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ARTICLE INFO ABSTRACT

Keywords: Air pollution exposure is a public health emergency, which attributes globally to an estimated seven million
pmb'i"t_ics deaths on a yearly basis We are all exposed to air pollutants, varying from ambient air pollution hanging over
Prel;l'on.cs cities to dust inside the home. It is a mixture of airborne particulate matter and gases that can be subdivided into
Syn ,loms three categories based on particle diameter. The smallest category called PM ; is the most abundant. A fraction
Respiratory f the particles included in thi igh he blood di h f the body. As ai

Gastrointestinal of the particles included in this category might enter the blood stream spreading to other parts of the body. As air
Pollution pollutants can enter the body via the lungs and gut, growing evidence links its exposure to gastrointestinal and

respiratory impairments and diseases, like asthma, rhinitis, respiratory tract infections, Crohn’s disease, ulcer-
ative colitis, and abdominal pain. It has become evident that there exists a crosstalk between the respiratory and
gastrointestinal tracts, commonly referred to as the gut-lung axis. Via microbial secretions, metabolites, immune
mediators and lipid profiles, these two separate organ systems can influence each other. Well-known immuno-
modulators and gut health stimulators are probiotics, prebiotics, together called synbiotics. They might combat
air pollution-induced systemic inflammation and oxidative stress by optimizing the microbiota composition and
microbial metabolites, thereby stimulating anti-inflammatory pathways and strengthening mucosal and
epithelial barriers. Although clinical studies investigating the role of probiotics, prebiotics, and synbiotics in an
air pollution setting are lacking, these interventions show promising health promoting effects by affecting the
gastrointestinal- and respiratory tract. This review summarizes the current data on how air pollution can affect
the gut-lung axis and might impact gut and lung health. It will further elaborate on the potential role of pro-
biotics, prebiotics and synbiotics on the gut-lung axis, and gut and lung health.

1. Introduction constantly exposed to various doses of AAP and HAP. Among the

world-wide population 9 out of 10 people are exposed to levels of air

Exposure to air pollution is a major environmental risk recognized by
the World Health Organisation (WHO) as a global public health emer-
gency (WHO, 2016; ir Pollution and Ch, 2018; Harrison, 2020). Air
pollution can be subdivided in two categories: ambient air pollution
(AAP), faced in the external environment, and household air pollution
(HAP) encountered when inside buildings. All living beings are

pollution particles exceeding the WHO guideline (WHO, 2016). AAP is
already linked to 4.2 million premature deaths in 2016; of these, almost
300.000 were children under the age of five (ir Pollution and Ch, 2018).
Nevertheless, the risks associated with HAP exposure can be just as high.
About three billion people worldwide still depend on polluting fuels and
devices for indoor cooking and heating. Moreover a large number of
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people still smoke indoors with cigarette smoke being a large contrib-
utor to HAP (ir Pollution and Ch, 2018; Exposure to household air,
2018). Consequently, HAP is connected with 3.8 million premature
deaths in 2016, including over 400.000 deaths of children under the age
of five (ir Pollution and Ch, 2018; Burden of disease from ho, 2018).

There is growing evidence that exposure to air pollution has a
negative effect on gut and lung health and functioning (Fig. 1). Most
well-documented adverse effects related to air pollution exposure are an
impaired respiratory functioning and elevated infection rates (ir Pollu-
tion and Ch, 2018; Zielinska and Hamulka, 2019). Not only the lung
development of a child can be impaired (Korten et al., 2017; Gauderman
et al., 2015; Veras et al., 2017), substantial evidence also shows an
increased risk of allergic rhinitis (Deng et al., 2016; Chen et al., 2018;
Norback et al., 2018) or asthma development (Chen et al., 2018; Nor-
back et al., 2018; Dong et al., 2011) later in life. Next to the increased
susceptibility to pneumonia (Kim et al., 2018a; Fuertes et al., 2014;
MaclIntyre et al., 2014), AAP also increases the risk of developing otitis
media episodes (Kennedy et al., 2018; Bowatte et al., 2018). Relatively
new hypothesized health outcomes associated with air pollution expo-
sure are gastrointestinal (GI) disorders like inflammatory bowel disease
(IBD) (Kaplan et al., 2010; Ananthakrishnan et al., 2011), appendicitis
(Kaplan et al., 2013), and irritable bowel syndrome (IBS) (Kaplan et al.,
2012).

Over the years, it has become evident that there exists a crosstalk
between the respiratory tract and the GI tract, commonly referred to as
the gut-lung axis. Via this pathway, the two separate organ systems can
communicate and influence each other (Dang and Marsland, 2019;
Enaud et al., 2020). To prevent or combat the negative health conse-
quences of air pollution exposure in one of the two organ systems, it is
therefore key to also examine the involvement of the gut-lung axis.

Well-known immunomodulators and gut health stimulators are
probiotics, prebiotics and when used together synbiotics. Besides their
established effect on supporting a healthy microbiota composition and
gut health, evidence on how these engines could promote lung health is
emerging. In this review current pre-clinical and clinical data will be
summarized on how air pollution impacts gut and lung health and what
this means for the gut-lung axis. Furthermore, this review will elaborate
on the potential role of probiotics, prebiotics and synbiotics, together
addressed as biotics, in mitigating the negative health consequences of
pollution exposure via protective and supporting functions on gut health
and therefore via the gut-lung axis affect lung health. Over the last
decade, a broader definition of air pollution has been established and
now includes AAP and HAP cigarette smoke, but also considers other
pollutants like traffic related air pollution (TRAP), Ozone (O3), nitrogen
dioxide (NO2) and sulphur dioxide (SO3) (WHO, 2016). In this review
we use the term air pollution, capturing its broadest definition unless
specifically indicated.

2. Air pollution: route of exposure

Air pollution is a mixture of airborne particulate matter (PM) and
gases. It contains a mixture of organic materials (e.g. pollen, spores and
microbial particles) and inorganic materials (e.g. polycyclic aromatic
hydrocarbons, sulphates, nitrates, metals, mineral dust and ions)
(Adams et al., 2015). Their sources range from traffic and industrial
emission to windblown soil and road dust. PM is a major contributor to
the adverse health effects of pollutants and mainly used as a proxy in-
dicator for the level of air pollution exposure.

PM can be subdivided into three categories based on particle diam-
eter; coarse particles (PM;o, diameter <10 pm), fine particles (PMy s,
diameter <2.5 pm) and ultrafine particles (PMy ;, diameter <0.1 pm)
(Adams et al., 2015). Depending on their size, PM particles might
penetrate deep into the lungs reaching the lower airways. There is
increasing evidence that the smallest PMs (PMy 1) are the most abundant
particles and pose the highest risk due to their increased inflammatory
potential and capacity to access the blood circulation (Terzano et al.,
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2010). A secondary route how air pollution can reach different body
parts is via the intake of urban or industrial-contaminated water and
foods. On average, an individual consuming a typical western diet in-
gests 10'2-10'* p.m. per day. From this it is estimated that approxi-
mately 1% (10°-10'2 particles per person per day) of the PM are entering
the systemic circulation via mucosal-associated uptake mechanisms
(Salim et al., 2014). Finally, the GI tract is also exposed to pollutants
through the mucociliary clearance of inhaled pollutants that are
removed and transported by the lungs to the gut. In that way a large
proportion of particles, which do not enter the blood stream via the
lungs, might still enter the blood via the GI tract (Kreyling et al., 2006;
Moller et al., 2004).

3. Air pollution: impact on gut and lung health during all stages
of life

3.1. Gut health implications

A few clinical studies link air pollution exposure to intestinal health
impairment, especially IBD. Cigarette smoke as HAP received a lot of
attention in the early 2000s, as both passive and active smoking was
associated with the development of IBD. A meta-analysis (Mahid et al.,
2006) evaluating 11.741 patients with ulcerative colitis (UC) and
10.610 Crohn’s disease (CD) patients, concluded that active smoking is
an important factor in the development of IBD, but exhibits different
effects on CD and UC. Where current active smoking showed a low risk
for UG, it did demonstrate a significant higher risk for CD (Mahid et al.,
2006). This association was also found in early life, where active and
passive maternal smoke exposure was associated with an independent
increase in the risk of CD-related hospitalizations during childhood
(Lindoso et al., 2018). However this association for passive smoking is
weaker, as a meta-analysis on childhood passive smoke exposure and CD
did not show a strong association and highlighted a small number of
studies with a high degree of heterogenicity, precluding strong conclu-
sions (Jones et al., 2008).

Although the relation between air pollution exposure and GI disease
is well researched for exposure to cigarette smoke (Mahid et al., 2006;
Jones et al., 2008; Li et al., 2019a; Kurata and Nogawa, 1997), limited
clinical evidence starts to hypothesize a similar effect on GI health for
other air pollutants. A recent review (Vignal et al., 2021) concluded that
air pollution exposure, when also including SO3, CO, NO5 and PM to the
definition, could cause GI defects as well. Elevated SO, atmospheric
concentrations were associated with increased emergency visits or
hospital visits related to IBD (Kaplan et al., 2010; Ananthakrishnan
et al., 2011), enteritis (Xu et al., 2016), appendicitis (Kaplan et al.,
2009), abdominal pain (Kaplan et al., 2012) and peptic ulcers (Tsai
et al., 2019). Likewise, the effects of NOy exposure have been hypoth-
esized to be positively associated with IBS (Elten et al., 2020), appen-
dicitis (Kaplan et al., 2009; Chen and Yang, 2018), non-specific
abdominal pain (Kaplan et al., 2012), enteritis (Xu et al., 2016), and
peptic ulcers (Kaplan et al., 2010). Finally, a potential contribution of
CO to emergency visits or development of IBS (Tan et al., 2019), IBD
(Ananthakrishnan et al., 2011), non-specific abdominal pain (Kaplan
etal., 2012), enteritis (Xu et al., 2016), appendicitis (Kaplan et al., 2009;
Chen and Yang, 2018), and peptic ulcers (Tsai et al., 2019) have been
reported. Data regarding PM exposure and its impact on GI health is less
predictable. For instance, high atmospheric levels of PMjy 5 are associ-
ated with an increased risk of hospitalizations for IBD (Ananthakrishnan
etal., 2011), non-specific abdominal pain (Kaplan et al., 2012), enteritis
(Xu et al., 2016), peptic ulcers (Tsai et al., 2019), under-5 mortality from
diarrhoea (He et al., 2022), while PM;( exposure is reported to decrease
the risk of IBD (Kaplan et al., 2010; Opstelten et al., 2016). These studies
show that the association between air pollution and GI diseases is
complex as results differ depending on the type of air pollutants, age of
the subject, the origin of the pollutants (traffic vs. industry) and type of
GI diseases.
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Fig. 1. The association between air pollution exposure and effects in the gut and lungs during all stages of life. Exposure to air pollution is associated with
negative effects on gut and lung health and functioning. Exposure can be linked to acute and later life negative health outcomes. Boxes represent documented
possible health consequences on gut and lungs such as irritable bowel syndrome, inflammatory bowel disease, asthma, impaired lung function and COPD, for which
the body of evidence behind the associations vary from immature for GI diseases to more robust for respiratory health consequences.

3.2. Lung health implications

Exposure to air pollution can impair lung development, reduce lung
function and increase the risk of chronic lung diseases (ir Pollution and
Ch, 2018). Several meta-analysis and epidemiological studies related to
AAP have reported that PM exposure is associated with an increased
development of wheeze (Gasana et al., 2012; Luong et al., 2019; Yan
et al., 2020) or asthma (Yan et al., 2020; Khreis et al., 2017), decreased
forced expiratory volume 1 (FeV1) (Edginton et al., 2019), more asthma
attacks (Slaughter et al., 2003) and more frequent asthma medication
intake (Slaughter et al., 2003). Additionally, NOy, SO, CO and/or black
carbon (BC) exposure increases the risk of developing wheeze (Gasana
et al.,, 2012), asthma (Gasana et al., 2012; Luong et al., 2019; Khreis
et al, 2017) and chronic obstructive pulmonary disease (COPD)
(Huangfu and Atkinson, 2020). Additionally, evidence supports the as-
sociation between AAP exposure and the increased risk of lung in-
fections. Especially an increased exposure to PMy 5 (Li et al., 2021) is
associated with risk of acute respiratory infections (ARI). Furthermore,
number of hospitalizations or emergency room visits due to ARIs and
pneumonia were linked with higher levels of PMy 5 (Nhung et al., 2017;
Yee et al., 2021), PM;o, NOg, SO2 and O3 (Yee et al., 2021). Increased
SO and NO; exposure were significantly associated with the number of
clinical visits for upper respiratory tract infections (URTI) among college
students in Wuhan, China (Zhang et al., 2021). Increased exposure to air
pollution was also hypothesized to form a risk factor for an enhanced
COVID distribution (Katoto et al., 2021; Maleki et al., 2021; Rahimi
et al., 2021). Higher air pollution concentrations favour the COVID
transmission (Rosario Filho et al., 2021; Liu et al., 2020) and enhance
the presentence of the virus in the atmosphere (Rosario Filho et al.,
2021; Setti et al., 2020). There is an increased mortality risk of COVID in
regions with higher PM5 5 concentrations (Setti et al., 2020; Wu et al.,
2020; Conticini et al., 2020).

Studies investigating the potential effects of HAP on lung develop-
ment and function are emerging. Several meta-analysis reported that
exposure to HAP, like domestic cooking and heating, is associated with a
higher risk of developing COPD (Lee et al., 2020; Saleh et al., 2020; Sana
et al., 2018), lung cancer (Lee et al., 2020; Josyula et al., 2015; Bruce
etal., 2015; Hosgood et al., 2011) and respiratory related mortality (Lee
et al., 2020). An incremental increase in NO, and PM, 5 was associated

with more cough and dyspnoea symptoms, while gas cooking was linked
with a higher risk for asthma (Lee et al., 2020). Additionally, HAP
exposure is related to an increased risk of developing lung infections
such as ARIs (Lee et al., 2020; Fakunle et al., 2020; Enyew et al., 2021;
Thakur et al., 2018; Jary et al., 2016), tuberculosis (Lee et al., 2020),
pneumonia (Thakur et al., 2018) and chronic bronchitis (Sana et al.,
2018).

4. Gut-lung axis: the cross-talk between gut and lungs

Accumulating evidence indicates a connection between events in the
respiratory tract and effects on gut health and vice versa with a central
role for the immune system, the microbiota and microbial metabolites,
commonly referred to as the gut-lung axis (Dang and Marsland, 2019;
Enaud et al., 2020). Both organs play a crucial role in immunity, con-
trolling local and systemic inflammation by regulating the secretion of
chemokines, cytokines, and anti-microbial compounds. The close
interaction between the two organs can partly be explained by their
shared origin from the same embryonic organ, the foregut (Girosi et al.,
2006; Espirito Santo et al., 2021). Both are exposed to the outside
environment via the mouth and pharynx and share aspects of physiology
and structure. One of these structures is the physical barrier with pro-
jections of microvilli in the gut and cilia in the respiratory tract. Besides,
both organs contain anti-microbial peptides (AMP) and
mucus-producing goblet cells offering a protective layer against the
external environment (Budden et al., 2017). Additionally, they both
contain a diverse microbial community, where the bacterial phyla level
in the lung and gut are identical, but at the species level differences were
observed between these organs (Dumas et al., 2018; McAleer and Kolls,
2018; Stavropoulou et al., 2021). Finally, both the gut and the lungs are
connected to the blood circulation and lymphatic system, which enables
the cross-talk between the two systems by bi-directionally transferring
immune cells, cytokines, chemokines, and microbial metabolites from
the one organ to the other (Espirito Santo et al., 2021).

4.1. Gut to lung communication in homeostasis

Although the mechanism behind the gut-lung axis is not yet fully
understood, multiple studies demonstrate the important role of the gut
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microbiota and its metabolites as a defence mechanism. In homeostasis
(Fig. 2, left), the commensal gut microbiota produces short chain fatty
acids (SCFA) as a result of fermentation of undigested soluble dietary
fibres. These metabolites together with microbe-associated molecular
patterns (MAMPs) derived from the gut microbiota, activate and control
cellular responses necessary to maintain an inflammatory tone, which
drives a state of equilibrium between microbiota and the host, referred
to as a steady state immune homeostasis (Garrett et al., 2010). This
homeostasis is crucial for the maintenance of tolerance, while making
sure offenders (i.e. air pollutants, pathogens, toxic substances) are
adequately dealt with (Chistiakov et al., 2015). Mechanistically, toll-like
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penetration of air pollutants, ROS and air pollution induced oxidized
products to enter the circulation. Furthermore, the generation and
maintenance of IgA producing B-cells promote mucus production and
activates cell survival and repair-mechanisms to thicken the mucosal
layer, preventing pathogens and harmful substances, including air pol-
lutants, from invading the body. Additionally, host-produced factors in
response to microbial triggering of MAMPS and SCFA are molecules such
as AMPs and secretory IgA (sIgA) which, together, function to control
microbial overgrowth and contribute to the formation and maintenance
of a balanced microbiota composition (Muniz et al., 2012; Nakajima
et al., 2018).

receptor recognition of MAMPs in concert with SCFA-receptor activa-
tion, drives antigen presenting cells to release anti-inflammatory me-
diators. Additionally, they promote the generation and maintenance of
tolerogenic innate and adaptive cells, such as regulatory T-cells and
immunoglobin A (IgA) producing B-cells. These cells control local in-
flammatory responses, but are also able to travel systemically and
perform their function at remote sites such as the lung.

The epithelial barrier consists of an outer layer of mucus, a layer of
epithelial cells and finally the lamina propria, which houses the various
immune cells. The epithelial barrier forms the first line of defence
against harmful substances, including air pollutants, and microorgan-
isms but also assures the absorption of nutrients, lipids, vitamins, min-
erals, ions and water. The function of the epithelial barrier depends on a
variety of proteins that together form a tight junction network creating a
selective barrier. Recognition of MAMPs by toll-like receptors expressed
by epithelial cells and SCFAs together orchestrate the production of
tight-junction proteins necessary to generate and maintain a strong
epithelial barrier (Semin et al., 2021). This protects the body against the

4.2. Lung to gut communication in homeostasis

Similar to the gut, a steady state immune homeostasis is maintained
by the constant interactions between the resident microbiota, microbial
metabolites and the network of tissue-resident immune cells in the lung.
In health these complex mechanisms ensure tolerance towards harmless
inhaled particles, while at the same time elicit adequate responses to-
wards invading pathogens, air pollutants or noxious substances.
Compared to the current knowledge on the role of microbiota and mi-
crobial metabolites in orchestrating intestinal homeostasis, its exact
mechanism of action when it comes to lung immunity is still unclear.
Nevertheless, there are associations between lower airway microbial
compositions and the appearance of regulatory T-cells (Gollwitzer et al.,
2014) macrophage phenotypes (Bernasconi et al., 2016) and cytokine
profiles (Wang et al., 2019). IgA producing B-cells also occur in the lung
governed by the microbial recognition of lung dendritic cells, instructing
B-cells to differentiate into a IgA producing B-cell. Lung epithelial
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Fig. 2. The gut-lung axis in a healthy state, impacted by air pollution exposure, and influenced by biotic supplementation - In a healthy state (left), short chain fatty
acids (SCFA) together with microbe associated molecular patterns (MAMPs) derived from the gut microbiota, maintain and promote a steady state immune ho-
meostasis by stimulating the anti-inflammatory mediator production and ensuring the presence of tolerogenic immune cells, including regulatory T-cells and IgA
producing B-cells. Furthermore, MAMPs and SCFA drive epithelial integrity and the production of mucus and AMPs, maintaining a strong barrier function. In ho-
meostasis, these defense mechanisms protect against environmental exposures such as air pollutants, blocking their penetration into the body. In the case of pro-
longed or excessive air pollution exposure (middle), air pollution-induced changes in microbiota composition (incl. MAMPs) and microbial metabolites (i.e. SCFA)
combined with the direct effects of PM and noxious gasses drive an pro-inflammatory response at the loss of steady state immune homeostasis. Over-abundance of
reactive oxygen species (ROS) damages epithelial cells, leading to a loss of barrier function and, as a consequence, host tissues become exposed to luminal content
(pathogens, microbes, noxious materials) adding to the pro-inflammatory pressure. Additionally, dietary lipids become increasingly oxidized and lipid mediator
profiles are changed even further adding its own pro-inflammatory effects. Biotic supplementation (right), rebalance the air pollution-induced microbiota changes
and normalizes microbial metabolite patterns driving anti-inflammatory responses to reduce the pro-inflammatory pressure. They promote tight junction and mucus
production, repairing the barrier functions enabling scavenging/inactivating of PMs and ROS. The bars indicate the ability of the body to protect against air pollution
induced health consequences (Left: maximum protection in case of a steady state homeostasis, Middle: minimum protection as the excessive or prolonged air
pollution exposure damaged the defense mechanisms, Right: immune defense mechanisms which for the majority are restored towards a healthy steady state ho-
meostasis due to the biotic support, functioning as an additional boost to keep the defense mechanisms alive in times of excessive or prolonged air pollution exposure.
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integrity maintenance seems to be in a large part similarly regulated as
in the gut with preclinical evidence showing a clear role for SCFAs and
MAMPs-TLR interactions to support barrier function (Shaykhiev et al.,
2008; Lewandowska-Polak et al., 2018; Richards et al., 2020). In-line
with gut-to-lung communication, immune cells and mediators gener-
ated in the lung become systemically available and contribute to the
maintenance of a steady state immune homeostasis in remote tissues
such as the gut. Different from the intestines, there seems to be no
substantial production of SCFAs in the lungs, suggesting that the effects
of SCFA on lung immunity are one-directional from the gut to the lungs
(Yue et al., 2020).

5. The impact of air pollutants on the gut-lung axis

As discussed in the previous paragraph on route of air pollution
exposure, both the gut and lung are a target of air pollution constituents.
Interactions of the epithelial barriers with air pollution cause a dis-
balance in the gut-lung axis moving from a state of homeostasis towards
inflammation. In the below paragraphs we will discuss how air pollution
effects different compartments and systems (Fig. 2, middle).

5.1. Microbiota composition and functionality

Excessive or prolonged air pollution exposure may alter the gut
microbiota and gut health. Although a number of preclinical studies
have examined the effects of air pollution and the microbiota (Bailey
et al., 2020), human data are still scarce. Here we will focus on human
studies designed to find correlations between air pollution exposure and
microbiota shifts.

The composition and function of the gut and lung microbiota is
sensitive to changes in environmental stressors, including air pollutants
(Karl et al., 2018). Whole-genome sequencing in young adults living in
Southern California indicated a lower gut bacterial diversity and
changes in multiple bacterial gene pathways, suggestive of a change in
gut microbial functionality and possibly production of gut microbial
metabolites, as a consequence of air pollution exposure (Fouladi et al.,
2020). A study involving adults from a community in Guandong, re-
ported an association of PMy 5 and PM; with a reduction in gut micro-
biota diversity. They showed a negative association of the relative
abundance of Firmicutes, Proteobacteria and Verrucomicrobia bacteria
in the GI tract, with PM5 5 and PM; concentrations (Liu et al., 2019). In
another study, the intestinal microbiome of asthmatic and healthy
children aged 5-12 years old from the Beijing area changed between
clean and smog days. Especially the relative abundance of bacteria
belonging to the Firmicutes phylum were negatively associated with
concentrations of PM5 5, PM;, NO», and SO», indicating that short bouts
of air pollution exposure might already be effective in changing the
intestinal microbiota (Zheng et al., 2020).

Another aspect that gains increasing interest is that air pollution
comes with its own specific microbiome. Air pollution microbiome an-
alyses of samples from different geographical locations, seasons and PMs
revealed that there is a large variety between samples but all contain
airborne bacteria, viruses and fungi (Moelling and Broecker, 2020).
Inhalation of air pollutants might therefore induce environmental mi-
croorganisms into the respiratory tract. Although the evidence is very
limited and requires validation, a study in Beijing (Mao et al., 2019)
collecting air samples reported that air pollution-associated microbiome
contains Pseudomonas, Moraxella, Micrococcus, Streptomyces, and Bacillus
bacterial genera. The majority of these inhaled microbes are cleared
from the respiratory tract following coughing or mucociliary clearance.
Prolonged air pollution exposure in high concentrations might impair
the ability of the body to clear these microbes, resulting in elevated
presence of these air pollution associated microbes in the lung and GI
tract. Furthermore, increased susceptibility to pollutants in patients with
a reduced lung microbiota diversity suggests a potential role of the host
microbiome in its ability to protect or respond against air pollution
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exposure (Hamidou Soumana and Carlsten, 2021). Nevertheless, their
potential risk to human health remains a field of active research (Tang
and Li, 2019).

5.2. Oxidative stress

Reactive oxygen species (ROS) are continuously produced by cells
under homeostatic conditions and contribute to the regulation of
cellular proliferation and apoptosis. It is only when the host anti-
oxidative defences are overwhelmed that ROS starts to play a role in
disease pathogenesis and progression (Ray et al., 2012). Oxidative stress
appears to be a common factor driving the harmful effects induced by
excessive or prolonged air pollution exposure. PM itself contains organic
and inorganic ROS and redox-active components, which can cause
oxidative stress resulting in the destruction of cells and tissues including
the epithelial and endothelial cell layers in the gut and lungs respec-
tively (Leni et al., 2020; Mazuryk et al., 2020; Fang et al., 2019).

Oxidative stress responses are a common threat in the lung and
accumulating evidence suggest they are also of import in the activation
of systemic inflammatory processes and generation of ROS (Rao et al.,
2018). These two processes together further lead to an additional
overabundance of ROS or redox-active components, worsening the
oxidative stress response, ultimately disrupting the tight junction and
ultimately to an increase in permeability of the epithelial barrier of the
intestines (Mutlu et al., 2011a; Kish et al., 2013), the nose and lungs
(Hong et al., 2016; Caraballo et al., 2011) and the blood vessels (Wang
et al., 2012).

5.3. Disrupted lipid homeostasis

Bioactive lipids play a major role in regulating inflammatory pro-
cesses with both anti- and pro-inflammatory lipid mediators regulating
initiation and resolution of inflammation. Preclinical data clearly shows
a relation between air pollution and changes in profiles of lipid-
mediators potentially accelerating or augmenting systemic inflamma-
tory reactions (Beck-Speier et al., 2012; Wang et al., 2021a). Next to a
change in the balance of lipid mediators, air pollution also induces the
occurrence of oxidized lipids. A clinical study with healthy adults in
China, demonstrated that a two-fold increase in PM, 5, was followed by a
median increase of oxidized LDL (ox-LDL) levels by 6.43% (Qin et al.,
2021). Furthermore, a randomized controlled trial in Beijing showed
significant associations between indoor airborne phthalic acid esters and
ox-LDL (Wang et al., 2021b). A meta-analysis (Moller et al., 2004)
showed that oxidative damage to the epithelial barrier as a consequence
of air pollution is associated with elevated blood level biomarkers of
lipid peroxidation. Excess availability of oxidized lipids activates innate
immune cells to drive systemic pro-inflammatory responses (Zhivaki
and Kagan, 2021). Moreover, given the close relationship between
microbiota and lipid metabolism, air pollution-induced changes in
microbiota composition could also contribute to elevated levels of
circulating oxidized lipids potentially driving systemic pathologies
(Feng et al., 2020).

5.4. Barrier dysfunction

Tight junctions in the epithelial barrier of the intestine and the lungs
form an important barrier to the entry of air pollutants, toxins, patho-
gens and allergens. It manifest a selective prevention of transport for
these components into the paracellular space and selectively allows
permeability to cations (Rao, 2008). The epithelial barriers consist of
three distinct components: adherence junctions and tight junctions,
which together form the apical junctional complex; and desmosomes
that form bonds between cells and induce the mechanical strength to
tissues (Crawford et al., 2021).

Air pollutants are thought to perturb the barrier integrity by
increasing the availability of inflammatory mediators and ROS, and by
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affecting gene transcription and expression of tight junction proteins,
disrupting the epithelial and endothelial barrier by destabilizing the
tight junctions in the GI and lungs (Wang et al., 2012; Woodby et al.,
2020; Mutlu et al., 2011b; Nur Husna et al., 2021). The increased
permeability to injurious factors including air pollutants further en-
hances inflammation and mucosal injury. The increased permeability
play a crucial role in the pathogenesis of multiple GI disorders, such as
IBD and enterocolitis. However, this proposed mechanisms awaits
further validation (Rao, 2008).

An in vivo study in mice suggested that ozone exposure of lung
epithelium resulted in a reduction of the transepithelial electrical
resistance (TEER) and increased the tight junction gene expression of
claudin-3 (Kim et al., 2018b). Claudin-3 expression has been linked to a
reduced barrier function in the alveolar epithelial cells of rats. Similar
findings were reported for PM exposure, resulting in an reduced TEER of
the same rat alveolar epithelial cells (Mitchell et al., 2011; Wang et al.,
2003). Furthermore, chronic PM exposure for 12 months results in
epithelial lesions and confluence of inflammatory cells in murine colons
(Li et al., 2019b). More recently, PM; 5 exposure increased the intestinal
permeability in a human intestinal model by decreasing tight junction
proteins, claudin-1 and desmosome proteins (Woodby et al., 2020).

Excessive or prolonged exposure to air pollution can also directly
have an impact on mucus production and gene expression linked to
mucociliary assembly and movement (Smyth and Georas, 2021). PMy 5
exposure was shown to cause a reduction in the gene expression securing
mucociliary clearance in primary human airway epithelial cells (Mont-
gomery et al., 2020). PM exposure has been linked to alterations in the
mucus production and secretion, suggesting an enhanced secretion of
inflammatory rather than homeostatic mucus (Okuda et al., 2019).
Exposure to PM; 5 exhibited increased expression of genes association
with O-linked glycosylation of mucins (Montgomery et al., 2020).
Nevertheless these effects are air pollution source dependent (Gillois
et al., 2018; He et al., 2017).

5.5. Systemic inflammation

The combined effects of air pollution-induced loss of epithelial
integrity, increased epithelial permeability, and changes in the mucosal
barrier allows pathogens to enter the lamina propria and circulation
(Espirito Santo et al., 2021; Jin et al., 2019). This increases immune cell
activity evidenced by proinflammatory responses both locally and sys-
temically. Pollution-induced damage to the endothelial and epithelial
cells themselves also lead to the production and systemic release of
proinflammatory mediators, such as tumor necrosis factor-a, Interleukin
(IL) 6 and IL-1pB. These factors contribute to the further loss of barrier
function locally, but also induce a systemic inflammation affecting
distant organs (Calderon-Garciduenas et al., 2007; McKay and Baird,
1999).

6. Biotics as dietary interventions to prevent or combat air
pollution-induced health consequences

A wealth of data demonstrates the benefits of a healthy diet in
reducing the risk of chronic diseases and in promoting human health,
while intake of a less nutritious diet is associated with a higher risk of
developing chronic diseases (Diet and nutrition and the p, 2003).
Interestingly, there is a potential benefit of using biotics as dietary in-
terventions in preventing or combating air pollution-related health
outcomes. Although promising, biotic interventions have not made it yet
to a therapeutic or preventive use in a pollution clinical setting.
Therefore, our hypothesis is based on data from pre-clinical models,
testing these engines in an pollution setting, or clinical studies investi-
gating their role on clinical outcomes often impacted by air pollution.
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6.1. Probiotics

Probiotics are defined as live microorganisms that, when adminis-
tered in adequate amounts, confer a health benefit on the host (Hill
et al., 2014). Already in 2012, the International Scientific Association
for Probiotics and Prebiotics (ISAPP) recognized the role of probiotics in
supporting a healthy GI tract and immune system (Hill et al., 2014). A
meta-analysis (Ritchie and Romanuk, 2012) showed a significant benefit
for probiotics in the prevention and treatment of GI diseases, including
pouchitis, infectious diarrhoea, and IBS, which have been hypothesized
to be associated with air pollution exposure. Although the evidence
behind air pollution and UC is yet fully understood, a Cochrane review
of 2020 (Kaur et al., 2020) concluded that probiotics may induce clinical
remission in active UC when compared to placebo. In addition to the
standard care treatment, probiotics may slightly improve the induction
of clinical remission, though the evidence is very limited. The intestinal
microbiota composition of IBD patients showed an increased number of
aerobic bacteria, e.g., Escherichia coli, and anaerobic bacteria of the
genus Bacteroides, and a decreased number of Lactobacilli and Bifido-
bacteria, suggesting a potential benefit of probiotic use in IBD therapy
(Wasilewski et al., 2015).

Probiotics also show promise as dietary interventions to prevent and
treat lung infections, including URTIs and ARIs (Hill et al., 2014), which
might be triggered by air pollution as well. A 2015 Cochrane review
(Hao et al., 2015) evaluating 12 randomized controlled trials in both
paediatric and adult populations concluded that probiotics were better
than placebo in preventing ARIs; the number of subject experiencing
episodes of ARIs was about 47% lower in the probiotic group. Also in
relation to the treatment of ARIs, probiotics provide a benefit compared
to placebo treatment, with a shortened episode duration by about 1.89
days. These benefits in the prevention and treatment were reconfirmed
in a more recent meta-analysis demonstrating a significantly reduced
incidence and mean duration of URTI episodes (Li et al., 2020).

Nevertheless, the ISAPP underlines the important influence of factors
like type of disease and probiotic species, when choosing to use pro-
biotics in the prevention or treatment of GI and respiratory diseases
(Ritchie and Romanuk, 2012). Although the available evidence is very
limited, clinical evidence start to indicate a potential strain-specific ef-
fect on GI outcomes which are suggested to be impacted by air pollution
exposure as well, including IBS and diarrhoea. A meta-analysis evalu-
ating the effectiveness of Lactobacillus rhamnosus GG on childhood
diarrhoea, demonstrated that high-dose supplementation reduces the
duration of diarrhoea and the stool number per day (Li et al., 2019c¢).
Another meta-analysis in children with acute gastroenteritis recon-
firmed the impact of Lactobacillus rhamnosus GG supplementation on
lowering the duration of diarrhoea (Szajewska et al., 2019). Neverthe-
less, these findings in the latter meta-analysis were recommended to be
interpretated in the context of methodological limitations and high
heterogenicity. More limited evidence, shows that supplementation of
IBS patients with Bifidobacterium breve M-16 V in combination with
Bifidobacterium infantis M-63 and Bifidobacterium longum BB536
decreased the prevalence and severity of abdominal pain and improved
patient’s quality of life (Giannetti et al., 2017).

Clinical and preclinical evidence also has been published around the
role of specific probiotic strains in the support of respiratory health,
leading to the hypothesis that this might also apply in an air pollution
setting. Maternal intake of Bifidobacterium breve M-16 V might prevent
and/or alleviate allergic reactions predisposed by prenatal exposure to
air pollution in neonates. Its supplementation resulted in fewer eosino-
phils in the bronchoalveolar lavage fluid and a reduction of allergic lung
inflammation in the offspring compared to the control group (Ter-
ada-lkeda et al., 2020). The potential of influencing the gut-lung axis is
also demonstrated in pre-clinical and clinical studies, not directly
related to air pollution. In combination with Bifidobacterium infantis
M-63 and Bifidobacterium longum BB536, Bifidobacterium breve M-16 V
supplementation for 4 weeks significantly improved allergic rhinitis
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symptoms and the quality of life in children with pollen-induced allergic
rhinitis and intermittent asthma (Miraglia Del Giudice et al., 2017).
Compared to Bifidobacterium infantis NumRes251, Bifidobacterium ani-
malis NumRes252, Bifidobacterium animalis NumRes253, Lactobacillus
plantarum NumRes8 and Lactobacillus rhamnosus NumRes6, Bifidobacte-
rium breve M-16 V induced the strongest attenuating effect on lung
inflammation in ovalbumin-sensitized mice (Hougee et al., 2010).
Additionally, Bifidobacterium breve M-16 V supplementation, resulted in
a reduced allergic lung inflammation and improved lung function in
mice (Hougee et al., 2010; Sagar et al., 2014a), while protecting against
the allergy-induced lung damage (Sagar et al., 2014a).

6.2. Prebiotics

Prebiotics are defined as a substrate that is selectively utilized by
host microorganisms conferring a health benefit to the host (Gibson
et al., 2017). There are many types of prebiotics, of which the majority
belongs to a subset of oligosaccharides. They are naturally abundant in
food products including asparagus, sugar beet, chicory, onion, wheat,
barley, human milk, and cow’s milk. As the prebiotic concentrations in
the majority of the foods are low, they are manufactured on an industrial
scale. The most investigated industrial produced prebiotics can be
classified as galacto-oligosaccharides (GOS) and fructo-oligosaccharides
(FOS) (Davani-Davari et al., 2019). For more than three decades they are
recognized for their role in the development of the immune system, and
improving GI and respiratory health.

The GI health-promoting role of GOS and FOS was reported. The
consumption of infant formula supplemented with GOS and FOS by
preterm infants for approximately 28 days, resulted in higher stool fre-
quency (Boehm et al., 2003; Westerbeek et al., 2011), significantly softer
stools which were closer to the breastfed reference (Boehm et al., 2003),
and lower stool viscosity (Westerbeek et al., 2011). Lower stool viscosity
in these preterm infants can lead to shorter duration for luminal nutri-
ents to remain in the intestine, preventing the inflammation and ulti-
mately reducing the risk of developing Necrotising enterocolitis
(Westerbeek et al., 2011). Similar GI health-promoting effects were also
found in term-born infants reporting higher stool frequency (Fanaro
et al., 2005), lower stool consistency (Fanaro et al., 2005; Moro et al.,
2003; Piemontese et al., 2011), and softer stools that where closer to
breastfed infants compared to controls (Fanaro et al., 2005; Moro et al.,
2003; Piemontese et al., 2011). The GOS/FOS supplementation did not
induce GI symptoms such as regurgitation, posseting, vomiting, colic,
flatulence, and cramps as the incidence rate of these reports were equal
between the test and control group (Piemontese et al., 2011).

Clinical evidence also reports lung health promoting effects of GOS
and FOS, including its impact on lung infections, asthma, and lung
inflammation, reported to be impacted by air pollution as well. In
healthy term-born infants with a parental history of atopy (Arslanoglu
et al., 2008), consumption of a formula based on partially hydrolysed
proteins supplemented with GOS and FOS resulted in lower cumulative
incidence of recurrent wheezing compared to the control group. The
same test population reported significantly fewer respiratory tract in-
fections and antibiotic use in the first 2 years of life compared to the
control group. However, this effect might be population-dependent as in
preterm infants, enteral supplementation with GOS and FOS resulted in
an equal incidence of physician-diagnosed bronchial hyperreactivity
and respiratory tract infections compared to the control group who
received the same enteral formula supplemented with maltodextrin
(Niele et al., 2013). Supplementation of GOS, FOS and pAOS reduced
lung inflammatory markers and improved lung function in an allergic
asthma mice model (Vos et al., 2007). Furthermore, lung inflammation
and airway hyperresponsiveness were reduced after supplementation
with GOS in a house dust mite-allergic mice model (Verheijden et al.,
2015a).
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6.3. Synbiotics

In 2019, the definition of synbiotics was updated by the ISAPP to “a
mixture comprising live microorganisms and substrate(s) selectively
utilized by host microorganisms that confers a health benefit on the
host”. These synbiotics were sub-divided into two categories; comple-
mentary and synergistic synbiotics. The first category includes probiotic
(s) combined with prebiotic(s), which targets autochthonous microor-
ganisms, while synergistic synbiotics composes a substrate that selec-
tivity utilizes the co-administered microorganism(s) (Swanson et al.,
2020). So far systematic reviews on the benefits of synbiotics do not
differentiate the potential effect of these two categories separately (Chan
et al., 2020).

Like probiotics and prebiotics applied separately, the potential role
of synbiotics on GI and respiratory health have also been investigated.
Only a few clinical studies investigated the synbiotic effects on GI dis-
eases, like IBD and IBS (Ishikawa et al., 2011; Chermesh et al., 2007;
Steed et al., 2010; Furrie et al., 2005; Fujimori et al., 2009), reported to
be potentially impacted by air pollution exposure. The majority of them
(Ishikawa et al., 2011; Steed et al., 2010; Furrie et al., 2005) hypothe-
sized a benefit of synbiotic consumption in patients with IBD. However,
as the measured outcome parameters and synbiotic blends varied among
the studies, more evidence is needed to draw a conclusion. Only 2
studies (Tsuchiya et al., 2004; Min et al., 2012) investigated the po-
tential effect on IBS. The meta-analysis on these two studies (Ford et al.,
2018) showed overall that synbiotics seem not to reduce symptoms. The
finding might be caused by the heterogenicity of the studies as the in-
dividual studies were both positive.

A meta-analysis (Chan et al., 2020) including 10.443 individuals
revealed a preventive effect of synbiotics on respiratory tract infections
by demonstrating reduced incidence rates and lower proportions expe-
riencing respiratory tract infection, both by 16%. As respiratory in-
fections are associated with air pollution exposure, this evidence
suggests that this might also work in a polluted setting as well. The
clinical evidence related to other respiratory health outcomes, like
asthma and rhinitis, is less abundant. Nevertheless, as with probiotics,
the potential effect might be mixture dependent.

Potential effects of a mixture of Bifidobacterium breve M-16 V, GOS
and FOS on GI health were reported in infants with atopic dermatitis.
Supplementation of this synbiotic blend softened the stool and resulted
in fewer children with episodes of dry stools, diaper dermatitis or
parent-reported constipation (van der Aa et al., 2010).

Some clinical studies also reported on the potential benefit of a
synbiotic mixture containing oligosaccharides and Bifidobacterium breve
M-16 V on respiratory outcomes. A clinical trial in infants with atopic
dermatitis consuming a synbiotic blend of GOS, FOS and Bifidobacterium
breve M-16 V, resulted in less children who started asthma medication
during the intervention with the synbiotic mix (van der Aa et al., 2011).
Another randomized controlled trial in adults with asthma and house
dust mite allergy reported an improved peak expiratory flow after 4
weeks supplementation with Bifidobacterium breve M-16 V, GOS and FOS
(van de Pol et al., 2011). Furthermore, Bifidobacterium breve M16V and
FOS together reduced allergic lung inflammation when tested in a mu-
rine model (Verheijden et al., 2016).

7. Biotics target the gut-lung axis

During the last decades, both preclinical and clinical studies illus-
trated the role of pro-, pre-, and synbiotics in targeting the microbiota
composition and their metabolites, epithelial and mucosal function, and
immune system (Fig. 2, right). Although so far only pre-clinical evidence
tested the impact of biotics on the gut-lung axis and steady state immune
homeostasis in an air pollution setting, the multiplicity of data suggests
that this mechanism could also apply in clinical setting investigating air
pollution-impacted infants, children or adults.



L. Keulers et al.
7.1. Microbiota and metabolite shift

The gut microbiota composition is not only sensitive to harmful
environmental exposures like pollutants but can be modulated by di-
etary interventions like biotics. It is key that the health promoting mi-
crobial organisms like the ingested probiotics are provided with enough
energy to keep them alive, as multiple microbial organisms are
competing for nutrition and an adhesion site to the GI tract with the host
resident microbiota that could have been impacted by air pollution
exposure (Markowiak and Slizewska, 2017). Prebiotics function as the
energy source for the ingested probiotics and the beneficial gut microbes
already present. Furthermore, fermentation of prebiotics alters the pH of
the gut, ultimately supporting the elimination of harmful acid-sensitive
species, promoting the survival of butyrate producing microbes, like
Bifidobacteria and Firmicutes (Davani-Davari et al., 2019; Markowiak
and Slizewska, 2017; Walker et al., 2005).

Multiple clinical studies (Moro et al., 2003; Arslanoglu et al., 2008;
van der Aa et al., 2010; Moro et al., 2006; Boehm and Moro, 2008;
Arslanoglu et al., 2007; Salvini et al., 2011; Scholtens et al., 2006; Moro
et al., 2005; Boehm et al., 2002; Westerbeek et al., 2013; Scholtens et al.,
2008; Fox et al., 2019) have reported that dietary supplementation with
the probiotic Bifidobacterium breve M-16 V, prebiotic mixtures GOS and
FOS, or a synbiotic mixture of these ingredients together, promotes the
growth and survival of Bifidobacteria over time in a dose-dependent
manner. Supplementation of these specific pro-, pre-, and synbiotic in-
gredients therefore have shown to bring the gut microbiota composition
of formula-fed infants closer to the breastfed references (van der Aa
et al., 2010; Fox et al., 2019; Chua et al., 2017). Subsequently to the
bifidogenic effect, supplementation of these specific ingredients are also
reported to induce a butyrogenic effect, revitalizing a healthy micro-
biota composition by reducing the pH and pathogenic bacteria like
Enterobacteriaceae and Clostridium difficile (van der Aa et al., 2010;
Boehm and Moro, 2008; Fox et al., 2019; Abrahamse-Berkeveld et al.,
2016). The impact of GOS and FOS was less consistent for Lactobacilli,
showing higher or equal counts compared to the controls (Boehm et al.,
2003; Moro et al., 2003; Moro et al., 2006; Salvini et al., 2011; Moro
et al., 2002).

7.2. Oxidative stress

Oxidative stress occurs when there is an imbalance between the
generation and elimination of ROS. Air pollution constituent contain
ROS and elicit ROS production by the host, prolonged exposure leads to
disproportional generation of ROS which overwhelm existing anti-
oxidant defenses (Leni et al., 2020). Measures of oxidative stress are
nitric oxide (NO), superoxide dismutase (SOD), glutathione (GSH),
serum GSH reductase (GSHR) and total anti-oxidant capacity (TAC)
(Gregorczyk-Maga et al., 2019; Roshan et al., 2019; Okesene-Gafa et al.,
2020).

Biotics may support the host natural anti-oxidant defence systems.
Nevertheless, clinical studies testing the potential role of probiotics and
synbiotics on oxidative stress were controversial due to the large vari-
ations in study populations and type of pro- or synbiotics used.
Furthermore, these engines are often investigated together with other
anti-oxidant molecules (Pourrajab et al., 2022). A Cochrane review of
2020 (Okesene-Gafa et al., 2020) on maternal health with gestational
diabetes concluded that there is evidence showing the role of probiotics
on increasing GHS and GSHR. Little to no evidence was found for their
role on TAC and NO. Furthermore a meta-analysis (Pourrajab et al.,
2022) investing the role of probiotics and synbiotics in the adults did
show a significant increase of serum level TAC, GHS, NO when
consuming these engines. Especially in adults aged <50 years a signif-
icant increase in TAC and NO was seen after synbiotic and probiotic
supplementation compared to adults >50 years. Additionally, TAC, NO
and GSH levels significantly increased in participants with a BMI
25-28.9 kg/m? versus subjects with other BMI values. When it comes to
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strain specific effects, Bifidobacterium, Lactobacillus fermentum, Lactoba-
cillus reuteri and Lactococcus strains showed to increase of GSH release
(Roshan et al., 2019; Asemi et al., 2012).

7.3. Lipid homeostasis

Emerging evidence suggests a significant role for the microbiota in
human lipid homeostasis with microbial species not only transforming
lipid structures but also producing various lipids. Disruptions in the
microbiota composition may affect microbiota-dependent lipid trans-
formations, ultimately contributing to disease pathogenesis (Lam-
ichhane et al., 2021). Biotics may therefore support host resilience
through supporting or restoring a healthy microbiome, positively
contributing to the microbe-host-lipid-co-metabolism. In addition, bi-
otics may support a healthy lipid metabolism by scavenging or pre-
venting the generation of oxidized lipid mediators.

Although data on the potential effect of biotics on lipid mediators
impacted by air pollution exposure is lacking, preclinical and clinical
research is emerging suggesting an impact of these engines on ox-LDL,
reported to be increased by PMy s exposure. A 6-week supplementa-
tion of a probiotic blend consisting of Bifidobacterium longum CECT
7347, Lactobacillus casei CECT 9104, and Lactobacillus rhamnosus CECT
8361 tested with an oxidative stress model of physical exercise, resulted
in a significant decrease of ox-LDL (Sanchez Macarro et al., 2021). A
significant serum reduction in ox-LDL was also demonstrated after a 10
week consumption of a probiotic yogurt enriched with Lactobacillus
acidophilus La5 and Bifidobacterium lactis Bb12 in patients with a chronic
heart failure (Pourrajab et al., 2020). However, another study (Reza-
zadeh et al., 2021) with the probiotic enriched yogurt containing
Lactobacillus acidophilus La5 and Bifidobacterium lactis Bb12 in metabolic
syndrome patients for 8 weeks, did not show the significant reduction in
ox-LDL. Though they confirmed a non-significant decrease of this
oxidized lipoprotein. Two pre-clinical models suggested the potential
effect of Lactobacillus plantarum on ox-LDL. Supplementation of Lacto-
bacillus plantarum ATCC 14917 in ApoE—/— mice significantly reduced
ox-LDL (Hassan et al., 2020). Additionally a significant reduction on
ox-LDL was also reported in a rat model when consuming a high fat diet
in combination with the probiotic Lactobacillus plantarum LS/07 or in
combination with the prebiotic inulin (Hijova et al., 2020). Neverthe-
less, more research is needed to test these hypotheses.

7.4. Barrier function

Biotics are well recognized to support intestinal barrier functions.
The air pollution-induced damage to the epithelial barriers and mucosal
defence mechanisms, expressed in reduced tight junctions, decreased
TEER, increased claudin-3, lowered sIgA, thin mucosal layer, might
potentially be restored by biotic modulation (Alizadeh et al., 2016a;
Alizadeh et al., 2016b; Akbari et al., 2017; Azagra-Boronat et al., 2018;
Akbari et al., 2015; Rigo-Adrover et al., 2017). Dietary GOS supple-
mentation upregulated mRNA expression of various tight junctions in
the intestine and increased villi thickness and length in the duodenum
and jejunum, representing an improvement in the epithelial barrier
function when investigated in a piglet model (Alizadeh et al., 2016a).
Additionally, incubation of GOS and FOS in deoxynivalenol model, il-
lustrates the ability of these engines to increase TEER (Akbari et al.,
2017). GOS supplementation prevented the deoxynivalenol-induced
mRNA overexpression of claudin-3 in mice (Akbari et al., 2015).
Furthermore, supplementation of healthy term infants with GOS and
FOS for 26 weeks increases the sIgA production compared to the control
group, representing an improved mucosal defence mechanism (Schol-
tens et al., 2008). This prebiotic and synbiotic induced increase in sIgA
production is also supported by preclinical evidence (Alizadeh et al.,
2016a; Azagra-Boronat et al., 2018; Rigo-Adrover et al., 2017).

Mechanistically, the improved epithelial barrier function and
mucosal defence mechanism could be a consequence of the improved
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gut microbiota composition and associated MAMPS pattern. Moreover,
biotics affect the SCFA production, associated with air pollution expo-
sure which changes the SCFA produced. Supplementation of healthy
infants (van der Aa et al., 2010), infants with atopic dermatitis (van der
Aa et al., 2010), c-section born infants (Chua et al., 2017), and preterm
infants (Westerbeek et al., 2013) with GOS/FOS, sometimes combined
with Bifidobacterium breve M-16 V, increases butyrate, acetate and pro-
pionate production. Butyrate is the primary substrate for colonocytes
supporting epithelial barrier function by increasing the barrier integrity.
As butyrate can travel through the enterocytes to the blood circulation,
it could also stimulate a healthy epithelial barrier function in distant
organs, like the lungs. Furthermore, acetate contributes via
cross-feeding to the production of butyrate, elevating the
butyrate-induced benefits (Canani et al., 2011).

7.5. Systemic inflammation

Whether microbiota imbalances precede an increased host inflam-
matory response or vice vera is still a matter of debate. Regardless, long-
term imbalances in either are strongly associated with a state of chronic
inflammation. Clinical as well as preclinical evidences suggest that bi-
otic intervention are able to drive anti-inflammatory processes by
influencing immune cell functions.

Both local as well as systemic air pollution-induced inflammation
potentially can be restored into a steady state homeostasis by biotics due
to their anti-inflammatory capacity. Therefore, these dietary in-
terventions do not only affect gut health, but most likely also impact
distant organs, like the lungs.

Multiple pre-clinical models showed that biotics could impact the T-
cell differentiation, rebalancing Th1/Th2 responses (Sagar et al., 2014a;
de Kivit et al., 2013; van Hoffen et al., 2010; Schouten et al., 2009;
Kostadinova et al., 2016; van Esch et al., 2016; de Kivit et al., 2017;
Kostadinova et al., 2017) and inducing functional regulatory T-cell
production (Sagar et al., 2014a; de Kivit et al., 2013; de Kivit et al.,
2017; Kostadinova et al., 2017; Schouten et al., 2010; Vonk et al., 2017;
Vonk et al., 2019; Kerperien et al., 2018; Zheng et al., 2014). A cow’s
milk allergic mice model confirmed that supplementation with FOS
enhanced the regulatory T-cell functionality (Vonk et al., 2019).
Furthermore, the attenuated T-cell production and its presence were
confirmed in the lungs, intestine and lymph nodes. As an example, the
therapeutic administration of Bifidobacterium breve M16V showed to
induce regulatory T-cell responses in the lungs as well as in the blood
(Sagar et al., 2014a). Moreover, supplementation of GOS, FOS and
pectin-derived acidic oligosaccharides (pAOS) in a cow’s milk allergic
mice model resulted in an increase frequency of regulatory T-cells in the
mesenteric lymph nodes (Kerperien et al., 2018). In addition, regulatory
T-cell development and reduction of Th2 cells in the gut were reported
after supplementation of GOS, FOS and Bifidobacterium breve M16V in
food-allergic mice (de Kivit et al., 2017; Kostadinova et al., 2017).
Finally, using an in vitro model with human peripheral blood mono-
nuclear cells, substantiated the systemic impact of probiotics on T-cell
differentiation. Both Lactobacillus rhamnosus and Bifidobacterium breve
M16V incubations reduced Th17 and increased Th2 cells. In addition,
Bifidobacterium breve M16V reduced Th1 and increased regulatory T-cell
subsets in contrast to Lactobacillus rhamnosus (Zheng et al., 2014).

Next to the effects of biotics on T-cell differentiation, they have the
capacity to reduce inflammatory markers in the gut and lungs. Supple-
mentation reduces pro-inflammatory cytokines (van de Pol et al., 2011;
Akbari et al., 2015; van Hoffen et al., 2010; Verheijden et al., 2015b) and
cell activation (Schouten et al., 2009; Kerperien et al., 2018; Plantinga
et al., 2012; Zheng et al., 2016; Sagar et al., 2014b), while increasing
anti-inflammatory cytokines (Kerperien et al., 2018). A meta-analysis
investigating the role of Lactobacillus acidophilus supplementation on
immune regulation suggested that this probiotic strain might have an
immune regulatory role by increasing the levels of IgA and T-cell dif-
ferentiation, while decreasing the concentrations of pro-inflammatory
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cytokines as TNF-a and IL-6 (Zhao et al., 2020). The same immunomo-
dulating effect was suggested for Lactobacillus Plantarum by increasing
anti-inflammatory cytokine concentrations of IL-10, while significantly
reducing pro-inflammatory markers as IL-4, IFN-y, and TNF-a (Zhao
et al., 2021).

8. Conclusion and future perspectives

In the context of air pollution which negatively affects health in all
stages of life, this review hypothesizes a promising role for biotics in
preventing and combating gut and lung diseases related to its exposure.
Evidences show an association between air pollution exposure and
impaired lung function, lung development, and pneumonia, and rela-
tively new associations are hypothesized for gut health implications.
There is however, a clear need to additionally clinically validate the link
between air pollution exposure and the occurrence of GI diseases.
Furthermore, it is clear that the impact of air pollution exposure varies
among type of air pollutants, age of the subjects, the origin of the pol-
lutants (traffic vs. industry), and type of GI and respiratory diseases, and
the general health of the subject. An important complicating factor is
that there exist a great heterogeneity in sources and components of air
pollution which vary considerably between cities, countries and other
environments.

There is a great need for studies using validated exposure protocols
and standardized mixtures of pollutants to investigate where pathways
overlap and where they differ in their effects on the microbiota, tissue
barrier functions and immunity.

All these uncertainties could be a reason why there is only very
limited information available reporting on the effects of biotic in-
terventions. However, based on preclinical biotic interventions and
generic evidence of the health promoting effects of biotics, clinical biotic
intervention studies are warranted. However, the potential effectiveness
of biotics to prevent or combat air pollution-induced GI and respiratory
health effects are most likely strain and blend specific and depend on the
general health of the host, the host microbiome composition, duration of
consumption, and the age of the subject. This review suggests a role of
the probiotics Bifidobacteria and Lactobacilli, and oligosaccharides as the
prebiotic part, followed by the synbiotic mixture of the two together.
While the number of clinical studies is limited, these specific biotic
mixtures demonstrated beneficial effects on GI and respiratory clinical
symptoms and gut-lung axis parameters, that could be affected by air
pollution exposure. Nevertheless, as mentioned before, clinical studies
designed in an air pollution setting for testing these engines are not
available yet.

As air pollution levels are projected to rise globally and are an
immense threat to global health, demands for health professionals to
respond with urgent action is needed. While continued research on the
rigorous impact of air pollution exposure on gut and lung health remains
valuable, a swift of action to find interventions that prevent or combat
air pollution-induced negative health consequences is required. Biotic
interventions could play a role here based on their positive contributions
to the gut-lung axis. Future clinical studies investigating their role on gut
and lung health in an air pollution designed setting will form a next step
in unravelling the impact of biotics in this public health emergency.
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