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Abstract: Cigarette smoking (CS) or ambient particulate matter (PM) exposure is a risk factor for
metabolic disorders, such as insulin resistance (IR), increased plasma triglycerides, hyperglycemia,
and diabetes mellitus (DM); it can also cause gut microbiota dysbiosis. In smokers with metabolic
disorders, CS cessation decreases the risks of serious pulmonary events, inflammation, and metabolic
disorder. This review included recent studies examining the mechanisms underlying the effects of
CS and PM on gut microbiota dysbiosis and metabolic disorder development; one of the potential
mechanisms is the disruption of the lung–gut axis, leading to gut microbiota dysbiosis, intestinal
dysfunction, systemic inflammation, and metabolic disease. Short-chain fatty acids (SCFAs) are
the primary metabolites of gut bacteria, which are derived from the fermentation of dietary fibers.
They activate G-protein-coupled receptor (GPCR) signaling, suppress histone deacetylase (HDAC)
activity, and inhibit inflammation, facilitating the maintenance of gut health and biofunction. The
aforementioned gut microbiota dysbiosis reduces SCFA levels. Treatment targeting SCFA/GPCR
signaling may alleviate air pollution–associated inflammation and metabolic disorders, which involve
lung–gut axis disruption.

Keywords: cigarette smoking; lung–gut axis; inflammation; metabolic disorder; particulate matter

1. The Lung–Gut Axis in Lung and Metabolic Disease

The homeostasis of the gut microbiota and its metabolites act as a critical role in the
alternation of the local and systemic immune system [1]. Accumulating studies point to
an important interaction between the gut microbiota and the lung, termed the “lung–gut
axis” [1]. Furthermore, increasing evidence declares its crucial role in maintaining host
metabolic homeostasis and in the pathogenesis of lung diseases [2]. Particulate air pollution
components, such as hazardous substances and metals that remain in the lungs, can lead
to dysbiosis of the lung and gut microbiota, resulting in decreased lung function [3]. The
role of the lung–gut axis is related to the action of microbiota and gut microbe-derived
components and metabolites, such as lipopolysaccharide (LPS), metabolite trimethylamine

Cells 2023, 12, 901. https://doi.org/10.3390/cells12060901 https://www.mdpi.com/journal/cells

https://doi.org/10.3390/cells12060901
https://doi.org/10.3390/cells12060901
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cells
https://www.mdpi.com
https://orcid.org/0000-0002-7887-2728
https://orcid.org/0000-0003-1746-5771
https://doi.org/10.3390/cells12060901
https://www.mdpi.com/journal/cells
http://www.mdpi.com/2073-4409/12/6/901?type=check_update&version=2


Cells 2023, 12, 901 2 of 19

(TMA) N-oxide (TMAO), and short-chain fatty acid (SCFA), as main regulators for the
immune and metabolic systems [4–6]. SCFAs regulate immune homeostasis and systemic
immune responses, such as modulation of pro-inflammatory or anti-inflammatory [7].
Notably, gut microbiota dysbiosis is one of the risk factors promoting insulin resistance
(IR) in type 2 diabetes mellitus (T2DM) [8]. Current evidence suggests that the chemical
constituents of the air pollutant mixture may affect the pathogenesis of T2DM [9]. How-
ever, there is a need to elucidate the detailed mechanisms by which air pollutants cause
metabolic dysfunction, IR, and T2DM, including increased inflammation, oxidative stress,
and endoplasmic reticulum stress [10]. Of note, emerging experimental and epidemiologi-
cal findings highlight a key factor that exposure to pollutant particles induces alterations in
the gut microbiota and systemic metabolism, which may contribute to glucose metabolism
disorder, IR, and T2DM [11]. In this while, the regulation of gut microbiota homeostasis
or probiotics administration may act as a vital role on the regulation of lung–gut axis.
Indoor and outdoor air pollution such as cigarette smoking (CS) and ambient particu-
late matter (PM) increase lung dysfunction and risk of chronic obstructive pulmonary
disease (COPD) and respiratory death [12]. This review includes recent studies on the
effects of CS and ambient PM on gut microbiota dysbiosis, systemic inflammation, and
metabolic diseases possibly due to disorder of the lung–gut axis. Furthermore, we discuss
the potential prevention of particulate pollution-mediated dysregulation of the lung–gut
axis and consequent microbial-derived metabolites that may reduce the risk of metabolic
dysfunction and associated disease progression.

2. CS Exposure Induces Lung Inflammation and Diabetes Mellitus Progression

CS is a complex mixture including various compounds with suspended PM and
gases [13]. Indoor PM2.5 (PM with aerodynamic diameter ≤ 2.5 µm) was the most reliable
indicator in CS [14]. CS exposure can cause chronic inflammatory lung disease and lung
infection and predispose individuals to acute lung injury [15]. Airway epithelial cells and
alveolar macrophages exposed to CS alter inflammatory signaling leading to the recruit-
ment of eosinophils, neutrophils, lymphocytes, and mast cells to the lung—depending on
the activation of different signaling pathways, such as Nuclear factor-κB (NF-κB), c-Jun
N-terminal kinase, p38, and STAT3 [16]. In addition, CS is also considered a critical risk
factor for metabolic disorder and metabolic syndrome (MetS). Metabolic disorders occur
when aberrant chemical reactions in the body alter normal metabolic processes. However,
MetS encompasses a spectrum of metabolic abnormalities, including hypertension, obesity,
IR, and atherogenic dyslipidemia, and is strongly associated with an increased risk of
diabetic cardiovascular disease [17]. Notably, CS may induce MetS, which is characterized
by reduced insulin sensitivity, increased IR and plasma triglyceride levels, and mediated
hyperglycemia [18]. Several clinical studies have indicated a close link between MetS and
lung disease [19]. MetS comprises a cluster of risk factors specific for lung inflammation
diseases, such as obesity, high blood pressure, diabetes mellitus (DM), and chronic kidney
disease (CKD) [20,21]. CS exposure is strongly associated with an increased risk of pro-
gression of various diseases, including DM, cardiovascular disease, and COPD. However,
prolonged CS cessation can reduce these risks.

A meta-analysis of prospective observational studies study revealed that there is a
linear dose-response relationship between CS and the risk of T2DM; however, the risk
steadily declined after smoking cessation [22]. There was a dose-response relationship
between HbA1c (blood sugar/glucose test) levels and CS exposure of current smokers,
and there was an inverse association between the number of years since smoking cessation
with HbA1c levels has been detected among ex-smokers [23]. The adverse effects of CS
and hyperglycemia aggravate vascular damage in patients with DM [24]. Eliasson et al.
reported a dose-dependent correlation between the per-day CS quantity and IR degree [25].
Acute CS can impair glucose tolerance and insulin sensitivity as well as increase serum
triglyceride and cholesterol levels, blood pressure, and heart rate [26], whereas CS cessation
can improve insulin sensitivity [27]. Moreover, CS is an independent predictor of T2DM,
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and CS cessation can reduce the risk of MetS [28]. Serious pulmonary events (SPEs) re-
duced exercise capacity and lung dysfunction and might be a clinical indicator of pre-DM
or undiagnosed DM [24]. CS cessation can reduce SPE risk, morbidity, and mortality in
people with DM. For instance, in DM mice, CS exposure was reported to accelerate edema
and inflammatory progression, whereas CS cessation alleviated CS-mediated metabolic dis-
order and IR [27]. Also, DM is strongly correlated with pulmonary complications, including
COPD, fibrosis, pneumonia, and lung cancer [29]. In patients with COPD combined with
DM, metformin—the first-line drug for T2DM—can increase inspiratory muscle strength,
leading to dyspnea and COPD alleviation as well as health status and lung function im-
provements [30,31]. Although the strong association of DM with inflammation-related
chronic lung disease, particularly asthma and COPD, has been demonstrated epidemiologi-
cally and clinically, the underlying mechanism and pathophysiology remain unclear [32].
Numerous mechanisms have been reported; most of them have implicated the association
of lung disease with DM-related inflammatory properties or pulmonary microvascular and
macrovascular complications [33]. DM, combined with progression to pulmonary disease,
is characterized as a chronic and progressive disease with high mortality and extremely
few therapeutic options, possibly including metformin and thiazolidinediones [32,34,35].
Collectively, the complex consequences mediated by CS exposure lead not only to lung
inflammation but also to the progression of MetS. In the next section, we continue to review
emerging studies on CS-mediated systemic inflammation and metabolic diseases associated
with gut microbiota dysbiosis.

3. Association of CS Exposure with Gut-Derived Microbiota and Inflammatory
Bowel Disease

CS-related microbiota dysbiosis may be associated with numerous inflammatory lung
diseases (including COPD, asthma, cystic fibrosis, and allergy) and metabolic disorders
(such as IR, glucose metabolic disorder, hypertriglyceridemia, and DM) [14,36,37]. How-
ever, the relationship of CS with gut-derived microbiota biofunction and their dietary
nutrient–derived metabolites warrants elucidation. Even with an improved understanding
of the mechanisms underlying the progression of inflammation-associated lung disease,
CS-associated metabolic disorder remains the leading cause of morbidity and mortality
globally. Several epidemiological studies have indicated a high correlation between in-
testinal microbiota and the lungs—termed the lung–gut axis [1]. Gut microbiota dysbiosis
is associated with inflammatory bowel disease (IBD), and it influences the gut epithelial
barrier function and leads to increased immune response and chronic inflammatory disease
and metabolic disorder pathogenesis. Moreover, IBD is strongly linked with COPD, DM,
and gut microbiota dysbiosis [38,39]. Alterations in gut microbiota due to an imbalanced
diet may lead to enhanced local and systemic immune responses. Gut microbiota dysbiosis
has been linked to not only the loss of gastrointestinal tract function but also that of airway
function, such as that in asthma and COPD [1]. Moreover, CS-elicited dysbiosis has a
protumorigenic role in colorectal cancer. CS-associated gut microbiota dysbiosis alters gut
metabolites and diminishes gut barrier function, activating oncogenic MAPK/ERK signal-
ing in the colonic epithelium [40]. Taken together, these results indicate that CS mediates
not only the dysbiosis of gut microbiota and the dysregulation of their metabolites but
also systemic inflammation and metabolic dysregulation in the lung–gut axis. In addition,
ambient PM-mediated systemic inflammation and metabolic disease may also be associated
with dysregulation of the lung–gut axis, as reviewed later.

4. PM Exposure Triggers Lung Inflammation, Gut Microbiota Dysbiosis, and
DM Progression

Chronic exposure to particulate pollution such as PM2.5 can also lead to decreased
lung function, emphysematous lesions, and airway inflammation [41,42], and it accelerates
CS-induced alterations in COPD progression [36]. Ambient air pollution is associated
with decreased lung function and increased COPD prevalence in a large cohort study [12].
Furthermore, urban PM exposure markedly increased airway inflammatory responses
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through the activation of reactive oxygen species (ROS)-MAPK-NF-κB signaling [43]. Thus,
PM exposure contributes to respiratory disease by triggering lung inflammation and
increasing oxidative stress.

Notably, recent studies have linked PM exposure to intestinal disorders such as ap-
pendicitis, irritable bowel syndrome, and IBD [44,45]. In addition, the secretion of proin-
flammatory cytokines and intestinal permeability is increased in the small intestine of mice
exposed to PM10 [46]. PM-mediated dysbiosis of the microbiota is also correlated with
PM-mediated gut and systemic effects. Long-term exposure to PM, such as O3, NO2, SO2,
PM10, and PM2.5, as well as traffic-related air pollution, has been shown to alter microbiota
diversity [47]. Moreover, both PM2.5 and PM1 exposure are positively associated with
the risks of fasting glucose impairment or T2DM and negatively associated with alpha
diversity indices of the gut bacteria [48]. Through systematic database analysis, air pollu-
tion exposure is a leading cause of insulin resistance and T2DM. Besides, the association
between air pollution and diabetes is stronger for particulate matter, nitrogen dioxide,
and traffic-associated pollutants [10]. In a meta-analysis study, exposure to PM2.5 but
not PM10 or NO2 is correlated with increased disease incidence in T2DM patients [49].
Particularly, chronic ambient PM2.5 exposure is associated with increased T2DM risk in
several Asian populations exposed to high levels of air pollution [50]. Through global
untargeted metabolomic analysis, several significant blood metabolites and metabolic path-
ways were identified associated with chronic exposure to PM2.5, NO2, and temperature;
these included glycerophospholipid, glutathione, and sphingolipid propanoate as well as
purine metabolism and unsaturated fatty acid biosynthesis [51]. In mice, PM2.5 exposure
was reported to lead to increased oxidative stress, glucose intolerance, IR, and gut dysbiosis
and impaired hepatic glycogenesis [52]. In rats with T2DM, short-term PM2.5 exposure
significantly increased IR as well as the lung levels of inflammatory factors, such as inter-
leukin (IL) 6, monocyte chemoattractant protein 1, and tumor necrosis factor (TNF) α [39].
High levels and prolonged periods exposure to concentrated ambient PM2.5-mediated gut
dysbiosis was associated with the metabolic disorder and intestinal inflammation [53].
Taken together, these findings indicate that air pollution particles not only mediate the
pathogenesis of lung inflammation disease but also increase gut microbiota dyshomeostasis
and metabolic disorders, such as IR and DM.

5. CS and PM Exposure Mediates Systemic Inflammation and Metabolic Disorders
Associated with Lung–Gut Axis Disruption

Emerging studies on the effects of particulate pollution, such as CS and PM expo-
sure, on the systemic inflammation and metabolic disorder associated with the lung–gut
axis. Exposure to CS and PM2.5 is a critical risk factor for intestinal dysfunction, which
comprises intestinal microbiota dysbiosis, enhanced permeability of the mucosal barrier,
and induce mucosal immune responses [54,55]. The toxic constituents of cigarette smoke
include carboxylic acids, phenols, humectants, nicotine, polycyclic aromatic hydrocarbons,
acetaldehyde, 1,3-butadiene, N-nitrosamines, benzene, aromatic amines, acrolein, and
polyaromatics, all of which are inhaled into the lungs [56], followed by their absorption
into the blood system and then into the gastrointestinal tract; this causes dysbiosis of gut
microbiota through the inhibition of their bioactivity and thus alterations in the intestinal
microenvironment [57]. Moreover, these toxic compounds induce lung oxidative stress,
gut microbiota dysbiosis, intestinal dysfunction, and extreme systemic inflammation. CS-
exposed mice were noted to have impaired gut barrier function and elevated serum LPS
levels compared with those not exposed to CS [40]. After 24 weeks of PM (biomass fuel
or motor vehicle exhaust) exposure, rats were noted to display lung inflammation, which
progressed to COPD. Their gut microbiota demonstrated decreased microbial richness and
diversity and decreased SCFA levels, but increased serum LPS levels were found [58]. In
young patients with hypertension, the metal constituents of PM2.5 were noted to elevate
blood pressure and increase the plasma levels of the microbial metabolite trimethylamine
TMAO [59]. PM mediates gut barrier function loss, thereby increasing gut permeability and
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consequently resulting in the entry of bacteria, bacterial endotoxin, bacterial metabolite, or
all leak into circulation [60]. As well, dysregulated gut epithelial barrier, gut microbiota dys-
biosis, and accelerated gut microbial product translocation promote lung inflammation [61].
In fact, the harmful components carried by ambient PM may vary according to the level
and duration of environmental pollution exposure, leading to different degrees of lung
deposition, inflammation and injury. However, either CS or PM may worsen IBD, gut mi-
crobiota dysbiosis, and microbiota-derived metabolite alterations, thus mediating systemic
inflammation and metabolic disorder development by increasing LPS and TMAO levels
and reducing SCFA levels. Below, we highlight recent studies that provide insight into the
implication of particulate pollution exposure in aggravating systemic inflammation and
metabolic disease through complex interplaying processes, including lung inflammation
and injury, gut microbiota dysbiosis, and the production of corresponding metabolites.

6. Mechanisms Underlying CS and PM Exposure Aggravate Inflammation and
Development of Metabolic Disorder through the Lung–Gut Axis

CS or PM inhalation studies have mostly focused on the effects of air pollution on
inducing lung inflammatory response, oxidative stress, and endothelial dysfunction; how-
ever, the effects of PM on gut microbiota and its role in metabolic disease pathogenesis
are largely unknown. CS-mediated chronic airway inflammation is a major COPD patho-
genesis driver [62,63]. CS also mediates gut microbiota dysbiosis [40]. Gut microbiota
dysbiosis has a potential role in CS-related pathogenesis, such as that in metabolic disorders
and DM. When in homeostasis, the gut microbiome has a high diversity of microbiota,
such as bacteria from the phyla Firmicutes, Bacteroidetes, Actinobacteria, Verrucomicrobia, and
Proteobacteria [64]. Smokers’ gut microbiome differs from that of nonsmokers. The gut
microbiota of the majority of current smokers includes a lower number of bacteria from
Firmicutes but a higher number of bacteria from Bacteroidetes [65]. After CS cessation, these
individuals demonstrate an increase in Actinobacteria and Firmicutes populations but a
decline in Proteobacteria and Bacteroidetes populations [66,67]. Specifically, observational
and interventional studies have revealed that current smokers have increased Proteobacteria
and Bacteroidetes populations but decreased populations of Actinobacteria and Firmicutes
as well as Bifidobacterium spp. and Lactococcus spp.—along with low gut microbiome di-
versity [66,68]. Current smokers have also been reported to have increased numbers of
Proteobacteria as well as of Bacteroides spp. and Prevotella spp. in their feces; however,
this abundance has been observed to decrease after CS cessation, with an increase in the
numbers of Firmicutes (Clostridium coccoides, Clostridium leptum subgroup, and Eubacterium
rectale) and Actinobacteria (Bifidobacterium) [69,70]. CS or bidi smoking is correlated with
Erysipelotrichi and Catenibacterium abundance in a dose-response manner, where CS expo-
sure leads to the enrichment of the relative abundance of Erysipelotrichi–Catenibacterium [71].
Adult mice exposed to CS have been reported to exhibit significantly reduced Firmicutes
abundance but significantly increased Bacteroidetes abundance. CS-exposed mice also
demonstrated significant alterations; Eggerthella lenta population enrichment and Lacto-
bacillus spp. population decline [40]. Firmicutes (gram-positive) represent one of the most
abundant and exclusive phyla in the intestines [72]. CS patients with active Crohn’s dis-
ease may have significantly higher Bacteroides–Prevotella levels than do nonsmokers [69].
Moreover, increases in the population of bacteria causing proinflammatory pathway acti-
vation might cause CS-mediated deleterious effects [73]. As mentioned, CS may reduce
Firmicutes and increase Bacteroidetes populations; nevertheless, CS cessation can enable
the return of the populations to their original levels. CS reduces the number of the SCFA-
producing bacterium Porphyromonas gingivalis, causing a disparity in a cigarette smoker’s
SCFA profile [74]. CS reduces the levels of the dietary fiber–friendly SCFA-generating
Firmicutes bacteria but not the levels of Bacteroidetes bacteria. A study suggested a novel
treatment for emphysema: high-fiber diet administration followed by feces microbiota
transplantation [75].
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Notably, disruption of the microbiota resulted in lower SCFA levels after exposure to
air pollution; this effect is linked with metabolic disorders. When rats were exposed to CS
for 4 weeks, the cecal levels of SCFAs, such as acetic acid, propionic acid, butyric acid, and
valeric acid, decreased significantly. Moreover, Bifidobacterium spp. significantly decreased,
whereas pH in caecal contents significantly increased [76]. Intragastric administration of
cigarette smoke condensate (CSC) in mice caused inflammation in the intestinal mucosa,
which induced alterations in Paneth cell granules and reduced their bactericidal capac-
ity [57]. CSC exposure caused an imbalance in the gut bacterial population, promoting
bacterial infection and causing ileal damage in mice. Moreover, CSC significantly increased
the abundance of bacteria from Erysipelotrichaceae but considerably reduced that of Rikenel-
laceae. A significant decrease was also noted in the abundance of Eisenbergiella spp. (from
the family Lachnospiraceae), known for its butyrate generation capacity [77]. CS cessation-
related alterations in the gut microbial ecosystem have, however, been linked to weight
gain in mice [78]. The concentrations of SCFAs (i.e., acetate, butyrate, and propionate) were
the lowest in mice with CS-induced emphysema; on the contrary, local SCFA levels were
significantly higher in the emphysema with high-fiber (pectin and cellulose) diet group than
in the untreated emphysema group [75]. In diesel exhaust particles-treated mice, dysbiosis
of the gut microbiota population was associated with a dose-dependent decrease of SCFAs
(butyrate and propionate) in cecal content [79]. Collectively, accumulating findings suggest
that CS- or PM-mediated lung injury is closely associated with altered gut microbiota and
low SCFA production.

The potential mechanisms underlying the effects of CS-mediated metabolic disor-
ders include inducing gut microbiota dysbiosis, increased oxidative stress, disrupted
intestinal tight junctions, and increased systemic inflammation. Notably, some CS-
mediated gut microbiota changes are similar to those demonstrated during the pro-
gression of conditions such as IBD, IR, glucose metabolic disorders, and DM. Besides,
metabolomic analysis has revealed that CS exposure increases the levels of bile acid
metabolites, particularly taurodeoxycholic acid (TDCA), in the colons of mice. These
mice also had an upregulated TDCA–mitogen-activated protein kinase-extracellular
signal-regulated protein kinase 1/2 axis and damaged gut barrier function [40]. Intra-
tracheally instillated diesel PM2.5 in mice led to significant increases in the numbers
of bacteria from Firmicute, specifically those from the family Enterobacteriaceae, and
decreases in those from Bacteroidetes, specifically bacteria from the family Porphyromon-
adaceae [80]. Long-term exposure to PM2.5 for 12 months in mice resulted in IR and
impaired glucose tolerance, which was linked to the alternations of gut bacterial commu-
nities richness and gut microbiota composition [55]. PM2.5, therefore, mediates changes
in the microbiome composition; this might lead to metabolic disorder pathogeneses.
Further exploration of the mechanisms underlying CS- and PM-associated microbiota
dysbiosis is warranted. These findings may aid in elucidating whether air pollution-
related gut microbiota alterations contribute to CS- and PM-related inflammation and
metabolic disorders. The potential effects of CS or PM exposure on the lung–gut axis
are schematically represented in Figure 1. CS or PM inhalation leads to gut microbiota
dysbiosis and consequently increases the levels of TMAO and LPS, leading to system
inflammation and exacerbated metabolic disorders. Notably, SCFA/GPCR signaling
may retain gut barrier function and suppress inflammation. In addition, dietary fiber
fermentation by certain specific gut microbiota can increase SCFA production. Thus,
reducing microbiota dysbiosis and its attendant products attenuates lung inflammation
and cellular injury by the lung–gut axis, which may prevent systemic inflammation and
metabolic dysregulation.
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methylamine (TMA), N-oxide (TMAO), and short-chain fatty acid (SCFA), participate in the regula-
tion of system inflammation, which influences lung function. CS or PM inhalation leads to gut mi-
crobiota dysbiosis. Gut dysbiosis may, in turn, increase the levels of TMA—which is then converted 
to TMAO by the liver enzyme flavin-containing monooxygenase 3 (FMO3). Dietary fiber fermenta-
tion by distinct SCFA-associated gut microbiota leads to SCFA generation. Activation of SCFA/G-
protein-coupled receptor (GPCR) signaling is crucial for maintaining gut barrier function and in-
hibiting inflammation. Thus, targeting the lung–gut axis may prevent systemic inflammation and 
metabolic disease. 
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Undoubtedly, disruption of the gut microbiota homeostasis is closely associated with 

the pathogenesis of DM. Through metagenomics and metaproteomics analysis of fecal 
samples, a comparative study revealed that the population of butyrate-producing Faecali-
bacterium prausnitzii was lower in individuals with pre-DM than in both normal glucose-
tolerant individuals and those with treatment-naïve T2DM [81]. A pilot study revealed 
significant alterations in the gut microbial communities between T2DM patients and non-
T2DM controls [82]; the results indicate that an increased Bacteroides population is inde-
pendently associated with elevated LPS levels and decreased insulin sensitivity, which 
might be connected to the gut barrier function. According to clinical evidence, the popu-
lations of butyrate-generated bacteria from the phylum Firmicutes, specifically the families 
Lachnospiraceae and Ruminococcaceae, are significantly decreased in patients with T2DM 
[83,84]. Probiotic intervention has been noted to increase gut butyrate metabolism, reduc-
ing the levels of the intermediates of bilirubin and fatty acid oxidation, indicating meta-
bolic improvement in patients with T2DM [85]. Taken together, these results provide a 
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Figure 1. Potential Effects of CS or PM exposure on the lung–gut axis, leading to aggravating systemic
inflammation and metabolic disorders. Cigarette smoking (CS) and ambient particulate matter (PM)
are critical factors mediating gut microbiota dysbiosis and changes in microbiota-derived metabolites.
Microbiota endotoxins and metabolites, such as lipopolysaccharide (LPS), metabolite trimethylamine
(TMA), N-oxide (TMAO), and short-chain fatty acid (SCFA), participate in the regulation of system
inflammation, which influences lung function. CS or PM inhalation leads to gut microbiota dysbiosis.
Gut dysbiosis may, in turn, increase the levels of TMA—which is then converted to TMAO by the
liver enzyme flavin-containing monooxygenase 3 (FMO3). Dietary fiber fermentation by distinct
SCFA-associated gut microbiota leads to SCFA generation. Activation of SCFA/G-protein-coupled
receptor (GPCR) signaling is crucial for maintaining gut barrier function and inhibiting inflammation.
Thus, targeting the lung–gut axis may prevent systemic inflammation and metabolic disease.

7. Gut Microbiota Dysbiosis in DM

Undoubtedly, disruption of the gut microbiota homeostasis is closely associated with
the pathogenesis of DM. Through metagenomics and metaproteomics analysis of fecal
samples, a comparative study revealed that the population of butyrate-producing Faecal-
ibacterium prausnitzii was lower in individuals with pre-DM than in both normal glucose-
tolerant individuals and those with treatment-naïve T2DM [81]. A pilot study revealed
significant alterations in the gut microbial communities between T2DM patients and non-
T2DM controls [82]; the results indicate that an increased Bacteroides population is indepen-
dently associated with elevated LPS levels and decreased insulin sensitivity, which might
be connected to the gut barrier function. According to clinical evidence, the populations
of butyrate-generated bacteria from the phylum Firmicutes, specifically the families Lach-
nospiraceae and Ruminococcaceae, are significantly decreased in patients with T2DM [83,84].
Probiotic intervention has been noted to increase gut butyrate metabolism, reducing the
levels of the intermediates of bilirubin and fatty acid oxidation, indicating metabolic im-
provement in patients with T2DM [85]. Taken together, these results provide a new direction
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to understand the interaction between gut microbiota dysbiosis and T2DM development
and progression. Here, we focus on the potential impact of particulate pollution exposure
on the lung–gut axis, which is also associated with DM progression. In addition, controlling
dysregulation of the lung–gut axis may benefit from disease progression through several
strategies described below.

8. Therapeutic Strategies for CS-Mediated Inflammation and Metabolic Disorders

The following approaches may facilitate the development of novel therapeutics target-
ing the lung–gut axis to ameliorate systemic inflammation, thus inhibiting CS-associated
DM progression.

8.1. CS Cessation

The intensity of the negative impact of CS is strongly correlated with the daily CS
amount and overall CS duration; CS cessation can nevertheless aid in reducing the risks of
COPD, DM, and lung cancer. CS contains compounds that increase inflammation, reduce
insulin sensitivity, and promote cell oxidative stress, all increasing the risk of DM. In patients
with DM, CS cessation is mostly associated with enhanced glycemic control [86]. In Japanese
patients with T2DM, hemoglobin A1c (HbA1c), as an indicator of DM, was noted to increase
progressively with the number of cigarettes smoked per day and CS pack-years compared
with never-smokers; the HbA1c decreased linearly with the years after CS cessation [87]. In
another cohort study, 241 patients with T2DM participated in a CS cessation program, which
generated enhancements in glycemic control and cardiometabolic risk factors over 3 months
of follow-up [88]. In addition, younger patients displayed considerable improvement in
HbA1c and total cholesterol levels than older patients; by contrast, patients with a low
amount of baseline CS demonstrated improvements in diastolic blood pressure. Fasting
plasma glucose was found to be an independent risk factor for survival in patients with
advanced non-small-cell lung carcinoma after chemoradiotherapy treatment [89]. These
clinical results suggest that CS cessation can sustain good health among smokers, reducing
systemic inflammation in the lung–gut axis and delaying CS-associated DM progression.

8.2. High-Fiber Diet and Probiotics Administration

Dietary fiber consumption was significantly and inversely correlated with the risk
of colorectal polyps, particularly colorectal adenomatous polyps, in smokers [90]. The
results of a clinical trial indicated that probiotics alleviated dyslipidemia and improved
metabolic health in patients with T2DM [91]. Moreover, a high–plant-derived fiber
diet was related to the enrichment of SCFA-generating microbiota and thus increased
SCFA production due to bacterial fermentation of the fibers [92]. Diets with lower
fiber and higher fat and sugar levels reduced the number of the beneficial Firmicutes
bacteria, which ferment dietary plant-derived polysaccharides to SCFAs, increasing
mucosa-related Proteobacteria spp. [93]. Consumption of high-fiber diets containing
fermentable pectin and nonfermentable cellulose prevented emphysema pathogenesis
through the modulation of gut microbiota metabolism and population. Emphysema mice
on a high-cellulose diet demonstrated the highest abundance of the class Alphaproteobacte-
ria (specifically Proteobacteria) and the phylum Verrucomicrobia (specifically Akkermansia),
which has numerous beneficial biological functions for host health [75]. In addition, feces
from the emphysema with a high-fiber (high-cellulose and pectin) diet group demon-
strated a significant abundance of acetate, butyrate, and propionate [75]. Metabolism of
dietary fiber by gut microbiota with subsequent production of short-chain fatty acids,
such as butyrate, propionate, and acetate, may be a key mechanism by which microbes
regulate airway inflammation. High-fiber diets increase circulating SCFA levels and alle-
viate allergic lung inflammation, whereas low-fiber diets downregulate SCFA production
associated with allergic airway disease progression [94]. The populations of bacteria
from Lachnospiraceae and Bacteroidaceae, which metabolize dietary fiber into SCFAs, were
enriched after consumption of the fecal microbiota transplantation (FMT) and high-fiber
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diet, which decreased emphysema development [95]. The high-fiber diet induced SCFA-
producing microbiota and connected to elevated levels of glucagon-like peptide-1, a
decreased level of acetylated hemoglobin, and enhanced blood-glucose regulation [96].
These results highlight that a high-fiber diet can modulate microbial community struc-
tures and effectively alter gut microbiota ecosystems and prevent systemic inflammation
and metabolic disorders. Thus, treatment with probiotics may suppress CS-induced
systemic inflammation and gut dysbiosis through the lung–gut axis.

As indicated in Table 1, growing evidence has confirmed the benefit of probiotics
for CS or PM-mediated lung inflammatory diseases and metabolic disorders. In mice,
probiotic Prato cheese (including Lactobacillus (L.) casei 01) consumption reduced CS-
induced oxidative stress in the lungs, gut, and liver; it also reduced leukocyte numbers
in bronchoalveolar lavage fluid as well as lipid peroxidation levels [97]. L. rhamnosus
consumption reduced CS-mediated lung-infiltrating cell number, caused alveolar en-
largement, and worsened collagen deposition and mucus secretion [98]. Administration
of a probiotic including L. acidophilus, Enterococcus (E.) faecium, Bacillus (B.) subtilis, and
Bifidobacterium (B.) bifidum increased mandibular bone mineral density in CS-exposed
rats [99]. The SCFA-generating probiotic L. plantarum 299v led to decreased systolic
blood pressure, plasma IL-6 levels, and lipid oxidation in current smokers [100]. The
probiotic mixture VSL#3 (including L. plantarum, L. casei, L. acidophilus, L. delbrueckii
subsp. Bulgaricus, Bifidobacteria (B.) infantis, B. longum, B. breve, and Streptococcus (S.)
salivarius subsp. Thermophilus) downregulated intestinal permeability and reduced col-
orectal cancer tissue numbers in APCmin/+ mice exposed to CS [101,102]. L. paracasei L9
inhibited asthma caused by PM exposure by rebalancing the Th1/Th2 immune response
and downregulating the IL-17-based proinflammatory immune response [103]. Besides,
supplemental with a combination of the probiotic-Bifidobacterium (B.) lactis BB-12 and nu-
tritional intervention (including anti-oxidants-(Vitamin C/E) and the anti-inflammatory
docosahexaenoic acid) could alleviate PM2.5-induced lung inflammation [104]. Daily
L. casei Shirota (LcS) intake significantly enhanced NK cytotoxic activity and CD16+

cell number in male smokers when compared with placebo controls [105]. Probiotics-
Ecologic® Barrier 849 (including Bifidobacterium (B.) bifidum W23, B. lactis W51, B. lactis
W52, L. casei W56, L. salvarius W24, L. acidophilus W37, L. brevis W63, Lactococci lactis
(Lc) W19, and Lc. lactis W58) with the protective effect on the regulating inflammatory
responses and intestines integrity following inhaled diesel exhaust particles [106]. L.
Rhamnosus GG (LGG) intervention was identified to have beneficial effects on the PM2.5
mediated pathological damage, and the mechanism was linked to the decreasing of the
inflammatory response, regulation of the balance of Th17 and Treg cells and preserva-
tion of the stabilities of the internal intestinal environment [5]. Probiotic L. paracasei
NL41 ameliorated insulin resistance, oxidative stress, and beta-cell function in a T2DM
rat model [107]. After 12 weeks of treatment with a probiotic mixture containing five
SCFA-generating strains (i.e., B. infantis, Clostridium butyricum, Clostridium beijerinckii,
Akkermansia muciniphila, and Anaerobutyricum hallii), a significant improvement in post-
prandial glucose control was noted in patients with T2DM [85]; moreover, after probiotic
treatment, circulating butyrate and ursodeoxycholate levels increased in patients with
T2DM. Thus, probiotics administration could rescue CS- or PM-mediated inflammation
and metabolic disorders.
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Table 1. Therapeutic effects of probiotics on CS- and PM-mediated inflammation and metabolic disorders.

Probiotic Study Design Tissue/Outcomes Proposed Mechanisms Ref.

L. casei 01

Male C57BL/6 mice were grouped as CS (12 cigarettes per day)
+ regular chow, CS + conventional cheese (daily), CS + probiotic
cheese (including L. casei 01, 3 × 108 to 3 × 109 CFU/30 g/day),

all for 5 days.

Lung:
Oxidative stress ↓

Lipid peroxidation ↓ (lung and BAL)
Leukocyte count (BAL) ↓

Gut:
Oxidative stress ↓

Liver:
Oxidative stress ↓

Probiotic cheese reduces CS-induced
oxidative stress in the lungs, gut,

and liver.
[97]

L. rhamnosus
C57Bl/6 mice were grouped as control (pure air inhalation for
60 days), COPD (14 CS inhalations for 60 days), L. rhamnosus

(109 CFU/3 days/week) + COPD.

Lung:
Lung remodeling ↓

Pro-Inflammatory mediators ↓
Anti-inflammatory mediator ↑

L. rhamnosus mediates the balance
between pro-inflammatory and

anti-inflammatory cytokines to control
airway and lung remodeling in COPD.

[98]

L. acidophilus,
E. faecium,

Bacillus subtilis,
and B. bifidum

Rats were divided into control (without CS or probiotic), probiotic, CS,
and CS + probiotic groups. The probiotic included Lactobacillus

acidophilus, Enterococcus faecium, Bacillus subtilis, and Bifidobacterium
bifidum at 1 × 109, 2.1 × 109, 2.9 × 109, and 2 × 109 CFU, respectively,

incorporated in 1 kg of feed. It was administered for 6 months.

Bone:
Bone mineral density ↑

Probiotic intervention increased bone
mineral density and consequently

exerted a protective effect on mandibular
bone structures in rats exposed to CS.

[99]

L. plantarum 299v

In a controlled, double-blind clinical trial, 36 healthy smokers were
administered 400 mL of a rose-hip drink with L. plantarum 299v

(5 × 107 CFU/mL) daily for 6 weeks; the control group also received
the same volume of drink but without the probiotic for 6 weeks.

Peripheral Blood:
Systolic blood pressure ↓

Plasma IL-6 ↓
Lipid peroxidation and oxidative stress ↓

In smokers, L. plantarum 299v treatment
reduces systolic blood pressure,

inflammation, and lipid oxidation, thus
alleviating cardiovascular risk factors.

[100]

VSL#3 (L. plantarum, L. casei, L. acidophilus,
L. delbrueckii subsp. Bulgaricus, B. infantis,

B. longum, B. breve, and S. salivarius
subsp. Thermophilus)

APCmin/+ or wild-type mice were exposed to smoke from five
cigarettes per day for 4, 8, or 12 weeks. Subsequently, 15 mg of VSL#3
(Grifols, Barcelona, Spain [101]) was dissolved in 200 µL of PBS and

administered through oral gavage. Intestinal permeability and
APCmin/+-associated colorectal cancer cell growth were analyzed.

Gut:
Colorectal cancer tissue numbers ↓

Intestinal permeability ↓

VSL#3 reduces CRC cell population and
intestinal permeability in APCmin/+ mice

exposed to CS.
[102]

L. paracasei L9

Mice with asthma [induced through 21 days of ovalbumin (OVA)
sensitization and challenge model] were exposed to PM2.5 (from an
urban area of Beijing) twice on the last challenge, followed by orally

Lactobacillus paracasei L9 administration at 4 × 109 CFU/mouse daily.

Lung:
Airway hyperresponsiveness (AHR) ↓

Eosinophil/neutrophil ↓
Th2-related cytokines ↓

Th1 related IFN-γ ↑
IL-17A ↓

Oral administration of L. paracasei L9
diminishes PM2.5-mediated

enhancement of the airway allergic
response and hyperresponsiveness in a

mouse model of asthma.

[103]

B. lactis BB-12

Female BALB/c mice received pharyngeal aspiration with either
sham treatment or PM2.5-containing aerosols. Before treatment, mice

were fed either a regular chow or a supplemental diet (including
docosahexaenoic acid, vitamins C and E, and B. lactis BB-12).

Lung:
Inflammation ↓

Supplemental diet reduces
PM2.5-induced lung inflammation. [104]
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Table 1. Cont.

Probiotic Study Design Tissue/Outcomes Proposed Mechanisms Ref.

LcS
In a placebo-controlled, double-blind clinical trial, 72 healthy male

smokers were randomly divided for the intake of LcS powder
(4 × 1010 CFU/daily) or placebo for 3 weeks.

Peripheral blood:
NK cell activity ↑

CD16+ cell number ↑

LcS intake in male smokers is associated
with decreased cytotoxic activity and

CD16+ cell numbers.
[105]

Ecologic® Barrier 849 (B. bifidum W23, B.
lactis W51, B. lactis W52, L. casei W56, L.

salvarius W24, L. acidophilus W37, L. brevis
W63, Lc. W19, and Lc. lactis W58)

Mice with a high-fat diet were grouped as control (OA exposure of
sterile saline 2 times a week for 28 days), PM (OA exposure of 35 µg
diesel exhaust particles 2 times a week for 28 days), PM+ Ecologic®

Barrier 849 (~7.5 × 108 CFU/days/28 days).

Gut:
Intestinal integrity ↑

Inflammation ↓

Probiotics-Ecologic® Barrier 849 with the
protective effect on regulating

inflammatory responses and intestines
integrity following inhaled diesel

exhaust particles.

[106]

LGG
Rats were grouped as control (normal air exposure for 112 days),

PM2.5 (exposure in PM2.5 chamber for 112 days), PM2.5+ LGG group
(109 CFU/day from day 84 to day 112).

Lung:
Inflammation ↓

Th17/Treg balance ↑
Gut:

Beneficial bacteria ↑
Bacteria associated with inflammation ↓

LGG intervention with preventive effects
on the PM2.5-induced inflammatory
response, Th17/Treg imbalance and

intestinal internal environment
instability.

[5]

REF., References; L. casei 01, Lactobacillus casei 01; L. rhamnosus, Lactobacillus rhamnosus; L. acidophilus, Lactobacillus acidophilus; E. faecium, Enterococcus faecium, B. subtilis, Bacillus subtilis; B.
bifidum, Bifidobacterium bifidum; L. plantarum, Lactobacilli plantarum; L. acidophilus, Lactobacilli acidophilus; L. casei, Lactobacilli casei; L. casei delbrueckii subsp. Bulgaricus, Lactobacilli casei
delbrueckii subsp. Bulgaricus; B. infantis, Bifidobacteria infantis, B. breve, Bifidobacteria breve, B. longum, Bifidobacteria longum, S. salivarius subsp. Thermofilus, Streptococcus salivarius subsp.
Thermofilus; L. paracasei L9, Lactobacillus paracasei L9; B. lactis BB-12, Bifidobacterium lactis BB-12; LcS, Lactobacillus casei Shirota; B. bifidum W23, Bifidobacterium (B.) bifidum W23; B. lactis W51,
Bifidobacterium lactis W51; B. lactis W52, Bifidobacterium lactis W52; L. acidophilus W37, Lactobacillus acidophilus W37; L. brevis W63, Lactobacillus brevis W63; L. casei W56, Lactobacillus casei
W56; L. salvarius W24, Lactobacillus salvarius W24; Lc. lactis W19, Lactococci lactis W19; Lc. lactis W58, Lactococci lactis W58; LGG, Lactobacillus rhamnosus GG; CS, cigarette smoking; BALF,
bronchoalveolar lavage fluid; CFU, colony-forming units; PBS, phosphate-buffered saline; OA, oropharyngeal aspiration; ↑, increase; ↓, decrease.
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8.3. SCFAs Supplements and Regulation of Systemic Inflammation

As shown in Figure 2, SCFAs are crucial gut microbiota-derived carboxylic acids
containing up to six carbons and thus are essential for maintaining intestinal homeosta-
sis. SCFAs produced by microbiota mainly through dietary fiber fermentation include
acetate (two carbons), propionate (three carbons), and butyrate (four carbons) [72]. These
compounds enter circulation and target peripheral organs, where they regulate the im-
mune system and cellular metabolism and reduce inflammation. Activated SCFA signaling
can strengthen the gut barrier function. Recent findings have, however, demonstrated
that SCFAs are vital in intestinal and cardiac inflammation modulation [72,82]. In recent
years, SCFAs have been reported to control two major signaling pathways, each contain-
ing G-protein-coupled receptors (GPRCs) and histone deacetylases (HDACs) [82]. SCFAs
are, therefore, vital for maintaining gut health, and the reduction in SCFA levels affects
metabolism in peripheral tissues. SCFAs protect the gut barrier from disruption by reduc-
ing LPS–NLRP3 inflammasome signaling through HDAC activity inhibition [108]. GPCRs,
such as GPR41 (FFAR3), GPR43 (FFAR2) OLFR78, and GPR109A, interact with SCFAs
such as butyrate, acetate, and propionate with different binding activities. Propionate and
acetate activate GPR43 signaling, whereas butyrate and propionate activate GPR41 axis
signaling [109].

Given the high prevalence of CS-mediated inflammatory and metabolic disorders, the
development of relevant therapeutics targeting the lung–gut axis is warranted. As depicted
in Figure 2, CS- or PM-mediated downregulation of SCFAs and the SCFA-generating mi-
crobiota population can inhibit systemic inflammation and metabolic disorders. Exposure
of mouse gut mucosa to cigarette smoke compounds has been noted to alter the microbial
response and induce inflammation in the intestines [57]. Chronic PM exposure induces
COPD pathological progression, lung inflammation, and gut microbiota dysbiosis; it also
increases LPS and reduces SCFA levels [58]. Nevertheless, treatment with SCFAs may stim-
ulate the GPR41/43 axis and reduce HDAC levels, thus inhibiting inflammation [110]. Bufei
Jianpi formula (BJF), a type of traditional Chinese medicine, alleviates lung inflammation
and improves lung function, significantly increasing the Firmicutes population, the Firmi-
cutes-to-Bacteroidetes ratio, and SCFA levels [111]. BJF also downregulates the expression of
the NLRP3/Caspase-1/IL-8/IL-1β axis by upregulating SCFA/GPR43 signaling [111]. In
ovalbumin (OVA)-challenged mice, butyrate administration could alleviate lung inflamma-
tion and mucus generation, with reduced numbers of lung-infiltrated eosinophils and Th9
cells [112]. In mice, sodium butyrate was noted to prevent lung ischemia-reperfusion injury
by inhibiting JAK2/STAT3 and NF-κB signaling, thus alleviating inflammation and reduc-
ing oxidative stress [113]. Free fatty acid receptors, such as GPR40 (FFAR1) and GPR120
(FFAR4), are abundantly expressed in lung epithelial cells. A recent study demonstrated
the therapeutic efficacy of targeting FFAR4 against bronchoconstriction associated with
inflammatory airway disease [114]. SCFAs can mediate the functions of adipose, skeletal
muscle, and liver tissues and improve glucose homeostasis and insulin sensitivity [115]. In
addition, circulating SCFA levels are positively associated with fasting concentrations of
glucagon-like peptide-1 and are negatively associated with triacylglycerol and free fatty
acid whole-body lipolysis (glycerol) levels [116]. SCFA-butyrate could partially improve
T2D-induced kidney injury through GPR43-mediated inhibition of NF-κB signaling and
oxidative stress, recommending butyrate might be a possible therapeutic agent in amelio-
rating DM-related comorbidity [117]. Oral acetate treatment alleviated nicotine-induced IR,
glucose intolerance, and cardiorenal lipotoxicity through the inhibition of uric acid genera-
tion and suppression of creatine kinase activity in rats [118]. Thus, targeting SCFA/GPCR
axis may lessen the air pollution mediated inflammation and metabolic disorder.
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Figure 2. Potential function of SCFAs-mediated cellular downstream signaling. Short-chain fatty
acids (SCFAs) bind to G-protein-coupled receptors (GPRCs) on cell membranes and activate down-
stream signaling. SCFAs also can enter the cytoplasm either through passive diffusion or membrane
transporters, including monocarboxylate transporter 1 (MCT1) and sodium-coupled MCT 1 (SMCT1).
GPCRs (e.g., GPR40, GPR41, GPR42, GPR43, GPR91, GPR109A, GPR120, OLFR78, and OLFR78) play
roles in inhibiting inflammation and electrical remodeling as well as reducing mitochondrial reactive
oxygen species and endoplasmic reticulum (ER) stress levels. In cells, SCFAs have epigenetic effects
by regulating downstream cell signaling pathways and thus serve as cellular metabolism substrates.
They thus inhibit histone deacetylase (HDAC) activities. SCFAs participate in energy metabolism by
regulating mitochondrial proteins and participate in the tricarboxylic acid cycle.

9. Conclusions

The lung–gut axis is a valuable therapeutic target for lung inflammation diseases
and associated metabolic disorders. CS mediates systemic inflammation and metabolic
disorders through the lung–gut axis and thus worsens COPD, metabolic disorders, and
DM pathogeneses. Either CS or PM exposure can cause microbiota dysbiosis, leading to
decreased gut barrier function, inflammation, glucose metabolic dysregulation, IR, and DM
progression. CS cessation, along with the consumption of high dietary fiber, probiotics, and
SCFAs, as a therapeutic strategy, can alleviate CS- or PM-mediated chronic inflammation
and metabolic disorders. Thus, targeting CS- or PM-mediated inflammation and metabolic
disease in the lung–gut axis can inhibit lung inflammation diseases and their comorbidities.
Thus, targeting the lung–gut axis may reduce the occurrence and severity of CS- or PM-
mediated inflammatory and metabolic disorders or both.
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Thus far, however, studies have reported on (1) the effects of distinct probiotic strains in
PM-induced inflammatory and metabolic disorders, (2) the prevention of PM accumulation
in the human body, or (3) the effects of dietary fiber consumption or SCFAs supplements
as a therapeutic strategy for PM-associated diseases. Further research on probiotic con-
sumption for gut microbiota homeostasis and systematic inflammation after exposure to
air pollution is warranted. Specific components associated with PM, such as chemical
substances or certain microbial entities, also need to be clarified during disease progression.
Moreover, in vivo studies and clinical trials evaluating whether interventions targeting
microbiota homeostasis and thus regulating the SCFA/GPCR axis can alleviate adverse
lung inflammation events and prevent its comorbid metabolic disorders are required.

Author Contributions: Writing—original draft preparation, T.-Y.C. and S.-M.W.; writing—review
and editing, T.-Y.C.; conception design—content organization and discussion, C.-C.C.; reference
collection—review and discussion, C.-S.L., K.-Y.C., Y.-K.Y. and J.-Q.Z.; final approval of the manuscript,
S.-M.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Science and Technology Council, Taiwan, R.O.C.,
MOST 111-2314-B-038-031-MY3 and MOST 111-2314-B-038-152-MY3. The work was also financially
supported of the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan,
MOE DP2-111-21121-01-T-01-01.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dang, A.T.; Marsland, B.J. Microbes, metabolites, and the gut-lung axis. Mucosal Immunol. 2019, 12, 843–850. Mucosal Immunol.

2019, 12, 843–850. [CrossRef] [PubMed]
2. Enaud, R.; Prevel, R.; Ciarlo, E.; Beaufils, F.; Wieërs, G.; Guery, B.; Delhaes, L. The Gut-Lung Axis in Health and Respiratory

Diseases: A Place for Inter-Organ and Inter-Kingdom Crosstalks. Front. Cell Infect. Microbiol. 2020, 10, 9. [CrossRef] [PubMed]
3. Laiman, V.; Lo, Y.-C.; Chen, H.-C.; Yuan, T.-H.; Hsiao, T.-C.; Chen, J.-K.; Chang, C.-W.; Lin, T.-C.; Li, S.-J.; Chen, Y.-Y.; et al. Effects

of antibiotics and metals on lung and intestinal microbiome dysbiosis after sub-chronic lower-level exposure of air pollution in
ageing rats. Ecotoxicol. Environ. Saf. 2022, 246, 114164. [CrossRef] [PubMed]

4. Qing, L.; Xiaoli, T.; Daisuke, M.; Mehrdad, A.; Arun, P. Lung immune tone via gut-lung axis: Gut-derived LPS and short-chain
fatty acids’ immunometabolic regulation of lung IL-1beta, FFAR2, and FFAR3 expression. Am. J. Physiol. Lung Cell Mol. Physiol.
2021, 321, L65–L78.

5. Yongcan, W.; Caixia, P.; Xiaomin, W.; Yilan, W.; Demei, H.; Shihua, S.; Zherui, S.; Shuiqin, L.; Yacong, H.; Zhenxing, W.; et al.
Probiotics ameliorates pulmonary inflammation via modulating gut microbiota and rectifying Th17/Treg imbalance in a rat
model of PM2.5 induced lung injury. Ecotoxicol. Environ. Saf. 2022, 244, 114060.

6. Yang, Y.; Zeng, Q.; Gao, J.; Yang, B.; Zhou, J.; Li, K.; Li, L.; Wang, A.; Li, X.; Liu, Z.; et al. High-circulating gut microbiota-dependent
metabolite trimethylamine N-oxide is associated with poor prognosis in pulmonary arterial hypertension. Eur. Heart J. Open 2022,
2, oeac021. [CrossRef] [PubMed]

7. Agirman, G.; Hsiao, E.Y. SnapShot: The microbiota-gut-brain axis. Cell 2021, 184, 2524. [CrossRef]
8. Sharma, S.; Tripathi, P. Gut microbiome and type 2 diabetes: Where we are and where to go? J. Nutr. Biochem. 2019, 63, 101–108.

[CrossRef]
9. Li, Y.; Xu, L.; Shan, Z.; Teng, W.; Han, C. Association between air pollution and type 2 diabetes: An updated review of the

literature. Ther. Adv. Endocrinol. Metab. 2019, 10, 2042018819897046. [CrossRef]
10. Meo, S.A.; Memon, A.N.; Sheikh, S.A.; Rouq, F.A.; Usmani, A.; Hassan, A.; Arian, S.A. Effect of environmental air pollution on

type 2 diabetes mellitus. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 123–128.
11. Bailey, M.J.; Naik, N.N.; Wild, L.E.; Patterson, W.B.; Alderete, T.L. Exposure to air pollutants and the gut microbiota: A potential

link between exposure, obesity, and type 2 diabetes. Gut Microbes 2020, 11, 1188–1202. [CrossRef]
12. Doiron, D.; De Hoogh, K.; Probst-Hensch, N.; Fortier, I.; Cai, Y.; De Matteis, S.; Hansell, A.L. Air pollution, lung function and

COPD: Results from the population-based UK Biobank study. Eur. Respir. J. 2019, 54, 1802140. [CrossRef] [PubMed]
13. Roemer, E.; Stabbert, R.; Rustemeier, K.; Veltel, D.; Meisgen, T.; Reininghaus, W.; Carchman, R.; Gaworski, C.; Podraza, K.

Chemical composition, cytotoxicity and mutagenicity of smoke from US commercial and reference cigarettes smoked under two
sets of machine smoking conditions. Toxicology 2003, 195, 31–52. [CrossRef] [PubMed]

http://doi.org/10.1038/s41385-019-0160-6
http://www.ncbi.nlm.nih.gov/pubmed/30976087
http://doi.org/10.3389/fcimb.2020.00009
http://www.ncbi.nlm.nih.gov/pubmed/32140452
http://doi.org/10.1016/j.ecoenv.2022.114164
http://www.ncbi.nlm.nih.gov/pubmed/36244167
http://doi.org/10.1093/ehjopen/oeac021
http://www.ncbi.nlm.nih.gov/pubmed/36071697
http://doi.org/10.1016/j.cell.2021.03.022
http://doi.org/10.1016/j.jnutbio.2018.10.003
http://doi.org/10.1177/2042018819897046
http://doi.org/10.1080/19490976.2020.1749754
http://doi.org/10.1183/13993003.02140-2018
http://www.ncbi.nlm.nih.gov/pubmed/31285306
http://doi.org/10.1016/j.tox.2003.08.006
http://www.ncbi.nlm.nih.gov/pubmed/14698566


Cells 2023, 12, 901 15 of 19

14. Ni, Y.; Shi, G.; Qu, J. Indoor PM2.5, tobacco smoking and chronic lung diseases: A narrative review. Environ. Res. 2019, 181,
108910. [CrossRef] [PubMed]

15. Lugg, S.T.; Scott, A.; Parekh, D.; Naidu, B.; Thickett, D.R. Cigarette smoke exposure and alveolar macrophages: Mechanisms for
lung disease. Thorax 2021, 77, 94–101. [CrossRef] [PubMed]

16. Laura, A.; Stephanie, S.; Hwang, J.H. Inflammatory Diseases of the Lung Induced by Conventional Cigarette Smoke: A Review.
Chest 2015, 148, 1307–1322.

17. Rochlani, Y.; Pothineni, N.V.; Kovelamudi, S.; Mehta, J.L. Metabolic syndrome: Pathophysiology, management, and modulation
by natural compounds. Ther. Adv. Cardiovasc. Dis. 2017, 11, 215–225. [CrossRef]

18. Cena, H.; Fonte, M.L.; Turconi, G. Relationship between smoking and metabolic syndrome. Nutr. Rev. 2011, 69, 745–753.
[CrossRef]

19. Baffi, C.W.; Wood, L.; Winnica, D.; Strollo, P.J., Jr.; Gladwin, M.T.; Que, L.G.; Holguin, F. Metabolic Syndrome and the Lung. Chest
2016, 149, 1525–1534. [CrossRef]

20. Herrero, R.; Sánchez, G.; Asensio, I.; López, E.; Ferruelo, A.; Vaquero, J.; Moreno, L.; de Lorenzo, A.; Bañares, R.; Lorente, J.A.
Liver–lung interactions in acute respiratory distress syndrome. Intensiv. Care Med. Exp. 2020, 1, 8–13. [CrossRef]

21. Mukai, H.; Ming, P.; Lindholm, B.; Heimbürger, O.; Barany, P.; Anderstam, B.; Stenvinkel, P.; Qureshi, A.R. Restrictive lung
disorder is common in patients with kidney failure and associates with protein-energy wasting, inflammation and cardiovascular
disease. PLoS ONE 2018, 13, e0195585. [CrossRef]

22. Akter, S.; Goto, A.; Mizoue, T. Smoking and the risk of type 2 diabetes in Japan: A systematic review and meta-analysis.
J. Epidemiol. 2017, 27, 553–561. [CrossRef]

23. Choi, D.-W.; Jeon, J.; Lee, S.A.; Han, K.-T.; Park, E.-C.; Jang, S.-I. Association between Smoking Behavior Patterns and Glycated
Hemoglobin Levels in a General Population. Int. J. Environ. Res. Public Health 2018, 15, 2260. [CrossRef]

24. Campagna, D.; Alamo, A.; Di Pino, A.; Russo, C.; Calogero, A.E.; Purrello, F.; Polosa, R. Smoking and diabetes: Dangerous
liaisons and confusing relationships. Diabetol. Metab. Syndr. 2019, 11, 85. [CrossRef] [PubMed]

25. Eliasson, B.; Attvall, S.; Taskinen, M.R.; Smith, U. The insulin resistance syndrome in smokers is related to smoking habits. Arter.
Thromb. A J. Vasc. Biol. 1994, 14, 1946–1950. [CrossRef]

26. Frati, A.C.; Iniestra, F.; Ariza, C.R. Acute Effect of Cigarette Smoking on Glucose Tolerance and Other Cardiovascular Risk Factors.
Diabetes Care 1996, 19, 112–118. [CrossRef] [PubMed]

27. Eliasson, B.; Attvall, S.; Taskinen, M.-R.; Smith, U. Smoking cessation improves insulin sensitivity in healthy middle-aged men.
Eur. J. Clin. Investig. 1997, 27, 450–456. [CrossRef] [PubMed]

28. Kinney, G.L.; Baker, E.H.; Klein, O.L.; Black-Shinn, J.L.; Wan, E.S.; Make, B.; Regan, E.; Bowler, R.P.; Lutz, S.M.; Young, K.A.; et al.
Pulmonary Predictors of Incident Diabetes in Smokers. Chronic Obstr. Pulm. Dis. J. COPD Found. 2016, 3, 739–747. [CrossRef]
[PubMed]

29. Raguraman, R.; Srivastava, A.; Munshi, A.; Ramesh, R. Therapeutic approaches targeting molecular signaling pathways common
to diabetes, lung diseases and cancer. Adv. Drug Deliv. Rev. 2021, 178, 113918. [CrossRef] [PubMed]

30. Ho, T.-W.; Huang, C.-T.; Tsai, Y.-J.; Lien, A.S.-Y.; Lai, F.; Yu, C.-J. Metformin use mitigates the adverse prognostic effect of diabetes
mellitus in chronic obstructive pulmonary disease. Respir. Res. 2019, 20, 69. [CrossRef]

31. Sexton, P.; Metcalf, P.; Kolbe, J. Respiratory Effects of Insulin Sensitisation with Metformin: A Prospective Observational Study.
COPD J. Chronic Obstr. Pulm. Dis. 2013, 11, 133–142. [CrossRef] [PubMed]

32. Khateeb, J.; Fuchs, E.; Khamaisi, M. Diabetes and Lung Disease: A Neglected Relationship. Rev. Diabet. Stud. 2018, 15, 1–15.
[CrossRef]

33. Cade, W.T. Diabetes-related microvascular and macrovascular diseases in the physical therapy setting. Phys. Ther. 2008, 88,
1322–1335. [CrossRef] [PubMed]

34. Kolahian, S.; Leiss, V.; Nurnberg, B. Diabetic lung disease: Fact or fiction? Rev. Endocr. Metab. Disord. 2019, 20, 303–319. [CrossRef]
35. Chen, K.-Y.; Wu, S.-M.; Tseng, C.-H.; Lee, K.-Y.; Lin, Y.-H.; Liu, H.-Y.; Chien, L.-N. Combination therapies with thiazolidinediones

are associated with a lower risk of acute exacerbations in new-onset COPD patients with advanced diabetic mellitus: A cohort-
based case–control study. BMC Pulm. Med. 2021, 21, 14–19. [CrossRef] [PubMed]

36. Zhao, J.; Li, M.; Wang, Z.; Chen, J.; Zhao, J.; Xu, Y.; Wei, X.; Wang, J.; Xie, J. Role of PM2.5 in the development and progression of
COPD and its mechanisms. Respir. Res. 2019, 20, 120. [CrossRef]

37. Håglin, L.M.; Törnkvist, B.; Bäckman, L.O. High serum phosphate and triglyceride levels in smoking women and men with CVD
risk and type 2 diabetes. Diabetol. Metab. Syndr. 2014, 6, 39. [CrossRef]

38. Raftery, A.L.; Tsantikos, E.; Harris, N.L.; Hibbs, M.L. Links Between Inflammatory Bowel Disease and Chronic Obstructive
Pulmonary Disease. Front. Immunol. 2020, 11, 2144. [CrossRef]

39. Long, M.H.; Zhang, C.; Xu, D.Q.; Fu, W.L.; Gan, X.D.; Li, F.; Wang, Q.; Xia, W.; Xu, D.G. PM2.5 aggravates diabetes via the
systemically activated IL-6-mediated STAT3/SOCS3 pathway in rats’ liver. Environ. Pollut. 2020, 256, 113342. [CrossRef]
[PubMed]

40. Bai, X.; Wei, H.; Liu, W.; Coker, O.O.; Gou, H.; Liu, C.; Zhao, L.; Li, C.; Zhou, Y.; Wang, G.; et al. Cigarette smoke promotes
colorectal cancer through modulation of gut microbiota and related metabolites. Gut 2022, 71, 2439–2450. [CrossRef]

http://doi.org/10.1016/j.envres.2019.108910
http://www.ncbi.nlm.nih.gov/pubmed/31780052
http://doi.org/10.1136/thoraxjnl-2020-216296
http://www.ncbi.nlm.nih.gov/pubmed/33986144
http://doi.org/10.1177/1753944717711379
http://doi.org/10.1111/j.1753-4887.2011.00446.x
http://doi.org/10.1016/j.chest.2015.12.034
http://doi.org/10.1186/s40635-020-00337-9
http://doi.org/10.1371/journal.pone.0195585
http://doi.org/10.1016/j.je.2016.12.017
http://doi.org/10.3390/ijerph15102260
http://doi.org/10.1186/s13098-019-0482-2
http://www.ncbi.nlm.nih.gov/pubmed/31666811
http://doi.org/10.1161/01.ATV.14.12.1946
http://doi.org/10.2337/diacare.19.2.112
http://www.ncbi.nlm.nih.gov/pubmed/8718429
http://doi.org/10.1046/j.1365-2362.1997.1330680.x
http://www.ncbi.nlm.nih.gov/pubmed/9179554
http://doi.org/10.15326/jcopdf.3.4.2016.0137
http://www.ncbi.nlm.nih.gov/pubmed/27795984
http://doi.org/10.1016/j.addr.2021.113918
http://www.ncbi.nlm.nih.gov/pubmed/34375681
http://doi.org/10.1186/s12931-019-1035-9
http://doi.org/10.3109/15412555.2013.808614
http://www.ncbi.nlm.nih.gov/pubmed/23848509
http://doi.org/10.1900/RDS.2018.15.1
http://doi.org/10.2522/ptj.20080008
http://www.ncbi.nlm.nih.gov/pubmed/18801863
http://doi.org/10.1007/s11154-019-09516-w
http://doi.org/10.1186/s12890-021-01505-7
http://www.ncbi.nlm.nih.gov/pubmed/33926423
http://doi.org/10.1186/s12931-019-1081-3
http://doi.org/10.1186/1758-5996-6-39
http://doi.org/10.3389/fimmu.2020.02144
http://doi.org/10.1016/j.envpol.2019.113342
http://www.ncbi.nlm.nih.gov/pubmed/31676093
http://doi.org/10.1136/gutjnl-2021-325021


Cells 2023, 12, 901 16 of 19

41. Chen, X.-Y.; Feng, P.-H.; Han, C.-L.; Jheng, Y.-T.; Wu, C.-D.; Chou, H.-C.; Chen, Y.-Y.; Wu, S.-M.; Lee, K.-Y.; Kuo, H.-P.; et al.
Alveolar epithelial inter-alpha-trypsin inhibitor heavy chain 4 deficiency associated with senescence-regulated apoptosis by air
pollution. Environ. Pollut. 2021, 278, 116863. [CrossRef] [PubMed]

42. Lee, K.Y.; Ho, S.C.; Sun, W.L.; Feng, P.H.; Lin, C.W.; Chen, K.Y.; Chuang, H.C.; Tseng, C.H.; Chen, T.T.; Wu, S.M. Lnc-IL7R
alleviates PM2.5-mediated cellular senescence and apoptosis through EZH2 recruitment in chronic obstructive pulmonary disease.
Cell Biol. Toxicol. 2022, 38, 1097–1120. [CrossRef]

43. Wang, J.; Huang, J.; Wang, L.; Chen, C.; Yang, D.; Jin, M.; Bai, C.; Song, Y. Urban particulate matter triggers lung inflammation via
the ROS-MAPK-NF-kappaB signaling pathway. J. Thorac. Dis. 2017, 9, 4398–4412. [CrossRef]

44. Feng, J.; Cavallero, S.; Hsiai, T.; Li, R. Impact of air pollution on intestinal redox lipidome and microbiome. Free Radic. Biol. Med.
2020, 151, 99–110. [CrossRef] [PubMed]

45. Salim, S.Y.; Kaplan, G.G.; Madsen, K.L. Air pollution effects on the gut microbiota: A link between exposure and inflammatory
disease. Gut Microbes. 2014, 5, 215–219. [CrossRef]

46. Kish, L.; Hotte, N.; Kaplan, G.; Vincent, R.; Tso, R.; Gänzle, M.; Rioux, K.P.; Thiesen, A.; Barkema, H.; Wine, E.; et al. Environmental
Particulate Matter Induces Murine Intestinal Inflammatory Responses and Alters the Gut Microbiome. PLoS ONE 2013, 8, e62220.
[CrossRef] [PubMed]

47. Filardo, S.; Di Pietro, M.; Protano, C.; Antonucci, A.; Vitali, M.; Sessa, R. Impact of Air Pollution on the Composition and Diversity
of Human Gut Microbiota in General and Vulnerable Populations: A Systematic Review. Toxics 2022, 10, 579. [CrossRef]

48. Liu, T.; Chen, X.; Xu, Y.; Wu, W.; Tang, W.; Chen, Z.; Ji, G.; Peng, J.; Jiang, Q.; Xiao, J.; et al. Gut microbiota partially mediates the
effects of fine particulate matter on type 2 diabetes: Evidence from a population-based epidemiological study. Environ. Int. 2019,
130, 104882. [CrossRef]

49. Liu, F.; Chen, G.; Huo, W.; Wang, C.; Liu, S.; Li, N.; Mao, S.; Hou, Y.; Lu, Y.; Xiang, H. Associations between long-term exposure to
ambient air pollution and risk of type 2 diabetes mellitus: A systematic review and meta-analysis. Environ. Pollut. 2019, 252,
1235–1245. [CrossRef]

50. Lao, X.Q.; Guo, C.; Chang, L.-Y.; Bo, Y.; Zhang, Z.; Chuang, Y.C.; Jiang, W.K.; Lin, C.; Tam, T.; Lau, A.K.H.; et al. Long-term
exposure to ambient fine particulate matter (PM 2.5) and incident type 2 diabetes: A longitudinal cohort study. Diabetologia 2019,
62, 759–769. [CrossRef]

51. Nassan, F.L.; Kelly, R.S.; Kosheleva, A.; Koutrakis, P.; Vokonas, P.S.; Lasky-Su, J.A.; Schwartz, J.D. Metabolomic signatures of the
long-term exposure to air pollution and temperature. Environ. Health 2021, 20, 1–14. [CrossRef]

52. Wang, N.; Ma, Y.; Liu, Z.; Liu, L.; Yang, K.; Wei, Y.; Liu, Y.; Chen, X.; Sun, X.; Wen, D. Hydroxytyrosol prevents PM 2.5-induced
adiposity and insulin resistance by restraining oxidative stress related NF-kappaB pathway and modulation of gut microbiota in
a murine model. Free Radic. Biol. Med. 2019, 141, 393–407. [CrossRef]

53. Xie, S.; Zhang, C.; Zhao, J.; Li, D.; Chen, J. Exposure to concentrated ambient PM 2.5 (CAPM) induces intestinal disturbance via
inflammation and alternation of gut microbiome. Environ. Int. 2022, 161, 107138. [CrossRef]

54. Gui, X.; Yang, Z.; Li, M.D. Effect of Cigarette Smoke on Gut Microbiota: State of Knowledge. Front. Physiol. 2021, 12, 673341.
[CrossRef] [PubMed]

55. Wang, W.; Zhou, J.; Chen, M.; Huang, X.; Xie, X.; Li, W.; Cao, Q.; Kan, H.; Xu, Y.; Ying, Z. Exposure to concentrated ambient PM2.5
alters the composition of gut microbiota in a murine model. Part. Fibre Toxicol. 2018, 15, 17. [CrossRef] [PubMed]

56. Talhout, R.; Schulz, T.; Florek, E.; Van Benthem, J.; Wester, P.; Opperhuizen, A. Hazardous Compounds in Tobacco Smoke. Int. J.
Environ. Res. Public Health 2011, 8, 613–628. [CrossRef] [PubMed]

57. Berkowitz, L.; Pardo-Roa, C.; Salazar, G.; Salazar-Echegarai, F.; Miranda, J.P.; Ramírez, G.; Chávez, J.L.; Kalergis, A.; Bueno,
S.M.; Álvarez-Lobos, M. Mucosal Exposure to Cigarette Components Induces Intestinal Inflammation and Alters Antimicrobial
Response in Mice. Front. Immunol. 2019, 10, 2289. [CrossRef]

58. Li, N.; Yang, Z.; Liao, B.; Pan, T.; Pu, J.; Hao, B.; Fu, Z.; Cao, W.; Zhou, Y.; He, F.; et al. Chronic exposure to ambient particulate
matter induces gut microbial dysbiosis in a rat COPD model. Respir. Res. 2020, 21, 271. [CrossRef] [PubMed]

59. Wang, J.; Wu, S.; Cui, J.; Ding, Z.; Meng, Q.; Sun, H.; Li, B.; Teng, J.; Dong, Y.; Aschner, M.; et al. The influences of ambient
fine particulate matter constituents on plasma hormones, circulating TMAO levels and blood pressure: A panel study in China.
Environ. Pollut. 2022, 296, 118746. [CrossRef]

60. Lambertz, J.; Weiskirchen, S.; Landert, S.; Weiskirchen, R. Fructose: A Dietary Sugar in Crosstalk with Microbiota Contributing to
the Development and Progression of Non-Alcoholic Liver Disease. Front. Immunol. 2017, 8, 1159. [CrossRef]

61. Varela-Trinidad, G.U.; Domínguez-Díaz, C.; Solórzano-Castanedo, K.; Íñiguez-Gutiérrez, L.; Hernández-Flores, T.D.J.; Fafutis-
Morris, M. Probiotics: Protecting Our Health from the Gut. Microorganisms 2022, 10, 1428. [CrossRef]

62. Ding, K.; Chen, J.; Zhan, W.; Zhang, S.; Chen, Y.; Long, S.; Lei, M. Microbiome Links Cigarette Smoke-Induced Chronic Obstructive
Pulmonary Disease and Dietary Fiber via the Gut-Lung Axis: A Narrative Review. COPD J. Chronic Obstr. Pulm. Dis. 2021, 19,
10–17. [CrossRef] [PubMed]

63. Shaw, J.G.; Vaughan, A.; Dent, A.G.; O’Hare, P.; Goh, F.; Bowman, R.V.; Fong, K.; Yang, I.A. Biomarkers of progression of chronic
obstructive pulmonary disease (COPD). J. Thorac. Dis. 2014, 6, 1532–1547.

64. Shukla, S.D.; Budden, K.F.; Neal, R.; Hansbro, P.M. Microbiome effects on immunity, health and disease in the lung. Clin. Transl.
Immunol. 2017, 6, e133. [CrossRef] [PubMed]

http://doi.org/10.1016/j.envpol.2021.116863
http://www.ncbi.nlm.nih.gov/pubmed/33735794
http://doi.org/10.1007/s10565-022-09709-1
http://doi.org/10.21037/jtd.2017.09.135
http://doi.org/10.1016/j.freeradbiomed.2019.12.044
http://www.ncbi.nlm.nih.gov/pubmed/31904545
http://doi.org/10.4161/gmic.27251
http://doi.org/10.1371/journal.pone.0062220
http://www.ncbi.nlm.nih.gov/pubmed/23638009
http://doi.org/10.3390/toxics10100579
http://doi.org/10.1016/j.envint.2019.05.076
http://doi.org/10.1016/j.envpol.2019.06.033
http://doi.org/10.1007/s00125-019-4825-1
http://doi.org/10.1186/s12940-020-00683-x
http://doi.org/10.1016/j.freeradbiomed.2019.07.002
http://doi.org/10.1016/j.envint.2022.107138
http://doi.org/10.3389/fphys.2021.673341
http://www.ncbi.nlm.nih.gov/pubmed/34220536
http://doi.org/10.1186/s12989-018-0252-6
http://www.ncbi.nlm.nih.gov/pubmed/29665823
http://doi.org/10.3390/ijerph8020613
http://www.ncbi.nlm.nih.gov/pubmed/21556207
http://doi.org/10.3389/fimmu.2019.02289
http://doi.org/10.1186/s12931-020-01529-3
http://www.ncbi.nlm.nih.gov/pubmed/33076910
http://doi.org/10.1016/j.envpol.2021.118746
http://doi.org/10.3389/fimmu.2017.01159
http://doi.org/10.3390/microorganisms10071428
http://doi.org/10.1080/15412555.2021.2019208
http://www.ncbi.nlm.nih.gov/pubmed/34963421
http://doi.org/10.1038/cti.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28435675


Cells 2023, 12, 901 17 of 19

65. Lee, S.H.; Yun, Y.; Kim, S.J.; Lee, E.-J.; Chang, Y.; Ryu, S.; Shin, H.; Kim, H.-L.; Kim, H.-N.; Lee, J.H. Association between
Cigarette Smoking Status and Composition of Gut Microbiota: Population-Based Cross-Sectional Study. J. Clin. Med. 2018, 7, 282.
[CrossRef] [PubMed]

66. Biedermann, L.; Zeitz, J.; Mwinyi, J.; Sutter-Minder, E.; Rehman, A.; Ott, S.J.; Steurer-Stey, C.; Frei, A.; Frei, P.; Scharl, M.; et al.
Smoking Cessation Induces Profound Changes in the Composition of the Intestinal Microbiota in Humans. PLoS ONE 2013, 8,
e59260. [CrossRef]

67. Antinozzi, M.; Giffi, M.; Sini, N.; Gallè, F.; Valeriani, F.; De Vito, C.; Liguori, G.; Spica, V.R.; Cattaruzza, M.S. Cigarette Smoking
and Human Gut Microbiota in Healthy Adults: A Systematic Review. Biomedicines 2022, 10, 510. [CrossRef]

68. Savin, Z.; Kivity, S.; Yonath, H.; Yehuda, S. Smoking and the intestinal microbiome. Arch. Microbiol. 2018, 200, 677–684. [CrossRef]
69. Benjamin, J.L.; Hedin, C.R.; Koutsoumpas, A.; Ng, S.C.; McCarthy, N.E.; Prescott, N.J.; Pessoa-Lopes, P.; Mathew, C.G.; Sanderson,

J.; Hart, A.L.; et al. Smokers with active Crohn’s disease have a clinically relevant dysbiosis of the gastrointestinal microbiota.
Inflamm. Bowel Dis. 2012, 18, 1092–1100. [CrossRef]

70. Biedermann, L.; Brülisauer, K.; Zeitz, J.; Frei, P.; Scharl, M.; Vavricka, S.R.; Fried, M.; Loessner, M.J.; Rogler, G.; Schuppler, M.
Tu1771 Smoking Cessation Alters Intestinal Microbiota: Further Insights From Quantitative Investigations on Human Fecal
Samples Using FISH and qPCR. Gastroenterology 2014, 146, 1496–1501. [CrossRef]

71. Nolan-Kenney, R.; Wu, F.; Hu, J.; Yang, L.; Kelly, D.; Li, H.; Jasmine, F.; Kibriya, M.G.; Parvez, F.; Shaheen, I.; et al. The Association
Between Smoking and Gut Microbiome in Bangladesh. Nicotine Tob. Res. 2019, 22, 1339–1346. [CrossRef]

72. Parada Venegas, D.; De la Fuente, M.K.; Landskron, G.; González, M.J.; Quera, R.; Dijkstra, G.; Harmsen, H.J.M.; Faber, K.N.;
Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef] [PubMed]

73. Huang, C.; Shi, G. Smoking and microbiome in oral, airway, gut and some systemic diseases. J. Transl. Med. 2019, 17, 225.
[CrossRef]

74. Zeller, I.; Malovichko, M.V.; Hurst, H.E.; Renaud, D.E.; Scott, D.A. Cigarette smoke reduces short chain fatty acid production by a
Porphyromonas gingivalis clinical isolate. J. Periodontal. Res. 2019, 54, 566–571. [CrossRef]

75. Jang, Y.O.; Kim, O.-H.; Kim, S.J.; Lee, S.H.; Yun, S.; Lim, S.E.; Yoo, H.J.; Shin, Y.; Lee, S.W. High-fiber diets attenuate emphysema
development via modulation of gut microbiota and metabolism. Sci. Rep. 2021, 11, 7008. [CrossRef] [PubMed]

76. Tomoda, K.; Kubo, K.; Asahara, T.; Andoh, A.; Nomoto, K.; Nishii, Y.; Yamamoto, Y.; Yoshikawa, M.; Kimura, H. Cigarette smoke
decreases organic acids levels and population of bifidobacterium in the caecum of rats. J. Toxicol. Sci. 2011, 36, 261–266. [CrossRef]

77. Meehan, C.; Beiko, R.G. A Phylogenomic View of Ecological Specialization in the Lachnospiraceae, a Family of Digestive
Tract-Associated Bacteria. Genome Biol. Evol. 2014, 6, 703–713. [CrossRef]

78. Fluhr, L.; Mor, U.; Kolodziejczyk, A.A.; Dori-Bachash, M.; Leshem, A.; Itav, S.; Cohen, Y.; Suez, J.; Zmora, N.; Moresi, C.; et al. Gut
microbiota modulates weight gain in mice after discontinued smoke exposure. Nature 2021, 600, 713–719. [CrossRef] [PubMed]

79. Brule, S.V.D.; Rappe, M.; Ambroise, J.; Bouzin, C.; Dessy, C.; Paquot, A.; Muccioli, G.G.; Lison, D. Diesel exhaust particles alter the
profile and function of the gut microbiota upon subchronic oral administration in mice. Part. Fibre Toxicol. 2021, 18, 7. [CrossRef]
[PubMed]

80. Liu, Y.; Wang, T.; Si, B.; Du, H.; Liu, Y.; Waqas, A.; Huang, S.; Zhao, G.; Chen, S.; Xu, A. Intratracheally instillated diesel PM2.5
significantly altered the structure and composition of indigenous murine gut microbiota. Ecotoxicol. Environ. Saf. 2021, 210,
111903. [CrossRef]

81. Zhong, H.; Ren, H.; Lu, Y.; Fang, C.; Hou, G.; Yang, Z.; Chen, B.; Yang, F.; Zhao, Y.; Shi, Z.; et al. Distinct gut metagenomics and
metaproteomics signatures in prediabetics and treatment-naïve type 2 diabetics. Ebiomedicine 2019, 47, 373–383. [CrossRef]

82. Wang, J.; Li, W.; Wang, C.; Wang, L.; He, T.; Hu, H.; Song, J.; Cui, C.; Qiao, J.; Qing, L.; et al. Enterotype Bacteroides Is Associated
with a High Risk in Patients with Diabetes: A Pilot Study. J. Diabetes Res. 2020, 2020, 6047145. [CrossRef] [PubMed]

83. James, M.M.; Pal, N.; Sharma, P.; Kumawat, M.; Shubham, S.; Verma, V.; Tiwari, R.R.; Singh, B.; Nagpal, R.; Sarma, D.K.; et al.
Role of butyrogenic Firmicutes in type-2 diabetes. J. Diabetes Metab. Disord. 2022, 21, 1873–1882. [CrossRef] [PubMed]

84. Bhute, S.S.; Suryavanshi, M.V.; Joshi, S.M.; Yajnik, C.S.; Shouche, Y.S.; Ghaskadbi, S.S. Gut Microbial Diversity Assessment of
Indian Type-2-Diabetics Reveals Alterations in Eubacteria, Archaea, and Eukaryotes. Front. Microbiol. 2017, 8, 214. [CrossRef]
[PubMed]

85. McMurdie, P.J.; Stoeva, M.K.; Justice, N.; Nemchek, M.; Sieber, C.M.K.; Tyagi, S.; Gines, J.; Skennerton, C.T.; Souza, M.; Kolterman,
O.; et al. Increased circulating butyrate and ursodeoxycholate during probiotic intervention in humans with type 2 diabetes.
BMC Microbiol. 2022, 22, 19. [CrossRef] [PubMed]

86. Walicka, M.; Russo, C.; Baxter, M.; John, I.; Caci, G.; Polosa, R. Impact of stopping smoking on metabolic parameters in diabetes
mellitus: A scoping review. World J. Diabetes 2022, 13, 422–433. [CrossRef]

87. Ohkuma, T.; Iwase, M.; Fujii, H.; Kaizu, S.; Ide, H.; Jodai, T.; Kikuchi, Y.; Idewaki, Y.; Hirakawa, Y.; Nakamura, U.; et al. Dose- and
Time-Dependent Association of Smoking and Its Cessation with Glycemic Control and Insulin Resistance in Male Patients with
Type 2 Diabetes Mellitus: The Fukuoka Diabetes Registry. PLoS ONE 2015, 10, e0122023. [CrossRef]

88. Chen, H.-J.; Huang, W.-H.; Chan, H.-L.; Hwang, L.-C. Improvement in Cardiometabolic Risk Factors During Smoking Cessation
Treatment in Patients with Type 2 Diabetes: A Retrospective Cohort Study. Diabetes Metab. Syndr. Obes. 2021, 14, 1695–1702.
[CrossRef]

http://doi.org/10.3390/jcm7090282
http://www.ncbi.nlm.nih.gov/pubmed/30223529
http://doi.org/10.1371/journal.pone.0059260
http://doi.org/10.3390/biomedicines10020510
http://doi.org/10.1007/s00203-018-1506-2
http://doi.org/10.1002/ibd.21864
http://doi.org/10.1016/S0016-5085(14)63047-X
http://doi.org/10.1093/ntr/ntz220
http://doi.org/10.3389/fimmu.2019.00277
http://www.ncbi.nlm.nih.gov/pubmed/30915065
http://doi.org/10.1186/s12967-019-1971-7
http://doi.org/10.1111/jre.12660
http://doi.org/10.1038/s41598-021-86404-x
http://www.ncbi.nlm.nih.gov/pubmed/33772084
http://doi.org/10.2131/jts.36.261
http://doi.org/10.1093/gbe/evu050
http://doi.org/10.1038/s41586-021-04194-8
http://www.ncbi.nlm.nih.gov/pubmed/34880502
http://doi.org/10.1186/s12989-021-00400-7
http://www.ncbi.nlm.nih.gov/pubmed/33563307
http://doi.org/10.1016/j.ecoenv.2021.111903
http://doi.org/10.1016/j.ebiom.2019.08.048
http://doi.org/10.1155/2020/6047145
http://www.ncbi.nlm.nih.gov/pubmed/32064276
http://doi.org/10.1007/s40200-022-01081-5
http://www.ncbi.nlm.nih.gov/pubmed/36404833
http://doi.org/10.3389/fmicb.2017.00214
http://www.ncbi.nlm.nih.gov/pubmed/28261173
http://doi.org/10.1186/s12866-021-02415-8
http://www.ncbi.nlm.nih.gov/pubmed/34996347
http://doi.org/10.4239/wjd.v13.i6.422
http://doi.org/10.1371/journal.pone.0122023
http://doi.org/10.2147/DMSO.S303446


Cells 2023, 12, 901 18 of 19

89. Bergamino, M.; Rullan, A.J.; Saigí, M.; Peiró, I.; Montanya, E.; Palmero, R.; Ruffinelli, J.C.; Navarro, A.; Arnaiz, M.D.; Brao, I.; et al.
Fasting plasma glucose is an independent predictor of survival in patients with locally advanced non-small cell lung cancer
treated with concurrent chemoradiotherapy. BMC Cancer 2019, 19, 165. [CrossRef]

90. Fu, Z.; Shrubsole, M.J.; Smalley, W.E.; Ness, R.M.; Zheng, W. Associations between Dietary Fiber and Colorectal Polyp Risk Differ
by Polyp Type and Smoking Status. J. Nutr. 2014, 144, 592–598. [CrossRef]

91. Kocsis, T.; Molnár, B.; Németh, D.; Hegyi, P.; Szakács, Z.; Bálint, A.; Garami, A.; Soós, A.; Márta, K.; Solymár, M. Probiotics have
beneficial metabolic effects in patients with type 2 diabetes mellitus: A meta-analysis of randomized clinical trials. Sci. Rep. 2020,
10, 11787. [CrossRef] [PubMed]

92. Kotlyarov, S. Role of Short-Chain Fatty Acids Produced by Gut Microbiota in Innate Lung Immunity and Pathogenesis of the
Heterogeneous Course of Chronic Obstructive Pulmonary Disease. Int. J. Mol. Sci. 2022, 23, 4768. [CrossRef] [PubMed]

93. Simpson, H.L.; Campbell, B.J. Review article: Dietary fibre-microbiota interactions. Aliment. Pharmacol. Ther. 2015, 42, 158–179.
[CrossRef]

94. Trompette, A.; Gollwitzer, E.S.; Yadava, K.; Sichelstiel, A.K.; Sprenger, N.; Ngom-Bru, C.; Blanchard, C.; Junt, T.; Nicod, L.P.;
Harris, N.L.; et al. Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med.
2014, 20, 159–166. [CrossRef]

95. Jang, Y.O.; Lee, S.H.; Choi, J.J.; Kim, D.-H.; Choi, J.-M.; Kang, M.-J.; Oh, Y.-M.; Park, Y.-J.; Shin, Y.; Lee, S.W. Fecal microbial
transplantation and a high fiber diet attenuates emphysema development by suppressing inflammation and apoptosis. Exp. Mol.
Med. 2020, 52, 1128–1139. [CrossRef] [PubMed]

96. Zhao, L.; Zhang, F.; Ding, X.; Wu, G.; Lam, Y.Y.; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, J.; et al. Gut bacteria selectively promoted
by dietary fibers alleviate type 2 diabetes. Science 2018, 359, 1151–1156. [CrossRef] [PubMed]

97. Vasconcelos, F.M.; Silva, H.L.; Poso, S.M.; Barroso, M.V.; Lanzetti, M.; Rocha, R.S.; Graça, J.S.; Esmerino, E.A.; Freitas, M.Q.;
Silva, M.C.; et al. Probiotic Prato cheese attenuates cigarette smoke-induced injuries in mice. Food Res. Int. 2019, 123, 697–703.
[CrossRef]

98. Carvalho, J.L.; Miranda, M.; Fialho, A.K.; Castro-Faria-Neto, H.; Anatriello, E.; Keller, A.C.; Aimbire, F. Oral feeding with probiotic
Lactobacillus rhamnosus attenuates cigarette smoke-induced COPD in C57Bl/6 mice: Relevance to inflammatory markers in
human bronchial epithelial cells. PLoS ONE 2020, 15, e0225560. [CrossRef]

99. Levi, Y.L.D.A.S.; Picchi, R.N.; Silva, E.K.T.; Neto, H.B.; Prado, R.L.D.; Neves, A.D.P.; Messora, M.R.; Maia, L.P. Probiotic
Administration Increases Mandibular Bone Mineral Density on Rats Exposed to Cigarette Smoke Inhalation. Braz. Dent. J. 2019,
30, 634–640. [CrossRef]

100. Naruszewicz, M.; Johansson, M.-L.; Zapolska-Downar, D.; Bukowska, H. Effect of Lactobacillus plantarum 299v on cardiovascular
disease risk factors in smokers. Am. J. Clin. Nutr. 2002, 76, 1249–1255. [CrossRef]

101. Caballero-Franco, C.; Keller, K.; De Simone, C.; Chadee, K. The VSL#3 probiotic formula induces mucin gene expression and
secretion in colonic epithelial cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 292, G315–G322.

102. Wang, H.; Chen, X.; Gao, Q.; Liu, K.; Bi, G.; Deng, J.; Zhang, X. Smoking induces the occurrence of colorectal cancer via changing
the intestinal permeability. J. BUON J. Balk. Union Oncol. 2021, 26, 1009–1015.

103. Wang, X.; Hui, Y.; Zhao, L.; Hao, Y.; Guo, H.; Ren, F. Oral administration of Lactobacillus paracasei L9 attenuates PM2.5-induced
enhancement of airway hyperresponsiveness and allergic airway response in murine model of asthma. PLoS ONE 2017, 12,
e0171721. [CrossRef] [PubMed]

104. Panebianco, C.; Eddine, F.B.N.; Forlani, G.; Palmieri, G.; Tatangelo, L.; Villani, A.; Xu, L.; Accolla, R.; Pazienza, V. Probiotic
Bifidobacterium lactis, anti-oxidant vitamin E/C and anti-inflammatory dha attenuate lung inflammation due to pm2.5 exposure in
mice. Benef. Microbes 2019, 10, 69–75. [CrossRef] [PubMed]

105. Reale, M.; Boscolo, P.; Bellante, V.; Tarantelli, C.; Di Nicola, M.; Forcella, L.; Li, Q.; Morimoto, K.; Muraro, R. Daily intake of
Lactobacillus casei Shirota increases natural killer cell activity in smokers. Br. J. Nutr. 2011, 108, 308–314. [CrossRef]

106. Phillippi, D.T.; Daniel, S.; Nguyen, K.N.; Penaredondo, B.A.; Lund, A.K. Probiotics Function as Immunomodulators in the
Intestine in C57Bl/6 Male Mice Exposed to Inhaled Diesel Exhaust Particles on a High-Fat Diet. Cells 2022, 11, 1445. [CrossRef]

107. Zeng, Z.; Yuan, Q.; Yu, R.; Zhang, J.; Ma, H.; Chen, S. Ameliorative Effects of Probiotic Lactobacillus paracasei NL41 on Insulin
Sensitivity, Oxidative Stress, and Beta-Cell Function in a Type 2 Diabetes Mellitus Rat Model. Mol. Nutr. Food Res. 2019, 63,
e1900457. [CrossRef]

108. Svingen, G.F.; Zuo, H.; Ueland, P.M.; Seifert, R.; Løland, K.H.; Pedersen, E.R.; Schuster, P.M.; Karlsson, T.; Tell, G.S.; Schartum-
Hansen, H.; et al. Increased plasma trimethylamine- N -oxide is associated with incident atrial fibrillation. Int. J. Cardiol. 2018,
267, 100–106. [CrossRef]

109. Strassheim, D.; Sullivan, T.; Irwin, D.C.; Gerasimovskaya, E.; Lahm, T.; Klemm, D.J.; Dempsey, E.C.; Stenmark, K.R.; Karoor, V.
Metabolite G-Protein Coupled Receptors in Cardio-Metabolic Diseases. Cells 2021, 10, 3347. [CrossRef]

110. Li, M.; van Esch, B.C.A.M.; Henricks, P.A.J.; Folkerts, G.; Garssen, J. The Anti-inflammatory Effects of Short Chain Fatty Acids on
Lipopolysaccharide- or Tumor Necrosis Factor alpha-Stimulated Endothelial Cells via Activation of GPR41/43 and Inhibition of
HDACs. Front. Pharmacol. 2018, 9, 533. [CrossRef]

111. Mao, J.; Li, Y.; Bian, Q.; Xuan, Y.; Li, J.; Wang, Z.; Feng, S.; Liu, X.; Tian, Y.; Li, S. The Bufei Jianpi Formula Improves
Mucosal Immune Function by Remodeling Gut Microbiota Through the SCFAs/GPR43/NLRP3 Pathway in Chronic Obstructive
Pulmonary Disease Rats. Int. J. Chron. Obstruct. Pulmon. Dis. 2022, 17, 1285–1298. [CrossRef] [PubMed]

http://doi.org/10.1186/s12885-019-5370-5
http://doi.org/10.3945/jn.113.183319
http://doi.org/10.1038/s41598-020-68440-1
http://www.ncbi.nlm.nih.gov/pubmed/32678128
http://doi.org/10.3390/ijms23094768
http://www.ncbi.nlm.nih.gov/pubmed/35563159
http://doi.org/10.1111/apt.13248
http://doi.org/10.1038/nm.3444
http://doi.org/10.1038/s12276-020-0469-y
http://www.ncbi.nlm.nih.gov/pubmed/32681029
http://doi.org/10.1126/science.aao5774
http://www.ncbi.nlm.nih.gov/pubmed/29590046
http://doi.org/10.1016/j.foodres.2019.06.001
http://doi.org/10.1371/journal.pone.0225560
http://doi.org/10.1590/0103-6440201802862
http://doi.org/10.1093/ajcn/76.6.1249
http://doi.org/10.1371/journal.pone.0171721
http://www.ncbi.nlm.nih.gov/pubmed/28199353
http://doi.org/10.3920/BM2018.0060
http://www.ncbi.nlm.nih.gov/pubmed/30525952
http://doi.org/10.1017/S0007114511005630
http://doi.org/10.3390/cells11091445
http://doi.org/10.1002/mnfr.201900457
http://doi.org/10.1016/j.ijcard.2018.04.128
http://doi.org/10.3390/cells10123347
http://doi.org/10.3389/fphar.2018.00533
http://doi.org/10.2147/COPD.S359428
http://www.ncbi.nlm.nih.gov/pubmed/35673595


Cells 2023, 12, 901 19 of 19

112. Vieira, R.D.S.; Castoldi, A.; Basso, P.J.; Hiyane, M.I.; Câmara, N.O.S.; Almeida, R.R. Butyrate Attenuates Lung Inflammation by
Negatively Modulating Th9 Cells. Front. Immunol. 2019, 10, 67. [CrossRef] [PubMed]

113. Ying, X.D.; Wei, G.; An, H. Sodium butyrate relieves lung ischemia-reperfusion injury by inhibiting NF-kappaB and JAK2/STAT3
signaling pathways. Eur. Rev. Med. Pharmacol. Sci. 2021, 25, 413–422.

114. Prihandoko, R.; Kaur, D.; Wiegman, C.H.; Alvarez-Curto, E.; Donovan, C.; Chachi, L.; Ulven, T.; Tyas, M.R.; Euston, E.;
Dong, Z.; et al. Pathophysiological regulation of lung function by the free fatty acid receptor FFA4. Sci. Transl. Med. 2020, 12, 557.
[CrossRef]

115. Canfora, E.E.; Jocken, J.W.; Blaak, E.E. Short-chain fatty acids in control of body weight and insulin sensitivity. Nat. Rev. Endocrinol.
2015, 11, 577–591. [CrossRef]

116. Müller, M.; Hernández, M.A.G.; Goossens, G.H.; Reijnders, D.; Holst, J.J.; Jocken, J.W.E.; Van Eijk, H.; Canfora, E.E.; Blaak, E.E.
Circulating but not faecal short-chain fatty acids are related to insulin sensitivity, lipolysis and GLP-1 concentrations in humans.
Sci. Rep. 2019, 9, 12515. [CrossRef]

117. Huang, W.; Man, Y.; Gao, C.; Zhou, L.; Gu, J.; Xu, H.; Wan, Q.; Long, Y.; Chai, L.; Xu, Y.; et al. Short-Chain Fatty Acids Ameliorate
Diabetic Nephropathy via GPR43-Mediated Inhibition of Oxidative Stress and NF-kappaB Signaling. Oxidative Med. Cell. Longev.
2020, 2020, 4074832. [CrossRef] [PubMed]

118. Michael, O.; Dibia, C.; Soetan, O.; Adeyanju, O.; Oyewole, A.; Badmus, O.; Adetunji, C.; Soladoye, A. Sodium acetate prevents
nicotine-induced cardiorenal dysmetabolism through uric acid/creatine kinase-dependent pathway. Life Sci. 2020, 257, 118127.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fimmu.2019.00067
http://www.ncbi.nlm.nih.gov/pubmed/30761137
http://doi.org/10.1126/scitranslmed.aaw9009
http://doi.org/10.1038/nrendo.2015.128
http://doi.org/10.1038/s41598-019-48775-0
http://doi.org/10.1155/2020/4074832
http://www.ncbi.nlm.nih.gov/pubmed/32831998
http://doi.org/10.1016/j.lfs.2020.118127

	The Lung–Gut Axis in Lung and Metabolic Disease 
	CS Exposure Induces Lung Inflammation and Diabetes Mellitus Progression 
	Association of CS Exposure with Gut-Derived Microbiota and Inflammatory Bowel Disease 
	PM Exposure Triggers Lung Inflammation, Gut Microbiota Dysbiosis, and DM Progression 
	CS and PM Exposure Mediates Systemic Inflammation and Metabolic Disorders Associated with Lung–Gut Axis Disruption 
	Mechanisms Underlying CS and PM Exposure Aggravate Inflammation and Development of Metabolic Disorder through the Lung–Gut Axis 
	Gut Microbiota Dysbiosis in DM 
	Therapeutic Strategies for CS-Mediated Inflammation and Metabolic Disorders 
	CS Cessation 
	High-Fiber Diet and Probiotics Administration 
	SCFAs Supplements and Regulation of Systemic Inflammation 

	Conclusions 
	References

