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ABSTRACT 

Significance: Oxidative stress and oxidative damage are central hypothetical mechanisms 

for the adverse effects of airborne particulate matter (PM). Activation of inflammatory 

cells capable of generating reactive oxygen and nitrogen species is another proposed 

damage pathway. Understanding the interplay between these responses can help us 

understand the adverse health effects attributed to breathing polluted air. 

Critical issues: Reactive oxygen species (ROS) are generated during phagocytosis of the 

particles, leading to enhancement of oxidative stress and triggering the inflammatory 

response. The activation of inflammatory signaling pathways results in the release of 

cytokines, and other mediators that can further induce ROS production by activating 

endogenous enzymes, leading to a positive feedback loop, which can aggravate the effects 

triggered by PM exposure. 

Recent advances: The consequences of PM exposure on different organs results in 

oxidative damage, decreased function, and inflammation, which can lead to the 

development/exacerbation of proinflammatory disorders. Mitochondrial damage is also an 

important event in PM-induced cytotoxicity.  

Future directions: Further research is required to elucidate the exact mechanisms by 

which PM exposure results in adverse health effects, in terms of the relationship between 

the redox responses triggered by the presence of the particles and the inflammation 

observed in the different organs, so the development/exacerbation of PM-associated 

health problems can be prevented. 
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1. Introduction  

The exposome consists of all the environmental exposures (i.e. non-genetic), such as 

lifestyle factors and pollutants, that a person is exposed to (beginning from conception) 

and evolves throughout the life of a person (29,179). The study of the exposome, which 

includes air pollutants and traffic noise, is necessary to understand the role of 

environmental risk factors in various diseases to improve prevention strategies (184). In 

fact, there is strong evidence indicating that ambient air pollution particles currently 

present a serious risk to human health. Numerous epidemiological studies have shown 

associations between particulate matter (PM) and adverse health effects. These studies 

have shown a significant association between exposure to PM and increased mortality and 

morbidity. Other important effects include aggravation of respiratory problems, like lung 

disease, decreased lung function, asthma attacks, besides cardiovascular diseases, such as 

heart attacks and cardiac arrhythmia. Moreover, recent studies have shown the 

association between genetic variations and disease state after adverse environmental 

exposure events (27). Indeed, the pattern of epigenetic markers such as specific histone 

methylation and acetylation and DNA methylation patterns,  and small interfering RNAs 

and long non-coding RNAs, that ultimately regulate chromatin structure or gene activity, is 

influenced by a variety of environmental stressors, including PM (25, 140,148).  

In its last report, the World Health Organization (WHO) estimated that 91% of the world's 

population breathe polluted air. Therefore, almost 9 million premature deaths occur every 

year due to air pollution exposure (1,22,82), as stated in the 2018 Lancet Commission on 

pollution and health, which has focused on the global effects of pollution and solutions for 

policy makers (77). Individuals particularly sensitive to particle exposure include older 

adults, people with previous heart and lung diseases, and children (50). In the present 

review, we will discuss the impact of PM exposure on human health, considering that 

numerous clinical studies have shown greater deleterious outcomes after PM exposure 

(9,56,141). However, in this review, we have primarily focused on the molecular and 

biological changes that result in response to exposure of non-diseased tissue models to 

PM, since even the general population of healthy adults can be negatively affected by 

pollution exposure. Furthermore, we have focused our review on discussing the effects of 

PM exposure on organs that directly interact with PM present in air pollution: lung, eye, 
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skin and gut. The aim of this review is to discuss the state of the art, compare effects on 

different organs, and offer a comprehensive perspective to promote the exchange of ideas 

from scientists in different fields of pollution research. However, in this review, we have 

not discussed the effects of PM exposure on the heart, since negative consequences of PM 

exposure on this organ are mostly due to systemic effects that develop after lung 

inflammation (20), it is worth to note that in this same Forum Issue this topic is 

comprehensively reviewed (21,36,135,137,160). In putting together this review, we 

searched PubMed, Google Scholar and other relevant scientific databases for pertinent 

articles published from 2000 to 2020 using keywords (i.e. particulate matter and gut, etc.) 

in English. 

2. Particulate matter present in air pollution.  

Air pollution is a complex mixture of gaseous and particulate components, and exposure 

can cause deleterious effects on humans, animals, materials, or the environment, due to 

their quantities or permanence in the atmosphere (41).  

Air pollutants can be classified considering their source, including natural pollutants (forest 

fires, windblown soil, volcanic emissions, and sea spray) or anthropogenic (industry, 

vehicle exhaust, road dust, smokestacks) (9,112). Also, air pollutants can be categorized as 

primary pollutants, which are released directly into the air, or secondary pollutants that 

are formed within the atmosphere after a reaction between other components (113). 

Regarding their composition, air pollution is comprised of gaseous components including 

nitrogen dioxide (NO2), nitric oxide (.NO), sulfur dioxide (SO2), ozone (O3), carbon 

monoxide (CO), and particulate matter (PM), which are heterogeneous solid and liquid 

particles suspended in air (56,103).  

PM contain carbonaceous particles with diverse compounds adsorbed to their surface. 

Some of the more frequent components of the PM mixture are nitrates (NO3
-), sulfates 

(SO4
2-), polycyclic aromatic hydrocarbons (PAH), endotoxin, and metals such as iron (Fe), 

copper (Cu), nickel (Ni), zinc (Zn), and vanadium (V) (64,87). Given the heterogenous 

composition of the mixture, PM are subclassified into 3 groups, according to particle size: 

(1) Coarse particles (PM10) have an aerodynamic diameter greater than 2.5 μm, (2) Fine 

particles (PM2.5) exhibit a range between 0.1 to 2.5 μm in diameter, and (3) ultrafine 

(PM10) are smaller than 0.1 μm in diameter. The size of PM determines not only their 
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lifetime in the atmosphere but also their distribution within the target organs’ structure 

(10,70,119). 

Although the relative composition of PM is different in each microenvironment, due to 

variation in size, chemical components, and sources of origin, it has consistently been 

correlated with significant increased morbidity and mortality (21,34,162). Several 

characteristics have been associated with an increased susceptibility to PM-related health 

risks, namely age (i.e., children and older adults), preexisting diseases, obesity, genetic 

polymorphisms, and low-socioeconomic status (145). Therefore, PM exposure has been 

pointed out as a major environmental concern from the public health perspective, not only 

to susceptible people, but to all members of the population as well (42,89,134). In that 

sense, a deeper understanding of the PM-toxic mechanisms that impact human health are 

required, in order to prevent the deleterious effects of exposure to this global 

environmental hazard. 

3. Oxidative stress and inflammation as main mechanisms in PM-associated health 

effects. 

Oxidative stress and oxidative damage are central hypothetical mechanisms for the 

adverse effects of PM. The mechanisms by which PM causes oxidative stress have not 

been defined yet, but the phenomenon may be attributed to different causes, that 

include: (a) generation of oxidants at the particle surface, (b) release of metals or organic 

components from the particle, and (c) triggering of an inflammatory response (4). 

Activation of inflammatory cells capable of generating reactive oxygen and nitrogen 

species is another proposed mechanism: chronic inflammatory lung diseases are 

characterized by activation of epithelial cells and resident macrophages and the 

recruitment and activation of neutrophils, eosinophils, monocytes, and lymphocytes. It is 

understood that the oxidative stress caused by the activation of the inflammatory system 

plays an important role in the deleterious effects of PM in multicellular organisms. 

Reactive oxygen species (ROS) are generated during phagocytosis of the particles, leading 

to enhancement of oxidative stress and triggering inflammatory responses (159).  

In this sense, ROS and Reactive Nitrogen Species (RNS) produced by the occurrence of 

oxidative stress can be considered molecules with an ambivalent behavior, whenever their 

role in inflammatory pathways is considered (133). Moreover, it can be considered that 
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ROS/RNS are important inflammatory effectors involved in the effects caused by the 

presence PM by resolving PM-associated damage and inducing tissue repair. However, 

ROS/RNS can also be inflammatory initiators by oxidizing biomolecules such as lipids, 

proteins, and DNA, leading to tissue damage and promoting switching from acute to 

chronic inflammation. The association between inflammation and oxidative stress and the 

redox signaling involved in inflammatory-associated diseases has been termed 

“OxInflammation”. OxInflammation embodies the outcome of the crosstalk between 

oxidative stress (defined as increased ROS and RNS steady state concentrations) and 

inflammation (170). ROS/RNS and their related chemical species can be considered as 

efficient secondary messengers able to promote inflammatory responses by activating 

several transcription factors, (i.e. NF-κB, AP-1, c-Jun) and intracellular protein kinases (i.e. 

ERK, MAPK, INK and p38) (154). The activation of inflammatory signaling pathways results 

in the release of cytokines, chemokines, and other mediators that, in turn, can further 

induce the production of ROS and RNS by activating endogenous enzymes, leading to a 

positive feedback loop that can aggravate or promote the development of health effects 

triggered by exposure to PM. 

4. Lung 

4.1. Alveolar epithelium structure and function. 

The exchange of CO2 and O2 required for cellular respiration is the most important 

function of mammalian lungs (59). The respiratory system can be classified into two main 

regions: the conducting region (upper airways) and the respiratory section (lower airways). 

The upper airways consist of the nose, nasal passages, pharynx, and larynx. The respiratory 

region consists of the trachea, the bronchi and bronchioles, and the alveoli of the lungs 

where O2 uptake occurs. 

The constant process of gas exchange between inhaled air and the bloodstream takes 

place in a very complex network of open-ended spherical sacs called alveoli and blood 

capillaries. The structure of the alveoli is fundamental in providing an extensive surface, 

where O2 can be extracted from the inhaled air, and CO2 can be removed during exhalation 

(54). Moreover, to achieve an efficient diffusion of gases, the alveolar walls and the 

capillary endothelium are only one epithelial cell layer thick, which allows the gases to 

rapidly cross through the cell layers (126).  As the alveolar epithelium represents the 99% 
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of the surface area of the lung, its normal functioning is essential for optimal gas diffusion 

(54). The alveolar epithelium consists of equal numbers of squamous alveolar type I (ATI) 

and cuboidal type II (ATII) cells (63). However, ATI cells are elongated, covering 95% of the 

surface area, with long thin cytoplasmic extensions that are associated with capillaries for 

blood-air interface while ATII cells, placed in the alveolar corners, cover the remaining 5% 

of the surface area (99). ATII cells produce, secrete, and recycle surfactant, a fluid which 

maintains surface tension, facilitates gas exchange, and protects against pathogens (99). It 

has also been demonstrated that ATII cells serve as progenitors of the alveolar epithelium; 

they are multipotent cells with high plasticity, are capable of self-renewal, and can also 

differentiate into AT1 cells (19,45,59). 

Since the lung is constantly interfacing with the environment, it is permantently exposed 

to noxious substances present in the lumen. Therefore, the alveolar epithelium also 

functions as a mechanical, restrictive barrier, in order to maintain selective permeability 

(54). Alveolar epithelial cells interact with each other through tight and adherens 

junctions, which provide a physical barrier between the alveolar airspace and the 

interstitium. Tight junctions are composed of integral membrane proteins, including 

occludins, claudins, scaffolding proteins, and immunoglobulins (38). These junctions 

surround the cells, forming apical rings and preventing large molecules from crossing the 

epithelial layer (17). Adherens junctions consist of E-cadherin and diverse catenins, which 

are connected to the actin cytoskeleton through anchoring proteins (139). In addition to 

tight junctions, cell-to-cell interactions are also involved in providing a physical barrier by 

dividing the epithelial plasma membrane into the apical and basolateral domains, creating 

an asymmetric distribution of ion transporters and other membrane proteins in these two 

domains, resulting in an osmotic gradient necessary for the excess lung fluid removal 

required for lung homeostasis (38).  

In order to guarantee correct gas exchange, besides a tight barrier, the alveolar epithelium 

also requires a selectively permeable barrier, which is critical for the removal of its active, 

protein-rich fluid to prevent edema (16,17,139). Thus, during acute lung injury and acute 

respiratory distress syndrome, there is an impairment of the alveolo-capillary barrier, 

leading to flooding of the air spaces and impaired gas exchange (130,180). The initial injury 

to the lung that disrupts barrier function can be due to a variety of insults (110,143,169), 
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although exposure to air pollution has been mentioned as a factor that can trigger direct 

lung injury. 

4.2. PM effects in the lung. 

It is accepted that exposure to air pollution PM triggers inflammation, endothelial 

activation, and oxidative stress in the lung (35,69,90,115,149). This response may be 

caused by the deposition of PM into the alveolar space in the lung, inducing the release of 

cytokines from alveolar macrophages. It has been shown that environmental particles, 

when internalized by phagocytosis after inhalation, trigger an increase in the numbers of 

alveolar macrophages (11). Therefore, a critical component of the inflammatory response 

to particles in the lung is the release of cytokines from activated macrophages and lung 

epithelial cells, resulting in neutrophil recruitment. Cultured human alveolar macrophages 

produce tumor necrosis factor-α (TNF-α) and proinflammatory cytokines, such as 

granulocyte-macrophage colony-stimulating factor, interleukin (IL)-6, and IL-1β after 

phagocytosing PM (120). The release of proinflammatory mediators from PM-exposed 

macrophages appears to be important in stimulating cytokine release from lung epithelial 

cells, thus amplifying the inflammatory response (64).  

In vivo studies (50) have demonstrated that PM exposure can induce an influx of 

inflammatory cells, such as polymorphonuclear cells and macrophages, into the airways. 

Cultured macrophages exhibit increased secretion of cytokines such as IL-1β and TNF-α 

when exposed to other types of particles, such as the fungus Micropolyspora faeni, 

mineral dusts, crystalline silica, titanium dioxide, and asbestos. It has been observed that 

the respiratory tract generates an inflammatory response after inhalation or intratracheal 

instillation of different pollutants, such as residual oil fly ashes (ROFA), cooper particles 

(CMP), and coal fly ashes (CFA), resulting in increased numbers of neutrophils, protein 

concentration, and ROS in the lungs (50,174). Several mechanisms have been suggested to 

explain the observed raise in ROS, such as increased enzymatic activities and changes in 

mitochondrial respiration. NADPH oxidase (NOX) is of interest as an important non-

mitochondrial source of reactive O2 species and can be activated by airway inflammation 

(172). Alternatively, another enzyme, myeloperoxidase, which is also released by 

neutrophils, can be activated by inflammation, uses H2O2 as a substrate, and produces 

HClO, another powerful oxidant. 
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The inflammatory genes induced after exposure to PM (TNF-α and IL-8, for example) are 

regulated by redox sensitive transcription factors such as NF-κB, AP-1 and C/EBP (CCAAT 

enhancer binding protein) family. NF-κB is one of the key transcription factors that is 

involved in the inflammatory responses to PM in the lungs. The result of NF-κB activation is 

the generation of proinflammatory cytokines such as TNF-α, IL-6, IL-8 by airway and 

alveolar epithelial cells (154). Quay et al. reported that ROFA activated NF-κB by increasing 

ROS, which were likely produced in response to the presence of vanadium in the particles; 

this effect could be inhibited by the addition of the antioxidants deferoxamine and N-

acetyl cysteine (136). 

Recently, it has also been pointed out the ability of pollution exposure to disrupt the 

circadian clock. As previously mentioned, pollutant exposure alters redox homeostasis, 

and cellular redox status controls circadian timing, which has been extensively reviewed 

(55,84,161). Furthermore, circadian timing also controls expression of antioxidant defense 

factors, resulting in pollutant susceptibility at different times of day (55). In rat lungs, 

inhalation of PM resulted in lung inflammation, oxidative stress, and decreased levels of 

clock genes Per1, Per2, Per3, Rev-erba and Dbp and increased levels of Bmal1 transcripts 

(157). In addition, tobacco smoke, which is also a source of PM, altered expression of 

Bmal1 and Dbp expression of genes in rat lungs (48). Hwang et al  have also shown that 

tobacco smoke altered clock gene expression, induced acetylation and degradation of 

brain and muscle arnt-like protein-1 (BMAL1), which is a positive regulator of circadian 

timing, due to decreasing sirtuin1 (SIRT1) levels, and increased lung inflammation, leading 

to lung emphysema (60).  Oxidative stress in the lungs can reduce SIRT1 levels, which 

alters levers of Per2, resulting in clock dysfunction (161). Although beyond the scope of 

this review, the heart is another target of pollution-induced clock disruption, and effects 

on the heart have been nicely reviewed previously (54,84,161). 

Taking all this data into consideration, the probable sequence of events for PM-induced 

lung inflammation involves the following: (a) injury to epithelial cells by ROS, possibly 

enhanced in the presence of metals via Haber-Weiss and Fenton chemistry, accompanied 

by activation of nuclear regulatory factors, leading to the production of proinflammatory 

cytokines, including IL-8 and IL-6, and increased expression of nitric oxide synthase (NOS) 

with increased levels of NO in exhaled air; (b) activation of vascular endothelium and 

D
ow

nl
oa

de
d 

by
 N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e 
N

U
S 

SW
E

T
S/

24
79

39
17

 f
ro

m
 w

w
w

.li
eb

er
tp

ub
.c

om
 a

t 0
5/

24
/2

0.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 



Page 10 of 53 
 
 
 

10 

A
n

ti
o

xi
d

an
ts

 a
n

d
 R

e
d

o
x 

Si
gn

al
in

g
 

P
ar

ti
cu

la
te

 m
at

te
r 

in
d

u
ce

s 
ti

ss
u

es
 o

xi
n

fl
am

m
at

io
n

: 
Fr

o
m

 m
ec

h
an

is
m

 t
o

 d
a

m
ag

e
 (

D
O

I:
 1

0
.1

0
8

9
/a

rs
.2

0
1

9
.8

0
1

5
) 

Th
is

 p
a

p
er

 h
as

 b
ee

n
 p

ee
r-

re
vi

ew
ed

 a
n

d
 a

cc
e

p
te

d
 f

o
r 

p
u

b
lic

at
io

n
, b

u
t 

h
as

 y
et

 t
o

 u
n

d
er

go
 c

o
p

ye
d

it
in

g
 a

n
d

 p
ro

o
f 

co
rr

ec
ti

o
n

. T
h

e 
fi

n
al

 p
u

b
lis

h
ed

 v
er

si
o

n
 m

ay
 d

if
fe

r 
fr

o
m

 t
h

is
 p

ro
o

f.
 

circulating leukocytes; emigration of inflammatory cells from blood to tissue sites, which 

involves up-regulation of adhesion molecules and other markers on vascular endothelium 

and on circulating leukocytes; and (c) the process of leukocyte-endothelial binding, which 

includes increased expression of adhesion molecules followed by their shedding, leukocyte 

activation, stable adhesion, and transmigration through the epithelium. 

As mentioned in section 3, the mechanisms by which PM causes oxidative stress are still 

unknown, but the phenomenon may be attributed to different causes, which include: (a) 

generation of oxidants at the particle surface, (b) release of metals from the particle, and 

(c) triggering of an inflammatory response (163).  

The direct generation of ROS at the surface of the particles is supported by the concept 

that the particle surface offers a unique physicochemical interface to catalyze reactions 

resulting in oxidant production. The interaction of PM with membrane components was 

recognized by the presence of free radicals and oxidants on the particle surface (164). 

Several studies were performed that established associations between the toxic effects of 

air pollution and specific PM components. In fact, transition metals within the fine PM 

fraction are of great toxicological interest (37,83,172). Research has often been focused on 

Fe, V, Ni, Cr, Cu, and Zn, given that they are able to increase the production of free radicals 

in biological tissues through their ability to participate in Fenton-like chemical reactions 

and generate hydroxyl radicals (26). In line with these findings, previous results from our 

group using a PM surrogate with high transition metal content (ROFA), showed an 

imbalance in pulmonary oxidative metabolism in vivo after the instillation of the ROFA 

suspension (95,96). Indeed, the production of oxidative damage, as measured by TBARS 

levels, showed significant correlations with the overall metal content and with the content 

of individual metals, such as Fe and Va. This effect was inhibited by the presence of 

antioxidants, such as dimethylthiourea and deferoxamine (160). This data, in combination 

with the work of others, have led to the suggestion that the dose of bioavailable transition 

metal, rather than particulate mass, may be the principal determinant of the acute 

inflammatory response (94,152). 

Activation of inflammatory cells capable of generating reactive oxygen and nitrogen 

species is another proposed mechanism: ROS are generated during phagocytosis of the 
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particles, leading to enhancement of oxidative stress, and triggering the inflammatory 

response (162). 

It has been shown that mitochondrial damage is an important event in PM-induced 

cytotoxicity (58), but there is little information available about the specific effects of 

exposure to PM. The first response to PM observed in isolated mitochondria is a decrease 

in the mitochondrial membrane potential and augmented production of O2
–, which is 

followed by cytochrome c release and inner mitochondrial membrane damage (170). 

Several studies have demonstrated that environmental PM exposure triggers a decrease in 

mitochondrial membrane potential. Membrane depolarization was observed during active 

mitochondrial respiration in ROFA-exposed mice, which could be responsible for the 

decreased ATP production rate observed in the ROFA group (31,168). It is also important 

to point out that ultrafine particles, the smallest and probably the most toxic component 

of PM, were found deposited inside the damaged mitochondria (86). In mitochondria, an 

increase in the levels of inflammatory mediators can induce complex I to generate 

substantially more reactive oxygen species, compared to physiological conditions. 

Moreover, elevated levels of cytokines have been associated with increased reactive 

oxygen species generation, and it has been suggested that release of oxidant species into 

the cytoplasm is regulated by Ca2+ homeostasis. The release of cytochrome c into the 

cytosol as a pro-apoptotic signal has been suggested as a transduction signaling pathway 

as well; it initiates the recruitment and activation of the caspases relevant in triggering cell 

death via apoptosis (40). An imbalance in oxidant production can trigger intracellular 

signaling cascades, causing oxidative damage to cellular and mitochondrial 

macromolecules, which have also been associated with the development of inflammatory 

disorders (5). In addition, mitochondrial reactive species, especially H2O2, are also engaged 

in intracellular signaling. In this scenario, a feed-forward regulation of the more relevant 

ROS sources, such as mitochondria and NADPH oxidases, has been reported. From this 

point of view, mitochondria are not only a target for ROS produced by NADPH oxidase but 

also a significant source of ROS, which under certain conditions may stimulate NADPH 

oxidases (33). This crosstalk between mitochondria and NADPH oxidases, therefore, might 

result in a vicious feed-forward cycle of ROS production, which might be relevant under 

conditions of oxidative stress. It also represents an opportunity of pharmacological 
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intervention, since it has been demonstrated that mitochondria-targeted antioxidants such 

as mitoQ can inhibit ROS production by mitochondria, thereby reducing NADPH oxidase 

activity (174). However, it is still controversial if PM can damage mitochondria in a direct 

way or whether they enter the organelle because of oxidative damage. PM-induced 

mitochondrial disruption has important biological effects, which include the initiation of 

apoptosis and decreased ATP production (62,86). A key mitochondrial target for oxidizing 

chemicals is the permeability transition pore (PTP) (14). PTP is permeable to molecules of < 

1.5 kDa and opens in the mitochondrial inner membrane when matrix Ca2+ levels are 

increased, especially when this is accompanied by oxidative stress (161). The opening of 

PTP results in mitochondrial swelling, outer membrane rupture, and the release of 

proapoptotic factors, such as cytochrome c. In addition, mitochondria become 

depolarized, causing inhibition of oxidative phosphorylation and stimulation of ATP 

hydrolysis (40). The mechanisms of oxidative damage described in this section are 

summarized in Figure 1. 

5. Effects of particulate matter on the ocular surface.  

5.1 Ocular surface anatomy. 

In addition to the lungs, the eyes are also constantly exposed to the environment and 

highly vascularized, so they are particularly vulnerable to the effects of air pollution. The 

anatomical ocular surface is composed of mucosa that line the globe and palpebral 

surface, the corneoscleral limbus, the corneal epithelium, and the tear film. The ocular 

surface is now considered an important target of air pollution because it is almost 

constantly exposed to air pollutants, separated from the environment only by the tear 

film. The epithelia of the cornea and the conjunctiva represent the first physical barrier of 

the eye, protecting the underlying tissues. The conjunctiva is an ectodermally-derived 

mucosa epithelium that varies from 2-6 cell layers to 6-9. Globet cells constitute 5-10 % of 

the conjunctival epithelium and produce mucin.  The capacity of conjunctiva epithelia to 

respond quickly to infections and trauma is important to protect the eye from the 

environment; however, this ability also makes the epithelia particularly sensitive to 

mechanical, toxic, and immunological injuries (167). The ocular surface plays a 

fundamental role in the defence against the oxidant species generated by environmental 

causes, which makes it more vulnerable to oxidative damage (154). 
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5.2. Underlying mechanisms of the effects of particulate matter (PM) on the ocular 

surface. 

People who live at urban centers are exposed to high levels of air pollutants; therefore, 

they often present with irritation, burning, foreign body sensation, redness, itching in the 

eyes, and instability of the tear film in the clinic.  Several studies have demonstrated that 

air pollutants aggravate the symptoms and signs present in patients with dry eye or other 

chronic diseases of the conjunctiva (15,44,61,106,114,166). Furthermore, the incidence of 

dry eye disease is particularly increased in megacities, where environmental factors could 

be major players, thus a new subtype of dry eye disease termed “Environmental Dry Eye 

Disease” has been proposed (6,47,85). 

In recent years, only a few in vitro studies have aimed to elucidate the mechanisms 

underlying the effects of particulate matter  (PM)  on corneal and conjunctival epithelial 

cells; these studies suggest that oxidative stress and pro-inflammatory responses play a 

key role in the development of the observed toxicity (78,79,80,164,165). Previous studies 

involving different experimental models using instillation of different kinds of PM reported 

that exposure to PM also lead to an increase in the number of cell layers of the corneal 

and conjunctival epithelia (47,188). If the morphological changes as well as disorganized 

growth are prolonged over time, these consequences of exposure could result in 

irreversible damage, affecting the refractive power of the cornea and the vision process 

(30,153).  

It has been described that corneal epithelial cells release IL-10, stabilizing the NF-κB 

inhibitor in the cytoplasm, thus suppressing the transcription of pro-inflammatory 

cytokines (187). The involvement of IL-10 could be important at early stages after the 

exposure to urban air to regulate the inflammatory response triggered by air pollutants. 

Moreover, Matsuda and co-workers found decreases in Th2-associated cytokines in the 

tears of individuals chronically exposed to high PM levels in the metropolitan area of San 

Pablo, Brazil (101), suggesting an adaptive strategy of the ocular surface. Additionally, 

inflammatory mediators could transiently increase the number of epithelial cells, leading 

to cellular hyperplasia.  The release of pro-inflammatory cytokines such as IL-6, IL-8, TNF-α, 

IL-1β, and MCP-1 has been described in vitro as a response of corneal epithelial cells to 

different types of PM (124,186,189). Furthermore, in vitro exposure of human corneal and 
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conjunctival epithelial cells to urban air PM elicits an inflammatory response, decreases 

cellular viability and proliferation, and alters mucin production (46,164). 

Conjunctival epithelial cells are capable of entrapping Diesel Exhaust Particles (DEP); in 

fact, the interaction between plasma membrane protrusions and DEP seems to be 

important for particle uptake. The accumulation of DEP inside the cell and the interaction 

of DEP chemicals, including polycyclic aromatic compounds, with intracellular targets could 

be one of the main causes of the cytotoxic effects observed (79). The antioxidant 

response, as well as the increased mucin expression, in inflammatory conditions in human 

conjunctival epithelial cells could be interpreted as an adaptive response to oxidative 

stress triggered by DEP. The involvement of oxidative stress in the mechanism of DEP-

induced damage of the ocular surface, in particular, in human conjunctival epithelial cells is 

described in Figure 2. The response of human conjunctival epithelial cells to DEP differs 

over time. For instance, there is a persistent increase of ROS, reaching a maximum level 

after 1 hour of incubation with DEP. After 1 hour of DEP exposure, mitochondria appear to 

be altered, since increased levels of superoxide anion are observed. It has been 

demonstrated that the organic chemical compounds adsorbed to DEP are capable of 

damaging mitochondria and increasing ROS production (85,124). DEP induces an early 

redox imbalance, followed by an IL-6-mediated inflammatory response. At first, the 

oxidative environment, principally generated by mitochondrial superoxide anion, results in 

an adaptive cellular response, consisting of both enzymatic and non-enzymatic 

antioxidants. However, the mitochondrial membrane potential reaches a minimum level 

after 24 h. After 3 h, NADPH oxidase-4 (NOX4) is presented as the main source of reactive 

oxygen species (ROS), when the cell also starts to initiate a proinflammatory response 

mediated by IL-6. At this time point, Nrf2 translocates to the nucleus to enhance the 

cellular antioxidant capacity. Although Nrf2 signaling is still occurring after 24 h, the 

epithelial cell capacity to maintain redox balance is exceeded, as the antioxidant enzymes 

and the depleted glutathione (GSH) pool are not capable of detoxifying the overwhelming 

levels of ROS. The decrease in non-enzymatic antioxidants and the compensatory increase 

of superoxide dismutase (SOD), glutathione peroxidase (GPX) and glutathione transferase 

(GST) activities are consequences of the increased ROS production due to DEP exposure 

and its accumulation inside the cells. The decay in glutathione reductase (GR) activity leads 
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to compromised recycling, which entails changes in the cellular redox state maintenance. 

Furthermore, as previously mentioned, NOX4 activity is induced after 3 h of incubation 

with DEP. This event appears later than the mitochondrial response, when the cell also 

undergoes a proinflammatory response mediated by IL-6.  There is a link between both IL-

6 and NADPH oxidase induction, in which IL-6 promotes NADPH oxidase expression and 

vice versa (12,32,125,191).  Maximal ROS production coincides with the lipid damage 

detected after 1 hour of incubation with DEP, suggesting that lipids could be the earliest 

molecular targets of oxidative damage. In contrast, protein carbonylation seems to be a 

late event, since protein damage was detected after 3 hours of incubation with DEP and 

persisted over 24 hours. The accumulation of protein carbonyls over time is consistent 

with the fact that carbonylated proteins cannot be repaired by cellular enzymes (43).  

Studies involving animal models are required in order to evaluate the mechanism of 

damage triggered by air pollutants on the ocular surface. Whole-body exposures are 

biologically relevant and contribute to the better understanding of the idiopathic eye 

discomfort symptoms experienced by urban population. A recent study involving mice 

exposed to urban or filtered air in exposure chambers for 1 to 12 weeks demonstrated 

that air pollution produces alterations on the ocular surface supported by cellular 

hyperplasia, redox imbalance, as well as the increase of inflammatory mediators|. The 

corneas exhibited a continuous increase in NOX4 levels throughout the exposure time, 

suggesting an increased production of ROS. After four weeks, the enzymatic antioxidants 

were decreased, meanwhile an increase of the glutathione was shown, as a later 

compensatory antioxidant response. However, redox imbalance took place, evidenced by 

the increased oxidized proteins, which persisted up to 12 weeks. The inflammatory 

response was modulated by the increase in IL-10 levels after 1 week, which early regulates 

the release of TNF-α and IL-6 (78).  

6. PM effects on the skin. 

6.1. Skin anatomy  

The skin primarily consists of two layers: the dermis and the epidermis. The dermis 

consists of fibroblasts that synthesize collagen and elastin, endothelial cells, and nerve 

cells. Skin resident immune cells in the dermis include dendritic cells, macrophages, mast 

cells, and different types of T cells (100). Structures such as nerve endings, hair follicles, 
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blood and lymphatic vessels, and sebaceous glands are embedded in the dermis. The 

epidermis is the outer layer of the skin and consists of keratinocytes organized into 

multiple layers and contains the main skin resident-immune cells, Langerhans cells, which 

are a specialized subset of dendritic cells (100). The lowest layer of the epithelium or basal 

layer contains transiently amplifying keratinocytes that can undergo differentiation, 

forming higher layers of the epithelium. During the process of differentiation, 

keratinocytes begin to express keratins and other differentiation-dependent factors and 

withdraw from the cell cycle to eventually form the uppermost layer of the epithelium or 

stratum corneum (SC). The SC is composed of anucleated, keratinized corneocytes held 

together in a brick-and-mortar fashion by a lipid-laden extracellular matrix. The barrier 

function of the skin resides in this compartment, and one of its essential functions is to 

prevent excess transepidermal water loss (TEWL). Since the skin is the main interface 

between the body and the environment, it is one of the primary organs exposed to 

chemical and physical environmental pollutants, including PM. 

6.2. Effects of particulate matter exposure on the skin. 

 Exposure to PM has been associated with a variety of inflammatory skin diseases, 

including atopic dermatitis, acne, and psoriasis (71,98). Since the SC is the uppermost layer 

of the epithelium, it is the first target of PM exposure. PM exposure has been shown to 

alter the ratio of skin surface lipids, decreasing cholesterol content and squalene levels, 

which are also components of sebum (81,132,138). Our lab has also shown that treating 

3D in vitro skin models with PM2.5 increases levels of the lipid peroxidation product 4-HNE 

(97). Pan et al. 2015 demonstrated that PM containing PAHs, regardless of size, increased 

TEWL and decreased filaggrin and E-cadherin levels (proteins involved in the barrier 

function and tight junctions in the skin) in vivo in pig skin (123). Furthermore, cigarette 

smoke, which is characterized by particulate and PAH composition, has also been shown to 

induce lipid peroxidation in human skin and decreased TEWL (107,128). 

However, whether or not particles directly penetrate the skin is a controversial topic. Due 

to its brick-and-mortar construction, the SC can prevent penetration of particles. For 

instance, Jin et al. 2018 demonstrated that PM2.5 could not penetrate intact murine skin 

due to the SC (65). However, hair follicles extend from the dermis to the open surface of 

the skin, providing a route of penetration for particles, depending on particle size. 
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Lademann et al. 2004 demonstrated that particles >1 micron are unable to penetrate the 

skin, forming a film, although particles <1.5 microns can penetrate > 2 mm into the skin 

through hair follicles (76). Jin et al. 2018 also demonstrated that PM could enter intact and 

barrier-disrupted murine skin in vivo through hair follicles (65); however, particles could 

not directly enter the epidermis of intact skin. Since PM can enter hair follicles, there a 

variety of possibilities of how the particulates can contribute to skin-associated 

inflammation in this compartment. It is possible that PM could be expelled when follicle-

associated sebocytes release sebum, reaching the skin surface and inducing a cascade of 

lipid peroxidation and ROS generation, thanks to the redox active components present on 

their surfaces. Alternatively, it is also possible that PM can reach the skin dermis through 

transport in follicle-associated blood vessels, stimulating dermal immune cell recruitment. 

Moreover, particles could also fail to be cleared from the follicle, resulting in follicle-

associated inflammation. In addition, PAHs, which are components of PM, are lipophilic 

and can easily penetrate skin (75). This is described in Figure 3. What is clear, however, is 

that a clinical feature of PM exposure of the skin is the development of hyperpigmentation 

(176), due to the ability of PM to stimulate melanocyte melanin synthesis through inducing 

AhR activation (111). 

As in the gut, the primary mechanism involved in the PM-induced inflammation in the skin 

is the alteration of redox homeostasis (65,131). PAHs, components of PM, can disrupt the 

structure of the mitochondria (23,86), resulting in superoxide production and increased 

hydroxyl radical formation (71). In addition, some particles can have surface reactivity, 

generating extracellular ROS production (122). Increased ROS can activate various MAPK 

signaling pathways in the skin, such as ERK1/2, JNK, and p38 MAPK, resulting in the 

activation of redox-sensitive transcription factors NF-κB and AP1. These transcription 

factors can then promote the transcription of a variety of proinflammatory cytokines, 

including TNF-α, IL-1α, IL-6, and IL-8. IL-1α and IL-1β, produced in response to activation of 

p38 MAPK by PM exposure in keratinocytes, can induce an inflammaging state in co-

cultured dermal fibroblasts (72). Inflammaging is defined as chronic, low-grade 

inflammation that is associated with aging (192). Ryu et al. 2019 observed that PM2.5 

exposure of keratinocytes stimulated TLR5 activation and NAPDH oxidase 4-dependent 

ROS production, resulting in epigenetic modifications to the IL-6 promoter and NF-κB-
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dependent transcription of IL-6 (144). IL-6 can regulate the production of IL-17 and IL-10 

and Th17 cells and stimulate STAT3 activation (180). Our lab has demonstrated that PM2.5 

stimulates NF-κB activation and IL-1α release due to increased oxidative stress and 

prevents Nrf2 transactivation to inhibit the production of phase II antioxidant enzymes 

(142). Choi et al. 2011 demonstrated that PM increased transcript levels of IL-6, IL-8, and 

GM-CSF in primary human keratinocytes (28). Since PM exposure induces IL-8 production, 

exposure in the skin is also associated with neutrophil infiltration in vivo as IL-8 is a potent 

neutrophil chemoattractant (65). Neutrophil infiltration is a major cause of tissue 

inflammation (18). Furthermore, PM stimulates activation of AhR, which regulates the 

activity of the cytochrome P450 enzyme family and T cell differentiation (116). The 

cytochrome P450 enzyme CYP1A1b can convert PAHs, components of PM, into redox 

active quinones (128). Our lab has shown in keratinocytes that redox active quinones can 

stimulate ROS production, NF-κB translocation and NF-κB–dependent transcription, and 

alter mitochondrial structure, resulting in apoptosis (23). Transition metals contained in 

PM, such as iron or copper, can also generate ROS through undergoing Fenton or Haber-

Weiss reactions (23). All these mechanisms are depicted in Figure 4. This was also 

confirmed by our group in a 3D skin model where PM2.5 exposure increased levels of 

oxidative markers (F2-α isoprostanes and 4-HNE). The consequences of exposure resulted 

in activation of NF-κB, increased levels of proinflammatory marker COX-2, release of IL-1α, 

and DNA damage (97). In addition, we have reported that an intact circadian clock protects 

against ozone-induced skin damage by promoting activation of the major antioxidant 

transcription factor Nrf2 (13), suggesting that disruption of circadian rhythms may result in 

excessive pollution-induced skin damage (84). Ozone is formed when PM interacts with 

sunlight. Therefore, the consequences of PM exposure on the skin results in oxidative 

damage to the skin, decreased barrier function, and inflammation, which can lead to the 

development/exacerbation of proinflammatory skin disorders. 

Since exposure to air pollution is associated with a variety of inflammatory skin diseases, 

including psoriasis (71,98), as well as dysfunction of other organs, such as the heart 

(20,21,36,135,137,160), it is possible that the skin could be a gateway for the noxious 

effects of pollution exposure on other organs.  In support of this idea, multiple studies 

have demonstrated that the skin is an entry route for ambient pollutants (105,182,186). In 
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fact, Weschler et al. observed that the ability of the skin to absorb pollutants from the 

outdoor environment is likely as efficient as the respiratory tract (182). Thus, skin exposure 

to ambient air pollution may result in systemic effects like cardiovascular dysfunction. For 

instance, psoriasis, an inflammatory skin disease that is associated with pollutant exposure 

and driven by IL-17, is associated with increased risk of cardiovascular mortality (102). This 

is likely due to the fact that overexpression of IL-17 in the skin, which results in psoriasis-

like skin inflammation, stimulates ROS production, endothelial dysfunction, arterial 

hypertension, and increased mortality in mice (68,150).  

7. A novel target of PM: The gastrointestinal tract. 

7.1 Anatomy of the gut.  

The gastrointestinal tract (GI tract) is an organ that is responsible for digesting food and 

extracting energy and nutrients then expelling the remaining waste as fecal matter. The 

upper part of the GI tract consists of the mouth, esophagus, and stomach. The lower part 

of the GI tract consists of the majority of the small intestine and all the large intestine. The 

small intestine is composed of the duodenum, jejunum and ileum, while the large intestine 

is composed of the cecum, colon, and rectum. The structure of this organ is similar across 

all areas and consists of a layer of polarized simple columnar epithelial cells supported by 

connective tissue (lamina propria) and an underlying layer of smooth muscle. There are 

four types of columnar epithelial cells in the gut including enterocytes, goblet cells, Paneth 

cells, and enteroendocrine cells (produce hormones). Goblet cells synthesize mucins and 

other components of mucus, which defends against invading pathogens. Paneth cells are 

also involved in gut defense and secrete antimicrobial peptides. The role of enterocytes in 

the gut is to transport molecules into the intestinal lumen. To prevent contents of the 

intestinal lumen from leaking out into the bloodstream, these intestinal epithelial cells are 

held together by tight junctions near the apical surface to form a relatively impermeable 

membrane.  

The GI tract contains more than 1013 microbes which play an important role in functions, 

such as ion absorption, vitamin production, immunity, and in histological development 

(57). Importantly, due to low pH, lower numbers of bacteria are found in the upper part of 

the GI tract; however, the highest biodiversity of the gut microbiome is found in the colon, 

due to low redox potential and cell turnover (57). Organisms in the kingdom Bacteria 
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constitute most of the microbiome, and members of the Firmicutes and Bacteroidetes 

phyla are the most common bacteria found in the gut, although members of 

Actinobacteria, Fusobacteria, and Verrucomicrobia are also commonly found (39). In the 

gut, the primary products responsible for the multifaceted effects of the microbiome on 

the host are short chain fatty acids (SCFAs), such as butyrate, acetate, and propionate, 

which can enter circulation and regulate the function of multiple organs, including the 

skin. SCFAs are made by the microbiome as products of the fermentation of non-digestible 

fibers (184).  

7.2. Effects of particulate matter exposure on the gut. 

Recently, exposure to PM has been associated with a variety of GI tract issues, including 

Crohn’s disease (67,92,93), inflammatory bowel disease (IBD) (7), appendicitis (66), and 

colorectal cancer (49,53). The gut can become exposed to particles directly from ingestion 

or indirectly as a result of inhalation. In fact, in a typical western diet, 1012-1014 particles 

are ingested daily by an individual (92,93). Moreover, multiple studies in both humans and 

rodents have shown that inhaled particles can be cleared from the lungs and reach the gut 

through mucocillary clearance (74,104,176). Specifically, inhaled UFP particles are taken up 

by alveolar macrophages in the lungs and then transported to the luminal side of the 

respiratory epithelium and carried to the oropharynx via mucocillary transport, where they 

can then be swallowed and enter the GI tract, ultimately being excreted in fecal matter 

(151,152). However, this process is specific to smaller particles as larger particles are 

primarily sequestered in the lungs (74,104,118,151), although larger particles can still be 

directly ingested. Moreover, it is currently unclear how long the particles can stay in the 

gut after reaching it either directly or indirectly. Data from Semmler-Behnke et al. 2007 

demonstrated that particles can be found in fecal matter up to six months after inhalation 

(151). Furthermore, it is unclear exactly what kinds of particles are ingested.  

The primary cause of PM-induced GI tract inflammatory-related diseases is believed to be 

altered redox homeostasis in the gut due to PM exposure, resulting in a leaky gut and 

secretion of proinflammatory factors and bacterial metabolites (Figure 5).  This hypothesis 

primarily extends from the results of studies investigating PM exposure on other epithelial 

cells (i.e. airway epithelial cells), which have been extrapolated to intestinal epithelial cells. 

Since inflammatory (like toll-like receptor) pathways in epithelial tissues are conserved, 
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pathways that have been demonstrated to be activated in response to PM in other 

epithelial tissues (i.e. airway and skin) are likely to be activated in the gut, such as the 

inflammasome and aryl hydrocarbon receptor (AhR), particularly since the respiratory 

epithelium and the intestinal epithelium share the same embryonic origin. However, there 

are a few studies directly investigating the effects of PM exposure on gut inflammation 

and permeability. For instance, Mutlu et al. 2011 demonstrated that exposure of intestinal 

epithelial cells to PM increased ROS generation, resulting in increased activity of the redox-

sensitive transcription factor NF-κB (109), and NF-κB regulates transcription of myosin light 

chain kinase (MLCK) (3), which can reorganize perijuctional actin, occludin, and ZO1 at 

tight junctions, resulting in alteration of gut permeability (28). Thus, Mutlu et al. 2011 also 

observed that exposure of intestinal epithelial cells to PM increased permeability and 

disrupted tight junctions in vitro and in vivo (109). In another study investigating the 

effects of PM exposure on both wild-type (WT) and IL-10 knockout (KO) mice (as a model 

of IBD), Kish et al. 2013 demonstrated that PM10 exposure (7 -14 and 35 days) via gastric 

lavage increased expression of proinflammatory cytokines in the gut including IFNγ, 

molecules involved in lymphocyte adhesion/migration, and co-stimulatory molecules (73). 

After 7 days of exposure, these authors observed increased secretion of CXCL1, IL-1B, and 

IL-10 in the small intestine and increased gut permeability over two weeks (73). Salim et al.  

demonstrated that PM10 exposure increased serum LPS levels through inducing bacterial 

translocation, increased levels of proinflammatory cytokines TNF-α and IL-1β in the small 

intestine and colon, and decreased levels of IL-17A in the gut (produced by 

proinflammatory Th17 cells) in neonatal IL-10 KO mice (147). They also observed that 

PM10 exposure increased epithelial permeability through TNF-α and inhibited the 

antibacterial activity of macrophages in vitro.  

In an inhalation study, Vignal et al. observed that PM10 increased serum MDA levels and 

myeloperoxidase activity in the colon, which are both markers of oxidative stress (177). 

These authors also observed increased levels of inflammatory cytokines (TNF-α, CXCL10, 

and IFNγ) in the colons of exposed mice. Li et al. observed that inhalation of UFPs 

increased levels of arachidonic acid and prostaglandin D2 in the intestine of exposed Ldlr 

KO mice (a model of atherosclerosis) (87). Furthermore, they observed that inhalation of 

UFPs decreased villus length (alters nutrient absorption) and increased intestinal 
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macrophage and neutrophil infiltration. In a different study, Li et al. demonstrated that 

oral gavage of UFPs in Ldlr KO mice fed a high fat diet increased macrophage and 

neutrophil infiltration in the small intestine (88). They also observed that gavaged UFP 

increased plasma levels of proinflammatory TNF-α and MCP-1, which is a monocyte 

chemoattractant. TNF-α has been demonstrated to alter intestinal permeability through 

upregulation of myosin light chain kinase (MLCK) and NFκB activity (3). These authors did 

not observe an increase in gut permeability in response to long-term exposure of UFPs, 

although they were able to notice this effect in the short-term exposure of CaCo2 cells to 

UFPs. Therefore, the potential consequences of PM exposure on the gut are increased 

oxidative stress and inflammation, resulting in a leaky gut, leading to increased circulating 

levels of bacterial metabolites, proinflammatory cytokines, and endotoxin, which are 

known to regulate cutaneous immune responses (117). Thus, the consequences of PM 

exposure can result in systemic inflammation, resulting in dysfunction of a variety of 

organs, including the heart, which is reviewed nicely by the following articles 

(20,36,135,137,160). Furthermore, exposure of the gut may potentially affect the skin as 

well through the gut-skin axis.  

8. Pollution and the gut-skin-brain axis 

In the gut-skin-brain axis, the primary player is the gut microbiome, despite the 

involvement of multiple organs. For instance, in this axis, stress induces the production of 

neurotransmitters, hormones, and other secreted factors that can directly regulate 

pathways in the skin and/or induce intestinal permeability and/or dysbiosis, resulting in 

the production of secreted factors that can then regulate the skin (2,8,117,127,147,156). 

Furthermore, the gut microbiome can also produce its own neurotransmitters that can 

move from the intestinal epithelium into the bloodstream, and, upon reaching the skin, 

can regulate cutaneous barrier function, hair growth, and melatonin synthesis (184).  In 

addition to neurotransmitters, SCFAs, such as butyrate, can bind to G-protein coupled 

receptors (GPCRs) expressed on endothelial cells, immune cells, and keratinocytes, 

regulating cutaneous inflammation (185). Furthermore, SCFAs can systemically promote 

the differentiation of peripheral induced Tregs, development of hematopoietic/dendritic 

cell progenitor cells, and regulate iNKT cell numbers through binding GPCRs and regulating 

histone deacetylase activity (52,91). Thus, SCFAs contribute to the development of 
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systemic immunity. In this way, SCFAs are also mediators of the gut-lung axis in addition to 

the gut-skin axis, which is reviewed by Lloyd et al. 2017 (91). Moreover, SCFAs produced by 

gut bacteria may be able to regulate members of the skin and lung microbiomes, since 

SCFAs can be found in the blood in concentrations from 1-150 µM (120). 

There are no current studies investigating the effects of pollution on the gut-skin axis. 

However, multiple studies have shown that PM exposure alters the composition of the gut 

microbiome. For instance, in IL-10 KO mice, PM exposure altered the abundance of 

Bacteroidetes, Firmicutes, and Verrucomicrobia in feces and decreased levels of the SCFA 

butyrate in the cecum (73). In neonatal IL-10 KO mice, ingestion of PM10 resulted in 

decreased levels of Bifidobacteria and Actinobacteria (147). In a separate study, Li et al.  

demonstrated that ingestion of UFPs decreased abundance of Firmicutes, Cyanobacteria, 

and Actinobacteria in the cecum, while increasing abundance of Verrumicrobia in Ldlr-KO 

mice fed a high-fat diet (model of atherosclerosis) (88). They believe that reduction in the 

levels of Actinobacteria, Cyanobacteria, and Firmicutes was responsible for increased 

inflammation in the gut. Mutlu et al. demonstrated that inhaled PM2.5 decreased 

abundance of Firmicutes and Lactobacillus (used in probiotics), increased levels of 

Bacteroidetes, and increased levels of TNF-α in the colon (108). However, none of these 

studies investigated the effects of exposure of the gut to PM on the skin, likely due to the 

fact that they all used mice that have fur, preventing examination of the effects of 

exposure on the skin without depilation.  

9. Concluding remarks. 

The mechanisms by which PM exposure results in adverse health effects are still poorly 

understood. However, as described in this manuscript, PM exposure negatively affects the 

eyes, lungs, gut, and skin, and impact on these organs can result in systemic complications. 

For instance, the eyes are highly vascularized, providing a gateway for PM-induced 

secreted mediators. Particles can also be directly inhaled and ingested (via contaminated 

food) and alter levels of circulating mediators. Therefore, exposure to pollutants should 

initially be thought to be localized at the tissue level.  

Moreover, a better understanding of the mechanisms underlying PM-induced health 

problems would allow a more targeted approach to prevent the toxic effects of PM 

exposure and could possibly provide different ways to decrease individual sensitivity to 
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PM. Studies in isolated cells and in animal models suggest that there are a variety of 

possible mechanisms, including direct effects of particle components and indirect effects 

due to proinflammatory mediators. The current hypothesis is that the inflammation 

induced by the presence of ambient particles induces a systemic inflammatory response, 

with endothelial activation and oxidative and nitrosative stress. These changes contribute 

to the increase in morbidity and mortality associated with polluted areas.  

In conclusion, we must reduce emissions of PM in the air, preventing exposure of organs 

that directly interact with PM, such as the lungs, eye, gut, and skin, thereby reducing the 

development/exacerbation of PM-associated lung dysfunction, environmental dry eye 

disease, inflammatory skin disorders, GI tract issues, and systemic complications resulting 

from exposure of these organs (like cardiovascular defects). Another way to reduce 

adverse pollution-related health effects is to limit individual exposure to pollution and 

utilize air quality apps, such as AirVisual, AirMatters, AIR, Blueair Friend, and Air Quality 

Index to help predict the least polluted day or time of day for people to engage in outdoor 

activities. Similar to tobacco use, preventing exposure to this pollutant is the most 

effective strategy to reduce PM-related health effects in the global population.   
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List of Abbreviations 

AhR: aryl hydrocarbon receptor  

AP-1: Activator protein 1 

ATI: alveolar type I cells 

ATII: alveolar type II cells 

ATP: Adenosine triphosphate 

BMAL1: Brain and muscle arnt-like protein-1 

CXCL1: chemokine (C-X-C motif) ligand 1 

COX: Cyclooxygenase 

DEP: Diesel Exhaust Particles 

ERK: extracellular signal–regulated kinase 

GI tract: gastrointestinal tract  

GM-CSF: Granulocyte-colony stimulating factor  

GPCR: G-protein coupled receptor 

4-HNE: 4-hydroxynonenal 

IBD: inflammatory bowel disease  

IFNγ: Interferon γ 

IL: interleukin  

KO: Knockout 

MAPK: Mitogen-activated protein kinase 

MCP-1: monocyte chemoattractant protein 1 

MLCK: myosin light chain kinase  

NADPH: Nicotinamide adenine dinucleotide phosphate 

NF-κB: Nuclear Factor-κB  

Nrf2: Nuclear factor erythroid 2-related factor 2 

PAH: Polycyclic Aromatic Hydrocarbons  

PM: Particulate Matter  

PTP: permeability transition pore 

ROFA: residual oil fly ashes  

ROS: Reactive Oxygen Species 

RNS: Reactive Nitrogen Species  
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SC: stratum corneum  

SCFA: short chain fatty acids   

SIRT1: sirtuin 1 

TBARS: thiobarbituric acid reactive substances 

TEWL: transepidermal water loss   

TNF-α: Tumor necrosis factor 

UFP: ultrafine particle 

WHO: World Health Organization 
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Figure Legends 

 

Figure 1. Proposed mechanism for PM effects in the lung.  Particulate matter (PM) enters 

in the lung, where it interacts directly with alveolar macrophages and epithelial cells. PM 

components, mainly transition metals (via Fenton reaction) and polycyclic aromatic 

hydrocarbons (PAHs), have the ability of generate reactive oxygen species and directly 

participate in the observed oxidative damage. The activation of NADPH oxidase and the 

mitochondrial disfunction also contribute to the generation of superoxide anion (O2
.-).   
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Figure 2. Time course effects of Diesel Exhaust Particles (DEP) on human conjunctival 

epithelial cells. At first, the oxidative environment generated principally by mitochondrial 

superoxide anion produce a cellular adaptive response consisted of an increase of both 

enzymatic and non-enzymatic antioxidants. After 3 h, NADPH oxidase-4 is presented as the 

main source of ROS, when the cell also starts to experiment a proinflammatory response 

mediated by IL-6. At this time point, the nucleus translocation of Nrf2 is stimulated, 

attempting to enhance the cellular antioxidant capacity. Despite the fact that under short 

periods of exposure to DEP lipids and then proteins are targets of oxidative damage, the 

viability of the cells is not affected at early stages, since cell hyperplasia was detected as 

compensatory mechanism (A). Although after 24 h Nrf2 pathway is still enhanced, the 

epithelial cell capacity to maintain redox balance is exceeded, as the antioxidant enzymes 

activation and the depleted GSH pool are not capable of counteracting the increased ROS 

production. Under these conditions, significant increase of oxidative damage, a decrease in 

cell proliferation viability, and apoptosis take place (B). 
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Figure 3. The effects of particulate matter exposure on the skin. Particulate matter (PM) 

penetrates the epidermis through hair follicles, since skin barrier function prevents direct 

penetration. Alternatively, components of PM, polycyclic aromatic hydrocarbons (PAHs), 

can penetrate skin directly due to lipophilic nature. Exposure of the skin to PM alters skin 

barrier function due to decreasing filaggrin and E-cadherin levels in the skin. PM exposures 

also induces alterations in redox homeostasis, resulting in the production of melanin and 

proinflammatory cytokines. These cytokines can stimulate neutrophil infiltration into the 

skin, leading to chronic inflammation and the development of inflammatory skin 

conditions.   
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Figure 4. Proposed mechanism for PM effects in keratinocytes. In exposed keratinocytes, 

PM induces extracellular ROS production due to surface reactivity as well as intracellular 

ROS production due to increasing activity of NAPDH oxidase and damaging mitochondria. 

Increased ROS can stimulate lipid peroxidation, resulting in the formation of 4-hydroxyl-

nonenal (4HNE). Furthermore, ROS can induce apoptosis through mitochondrial damage 

and DNA damage. ROS can also MAPK pathways and activation of redox sensitive 

transcription factors, such as NFκB and AP1. Activation of these transcription factors 

results in the production of proinflammatory cytokines, such as interleukin (IL) 8, IL-1α, IL-

1β, IL-6, TNF-α, COX2, and GM-CSF. These proinflammatory cytokines can then stimulate 

the recruitment of immune cells, such as neutrophils and macrophages, to the skin, 

resulting in further inflammation. 
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Figure 5. Effects of particulate exposure on the gut. The gut can become exposed to 

particulate matter (PM) directly via ingestion or indirectly via inhalation and subsequent 

mucocilliary clearance. In the gut, exposure to PM results in tissue inflammation and 

intestinal dysbiosis, causing the breakdown of tight junctions between intestinal epithelial 

cells and leakage of proinflammatory mediators, bacterial metabolites, and particulates 

into circulation. The release of these proinflammatory mediators can induce the 

infiltration of neutrophils and macrophages into the gut, exacerbating pollution-induced 

tissue damage. Ultimately, PM exposure of the gut results in a leaky gut, chronic 

inflammation, and the development of GI tract conditions. 
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