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The main interfaces controlling and attempting to homeostatically
balance communications between the host and the environment
are the epithelial barriers of the skin, gastrointestinal system, and
airways. The epithelial barrier constitutes the first line of physical,
chemical, and immunologic defenses and provides a protective wall
against environmental factors. Following the industrial revolution
in the 19th century, urbanization and socioeconomic development
have led to an increase in energy consumption, and waste
discharge, leading to increased exposure to air pollution and
chemical hazards. Particularly after the 1960s, biological and
chemical insults from the surrounding environment—the
exposome—have been disrupting the physical integrity of the
barrier by degrading the intercellular barrier proteins at tight and
adherens junctions, triggering epithelial alarmin cytokine
responses such as IL-25, IL-33, and thymic stromal lymphopoietin,
and increasing the epithelial barrier permeability. A typical type 2
immune response develops in affected organs in asthma, rhinitis,
chronic rhinosinusitis, eosinophilic esophagitis, food allergy, and
atopic dermatitis. The aim of this article was to discuss the effects
of environmental factors such as protease enzymes of allergens,
detergents, tobacco, ozone, particulate matter, diesel exhaust,
nanoparticles, and microplastic on the integrity of the epithelial
barriers in the context of epithelial barrier hypothesis. (J Allergy
Clin Immunol 2020;145:1517-28.)
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The epithelial tissue acts as a barrier by forming a continuous
layer with almost no intracellular gaps and protects the body from
environmental stress, physical and chemical damage, infections,
and allergens. The structure and the function of the epithelial
barrier differs between the skin, the gastrointestinal system, and
the respiratory tract, which are the main interfaces between the
host and the environment.'> The skin barrier is multicellular,
stratified, tight, and defensive. Stratum corneum forms the upper
layer with a physical thickness and strength. The uniform and
dense structure of intercellular lamellar lipid and protein com-
plexes is very important for skin barrier functions.” The respira-
tory barrier is very thin, and it acts as a physical barrier with a
continuous physical clearance by cilia, muscle contraction,
mucus, and antibacterial function. From the nasal cavity to the
bronchi, the conducting part of the respiratory tree, is lined by
pseudostratified columnar ciliated epithelium while the alveolar
region is lined by a thin layer of squamous epithelial cells that al-
lows gas exchange. Mucociliary escalators, intercellular protein
junctions, and secreted antimicrobial products contribute to the
respiratory barrier.* The intestinal barrier has selective perme-
ability due to protein-protein networks and is designed to absorb
and exchange nutrients, water, and electrolytes, while providing
an effective defense against microbes and toxins.’

The environment is a major determinant to our health and well-
being. Following the industrial revolution in the 19th century,
environmental health threats due to industrialization and west-
ernization have increased throughout the world. Several waves of
threats to the health of all living beings, particularly humans and
domestic animals, occurred with extensive decrease in air quality
in cities with increases in particulate matter (PM), diesel exhaust,
ozone, and cigarette smoke, increases in the toxic burden caused
by cleaning products, detergents, and surfactants, increases in
processed foods and use of emulsifiers, and the introduction of
nanoparticles (NPs) and microplastics, all of which together
significantly increased the health burden caused by environmental
exposure within a couple of decades, particularly after the 1960s
(Table I). Early studies on epithelial barrier were performed on
gut barrier and its link to inflammatory bowel and celiac dis-
eases.”® Environmental exposures can alter the structure of the
gut microbiome and influence the development of allergic disease
by disrupting the normal immunoregulation.”'? Defects in the
epithelial barrier, the so-called leaky epithelium, have been
demonstrated in affected organs in asthma, chronic rhinosinusitis,
allergic rhinitis, atopic dermatitis, eosinophilic esophagitis, and
celiac and inflammatory bowel disease, leading to the
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Abbreviations used
AJ: Adherens junction
DC: Dendritic cell
e-cigarettes: Electronic cigarettes
ILC2: Group 2 innate lymphoid cell
LC: Langerhans cell
NP: Nanoparticle
PM: Particulate matter
PM, s: PM with diameter less than 2.5 wm
ROS: Reactive oxygen species
SiO,: Silicon dioxide
TiO2: Titanium dioxide
TJ: Tight junction
TSLP: Thymic stromal lymphopoietin
Z0: Zonula occludens

development of the epithelial barrier hypothesis in the pathogen-
esis of these diseases.” ' ” Recent studies have revealed that
environmental exposures, global warming, and climate change
have negative effects on respiratory health and increase the aller-
genicity of some allergens.m’25 A systematic review and meta-
analysis has reported that exposure to cleaning products is
associated with an increased risk of asthma.’® Many epidemio-
logic and surveillance studies, and several case reports, have iden-
tified an association between increased risk of asthma and
exposure to cleaning sprays, bleach, ammonia, disinfectants,
mixing products, as well as specific works exposed to asthma-
inducing triggers.”® The link between these factors and the epithe-
lial barrier is now becoming increasingly clear. Accordingly, the
notions of maintenance of epithelial barrier integrity or the resto-
ration of barrier dysfunction,27 treatment modalities for defective
barrier,'®**° epigenetic regulation of the barrier,'> and methods
for the detection of barrier leakiness’’~” have been reported as
supporting the epithelial barrier hypothesis. This rostrum high-
lights the effects of environmental factors such as protease
allergen enzymes, detergents, tobacco smoke and e-cigarettes,
ozone, PM, NPs, emulsifiers, and micro and nanoplastics on the
integrity of the epithelial barriers.

ORGANIZATION OF THE EPITHELIAL BARRIER

Epithelial tissues are organized according to the needs of the
tissues, providing a strong physical barrier in the skin, continuous
particle clearance for a healthy gas exchange in the lungs, and
extensive nutrient and water exchange in the gastrointestinal
system, simultaneously providing protection against microbes,
toxins, and the environmental exposome with overall, physical,
chemical, and immunologic barrier functions.”

Alignment of epithelial cells differs depending on their
location in the body and their role. The physical barrier of the
skin consists of a large number of epidermal layers and kerati-
nocytes. Stratum corneum, the outermost layer, consists of
many layers of corneocytes and lamellar bodies between them
to form a thick, strong, and protective barrier.>*? Intercellular
lamellar lipid and protein complexes are essential for skin bar-
rier functions. The main keratin filament production areas, stra-
tum granulosum and stratum spinosum, are located below and
provide structural support to the epidermis.’ Unlike the stratified
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squamous epithelium of the skin, the respiratory epithelium of
trachea and bronchi is covered with pseudostratified columnar
ciliated epithelium including goblet cells and neuroendocrine
cells. Airway mucus secretion, clearance by cilia, and various
antibacterial and immunomodulatory molecules released from
secretory cells contribute to the respiratory epithelial barrier.”
Terminal bronchi are lined with nonciliated cuboidal cells
(Clara cells). The alveoli are lined with thin, flattened simple
squamous (type 1 pneumocytes) and cuboidal (type 2 pneumo-
cytes) epithelium that allows gas exchange. The intestinal
epithelium has a single layer of columnar epithelial cells,
including absorbent enterocytes, secretory goblet cells, Paneth
cells, and enteroendocrine cells.®” Different from the thin and
mobile mucous layer in the airway epithelium, the mucous layer
in the gut is thick and adherent to the intestinal epithelium.” It
is essential for the selective permeability of the intestinal bar-
rier. The mucous layer prevents direct contact of large particles
and microorganisms with epithelial cells, and allows small mol-
ecules to pass and protects epithelial cells from digestive en-
zymes.’® In addition to its protective function, the intestinal
epithelium controls the absorption and exchange of the nutri-
ents, water, and electrolytes.36

In general terms, epithelia are separated and bound with strong
integrin bonds to the underlying extracellular matrix tissue by a
fibrous basement membrane.’” Cell junctions, the contact points
between the plasma membrane and tissue cells, comprise tight
junctions (TJs), adherens junctions (AJs), and desmosomes (Fig
1). TJs create a barrier by sealing the apicolateral borders, block-
ing free passage of microbes, toxins, and pollutants into the para-
cellular space, and regulating the cell polarity, paracellular ion,
and small molecule transportation.****° AJs are located under
the TJs and together with the apical part called zonula adherens
and TJs constitute an apical junctional complex that forms a
continuous ring around the apicolateral region.”® AJs are mainly
involved in cell-cell adhesions, and they establish and regulate the
structure of apical-basolateral membrane areas.” TJs and AJs bind
together, link to the actin cytoskeleton via zonula occludens (ZO)-
1 and ZO-2, make numerous intracytoplasmic protein interac-
tions, and form a cytosolic plaque that is involved in numerous
signal-transducing cascades.”*"** Desmosomes are distributed
on the lateral surface of the epithelial cells and connect epithelial
cells to each other.”’

Transmembrane junctional components, such as claudins,
transmembrane junctional complex family members (occludin,
tricellulin, Marvel D3), and immunoglobulin-like adhesion
molecules, such as junctional adhesion molecule and coxsackie
adenovirus receptor at TJs, cadherins and catenins (p-120, a-
catenin, [3-catenin) at AJs, and desmoglein and desmocollins at
desmosomes, act as cell-cell adhesion molecules, cluster at the
junctions, and confer adhesion and barrier functions to them.®
Claudins, the important components of TJs, are essential for
normal epithelial development. Some of them control the move-
ment of small molecules including ions, whereas several claudins
do not contribute to barrier function.”’ Cadherins are single
transmembrane proteins and regulate Ca™ "-dependent cell-cell
adhesions. To become functional, cadherins need to interact
with cytoplasmic catenin proteins (3 or p-120)."* a-Catenin
does not bind directly to cadherins; it links the cadherin cell adhe-
sion complex to the actin cytoskeleton via ZO-1. This binding is
very important in the formation of TJs and the epithelial barrier.
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TABLE I. Environmental factors and epithelial barrier
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Environmental factor

Mechanism

Reference

Protease allergens
Degrade barrier proteins

Increase epithelial permeability
Detergents
Increase paracellular permeability
Cigarettes and E-cigarettes
Disrupt monolayer integrity

Destabilize cell adhesion

Ozone

Alter cell junction proteins

PM, 5, PM,, diesel exhaust

Increase ROS in the epithelium

NPs Have strong affinity to lipids

Disrupt cell membrane integrity
Increase paracellular permeability

Induce ROS

Microplastic

Cause oxidative stress

Elicit non-IgE—mediated reactions via proteinase-activated receptors

Impair lipid-lipid, lipid-protein interactions of stratum corneum
Disrupt TJs by cleaving occludin and ZO-1

Cause worse alveolar fluid clearance

Cause cell stress, desquamation, and death through ROS

Increase protein leakage, and neutrophil and macrophage influx
Induce IL-1a and IL-33 production from epithelial and myeloid cells

55,57-64

40,66,70,71,78-82

Induce Ty2 response by increasing IL-33 and TSLP
Increase alveolar epithelial permeability

Decrease the level of TJ and AJ proteins

Impact the adhesive intercellular junctions

88,90-93

99-102

Increase peribronchial collagen deposition

Chronic exposure cause remodeling, fibrosis, and emphysema

Damage TJ proteins such as occludin, claudin-1, and ZO-1

Downregulate claudin-1 expression in human airway cells

PM, 5 suppresses the levels of E-cadherin (in a mouse model)

PM,, and diesel exhaust particles cause reduction and dissociation in occludin from ZO-1

103,109-111,115,116,119

Loss of cytokeratin, filaggrin, and E-cadherin

Wrap themselves within epithelial membranes

Induce cell death (apoptosis, propytosis, necrosis)

Aid in lipid movement in the lipid bilayer

Changes the structure of cell membranes

Because of their 3-dimensional structure they are internalized by cells
Induce proapoptotic protein expression

Alter metabolic profile of bronchial epithelial cells

131-133

PM;y, PM with diameter <2.5 pm.

TYPE 2 IMMUNE RESPONSE AND EPITHELIAL
BARRIER

Immunomodulatory cross-talk between epithelial and immune
cells in tissues control barrier homeostasis along with defensive
barrier functions. A wide variety of innate and adaptive immune
cells populate the tissues with barrier functions, and epithelial
cells mediate innate and adaptive immune responses.” Either type
1 or type 2 inflammation beneath the epithelial barrier opens the
TJ barrier.'"'>'” Upon damage to epithelial barrier integrity and/
or epithelial cells, subsequent adaptive and innate immune re-
sponses are activated through the production of cytokines and
chemokines."

Type 2 immune responses can be triggered on production of the
master regulatory cytokines (thymic stromal lymphopoietin
[TSLP], IL-33, IL-25) by activated or partially damaged epithe-
lial cells. These cytokines activate dendritic cells (DCs) to
stimulate Ty2 cells and activate group 2 innate lymphoid cells
(ILC2s) to allow for type 2 responses. Subsequently, a complex
cross-talk occurs between DCs, ILC2, T2, as well as resident tis-
sue cells and type 2 immune response is stimulated, enhancing
cellular and cytokine microenvironment.*® Although Tyy2 cells

are known to release type 2 cytokines (IL-4, IL-5, IL-9, IL-13),
tissue-resident ILC2s, lacking antigen-specific recognition recep-
tors, are highly responsive and have been shown to be an earlier
source of type 2 cytokines, particularly for IL-5, IL-13, and IL-
9 and as well as IL-4 on stimulation with other mediators such
as cysteinyl leukotriens.*”*’

An important step of type 2 immune response is eosinophil
activation. IL-5 and IL-9 are responsible for the activation and the
recruitment of the eosinophils and mast cells, respectively. Mucus
production is induced both by IL-4 and by IL-9 and IL-13. B cells
undergo class switching to produce IgE in the presence of IL-4
and IL-13. Specific IgE antibodies bind to their high-affinity
receptors on the surface of the basophils and mast cells. Vascular
endothelium allows the migration of eosinophils and Ty2 cells in
the presence of IL-4 and IL-13. In addition, IL-33 and IL-25 stim-
ulate ILC2s, and ILCs contribute to eosinophilia and general type
2 responses by releasing IL-5 and IL-13.%7*® Ty2 cells, ILC2s,
and their secreted cytokines IL-4 and IL-13, which together
open the epithelial TJ barrier, have been shown to significantly
degrade the bronchial epithelial barrier,'”'” leading to increased
permeability to fluorescein isothiocyanate-dextran and a decrease
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FIG 1. Epithelial barrier organization: Intestinal barrier, skin barrier, and airway barrier. TJs constitute an
apical junctional complex that forms a continuous ring around the apicolateral region. AJs located
underlying regulate the structure of apical-basolateral membrane areas. TJs and AJs bind together and link
to the actin cytoskeleton via ZO-1, ZO-2, and ZO-3. Desmosomes are distributed on the lateral surface of the
epithelial cells and connect epithelial cells to each other. To become functional, cadherins need to interact
with cytoplasmic catenin proteins (B or p-120). a-Catenin does not bind directly to cadherins; it links the
cadherin cell adhesion complex to the actin cytoskeleton via ZO-1. JAM, Junctional adhesion molecule.

in transepithelial electrical resistance in air-liquid interface cul-
tures of human bronchial epithelial cells and in several mouse
models. IL-13 has been found to be sufficient in this activity alone
and caused disrupted protein expression of TJ proteins and
mRNA reduction, which was restored by neutralization of IL-
13. Intranasal administration of recombinant IL-33 induced
IL-13 in type 2 ILCs and triggered TJ disruption, whereas
Rag2(—/—)I12rg(—/—) and Rora(sg/sg) mice undergoing
bone marrow transplantation that lack ILC2s did not show any
barrier leakiness.'™'” A major mechanism in the pathogenesis
of asthma has been highlighted by showing that ILC2s alone
through IL-13 may be responsible for bronchial epithelial TJ
barrier leakage (Fig 2).

In the skin, the immune system is located in both epidermis and
dermis, consisting of keratinocytes, Langerhans cells (LCs), DCs,
melanocytes, macrophages, and several types of T cells. Just like
epithelial cells in the lung and intestine, keratinocytes in the skin
can be activated by pathogen-associated molecular patterns and
damage-associated molecular patterns via pattern recognition
receptors. Triggering pattern recognition receptors can cause
secretion of antimicrobial peptides and can affect barrier
integrity."*” Functional keratinocytes are essential for the im-
mune modulation of the skin. Activation of Toll-like receptors
on keratinocytes promotes Tyl response and activation of type
1 IFNs.”! Besides, they are able to produce IL-1, IL-6, IL-10,
IL-18, TL-17, 1L-22, and TNFs.”” As a consequence, keratino-
cytes either directly neutralize the pathogen or indirectly activate

other immune cells.”” Upregulated MHC class IT on keratinocytes
and LCs enhances leukocyte trafficking into the skin and may
ensue a cross-talk with T cells.”' In parallel, LCs, especially
specialized in antigen presentation and located in the epidermis,
are the first immune contact cells to the skin-invading pathogens.
They can migrate to draining lymph nodes and prime the adaptive
immunity.”” Moreover, LCs extend between keratinocytes and
maintain barrier integrity through their dendrites. This regular
movement does not harm skin barrier integrity and does not
disrupt de novo formation of TJs between skin-resident LCs
and keratinocytes.” An effective innate immune system plays
an important role in the regulation of skin barrier functions.
Studies demonstrate that the activation of the epidermal innate
immune system by barrier disruption can elicit the adaptive
Tw2 response seen in patients with atopic dermatitis.”*

ENVIRONMENTAL FACTORS AND THE EPITHELIAL
BARRIER
Epithelial barrier-damaging enzymes in allergens
Allergen-sourced enzymes act as promoters of allergenicity.’”
Numerous aeroallergens (pollen, house-dust mite, cockroaches,
aspergillus sp, penicillium sp) and some food-derived allergens
have protease activity (Table II). When exposed to protease aller-
gens, non-IgE-mediated reactions occur through activation of
protease-activated receptors such as protease-activated receptor
2 and epithelial cells release TSLP, which induces innate immune
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FIG 2. Epithelial cell activation and type 2 inflammation. Protease allergens, detergents, pollutants, and
toxins in the air and in nutrients damage epithelial cells and induce to release TSLP, IL-33, and IL-25 from
epithelia. TSLP stimulates the transformation of naive T cells to the T2 subtype in the presence of IL-4.
A general type 2 immune response develops. IL-4 and IL-13 from type 2 cytokines open epithelial TJ barrier.
Type 2 cytokines stimulate eosinophils with IL-5, mucus production with IL-9, IgE switch in B cells with IL-4
and IL-13, vascular endothelium for eosinophil, and T2 cell migration by IL-4 and IL-13. IL-33 and IL-25 stim-
ulate ILC2s and they stimulate eosinophils and a general type 2 response by releasing IL-5 and IL-13. BAS,
Basophil; EOS, eosinophil; MC, mast cell; NEU, neutrophil.

functions of DCs.”>~° In addition, protease allergens have been

shown to cause the degradation of junctional proteins in cell cul-
ture experiments and in in vivo mouse models.

Major mite (Dermatophagoides pterysinus and Dermatopha-
goides farinea) and pollen allergens (birch, ragweed, Kentucky
blue grass, rye grass) exhibit both cysteine and serine protease ac-
tivity. Olea europaea, Dactylis glomerata, Cupressus sempervi-
rens, and Pinus sylvestris have serine protease and/or
aminopeptidase activity. Mite allergens first break down TJs by
cleaving occludin and then inducing intracellular proteolysis of
Z0-1,77"7"% whereas proteases released by pollens disrupt occlu-
din, claudin-1, and E-cadherin and thereby increase epidermal
permeability.5 9.60 Interestingly, however, timothy grass pollen al-
lergens (Phelium pratense) have been found not to cause signifi-
cant changes in TJs and were shown to activate epithelial cells by
nonproteolytic mechanisms in in vitro studies.®' Aspergillus fumi-
gatus proteinases directly disrupt epithelial cell detachment by
production of IL-6, IL-8, and monocyte chemoattractant protein
1 from airway epithelial cells.”” Serine protease released by Peni-
cillium chrysogenum damages the epithelial barrier by cleaving
occludin. Similar to mechanisms with aeroallergens, food

cysteine proteases, actinidine and papain, have been reported to
disrupt intestinal epithelial barrier function by degrading TJ pro-
teins and increasing intestinal permeability in both mouse and
in vitro models.®’ Degradation of epithelial barrier by protease-
active allergens facilitates the presentation of allergens to the im-
mune system, increases allergic sensitivity, and contributes to
allergic inflammatory reaction, thereby facilitating sensitivity to
secondary allergens.””*** As a contact allergen, p-Phenylenedi-
amine is used in hair dyes and causes allergic contact dermatitis.
Occupationally exposed phenylenediamine induces extensive
transcriptomic changes in skin barrier, including downregulation
of TJ and stratum corneum proteins, even in the absence of clin-
ical symptoms.®

Detergents and cleaning products

Throughout the history of mankind, the need for effective
cleaning has led to the discovery of various substances for
laundry, dishwashing, and household cleaning. The first industri-
ally made synthetic detergent, short-chain alkyl napthalene
sulphonate, was developed during the First World War. The
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TABLE Il. Enzymes of allergens that may affect the epithelial barrier

Allergens

Enzymes

Effects on epithelial barrier

Major mite allergens (Dermatophagoides farinea-1
and Dermatophagoides pterysinus-1)

Pollens
Birch, ragweed, Kentucky blue grass, rye grass
Olea europa, Dactylis glomerata, Cupressus sem-
pervirens, Pinus sylvestris
Phellium pratense

Aspergillus Serine protease

Penicillum
Protease food allergens

Serine protease

Papain (papaya)

Cysteine and serine protease

Cysteine and serine protease
Serine protease and/or aminopeptidase

Do not have protease enzymes

Actinidin (kiwi fruit)

Cleave occludin

Induce proteolysis of ZO-1

Increase epithelial permeability

Increase IL-6, IL-8 release from epithelial cells

Damage TJs

Degrade occludin, claudin-1, E-cadherin

Increase epidermal permeability

Activate epithelial cells by nonproteolytic
mechanisms

Disrupt epithelial cell detachments and induce
desquamation by IL-6, IL-8, monocyte
chemoattractant protein 1

Cleaves occludin at GIn202, GIn211

Degrade TJ proteins at intestinal barrier

Cause barrier disruption in keratinocytes and
intestinal epithelial cells

straight-chain alcohols were then sulphonated and benzene-
containing long-chain alkyl and aryl sulphonates were developed.
Currently used laundry detergents consist of builders (water
softeners), surfactants (basic cleaning components that affect the
surface tension), bleach, various enzymes (proteases, lipases,
amylases), soil anti-redeposition agents, foam regulators, corro-
sion inhibitors, optical brighteners, dye transfer inhibitors,
fragrances, dyes, fillers, and formulation aids.®® In 1946, an
important development emerged. A builder (phosphate) was
added to the detergents to help the surfactants work more effi-
ciently.”” However in 1950s, phosphates in the detergent became
an environmental concern.”® By 1960s, the performance of deter-
gents improved significantly with the addition of surfactants and
enzymes (proteases, lipases, amilases, cellulose).(‘g Today, clean-
ing products are in extreme usage in daily life with humans and
domestic animals and nowadays all living things are repeatedly
exposed to these products. The usage of dishwashers and com-
mercial dishwashers started in 1990s, which rapidly became a
common household device of the Western world and an indis-
pensable appliance at restaurants. A high number of constituents
of detergents have hazard statements due to their toxicity on the
respiratory system and skin.

Even at trace concentrations, anionic surfactants and detergents
have been shown to impair barrier functions of the airway and
skin epithelium via disrupting the barrier integrity of the
keratinocytes and bronchial epithelial cells by hampering TJs
and related molecules.®®’” Consistent with these findings, genes
related to cell adhesion and wound healing are generally downre-
gulated with detergent exposure and genes related to lipid
metabolism and cell survival are significantly upregulated, sug-
gesting a compensation mechanisms for the damage to cell mem-
branes.”’ Furthermore, in a prospective occupational study, the
presence of high transepidermal water loss, which indicates
decreased local skin barrier function in areas of skin that are
detergent-exposed, showed an increased risk of work-related
hand dermatitis in cleaners.”' Continuous exposure to detergents
has been demonstrated to cause occupational contact dermatitis
either irritant or allergic.””’* In addition, occupational allergic
contact dermatitis due to  preservatives such as

methylchloroisothiazolinone/methylisothiazolinone found in the
detergents has been shown in recent years.”* Use of these sub-
stances in liquid dishwashing and laundry detergents and even
liquid household detergents may lead to airborne-induced allergic
contact dermatitis.”””"’

Interaction between airway epithelium and airborne environ-
mental pollutants is crucial for the development of airway
inflammation. Large amounts of detergent residues on newly
washed clothes and on the surface of the floor can be easily
inhaled into the airways, damaging the barrier function and
bronchial epithelial cells. Significant increases in IL-33 and TSLP
in the bronchial epithelium suggests the possibility that a Ty2 im-
mune response is induced by laundry detergents.”” Sprayed forms
of the detergents increase the risk of inhalation exposure.’® Sup-
porting this idea, frequent use of occupational or nonoccupational
household cleaning sprays has been associated with an increased
incidence of adult asthma.””"*" Another study reported that expo-
sure to cleaning products exacerbates respiratory symptoms and
increases bronchial hyperreactivity in professional cleaners with
asthma.®' Launderers, dry cleaners, and pressers have been re-
ported as high-risk occupation groups for respiratory diseases
related to cleaning agents, such as detergents, enzymes, and
fragrances.*”

Numerous synthetic surfactants and emulsifiers are also used
by the food industry such as mono- and diglycerides of fatty acids
and carboxymethylcellulose polysorbate-80 and can effect cells
of the gastrointestinal tract.** In a study in mice, the ingestion of
low-dose emulsifiers led to chronic intestinal inflammation
and epithelial dalmage:.84 When M cells and villous epithelial cells
from the gut were exposed to low concentrations of polysorbate-
80 in vitro, translocation of Escherichia coli across them
increased.® Detergents in dishwashing products for dishwashers
need to be studied to determine whether they are damaging the
gastrointestinal epithelial barrier once clean dishes are removed
from the dishwasher and used for food consumption. In addition,
professional dishwasher detergents should be very carefully
analyzed because the epithelial inflammatory and damaging
doses of certain ingredients go down to very small quantities
such as 1:100,000 dilution.
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Tobacco and e-cigarettes

The World Health Organization estimates that tobacco use kills
more than 7 million people each year worldwide, more than 6
million of whom are smokers, whereas 890,000 die from the
effects of second-hand smoke exposure.86 There are approxi-
mately 5000 chemical components in cigarette smoke, with
many toxic to human health.®” In guinea pigs, with exposure to
cigarette smoke, the alveolar epithelial barrier showed increased
permeability as determined by pulmonary clearance of fluores-
cein isothiocyanate-dextran.*® In lung epithelial cells, exposure
to cigarette smoke caused epithelial barrier dysfunction as deter-
mined by decreases in measure of transepithelial electronic resis-
tance.®® Moreover, multiple TJ and AJ proteins exhibit decreased
levels of gene and protein expression.”” With repeated exposure to
cigarette smoke in normal human respiratory epithelial cells, it
has been found that the barrier-forming junctions between the
cells are disrupted, cellular integrity is affected, and an epithelial
to mesenchymal transition occurs with the loss of epithelial bar-
rier function.®® Cortical tension of epithelial cells was observed
because of increased actin polymer levels, which further destabi-
lized cell adhesion.”’ In a study of organ transplantation lungs,
subjects with a history of smoking were found to have impaired
alveolar fluid clearance, which is a measure of alveolar epithelial
lung function.’” Jones et al”* used 99m technetium-labeled dieth-
ylenetriamine penta-acetic acid as a noninvasive method of deter-
mining alveolar epithelial barrier permeability in humans and
found increased alveolar epithelial barrier permeability in ciga-
rette smokers.

In the last decade, electronic cigarettes (or e-cigarettes) have
become popular and were first introduced as a smoking cessation
aid. An e-cigarette is a battery-operated device that emits doses of
vaporized nicotine combined with flavoring agents. Other sub-
stances, such as ultrafine particles and organic volatile com-
pounds, many of which have known toxicities, are also commonly
present.’ * Since their emergence in 2004, e-cigarettes have
widely become available, and their use has increased exponen-
tially worldwide. Although originally marketed as a safer alterna-
tive to conventional cigarettes, the health effects of e-cigarette are
unclear. In vitro studies indicate that flavorings in tobacco prod-
ucts induce endothelial cell dysfunction(’5 ; however, their effects
on epithelial barrier integrity are currently unknown.

Ozone

Ozone is a gas with a variable life span, and it is formed when
emissions from combusted fossil fuels, such as motor vehicle
exhausts, industrial facilities, gasoline vapors, and chemical
solvents, react in the presence of sunlight. Although scientists
in the 19th century believed that ozone is relevant to maintain
human health, in the early 1950s, ozone was measured in the
lower atmosphere of earth, near ground level, and was discovered
to be a harmful air pollutant and a main component of
photochemical smog, a term derived from smoke and fog.”®”®
Photochemical smog is a combination of certain gases such as
ozone, nitric acid, aldehydes, peroxy-acyl nitrates, and other pol-
lutants as a result of industrialization. When ultraviolet light re-
acts with nitrogen oxides, this reaction converts molecular
oxygen to ozone.”

Acute inhalation of ozone damages alveolar cells, bronchiolar
epithelium, and endothelial capillary cells and causes structural
changes.w Initially, ozone causes cell stress, desquamation, and
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death through reactive oxygen species (ROS). Subsequently,
bronchiolar epithelial cell damage and death continues with pro-
tein leakage, neutrophil and macrophage influx, and production of
IL- 1o and IL-33 from epithelial and myeloid cells.'”’ Recently, it
was reported in mice that IL.-33 mediates ozone-induced inflam-
mation, induces the expression of TJ and AJ proteins (claudin-3,
Z0-1, E-cadherin), reduces neutrophil influx, and therefore plays
an important role in the homeostasis of airway epithelial bar-
rier." """ With chronic ozone exposure, the total collagen count
in the lung increases, remodeling is induced, pulmonary resis-
tance increases, epithelial thickness decreases, and emphysema
occurs.”’

Acute ozone exposure impairs epithelial barrier function and
causes airway inflammation, peribronchial collagen deposition,
and airway hyperresponsiveness. Chronic ozone exposure causes
chronic inflammation, small airway remodeling, fibrosis, and
emphysema. Epidemiological data show that chronic ozone
exposure increases the mortality and morbidity of chronic respi-
ratory diseases such as chronic obstructive pulmonary disease and
asthma as a result of chronic inflammation, fibrosis, and respira-
tory failure. In addition, it is known to be an important trigger for
severe asthma exacerbations”'?"'%> Considering the studies
related to environmental ozone exposure, several short-term
studies are available, but long-term ozone exposure studies are
necessary to reveal the long-term effects of ozone on human res-
piratory epithelium.

PM with diameter less than 2.5 pm, PM with
diameter less than 10 pm, and diesel exhaust

Because of population growth, increases in human consump-
tion, traffic, house heating, climate change, global warming, and
uncontrolled industrial development, the air we breathe has been
dangerously polluted. PM, generated by human activity, is very
harmful to health and contains a heterogeneous mixture of
particles including solids of varying sizes as well as liquid
droplets suspended in the air. PM is associated with almost 9
million deaths per year worldwide.'”* Main sources are traffic,
diesel and coal combustion, and industry. In just a few years, a
substantial increase in forest fires in California, Amazon, and
Australia has significantly increased the levels of PM exposure,
and studies have demonstrated extreme levels of tissue damage
due to smoke and PM especially in wildfires. A recent study
has shown that subjects exposed to smoke of wildfires associated
with climate change have increased Foxp3 methylation,
decreased Ty1 proinflammatory T cells, and worsened health out-
comes.'™ An in vitro study found that wildfire smoke-extract—
exposed airway epithelial cells exhibited airway dysfunction (as
assessed via permeability of fluorescein tracers and measurement
of transepithelial electrical resistance). These cultures also ex-
hibited increased IL-6 secretion consistent with the aberrant
and proinflammatory repair.'®

According to aerodynamic diameter, PM is further categorized
as coarse PM (PM with a diameter <10 wm, called PM () and fine
PM (PM with the diameter <2.5 pm [PM, 5]).'% The composi-
tion, size, biological properties, and physical properties of parti-
cles are related to the changes in the region, season, and time.
PM, s mainly consists of heavy metals, carbon sources, sulfate,
ammonium, nitrate, and various ions. PM, 5 can be inhaled into
the gas exchange area of human lungs where the ultrafine (<0.1
wm) components'*® are released to the systemic circulation and
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damage cells and tissues.'”” The first interaction with inhaled
pollution in the airways will be the mucus, cilia, and cell surface
receptors. 9% 1t has been reported in in vitro studies that PM may
affect the integrity of the airway epithelial barrier by degrading TJ
proteins such as occludin, claudin-1, and ZO-1 109110 and down-
regulating claudin-1 expression in human airway cells. In a mouse
model, exposure to PM, 5 has been shown to suppress E-cadherin
levels in the bronchoalveolar lavage fluid.'"" Likewise, when
exposed to PM with diameter less than 10 wm and diesel exhaust
particles, occludin is reduced and dissociated from the cytoskel-
etal linker ZO-1 in human and rat alveolar epithelial cells.'”” In
a recent study, human nasal epithelial cells were exposed to
nontoxic PM, s doses resulting in epithelial barrier dysfunction
with increased paracellular permeability, decreased transepithe-
lial electric resistance, and downregulated TJ proteins.''”

In another study, nasal and sinus biopsies taken during the
period of intense pollution in Beijing in 2018 showed damaged
epithelial barrier compared with biopsies taken from the control
group in summer time, demonstrating that PM, 5 damages the up-
per respiratory barrier function in vitro.''? Surface-stabilized
environmentally persistent free radicals are formed at lower com-
bustion temperatures during the thermal processing of hazardous
organic wastes.''* PM containing environmentally persistent free
radical is capable of inducing the production of ROS."'* Antiox-
idant and inflammatory responses in exposed epithelial cells,
which is triggered by ROS, were found to be closely related to
PM-induced degradation of claudin-1 and occludin proteins in
airway epithelia and mouse lung tissue.'”*''" In addition,
although environmentally persistent free radicals cause epithelial
cell necrosis in high doses, this exposure in low doses causes
increased lysosomal membrane permeability, oxidative stress,
and lipid peroxidation, leading to epithelial to mesenchymal tran-
sition."'” As a result, environmentally persistent free radicals can
trigger pulmonary pathologies and possibly lead to environmental
and occupational asthma.'*” Besides, PM and diesel exhaust par-
ticles can induce cytokine production like TSLP and IL-17A and
contribute to the development or exacerbation of chronic respira-
tory diseases.'”®

In addition, few studies in mice with ambient PM have proven
that PM, 5 causes skin damage by inducing oxidative stress both
in vivo and in vitro."'® ROS formation damages cell membranes
through DNA damage, irreversible lipid peroxidation, and protein
carbonation.''® Accumulation of oxidized lipids in the lipid bila-
yers alters the barrier function in terms of permeability.''” In
addition, organic chemicals carrying PM, s, such as polycyclic ar-
omatic hydrocarbons, are highly lipophilic, making it easier for
the molecule to leak into the skin.''® This has been demonstrated
by the loss of structural epidermal proteins such as cytokeratin,
filaggrin, and E-cadherin, in pigs treated with polycyclic aromatic
hydrocarbons carrying PM in in vivo and in vitro experiments.' '
Furthermore, epidemiologic data support the relationship be-
tween air pollution and skin-related allergic diseases. In partic-
ular, a cross-sectional study showed that PM, s was associated
with the development of atopic dermatitis in adult patients.'*’
Nevertheless, the effects of PMs on skin barrier or their associa-
tion with skin-related allergic diseases requires further research.

Nanoparticles
NPs, synonymous with ultrafine particles, are small (<100 nm)
organic or inorganic particles able to confine their electrons and to
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produce quantum effects. Therefore, they may be more harmful
compared with their larger counterparts with hazard to the human
health and the environment.'?' Over the last years, the increase in
the widespread use of nanomaterials in several industries cause
them to disperse into the air and to become a major contributing
factor to air pollution.'*> Most ubiquitous NPs in the air are diox-
ides of titanium (TiO,) and silicon (SiO;). They have a strong af-
finity for lipids, accumulate on the membranes, interact with lipid
bilayers, and insert themselves within epithelial cell membranes.
Several studies have demonstrated that exposure to NPs cause
dysfunctions of various lipid-rich environments, such as pulmo-
nary surfactants and endothelial cell junctions in lung blood ves-
sels.'?? In addition, TiO,-NP enhances IL-lo synthesis and
induces unbalanced overexpression of immature neurotrophins,
leading to apoptotic death of lung epithelial cells.'** Furthermore,
a number of epidemiologic studies have reported that exposure to
ambient PM, containing an NP component, may have detrimental
effects on human lungs, leading to obstructive and fibrotic dis-
ease, and may lead to exacerbation of preexisting airway disease,
increased risk of airway inflammation, and hyperreactivity.

Although TiO,-NP in sunscreens is of the globular type (35-
145 nm), the acicular form of TiO,-NP is used to strengthen plas-
tics, ceramics, dyes, filtration materials, and other products. Bio-
logical activities on human epidermal keratinocytes have shown
that the acicular structure of TiO,-NP can be internalized
in vitro."** Second, these particles stimulate a number-
dependent release of proinflammatory cytokines such as IL-1c,
IL-183, IL-6, TNF-, and IL-8.'%* So far, there is no in vivo data
proving that TiO,-NP penetrates the stratum corneum or disrupts
the skin barrier by altering the cell junctions. Increasing NP
production and their formulations in manufacturing direct
skin-contacting NPs require a better understanding of the skin
penetration mechanisms of the nanoparticulate and their role in
the penetration of other substances in the exposome.

In addition to TiO, and SiO, NPs, cationic liposome NPs con-
taining ZnO, silver (Ag), and aluminum (Al) are used as common
additives in food, pharmaceuticals, cosmetics, paints, solar
panels, and catalysts.122 It has been previously well described
that NPs belonging to different classes, having different sizes,
chemical compositions, and coatings, react differently.'> After
oral intake, NPs accumulate on the surfaces of intestinal epithelial
cells, M cells, and Peyer patches.'”® They are translocated
through the intestinal epithelial barrier either via endocytosis by
M cells (TiO,) or by increasing the cell leakage secondary to
disruption of the cell membrane integrity (SiO,, TiO,, and
ZnO) or by phagocytosis by macrophages.'*® Furthermore, para-
cellular permeability of the intestinal barrier has been shown to
increase after the administration of TiO,-NPs. Both in vitro and
in vivo studies have demonstrated that NPs induce ROS following
internalization. Ultimately, this oxidative stress induces unbal-
anced overexpression of proinflammatory mediators and leads
to apoptotic or necrotic death of epithelial cells.'?” It has been
suggested that danger signals and chronic inflammation second-
ary to NPs may lead to the development of autoimmune
diseases.'*°

Micro and nanoplastics

Despite the advantages of micro and nanoplastic products, such
as being lightweight, having a low production cost, product
stability, and durability, plastics have a huge negative impact on
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the environment and human health. Although plastics biodegrade
very slowly, they degrade to form micro (5 mm to 1 pm) and
nanoplastics (<1 pm) by ultraviolet exposure, temperature
changes, exposure to plasticizers and chemical corrosives, or by
the manufacturing process.'**'*’ Recycling and reuse processes
are not efficient, and most of the plastic waste penetrates into nat-
ural habitats and rivers and easily interacts with animals and en-
ters the food chain.'*"

It has been shown that micro and nanoplastics can also be found
in the atmosphere.'”® According to a 5-month follow-up study,
microplastic fibers were found to be approximately 750 wm in
length and microplastic fragments were observed to be 300 um
or less.'”" Interestingly, even in nonrural areas, the predominant
species is defined as microplastic fallout polystyrene, polyeth-
ylene, polypropylene, polyvinyl chloride, and polyethylene
terephthalate.'*®

Because of their extremely small size, smaller than 100 nm, and
their 3-dimensional structure, nanoplastics can be easily adsorbed
and internalized by cells, posing a threat to human and animal
health."*"!*? The studies on interaction between microplastics,
nanoplastics, and proteins and cellular receptors are recent and
sparse, but suggest important effects. The interaction of nanoplas-
tics at the molecular level changes the folding of proteins, leading
to their dysfunction.'*” Moreover, nanoplastic particles aid in
lipid movement, which changes the dynamics and structure of
cell movement in the lipid bilayer.13 % A recent study has shown
that particles of polystyrene nanoplastics of 25 nm or 70 nm diam-
eter can be taken up by human alveolar epithelial cells in vitro."”'
Plastic particles of both sizes induce proapoptotic protein expres-
sion. High expression of BAX, caspase-3, caspase-8, caspase-9,
DRS5, and cytochrome-c indicates that polystyrene nanoplastics
induce apoptosis by the mitochondrial apoptotic route."*" In addi-
tion, nanoplastics have been shown to alter the metabolic profiles
of human bronchial epithelial cells in a dose-dependent
manner."*” Oxidative stress caused by nanoplastics also causes
autophagy in human epithelial lung cells.'*”

Because of their inflammable nature, burning plastics emit
toxic fumes. Inhalation of the component of chemical residues
may irritate the respiratory system because of their low molecular
weight. Studies in the nylon industry have shown that nylon
workers exhibit symptoms of interstitial lung disease, such as
cough, dyspnea, and high sputum production, and impaired lung
capacity.'*” In addition, with technological advances in the textile
industry, workers exposed to nylon, polyester, polyolefin, or
acrylic material have developed interstitial fibrosis, allergic al-
veolitis, and granulomatous lesions.'?’

Plastic pollution in the oceans is at extreme levels,97 and hu-
mans and animals absorb plastic through the gastrointestinal tract
by consuming shellfish, mussels, oysters, some shrimp species, or
other products that have been discussed elsewhere.' *''The uptake
and the toxic potential of microplastics on the gastrointestinal
tract were investigated with 3 different in vitro intestinal epithelial
models.'** Among 1, 4, and 10-pm plastic particles, the highest
cytotoxicity was observed with 1 wm. This result is reasonable,
considering the ability of small particles to react better than large
particles because of their high surface volume ratios. Conse-
quently, it has been reported that particles smaller than 1.5 um
may penetrate the gastrointestinal epithelial barrier.'**

However, the mechanism of degradation of the barrier with
plastic particles or their effect on TJs and Als or signaling
pathways on both the airway and gastrointestinal epithelium has

CELEBI SOZENER ET AL 1525

not yet been elucidated in humans. In mice, exposure to
polystyrene microplastic induces gut microbiota dysbiosis with
changes in certain genus, alterations in major metabolic pathways
of functional genes in the microbiome, intestinal mucus secretion,
barrier dysfunction, and metabolic disorders in amino acid

. . . 3
metabolism in mice.'*’

CONCLUSIONS

This rostrum article proposes mechanisms for the damage
caused by biological and chemical hazards on epithelial cells and
their barrier integrity in the context of epithelial barrier hypoth-
esis. With the rapid spread of industrialization and the growth of
the human population, visible and not visible pollution due to
above-discussed factors has become a universal problem. Every
day, the dangers we face from nonmicrobial pollutants increase as
their levels increase and they become a part of the exposome.'*°
As long as the countries and humans continue to use fossil fuel—
burning vehicles and governments support this policy instead of
changing them into alternative fuel vehicles in urban areas, the
environmental burden damaging the barriers will continue.
With exposure to sustained and uncontrolled production and us-
age of toxic fuels, fine PM, detergents, and other factors, the
impairment of epithelial barriers of the skin, airways, and intes-
tines will continue. This vicious cycle of exposing environmental
factors causes barrier disruption and leads to chronic tissue
inflammation that has mainly occurred in the last few decades.
As a result, they are linked to the development and exacerbation
of various diseases in the local organs or even in distal organs. The
air we breathe, the food we eat, the clothes we wear, and the clean-
ing products we use appear to constitute a major problem for hu-
man and domestic animal health. This becomes much more
prominent when these molecules express a synergistic effect on
the inflamed tissues that already have a damaged barrier. The
epithelial barrier tries to hold against these hazardous environ-
mental factors, but eventually fails because of the subepithelial
tissue inflammation that has occurred in the past few decades.

If appropriate measures are not urgently taken, the attacks on
epithelial barriers will continue at an increasing pace and will
become a bigger and bigger danger to life on earth. Unfortunately,
there is so far little knowledge and no international consensus on
barrier-damaging effects of NPs, microplastics, cleaning prod-
ucts, PM, and other unidentified environmental factors. This
article also calls for international rapid action on the control of
epithelial barrier—attacking environmental pollutants. Extensive
education of consumers, unions, safety, and health agencies is
urgently needed. The production of epithelial barrier—damaging
substances should be substantially reduced, dose studies should
be performed, their recycle and reuse policies should be
implemented, and extreme control and legal actions should be
initiated.
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