physiological and disease-related processes can be affected by cigarette smoking, in-
cluding augmented inflammatory responses in the nasal mucosa [9], airways, lung [10] and gut tissues
[11,12]. In the gut, smoking modifies several functions such as mucin production [13], alterations in tight
junctions in the small intestine [14], and disruption of gut barrier function [14]. In addition, cigarette
smoking is associated with oxidative stress accompanied with elevated production of reactive oxygen
species [10,15,16]. Collectively, these and other physiological effects of cigarette smoking may contribute
to the adverse effect of smoking on health.

The microbiome is a community of microorganisms that includes bacteria, fungi, archaea, viruses and
parasites, which coexist and colonize multiple mucosal niches along the mammalian host body. The mi-
crobiome can modulate host immunity, while impacting the pathogenesis of various diseases including
obesity, diabetes and metabolic diseases [17-20], cardiovascular diseases [21,22], inflammatory bowel dis-
eases [23] and neurological diseases [24,25], among others. Metagenomic sequencing of the microbiome
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in different body niches highlighted alterations in microbial configuration associated with a disease state [26] that are
collectively termed dysbiosis. Moreover, next-generation sequencing techniques, combined with metabolomic and
proteomic approaches have identified specific bacterial taxa, strains, pathways and metabolites that may be associ-
ated with human disease development and progression [26-29]. However, whether these microbial alterations drive
disease or simply stem from disease conditions represents a substantial challenge in the field. As such, in humans and
rodents exposed to cigarette smoke correlations were found between smoking, its pathophysiological consequences
and microbial dysbiosis. It is possible that these correlations may impact smoking-related health hazards. However,
in most cases, this possibility merits further mechanistic elucidation of causality.

In this review, we highlight recent advances in our understanding of the changes in the composition and function
of the oral, respiratory and gastrointestinal tract microbiome induced by cigarette smoking. We discuss the possible
effects of the resulting microbial dysbiosis on smoking-related diseases such as cancer, respiratory and cardiovascular
diseases. We describe several smoking-related mechanisms that may correlate with the microbial dysbiosis found in
health and disease. Finally, we discuss the limitations and future research directions that will help to establish the role
of the microbiome in smoking-related health hazards.

Microbial dysbiosis induced by cigarette smoking and

cessation

Oral microbiome

The oral microbiome was first identified in the late 1600s by Antonie van Leeuwenhoek, when he scraped his own
dental plaque and reported fittle living animalcules prettily moving’ under his self-constructed microscope [30]. Sub-
sequently, many bacterial species have been cultured and attributed to diseases of the oral cavity. The oral microbiome
is second only to the gut microbiome in its richness and diversity [31,32], and harbors over 700 species of bacteria
[33]. Several microbial sub-habitats are included in the oral cavity including saliva, hard palate, soft palate, tongue,
lip, cheek and the dental plaque biofilms on teeth, with each niche microbiome uniquely fitting to its habitat [34],
and some forming a biofilm, as exemplified in the supragingival and dorsal tongue biofilms [28,35]. Disruption of
the healthy oral microbiome can cause oral diseases like periodontitis and dental caries [31,36]. Furthermore, oral
dysbiosis has increasingly been linked to systemic diseases of the lung, gut and cardiovascular system [37].

Smoking may influence the microbial niches in different oral environments, change the composition of oral bacte-
ria and can prime the mouth for colonization of pathogenic bacteria [38]. Compounds found in cigarette smoke come
into direct contact with the oral microbiome, and may disrupt microbial ecology through several mechanisms, such
as influencing bacterial adherence to mucosal surfaces [39], forming unstable bacterial colonization in biofilms [38],
increasing the acidity of saliva, depleting oxygen [40], featuring antibiotic resistance effects [41,42] and resistance
to immune cell killing by the host [40,42,43]. In a 16S rRNA gene sequencing-based study characterizing Caucasian
participants with a mean age of around 70, Wu et al. [40] demonstrated that smoking caused microbial dysbiosis in
oral wash samples, which included significant enrichment of Streptococcus and Veillonella, coupled with reduced
abundance of Neisseria, Haemophilus and Aggregatibacter, in agreement with smoking-induced tongue bacterial
dysbiosis in another study [44]. Smoking additionally depleted microbial aerobic metabolism pathways and led to en-
richment of subgingival anerobic bacteria [40,45]. Importantly, the overall oral microbiome composition of former
smokers and never smokers did not significantly differ, constituting an encouraging indication that smoking cessation
can restore the healthy oral microbiome [40]. A comprehensive metagenomic sequencing of the salivary microbiome
in non-smokers and smokers detected higher abundance of Prevotella and Megasphaera in smokers, whereas the
genera Oribacterium, Capnocytophaga, Porphyromonas and Neisseria were significantly reduced [46]. In line with
this study, lower abundance of the genus Neisseria was also detected in metagenomic analysis of the tongue micro-
biome [44] and oral rinses [47] obtained from smokers compared with individuals who never smoke. Al Bataineh et al.
[48] analyzed the microbiome composition of buccal swabs from a Middle Eastern cohort of smokers using shotgun
metagenomic sequencing, and found that smokers with a high nicotine dependence exhibited increased abundance of
the species Streptobacillus hongkongensis, Fusobacterium massiliense and Prevotella bivia, which are reportedly
linked to respiratory illnesses and cancer, respectively [48]. Changes in the composition of the oral microbiome may
result in a variety of consequences. For example, a correlation was reported between the smoking-induced salivary
microbial dysbiosis and reduced task performance network connectivity in the brain of smokers [49]. Beyond these
correlative associations between smoking and oral microbial dysbiosis (Figure 1), further investigations are needed
to define possible causative roles of oral microbial dysbiosis in smoking-related health hazards.
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Figure 1. Microbial dysbiosis induced by smoking
Microbial alterations reported upon exposure to cigarette smoke, in the oral cavity, respiratory and gastrointestinal tract. Figure
created with BioRender (biorender.com).

Respiratory tract microbiome

The lung and other parts of the lower respiratory tract were once considered to be sterile, possibly due to the
failure to detect microbes in the lower respiratory tract by culture-based techniques [50]. Recent advances in
culture-independent microbiological techniques and the emergence of high-throughput sequencing revealed that
the lung is colonized with diverse microbial communities [51].

In a small Caucasian participant-based study, Pfeiffer et al. [52] investigated the bacterial diversity along the res-
piratory tracts in smokers by sampling nasal and oropharyngeal swabs as well as bronchoalveolar lavage (BAL). In
the nasal compartment, Staphylococcus epidermidis, Prevotella and Propionibacterium positively correlated with
smoking, and Corynebacterium was negatively correlated with it. A strong overlap was noted between oropharyn-
geal and lung microbiota, independently of smoking status. Analysis of the oropharyngeal microbiota showed that
smoking caused enrichment of the genus Atopobium, with reduction in the abundance of Centipeda and Neisse-
ria [52]. In the lung, smoking led to higher abundance of the genera Serratia marcescens and Stenotrophomonas
maltophilia, and reduction of Prevotella species [52]. Smoking may cause enrichment of biofilm forming bacteria
colonizing the lung, as exemplified by S. maltophilia, which is capable of biofilm formation and has been implicated
in lower respiratory tract infections [53]. Lim et al. [54] interrogated the association between smoking, host genetics
and the microbiome in a Korean twin-family cohort using 16S rRNA sequencing of sputum samples, and found that
smoking compared with genetics had the strongest effect on microbiome structure leading to a higher abundance of
the genera Veillonella and Megasphaera, and a reduction in Eikenella and Haemophilus [54]. In line with human
studies, analysis of the lung microbiome of mice exposed to smoke revealed enrichment of Proteobacteria and Fir-
micutes phyla [55,56]. Specifically, smoking exposure led to higher abundance of the genera Acinetobacter, Bacillus
and Staphylococcus. In mice, smoking exposure caused decreased abundance of Oceanospirillales, Desulfuromon-
adales, Nesterenkonia, and the family Lactobacillaceae that were negatively correlated with proinflammatory factors
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such as interleukin-6 and c-reactive peptide [55,56]. In the mouse lungs, smoking exposure induced elevated inflam-
mation and pulmonary congestion, coupled with a higher microbial diversity [55,56]. Collectively, these studies indi-
cate that smoking leads to prominent microbial dysbiosis in the respiratory tract (Figure 1). Of note, studies exploring
the respiratory microbiome need to consider the low microbial biomass of lung samples, and adequate controls need
to be included to rule out common sampling contaminations that arise from the oral cavity [57].

Gut microbiome

While almost all surfaces of the body are colonized with microorganisms, the gut harbors the highest concentration
of microbial communities [58]. Exposure to cigarette smoking causes a prominent shift in gut microbiome composi-
tion in both humans and rodents. In humans who smoke, a distinct fecal composition of the microbiome was noted
in comparison with the non-smoking group [59-64]. Healthy individuals who smoke compared with non-smokers
exhibited enhanced abundance of fecal Prevotella, Veillonella, Bacteroides, Acidaminococcus and Oscillospira
[60,62-64]. In addition, smokers had decreased abundance of the phylum Firmicutes [63], and more specifically de-
pletion of the genera Lachnospira [64]. Smoking cessation reverted some of these microbial alterations, leading to
enhanced microbial diversity, increased abundance of the phyla Firmicutes and Actinobacteria and decreased abun-
dance of Proteobacteria and Bacteroidetes, as was shown in a longitudinal study following 4-8 weeks of cessation
[59,61]. However, these longitudinal studies included small number of participants (5-10 subjects per group), and it
was unclear whether the accentuated microbial alterations exist overtime with cessation and can be affected by weight
gain frequently occurring during cessation.

Smoking also leads to microbial dysbiosis in other areas along the gastrointestinal tract. Shanahan et al. [65] an-
alyzed the effect of smoking on the mucosal microbiome of the duodenum obtained from human individuals un-
dergoing upper gastrointestinal endoscopy using 16S rRNA sequencing, and noted a lower diversity of the mucosal
microbiome in participants who smoke compared with subjects who never smoke, whereas former smokers displayed
an intermediate microbial composition which was in between smokers and non-smokers. The alterations in mucosal
microbiome in smokers included higher abundance of Firmicutes such as Streptococcus and Veillonella species,
enrichment of the genus Rothia, along with lower levels of Neisseria and Prevotella. Consistent with these find-
ings, a recent study by Leite et al. [66] examined the luminal microbiome of the duodenum obtained from smokers
and found a lower diversity in smokers compared with participants who never smoke. More specifically, smokers
showed enrichment of Enterobacteriaceae and Lactobacillaceae and lower abundance of the bacterial families Pre-
votellaceae, Neisseriaceae and Porphyromonadaceae [66] (Figure 1). The luminal microbiome of ex-smokers was
similar to that of participants who never smoke [66], which is in concert with the similarity of the fecal microbiome
between ex-smokers and non-smokers [63].

Rodent studies additionally analyzed the microbial-associated communities and metabolite repertoire in differ-
ent areas of the gut upon exposure to cigarette smoke [60,67-71]. Rats exposed to commercial cigarette smoke for 4
weeks had a significantly lower growth of cecal Bifidobacterium accompanied with lower levels of short chain fatty
acids [68]. Exposure of mice to side-stream commercial cigarette smoke for 6 weeks likewise led to a shift in bac-
terial composition in the cecum towards enrichment of Clostridium clostridioforme and decreased abundance of
Firmicutes phyla (mainly in Ruminococcus and Lactoccoci species), Enterobacteriaceae family and in segmented
filamentous bacteria [69]. Moreover, chronic exposure of mice to cigarette smoke led to a significant reduction of
the genus Alistipes in the cecum [70]. Intra-gastric exposure of mice to a smoke condensate [67] induced an in-
crease in Erysipelotrichaceae, which included the genus Allobaculum, while reduction in Rikenellaceae and in the
genus Eisenbergiella. Mice exposed to smoke condensate featured mild gut inflammation, crypt cell damage, mod-
ifications in some Paneth cell types and reduced expression of anti-microbial peptides [67]. Following infection of
these mice with pathogenic bacteria, a higher susceptibility to intestinal inflammation was noted [67]. Allais et al.
[13] reported that mice exposed to mainstream research cigarette smoke for 24 weeks featured microbial dysbio-
sis in the cecum and in the colon characterized by decreased abundance of the bacterial species Lachnospiraceae
along with changes in intestinal mucins and expression of proinflammatory cytokines. Whether smoking-related
bacterial dysbiosis induces inflammation, or alternatively smoking-induced inflammation drives dysbiosis merits
further causation-seeking studies. More recent advances in multi-omics technologies such as shotgun metagenomics
[71] and metabolomics improved the characterization of microbial composition, functional networks, and products
caused by smoking and smoking-cessation context. These methodologies were recently used by Fluhr et al. [60], who
demonstrated fecal modifications in microbial diversity, composition, metagenomic functional features and metabo-
lites caused by smoking in both rodents and humans. Smoke exposure led to fecal microbial dysbiosis along with
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microbiome-dependent activation of multiple microbial metabolic pathways, such as the choline-betaine biosyn-
thetic pathway produced by both the gut microbiome and the host resulting in increased levels of dimethylglycine
(DMQG), coupled with reduced N-acetylglycine (ACG). Altogether, human and rodent studies reveal prominent gut
microbial dysbiosis induced by smoking exposure (Figure 1).

Microbial dysbiosis in smoking-associated diseases

The interplay between the host and the microbiome is bilaterally affected by health status [23,26,28,37,51], and in
some cases also contributes to disease development [22,25,72,73]. In the smoking context, such microbiome associ-
ations have been suggested to be implicated in several smoking-associated diseases [26,29,47,50,74]. In this section,
we highlight the possible links between smoking-associated microbial dysbiosis and smoking-related diseases, such
as lung cancer, colorectal cancer (CRC), COPD, CVDs, diabetes mellitus and inflammatory bowel disease (IBD), and
the possible microbiome contribution to post-cessation weight gain. Of note, many of these associations still merit
formal proof of causation beyond the described associations.

COPD

COPD is a progressive obstructive airway disease that is associated with bronchitis, inflammation, emphysema and
destruction of the lung parenchyma leading to limitations in airflow and gas exchange [75]. COPD is one of the leading
causes of global morbidity and mortality and is directly linked to chronic exposure to cigarette smoke in the majority
of cases [76]. Cigarette smoking leads to damage of airway epithelial cells, lung inflammation and impairs the airway
epithelial barrier, collectively driving COPD development and exacerbation [75,77]. In COPD, the disease-associated
lung microbiome deviates from healthy state in both diversity and composition [78-80]. Analysis of bronchial wash
samples from COPD patients indicated an overall lower bacterial diversity and bacterial dysbiosis that were associated
with COPD severity and augmented bronchial inflammation [75,81,82]. Antibiotics administration to mice lacking
the airways secretory immunoglobulin A (IgA) inhibited the emphysema-like symptoms in these mice and reduced
lung remodeling and inflammation, suggesting that the microbiome in COPD may have deleterious effects on disease
progression [83]. Microbiome signals from other anatomical sites like the gut may also affect COPD progression
[84,85].

A 16S rRNA sequencing-based analysis of the lung microbiome in healthy non-smokers, smokers and COPD pa-
tients found that smokers featured overall lower lung microbiome diversity [82,86]. COPD patients exhibited higher
abundance of the phyla Firmicutes and enrichment of Lactobacillales [86]. However, this study enrolled a small num-
ber of participants and did not include a group of COPD patients who did not smoke, which would help to delineate
the influence of smoking on the microbiome in COPD. Some of these limitations were resolved by Wang et al. [87]
who found in a larger cohort that the bacterial genera Moraxella and Haemophilus were significantly enriched in
ex-smokers with COPD and associated with augmented inflammation [87], in agreement with other studies correlat-
ing Haemophilus with COPD severity [81]. Interestingly, a study in mice [88] found that exposure of mice to smoke
for 6 months followed by 3 months of cessation caused irreversible emphysema, accompanied by a lower diversity and
dysbiosis of the oropharyngeal microbiome, which was reverted following smoking cessation. In the mice previously
exposed to smoke, pneumococcal infection led to increased chronic lung injury along with short-term alterations in
the oropharyngeal microbiome [88]. Collectively, these studies present a distinct microbiome composition induced
by smoking and COPD (Figure 2). Further investigations will determine the contribution of microbial dysbiosis to
COPD exacerbations, define the microbial features during smoking cessation and correlate them with COPD severity.

Lung cancer

Lung cancer is one of the most common and deadly cancers worldwide [89]. Smoking is considered a major risk fac-
tor for lung cancer [2] and accounts for 87% of lung cancer deaths in the USA [5]. Smoking disrupts the protective
epithelial barrier in the airways and interferes with cilia structures that are responsible for clearing contaminants in
the lung. Cigarette smoke contains high levels of carcinogens and reactive oxygen species that can cause impairment
of epithelial and endothelial function in the lung [90]. Additionally, smoking induces heterogenic DNA mutations
and epigenetic modifications in bronchial epithelial cells of the lung that may result in lung carcinogenesis [8,91]. The
damage to the lung tissue and to the pulmonary barrier induced by chronic cigarette smoking can allow translocation
of pathogenic bacteria and increased bronchial inflammation, which altogether may contribute to lung tumorige-
nesis [92]. Epidemiological studies have indicated that tuberculosis infection is associated with subsequent risk of
lung adenocarcinoma, and it was suggested that Mycobacterium tuberculosis infection may promote chronic lung
inflammation and cancer development [93]. Several other clinical studies indicate that lung carcinogenesis involves
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Figure 2. Alterations in microbial communities and metabolites in smoking-associated diseases

Examples of smoking-associated microbial communities and metabolites that are modified in systemic smoking-induced diseases;
Abbreviations: ERK, extracellular signal-regulated kinase; IL-17, interleukin 17; MAPK, mitogen-activated protein kinase; TNF, tumor
necrosis factor. Figure created with BioRender (biorender.com).

dysbiosis of the lung microbiome [94-97]. Moreover, a recent study analyzed the bronchial microbiome of patients
who develop lung cancer and healthy controls for 10 years and build a microbiome-based classifier, which could be
used for early detection of lung cancer [95].

It is possible that the pathogenic changes caused by smoking lead to lung microbial dysbiosis, which may further
contribute to lung cancer development and progression. This hypothesis was examined in the study by Lee et al. [98]
who analyzed by 16S rRNA sequencing the bacterial composition of BAL samples obtained from smokers compared
with non-smokers who had lung cancer. Smokers exhibited a significant increase in the ratio of Firmicutes to Bac-
teroidetes phyla, and more specifically had an increased abundance of Streptococcus and Porphyromonas, while
the genus Alloprevotella was decreased [98]. Greathouse et al. [97] examined the interplay between smoking, the
microbiome, p53 mutations and lung carcinogenesis and found that the genus Acidovorax is specifically enriched
in lung tissues obtained from smokers with squamous cell carcinoma compared with patients who did not smoke.
Higher abundance of Acidovorax was prevalent in patients with p53 mutations compared with others [97]. These
findings suggest that somatic mutations together with smoking may cause a distinct microbiome composition that
may contribute to lung carcinogenesis [97]. Nejman et al. [99] showed that pathways responsible for the degradation
of chemicals found in cigarette smoke, such as acrylonitrile, aminobenzoates and toluene were significantly enriched
in bacteria identified in lung tumors compared with other types of tumors. In addition, smoke-related metabolite
degradation pathways were identified in lung bacteria obtained from the tumors of smokers. The identified lung
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bacteria in smokers were of the phyla Proteobacteria, Actinobacteria, and Cyanobacteria and were depleted in the
Firmicutes phylum, compared with tumors of never-smokers [99]. A recent study defined the lung microbial compo-
sition in patients with non-small cell lung cancer who smoke compared with never-smokers and healthy individuals,
using shotgun metagenomic sequencing of BAL samples [96]. Enhanced abundance of Roseburia hominis, Pseu-
doalteromonas sp. CF149 and the fungus Penicillium exp ansum were found in lung cancer patients with a smoking
history compared with patients with cancer who never smoke [96].

Collectively, these studies suggest that smoking leads to lung microbial dysbiosis in lung cancer patients (Figure 2).
Future studies will reveal whether smoking-related microbial changes are secondary to the many microenvironmental
changes characterizing lung cancer, or casually contribute to the high risk of lung cancer noted in chronic smokers.
Beyond composition, studies are required to dissect microbial functional features and metabolites that are produced
in response to cigarette smoke and their possible involvement in lung cancer pathogenesis. In addition to the lung
microbiome, it is possible that the oral microbiome that is altered during smoking [96] may further contribute to lung
tumorigenesis.

Colorectal cancer

Smoking is also associated with an increased risk of CRC, mostly rectal cancer [100], and a longer cessation time
correlates with a lower CRC risk [101,102]. Smoking is associated with genetic and epigenetic mutations leading to
CRGC, such as genetic microsatellite instability and mutations in oncogenes and tumor suppressor genes [103-105].
Gut dysbiosis was reported in CRC in both humans and rodent studies [106,107]. Recent studies suggested that gut
microbial dysbiosis during CRC is associated with tumorigenesis, mutagenesis and epigenetic modifications related
to CRC [108,109], and may potentially help in CRC detection [105,106].

Bai et al. [107] recently showed that mice treated with the carcinogen azoxymethane for CRC induction and ex-
posed to cigarette smoke developed an increased number of colorectal tumors and enhanced proliferation of colonic
epithelial cells compared with cancer-induced mice exposed to air. Notably in this study, mice exposed to smoke
exhibited gut microbial dysbiosis, which included significant enrichment of Eggerthella lenta and Staphylococcus
capitis and reduction in Parabacteroides distasonis and Lactobacillus species. The smoking-induced microbial dys-
biosis was accompanied with elevated fecal taurodeoxycholic acid (TDCA) and other bile acids in the colon, impaired
barrier function, increased activation of ERK/MAPK signaling and inflammatory IL-17 and TNF signaling pathways
in colonic epithelial cells [107] (Figure 2). Germ-free mice colonized with fecal material from mice with CRC that
were exposed to smoke exhibited similar gut microbial features as their corresponding donors, along with augmented
proliferation of colonic epithelial cells, increased gut barrier dysfunction and elevated activation of ERK/MAPK sig-
naling in the colon, in comparison with germ-free mice colonized with fecal material from control mice exposed to air
[107]. Altogether, these results suggest a causal role for the smoking-induced microbial dysbiosis in CRC pathogen-
esis. It would be interesting to examine the effect of colonization of specific bacterial species or metabolites that are
depleted during smoking and CRC as putative preventive or therapeutic approaches to CRC. Since prolonged smok-
ing cessation improved survival specifically in CRC patients [110], it would be intriguing to explore the alterations
in microbial features during smoking cessation and correlate them with CRC carcinogenesis. Beyond the gut micro-
biome, the potential changes in microbial communities outside the gastrointestinal tract during CRC is debatable
[47,111] and requires future research in the smoking and non-smoking settings.

Cardiovascular diseases

CVD constitute the leading cause of death worldwide. Smoking is considered a major CVD risk factor, accounting for
over 10% of CVDs mortality [112]. Smoking cessation leads to reduced CVD [113] and mortality rate [114]. Gut mi-
crobial dysbiosis and alterations in metabolites produced by the commensal gut bacteria were found in several CVDs
[115], including CAD [116,117], myocardial infarction [118], hypertension, heart failure [119] and atherosclerosis
[21]. One of the most prominent examples for the effect of gut bacteria on CVD prognosis is the microbial metabolite
trimethylamine (TMA) N-oxide (TMAO), which is associated with CVD risk in clinical studies [120], and promotes
atherosclerosis, thrombosis and other CVDs in rodents [22]. Inhibition of TMA production by the gut bacteria caused
reduction in systemic TMAO, which in turn led to attenuated atherosclerosis, and thrombosis, and improved heart
function and remodeling following heart failure in preclinical murine CVD models [21,121,122].

The human association between smoking, CAD and the gut microbiome was explored by Hu et al. [123] who used
16S rRNA sequencing and metabolomics to profile the gut microbiome and serum metabolites in men with CAD
who never smoke, former smokers or active smokers. In CAD patients, smokers compared with former smokers
and non-smokers exhibited increased abundance of the phyla Firmicutes, and more specifically enrichment of the
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genus Desulfovibrionaceae, and the species Enterococcus faecium, Haemophilus parainfluenzae, coupled with a
lower abundance of Bifidobacterium catenulatum, Akkermansia muciniphila, Veillonella dispar and Lactobacil-
lus johnsonii [123]. Smokers featured elevated levels of sphingolipids and ceramides along with enhanced sphin-
golipids metabolism pathways [123] (Figure 2). Limitations of this study included inclusion of only men and variable
cessation periods of ex-smokers. Overall, the contribution of smoking-related bacterial communities and metabolites
to CAD, and the relation between resolving dysbiosis and reduced CVD risk following smoking cessation need to be
further established.

Gut microbial dysbiosis has been additionally implicated in hypertension [115,119]. Wang et al. [124] explored the
effects of smoking on the gut microbiome of hypertensive patients using metagenomic sequencing of fecal samples
and found that smokers with hypertension had lower «-diversity, enrichment in Prevotella-dominant enterotype
and lower abundance of Bacteroidetes. These findings are in line with a previous report showing that reduced Bac-
teroidetes and increased Prevotella are associated with CVD risk [125]. More specifically, the genus Phycisphaera
and the species Clostridium asparagiforme were depleted in smokers with hypertension compared with the other
groups [124]. However, this study enrolled a small number of participants per groups. Larger study cohort may pro-
vide more information about the effect of smoking on the microbiome composition and function in hypertensive
patients.

Diabetes mellitus

Cigarette smoking increases the incidence of Type 2 diabetes [2,126]. Smoking alters glucose homeostasis by modula-
tion of insulin sensitivity and insulin signaling, pancreatic (3-cell function and exacerbation of chronic inflammation
[127]. Nicotine can increase adipocyte lipolysis and loss of insulin-mediated lipolysis, leading to whole-body insulin
resistance [128]. Several studies have shown that gut and oral microbial dysbiosis are associated with Type 2 diabetes
[129-131], and interventional studies have used gut bacterial communities to treat diabetes and insulin resistance.
One such international study included supplementation of Akkermansia muciniphila to obese and overweight vol-
unteers, which resulted in improved insulin sensitivity and reduced hyperinsulinemia [72]. Other studies used the
composition of the gut microbiome to predict the postprandial glucose response and to design personalized diets [20].
Ganesan et al. [132] studied the oral microbiome of Type 2 diabetes patients with periodontitis who smoke compared
with non-smokers and healthy controls. In this study, all the diabetic smokers were identified with periodontitis and
their oral microbiome was dominated with high levels of gram-negative facultative bacteria and significant reduction
in gram negative anaerobes [132]. Future studies will determine whether oral (or possibly gut) microbial dysbiosis
is merely secondary to smoking or whether it contributes to the adverse effects of smoking on diabetes and insulin
resistance.

Inflammatory bowel disease

IBD, Crohn’s disease (CD), ulcerative colitis (UC) and indeterminate colitis are a group of autoinflammatory disor-
ders characterized by inflammation with episodes of relapse and remission that can affect different portions of the
gastrointestinal tract [133]. Genetic susceptibility that includes mutations in genes associated with innate immunity
and bacterial sensing along with environmental factors such as diet, stress and smoking can all contribute to IBD
development and complications [133,134]. Smoking is considered a risk factor for CD [133,135], and a higher rate of
CD relapse and surgical recurrence was reported in smokers compared with non-smokers, whereas smoking cessa-
tion lowered CD relapse and improved the response to therapy [136,137]. Several mechanisms have been proposed to
explain the effect of smoking on CD pathogenesis, including augmented intestinal inflammation [10,67,138], epithe-
lial cell damage and Paneth cell defects [139]. CD patients show distinct microbial composition, functional genes and
metabolites compared with healthy or other IBD patients [23,62,140]. In line with these observations, Faecalibac-
terium prausnitzii, which was depleted in CD patients [141,142], showed promising results as an anti-inflammatory
bacterium [142], and an anti-inflammatory protein generated by E prausnitzii ameliorated colitis in mice [143].
Other approaches such as transplantation of fecal microbiome from healthy individuals to CD patients [144], and
phage therapy against pathogenic bacteria associated with CD [145], are still preliminary and their effectiveness
against CD remains to be determined in large clinical trials.

The combined effect of smoking and the microbiome on CD etiology has been tested in several studies. In a small
study, Shahan et al. [65] analyzed the effect of smoking on the microbiome obtained from mucosa samples of the duo-
denum obtained from CD patients using 16S rRNA sequencing and found no effect of smoking on the upper gastroin-
testinal microbiome of CD patients. Using a larger cohort of CD patients, Benjamin et al. [62] found in both healthy
and CD patients who were smokers a clear shift in the fecal microbiome composition compared with never smokers,
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which included enhanced abundance of Bacteroides and Prevotella. Likewise, a microbial signature that was spe-
cific to CD patients who smoke versus non-smokers was identified by metagenomics sequencing [146] and noted an
overall reduced gut microbial diversity in CD patients, along with reduced abundance of the genera Collinsella, En-
terorhabdus, and Gordonibacter and lower abundance of the species F. prausnitzii (Figure 2). Nevertheless, further
studies are required to ascertain whether microbial dysbiosis is a causative or rather a result of the deleterious effect of
smoking on CD. In addition to gut microbial alterations, oral microbial dysbiosis was reported in CD patients [141];
thus, it is possible that oral bacterial dysbiosis is involved in the adverse effect of smoking on CD pathogenesis. These
possibilities necessitate future research.

In contrast to CD, smoking has been associated with a lower incidence and severity of UC [135]. Possible mech-
anisms suggested for this differential effect included modulation of small bowel inflammation, changes in immune
cell populations [147], increased gut permeability [14] and other impacts induced by gut microbial dysbiosis [148].
Lo Sasso et al. [148] studied mice that were exposed to moderate levels of cigarette smoke and were subsequently in-
duced for colon colitis development as a preclinical model for UC. The mice exposed to smoke exhibited reduced col-
itis severity, lower inflammatory gene expression, accompanied with compositional changes in the gut microbiome,
which included enhanced abundance of the genera Akkermansia, Bacteroides and Intestinimonas, and reduced
abundance of Alistipes. The impact of these smoking-associated bacterial communities on inflammation and UC
severity merits further mechanistic studies.

Diseases of the mouth

Periodontitis is highly prevalent worldwide and leads to loss of periodontal tissue structures that attach the teeth
to the jawbone [149]. Smoking and diabetes are known risk factors for this disease [149]. Periodontitis, endodontic
infections and dental caries are all characterized by microbial dysbiosis [32]. Mason et al. [45] found that healthy
smokers had subgingival microbial dysbiosis compared with non-smokers and identified bacterial communities that
were related to individuals with active dental caries. Other studies analyzed the subgingival microbiome profile from
smokers and non-smokers with periodontitis and found that smokers demonstrated greater abundance of several
genera such as Parvimonas, Fusobacterium, Bacteroides, Treponema and Corynebacterium and lower levels of
some species belonging to the genera Veillonella, Neisseria and Prevotella [36,150] (Figure 2). These studies indi-
cated that in patients with periodontitis, smoking leads to prominent changes in the oral microbiome composition
that is associated with disease state and reduced oral health. Future longitudinal studies would help clarify the causal
relationship between smoking, smoking cessation and the oral microbiome in periodontitis.

Smoking cessation-associated weight gain

Smoking cessation is frequently accompanied with an average weight gain of 4-5 kg within 6-12 months [151,152].
As such, post-cessation weight gain leads to low adherence to smoking abstinence [151]. Several studies reported
that post-cessation weight gain did not cause significant alterations in food intake [59,153], even under conditions
of low calorie intake [154]. A few studies presented a profound change in the gut microbiome composition as a
result of smoking cessation accompanied with weight gain in humans and mice [59-61]. A causative role for the gut
microbiome in weight gain following cessation was recently demonstrated by Fluhr et al. [60] who showed across
mouse strains and diets that the post-cessation weight gain was abrogated by antibiotics and was transmissible to
germ-free mice that were never exposed to smoke. The microbiome driven post-cessation weight gain was found to
be involved in enhanced energy harvest and in production of DMG from dietary choline, coupled with a reduction
of ACG [60] (Figure 3). DMG supplementation abolished the effect of antibiotics and led to excessive post-cessation
weight gain, whereas ACG abrogated the increase in body weight. A small observational human study supported
these observations [60]. Altogether, these findings indicate that the gut microbiome may contribute to post-cessation
weight gain through production of bioactive metabolites that impact the host metabolic state (Figure 3). The impact
of such microbial and metabolites changes on post-cessation weight gain merit further human studies and may lead
to exciting interventions exploiting these checkpoints in the smoking and non-smoking metabolic settings.

Limitations, challenges and prospects

Emerging data from human and rodent studies characterize the modified microbial composition, functional fea-
tures, and metabolites observed as result of exposure to cigarette smoking. However, several limitations should be
considered while interpreting these findings. Many of these studies utilize varying techniques for DNA extraction,
sequencing and microbiome analysis, with most studies still rely on 16S rRNA sequencing, which offers a limited
compositional resolution and nearly no functional insights into microbiome community structure. In comparison,
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Figure 3. Weight gain following discontinued smoke exposure is modulated by the gut microbiome
As a result of gut microbial alternations caused by smoking, the host and the gut microbiome jointly produce DMG from dietary
choline and reduce ACG, which contribute to weight gain following smoking cessation. ACG, N-acetylglycine; BHMT, betaine-ho-
mocysteine S-methyltransferase; DMG, dimethylglycine. Figure created with BioRender (biorender.com).

shotgun metagenomics sequencing can identify bacterial communities at the levels of species and genus, reveal low
abundance bacterial communities that can be biologically important, and detect, in high resolution, enrichment of
functional genes and pathways [71]. In addition, metabolomics and proteomics analyses can uncover metabolites and
proteins generated by the bacteria and the host, which may impact a variety of physiological functions. Altogether,
these novel omics approaches can improve the resolution of microbial features in understanding the implications of
smoking on microbiome community architecture and function.

Sampling of microbial communities and metabolites remains challenging in many human clinical studies. In gut
microbiome-focused studies, fecal samples are often collected and analyzed, and assumed to represent the gut micro-
biome configuration, which is less accessible to sampling in most studies. However, there are important differences
increasingly noted between the fecal and the microbiome residing in parts of the intestine [155]. These merit future
exploration in the smoking setting. Sampling of the respiratory tract microbiome is challenged by the low micro-
biome biomass, which is vulnerable to contaminations and inferred sequencing. Therefore, careful adaptations in
study methodologies that include DNA extraction in sterile environment, and additions of negative controls need to
be included when studying such low biomass microbiome niches.

Several discrepancies between murine and human studies investigating the impact of smoking on the
host-microbiome interactome merit consideration. These differences may result, for example, from exposure to dif-
ferent cigarettes with variable nicotine content. To overcome this limitation, in rodent studies it is reccommended
to use research reference cigarettes [156] with a defined amount of nicotine and other cigarette compounds. Other
disparities in rodents include the smoke exposure time, rate of smoke, main-stream or side-stream exposure or even
intra- gastric administration, and the degree of space sharing between smoking and control groups. The advantages of
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using mice models are the ability to sample different biogeographical regions of the body, define both the host and the
microbiome functions and mechanisms in smoking-related diseases, and address direct causation of the microbiome,
which altogether cannot be assessed in humans. However, mice models of smoke exposure are substantially limited by
the fact that smoke exposure in the mouse setting (in utter contrast with humans) is an involuntary forced behavior.
As such, factors related to smoking-microbiome-disease interactions that involve central nervous system contribu-
tions (such as appetite and reward behavior in human smoking cessation-induced weight gain) necessitate further
exploration in human studies. In performing such human studies, one must consider variabilities arising from geo-
graphical location, gender, diet, ethnic background and weight. Longitudinal investigations of microbial alterations
before and during smoking and its cessation may disentangle some of these potentially confounding factors.

It is important to note that smoking may affect bacterial communities in other niches that are distal from the pri-
mary disease site and may affect disease progression. For example, in CVDs [157], CRC [47,111] and CD [141], oral
microbiome alterations were noted in addition to the gut microbial dysbiosis. Therefore, it would be intriguing to in-
vestigate the effect of smoking on the oral communities and their association with the pathophysiology of the disease.
Furthermore, other organisms such as fungi, viruses and archaea are also part of the microbiome, but the impact of
smoking on these organisms remains elusive. Likewise, it would be intriguing to mechanistically study in both human
and rodents the possible involvement of smoking-associated dysbiosis in other smoking-related disease such as pan-
creatic, upper respiratory tract, upper digestive tract, bladder and liver cancer, as well as neurodegenerative disease.
The disparate associations made between smoking and CD and UC can potentially involve differential pathobionts
arising in patients who smoke in both disorders, and merit further studies [140,141,146,148].

In reaching an improved proof of microbial causation, one may opt to utilize microbiome depletion murine models
(such as germ-free or antibiotics-treated mice) colonized with bacterial communities derived from human smokers
compared with non-smokers or from mice exposed to smoke compared with mice exposed to air. Such microbiome
recipients may harbor smoking-related diseases, for example COPD [83] or lung cancer [158] and will help to dissect a
direct causative effect of microbiome colonization in disease development and exacerbations. Collectively, adaptation
of such proposed approaches may reveal bacterial, viral, fungal members of the microbiome, and their respective
metabolites that may impact smoking-associated disease pathophysiology. The contribution of bacterial metabolites
to development of smoking-related disease can be assessed by administration of the candidate metabolite in mice
model harboring smoking-associated disease such as COPD [83], lung cancer [158] and CRC [107]. These studies
may pave the way toward incorporation of microbial interventions modifying the disease risk among smokers or
optimizing their abstinence success rate.
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