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A B S T R A C T

Preclinical evidence about the neutrophil-mediated response in exposure to air pollutants is scattered and het-
erogeneous. This has prevented the consolidation of this research field around relevant models that could advance
towards clinical research. The purpose of this study was to systematic review the studies of the neutrophils
response to air pollutants, following the recommendations of the Cochrane Collaboration and the PRISMA guide,
through 54 search strategies in nine databases. We include 234 studies (in vitro, and in vivo), being more frequent
using primary neutrophils, Balb/C and C57BL6/J mice, and Sprague-Dawley and Wistar rats. The most frequent
readouts were cell counts, cytokines and histopathology. The temporal analysis showed that in the last decade, the
use of mice with histopathological and cytokine measurement have predominated. This systematic review has
shown that study of the neutrophils response to air pollutants started 40 years ago, and composed of 100 different
preclinical models, 10 pollutants, and 11 immunological outcomes. Mechanisms of neutrophils-mediated
immunopathology include cellular activation, ROS production, and proinflammatory effects, leading to cell-
death, oxidative stress, and inflammatory infiltrates in lungs. This research will allow consolidating the
research efforts in this field, optimizing the study of causal processes, and facilitating the advance to clinical
studies.
1. Introduction

Exposure to air pollutants is associated with various health problems,
including asthma, increased incidence of respiratory infections, reduced
lung function, and heart conditions [1, 2]. Among air pollutants, par-
ticulate matter (PM) shows a strong association with adverse respiratory
(including infectious diseases [3]) and cardiovascular health effects.

PM is a mixture of particles that vary in quantity, surface area,
chemical composition, origin, and size; based on the latter property, it is
classified as PM10, PM2.5 (fine particles), and PM0.1 or UFP (ultrafine
particles) [4]. Exposure to these environmental pollutants can cause
inflammation of the respiratory tract [5], lung damage due to oxidative
stress, increased mucus secretion, and immune alterations [6]. Besides,
air pollution exposure has been associated with congenital and newborn
alterations [7], cardiovascular and neurological disorders, as a conse-
quence of inflammation and oxidative stress [8, 9]. The main immuno-
logical defects that have been reported, are the humoral response [10]
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and its association with asthma, and the production of reactive oxygen
species in the development of chronic obstructive pulmonary disease
(COPD) [11]. However, assessments of the acute inflammatory response
and the role of one of its main mediators, neutrophils, still require
research to clarify their involvement and thus design appropriate (ther-
apeutic) control strategies.

Recently, multiple studies have focused on the effects of PM on im-
mune cells in the lung, including neutrophils, the main mediators of
acute inflammatory reactions, and infiltrating tissue since the early hours
of injury. Thanks to their high production of cytokines, lipid mediators of
inflammation, oxidative radicals, and multiple hydrolytic enzymes,
including metalloproteases, the neutrophils modulate the progression of
lung pathologies and the exacerbation of pre-existing diseases. For
instance, in vivo studies have shown that exposure to these contaminants
promotes the infiltration of neutrophils into the lungs to eliminate PM.
However, aberrant accumulation of neutrophils in the lung causes tissue
damage, as seen in the triggering of asthma or COPD, related to air
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pollution [12, 13]. In this sense, studies have reported variations in cell
counts, cytokine production, reactive oxygen species, immunoglobulins,
and other metabolic, immunological, and even tissue damage biomarkers
[14, 15, 16, 17, 18]. Also, there is a high diversity of preclinical models
(laboratory based-experiments) [13, 19, 20, 21], which include multiple
cell lines, primary cultures, and diverse animal models, evidencing the
heterogeneity of measurements of the immune response, especially the
neutrophil-mediated one.

This heterogeneity presents several implications as contradictory
results when using different sources of air pollutants, evaluating
pleiotropic factors such as IL-6 (with pro- and anti-inflammatory
functions), or murine models with contrasting immune responses
such as C57BL6/J and Balb/C mouse strains, which predominantly
present Th1 and Th2 responses (antagonistic immune profiles),
respectively [22].

The above shows that the preclinical evidence on the neutrophil-
mediated immune response to exposure to airborne contaminants is
scattered and heterogeneous, which prevents the consolidation of
this research field since there are no recommendations on the
cellular or animal designs, the type of exposure, or the most relevant
outcomes to advance to subsequent phases of clinical research [23,
24].

Therefore, the objective of this research was to analyze the method-
ological characteristics of the preclinical studies that have evaluated the
neutrophil-mediated immune response to air pollutants in the period
1980–2020. The specific objectives included: i) to describe the studies
according to the year and place of origin; ii) to identify the different in
vitro and in vivo models that have been used; iii) to describe the main
pollutants and immunological outcomes used in the studies; iv) to
analyze the temporal changes in the design of the selected preclinical
studies; and v) to identify the immunological effects reported in the most
frequently used preclinical models in this field.

This work systematically reviewed the available research that has
evaluated the effect of air pollutants in the neutrophil-mediated response
in in vivo and in vitro models, with a broad approach according to the
Cochrane Collaboration [25], where an empirical approach of synthesis
of scientific evidence in a field is implemented. Besides, the current
recommendations can be updated, and allow to analyze the potential for
generalization of published studies, to define hypotheses with substantial
or insufficient evidence; to identify areas for further research, to locate
countries in need of further research, among other relevant uses for those
interested in environmental health issues, immunology, preclinical
research methodologies, among others. Besides, defining the role of
neutrophils in the pulmonary inflammatory response to airborne con-
taminants can help understand their implications in respiratory and
cardiovascular disease and provides information to support decision
making regarding unified methodologies for immunological assessments
with airborne contaminants.

2. Materials and methods

2.1. Type of study

A systematic review of preclinical studies, following the recommen-
dations of the Cochrane Collaboration and the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guide.
2.2. PICO (Population intervention comparator outcome) question -
modified

2.2.1. Experimental unit (population)
The experimental unit depended of the type of preclinical study car-

ried out. For in vitro studies, it corresponded to the type of cell line or
primary culture, and in the in vivo studies, it was the type of animal (rats,
mice, hamsters, or rabbits) model.
2

2.2.2. Pollutant (intervention)
The atmospheric pollutants evaluated were particulate matter,

Ozone, sulfur dioxide, aerosols, and others included in the preclinical
studies, in different concentrations.

2.2.3. Control (comparator)
For in vitro studies, the control was the negative control, while, for in

vivo studies, it was the initial or pre-exposure measurement.

2.2.4. Outcome
The outcomes were the type of neutrophil-mediated immune

response, including cell count, cytokine measurement, cytokine mRNA,
oxidative activity, immunoglobulins, histopathological changes.

2.3. Search and selection protocol according to the PRISMA guide

2.3.1. Identification
A search of scientific articles was performed in four multidisciplinary

databases MedLine-PubMed, Science-Direct, Scielo, LILACS. Also open
searches in Google Scholar (web search engine), and four field-specific
databases: Infection and Immunity (American Society for Microbi-
ology), EPA (Environmental Protection Agency, United States), OECD i
Library and HEI (Health Effects Institute), were included. A query of
terms was carried out in the thesauri MeSH (Medical Subject Headings)
and DeCS (Health Sciences Descriptors), and it was complemented with a
process of "pearl harvest". Two terms were identified for the topic of
environmental pollution: "particulate matter" and " air pollution", which
were combined with the terms found for the neutrophil-mediated im-
mune response, i.e., "neutrophils", "granulocytes" and "white blood cells".
According to the above, three search strategies were applied in each
database (Table 1).

2.3.2. Screening
In this phase, three inclusion criteria were applied. The first criterion

was that the articles had the search terms in title or abstract; the second
consisted of original investigations, with which reviews, book chapters,
and abstracts were eliminated; the third inclusion criterion was that the
study was classified as preclinical, thus eliminating the clinical-
epidemiological studies carried out in people from different pop-
ulations and the mathematical modeling studies. In this phase, the
identified studies were saved in a common source in Zotero to eliminate
duplicates.

2.3.3. Eligibility
At this stage, six exclusion criteria were applied, i) publications in

other languages such as Russian or Chinese, ii) studies in animals, but
that did not classify as preclinical, for example, studies that had dogs,
fish, or horses as units of analysis but that were not in vivomodels (animal
health studies), iii) studies about plant species, iv) studies not related to
air pollutant or studies that did not specify the type air pollutant, v)
studies that did not specify the immunological outcome and vi) studies
not available in full text or eliminated from the database.

2.3.4. Inclusion
The articles that fulfilled the two previous stages were included in this

review. The variables title, authors, journal, year of publication, country,
type of preclinical model (this was grouped into in vitro and in vivo
models), type of in vitro model, type of in vivo model, pollutant studied,
and type of neutrophil-mediated immune response (outcome) were
extracted.

2.4. Evaluation of the reproducibility

The reproducibility of the search and selection protocol was validated
through a review performed by two researchers independently. It was
determined a priori that disagreements would be resolved by referral to a



Table 1. Search syntax applied in each database.

Search 1 Search 2 Search 3

PubMed (particulate matter [Title/Abstract]
OR air pollution [Title/Abstract]) AND
(neutrophils [Title/Abstract])

(particulate matter [Title/Abstract]
OR air pollution [Title/Abstract]) AND
(granulocyte [Title/Abstract])

(particulate matter [Title/Abstract]
OR air pollution [Title/Abstract]) AND
(white blood cell [Title/Abstract])

Science-Direct Title, abstract, keywords: (particulate
matter OR air pollution) AND
neutrophils

Title, abstract, keywords: (particulate
matter OR air pollution) AND
granulocyte

Title, abstract, keywords: (particulate
matter OR air pollution) AND white
blood cell

Scielo (ab:(particulate matter OR air
pollution)) AND (ab:(neutrophils))

(ab:(particulate matter OR air
pollution)) AND (ab:(granulocyte))

(ab:(particulate matter OR air
pollution)) AND (ab:(white blood
cell))

LILACS (tw:(particulate matter OR air
pollution)) AND (tw:(neutrophils))

(tw:(particulate matter OR air
pollution)) AND (tw:(granulocyte))

(tw:(particulate matter OR air
pollution)) AND (tw:(white blood
cell))

Google Scholar allintitle: ((particulate matter OR air
pollution) AND neutrophils)

allintitle: ((particulate matter OR air
pollution) AND granulocyte)

allintitle: ((particulate matter OR air
pollution) AND white blood cell)

Infection and Inmunity For abstract or title " (particulate
matter OR air pollution) AND
neutrophils" (match all words)

For abstract or title " (particulate
matter OR air pollution) AND
granulocyte" (match all words)

For abstract or title " (particulate
matter OR air pollution) AND white
blood cell" (match all words)

EPA DC.title:(particulate AND
DC.title:matter AND DC.title:OR AND
DC.title:air AND DC.title:pollution)
AND DC.title:AND
ANDDC.title:neutrophils

DC.title:(particulate AND
DC.title:matter AND DC.title:OR AND
DC.title:air AND DC.title:pollution)
AND DC.title:AND ANDDC.title:
granulocyte

DC.title:(particulate AND
DC.title:matter AND DC.title:OR AND
DC.title:air AND DC.title:pollution)
AND DC.title:AND ANDDC.title: white
blood cell

OECD i Library From (Abstract contains ‘(particulate
matter OR air pollution)’) AND from
(Abstract contains ‘neutrophils’) AND
from (IGO collection contains ‘OECD’)

From (Abstract contains ‘(particulate
matter OR air pollution)’) AND from
(Abstract contains ‘granulocyte’) AND
from (IGO collection contains ‘OECD’)

From (Abstract contains ‘(particulate
matter OR air pollution)’) AND from
(Abstract contains ‘white blood cell’)
AND from (IGO collection contains
‘OECD’)

HEI (particulate matter OR air pollution)
AND neutrophils

(particulate matter OR air pollution)
AND granulocyte

(particulate matter OR air pollution)
AND white blood cell

Note 1: The searches were carried out in Spanish without finding additional results. A total of 54 search strategies were applied (3 in English þ3 in Spanish x 9 da-
tabases). Note 2: Combining the terms particulate matter OR air pollution in a unique search yielded the same studies as separating them into two searches (one for each
term). This was not the case for the terms "neutrophils", "granulocytes" and "white blood cells", for which separate searches (one for each term) returned more results
than a single search (with all three terms linked with "OR").
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third researcher. Disagreements were dealt with in two phases: referral to
a third party, then consensus among the three (the two initial parties and
the third party consulted in case of disagreement). The information was
extracted, filling a database in SPSS 25.0 with the study variables,
independently, by two reviewers.

2.5. Analysis of the information

The included studies were analyzed by a qualitative synthesis of the
extracted variables were described with absolute (n) and relative (%)
frequencies. A bivariate analysis was performed using Pearson's Chi-
square to compare the preclinical study type by time period. The data-
base and the analyzes were processed in SPSS 25.0, with 95% confidence
interval.

3. Results

With the application of the search strategies in the 9 databases,
129,013 results were found. After applying the title or abstract filter and
eliminating duplicates, 471 abstracts were read to apply the other se-
lection criteria; at the end, 234 studies met the search and selection
protocol (Figure 1).

The higher frequency of studies came from the United States (42.3%),
China (14.3%), Canada (7.3%), Brazil (4.7%), United Kingdom (4.7%),
and Japan (4.7%), with a lower frequency of studies in Latin America,
Asia, Oceania and without any studies from Africa (Supplementary
Figure 1).

In the systematized studies, 17.5% (n ¼ 41) used in vitro models,
65.8% (n ¼ 154) in vivo and 16.7% (n ¼ 39) both. Of the 80 studies that
implemented in vitro model, 42.5% (n ¼ 34) corresponded to primary
culture, 36.3% (n ¼ 29) cell lines and in 21.3% (n ¼ 17) both were
3

applied. In turn, in the 193 studies that implemented in vivo models,
59.6% (n ¼ 115) were mice, 32.6% (n ¼ 63) rats, 1.6% (n ¼ 3) both rats
and mice, and in less than 3% other models were used such as rabbits,
hamsters and guinea pigs.

In the in vitro studies, 20 cell lines were identified, being more
frequent the use of respiratory tract epithelial cells, representing 52.2%
of the total number of studies with cell lines and 30% of the total number
of in vitro studies. Likewise, 25 different primary cultures were identified,
with a highest proportion of respiratory tract epithelial cells, represent-
ing 37.3% of total culture and 23.8% of the total in vitro studies, followed
by neutrophil culture representing 19.6% and 12.5%, respectively
(Table 2).

In the in vivo models, 34 strains of mice were identified, of which the
Balb/C and C57BL6/J subtypes presented the highest proportion with
48.3% and 33.9% of the total studies in mice, respectively. Likewise,
studies in rats included 11 different subtypes, more frequent Sprague-
Dawley with 50%, Wistar with 25.8%, and Fischer-344 with 13.6% 11
of rats (Table 3).

Concerning the type of contaminant, 91% studied PM, with 45.7%
that included the evaluation of the three types (PM10; PM2.5, and PM0.1),
and the primary immunological outcomes analyzed were cell count in
85%, measurement of cytokines (mainly proteins) in 71.4% and histo-
pathological effects in 53.4% (Table 4).

In the most frequently used in vitromodel (cell line or respiratory tract
epithelium culture), a similar proportion of publications was found be-
tween 1980-2010 and 2011–2020; somewhat different from what was
found for the most used rat models (Sprague-Dawley and Wistar), which
were more used until 2010 (around 60%), while studies in mice have
increased their frequency in the last decade since the period 2011–2020
was recorded 83% of studies with C57BL6/J and 66% with Balb/C; That
is, the temporal analysis shows that in the last decade the study of this



Figure 1. Study search and selection flowchart.

Table 2. Percentage distribution of in vitro studies (N ¼ 80).

Subtype Model n % between the subtype Total % in vitro

Cell linesa Respiratory tract epithelial cells 24 52.2 30

RAW 264.7 5 10.9 6.3

Human aortic endothelial cells (HAEC) 2 4.3 2.5

Murine lung epithelial cells (MLE-12) 2 4.3 2.5

Human monocytic cells (MM6) 2 4.3 2.5

Subtotal cell lines 46 100 57.5

Primary cultureb Respiratory tract epithelial cells 19 37.3 23.8

Neutrophils (unspecified) 10 19.6 12.5

Rat/mouse/rabbit macrophages 8 15.7 10.0

Human alveolar macrophages 8 15.7 10.0

Dendritic cells 6 11.8 7.5

PBMC 3 5.9 3.8

Differentiated human monocytes in macrophages 2 3.9 2.5

Subtotal primary culture 51 100 63.8

a The following cell lines presented n¼ 1:murine macrophages J774, THP-1, HaCaT, 3LL, HTB54, HL60, L929, 4T1, ATII, RLE-6TN, BW5147, R1, EL4, P815, and
TG180.

b The following primary culture presented n ¼ 1: human monocytes, mouse bone marrow monocytes, human neutrophils, rat neutrophils, primary tracheal
epithelial cells of mouse, dendritic cells, endothelial cells, fibroblasts, rat fibroblasts Primary human keratinocytes, rat macrophages, rat alveolar macrophages, mouse
bone marrow-derived macrophages, virgin CD4þ T-cells, human CD8þ T-cells, rat leukocytes, rat neonatal cardiomyocytes, and mast cells.
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field with C57BL6/J and Balb/C mice has increased, with statistically
significant differences (p < 0.05) in the three periods analyzed
(Figure 2A). Likewise, it is observed that in the last decade, the propor-
tion of studies on immunoglobulins, immunohistochemistry, histopa-
thology, and cytokines has been statistically higher (p < 0.05), with a
tendency to decrease the use of cell counts and other biomarkers
(Figure 2B).

In general, the evidence available in the most frequently used pre-
clinical models shows an alteration of the neutrophil-mediated immune
4

response to PM, characterized by an increase in neutrophils in blood and
lung tissue (accompanied by macrophages, monocytes, eosinophils, and
lymphocytes), expression of biomarkers such as PAI-1, Saa3, PCR, LDH,
alkaline phosphatase, GGT, NAG, ROS, chemotaxis and eicosanoids; as
well as the reduction in the expression of iNOS and NADPH oxidase
components, and decrease in transcriptional factors like as STAT1. There
is divergent evidence in those referring to the increase or decrease of pro-
inflammatory cytokines (mRNA and protein) and oxidative stress.
Despite this profile's heterogeneity, in histopathological terms,



Table 3. Percentage distribution of in vivo studies (N ¼ 193).

Subtype Model n % between the subtype Total % in vivo

Micea Balb/C 57 48.3 29.5

C57BL6/J 40 33.9 20.7

ICR 4 3.4 2.1

TO 3 2.5 1.6

Kunming 3 2.5 1.6

CD-1 3 2.5 1.6

C3HeB/FEJ 2 1.7 1.0

DO11.10 2 1.7 1.0

Subtotal mice 118 100 61.1

Ratsb Sprague-Dawley 33 50.0 17.1

Wistar 17 25.8 8.8

Fischer-344 9 13.6 4.7

SH (Spontaneously hypertensive) 3 4.5 1.6

SHR/NCrIBR 3 4.5 1.6

WKY (Wistar Kyoto) 3 4.5 1.6

Subtotal rats 66 100 34.2

Rabbits New Zealand white rabbits 5 – 2.6

Hamster Syrian Hamsters (Mesocricetus auratus) 4 – 2.1

Guinea pigs Hartley Guinea pigs 3 – 1.6

a The following mice strains presented n ¼ 1: Albins (Mus musculus), Ahr knockout, Deficient in apolipoprotein E (ApoE-/-), Deficient in MyD88 (MyD88�/�),
Homozygotes with mutations in the TNFp55 (Tnfrsf1a) and p75 (Tnfrsf1b) receptor genes, Endogamic (A, AKR, C3, B6, CBA, DBA/2, FVB/N, and F1 specific crosses and
backcrosses), Null mutants in EC-SOD, Transgenics (CD2-LacZ80/HazfBR), Transgenics that overexpress EC-SOD, AKR/J, B6C3F1, CB6F1, Hgu CftrTgH, IL-13�/� and
IL-4-/IL-13�/�, IL-4�/� andMHC II�/�, IL-17�/�, IL17Ra�/� and IL23p19�/�, Jα18�/�, NC/Nga, NIH, Nlrp3 (�/�), Thy1. 1, TRPC6�/� and TRPC6þ/-, Stat1 -
-, VAChT-KD and 4Get.

b The following rats strains presented n ¼ 1: SHHF (Spontaneously Hypertensive Heart Failure), SH/NHsd, SPF HsdCpb: WU, SD, and Long-Evans.

Table 4. Percentage distribution of the types of contaminant and immunological
outcome studied.

n %

Type of contaminant

PM10, PM2.5, PM0.1 107 45.7

PM2.5 45 19.2

PM10 35 15.0

PM0.1 26 11.1

Ozone (O3) 16 6.8

Sulfur dioxide (SO2) 1 0.4

Secondary Organic Aerosols (SOA) 1 0.4

Zinc Sulfate (ZnSO4) Aerosol 1 0.4

Concentrated environmental particles (CAP) and ozone (O3) 1 0.4

Nicotine 1 0.4

Immunological outcome

Differential countsa 164 85.0

Histopathologya 103 53.4

Immunohistochemistrya 35 18.1

Immunoglobulinsa 22 11.4

Cytokines 167 71.4

Cytokine mRNAb 18 10.8

Cytokine proteinsb 109 65.3

RNA and cytokine proteinsb 40 24.0

Biomarkers 92 39.3

Oxidative Activity 67 28.6

a N ¼ 193 since it only applies to in vivo studies.
b N ¼ 167 since it only applies to studies that measured cytokines.
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preclinical evidence is consistent in the reporting of inflammatory in-
filtrates and lung tissue damage (Table 5).

4. Discussion

Environmental pollution is a major social, economic, and health
problem worldwide. According to the World Health Organization
(WHO), about 90% of people living in urban areas are exposed to air
quality levels that exceed the accepted limits for PM2.5 and PM10 (10 or
20 μg/m3, respectively) [68]. This exposure has been associated with an
increase in cardiovascular and respiratory adverse effects [69] and has
contributed to decreased cognitive functions, depressive symptoms, and
neurodegenerative pathologies [70]. Also, it has generated an economic
impact for the countries, represented by an increase in mortality and
morbidity, cost overruns for the care of related health events, loss of
working hours, school and work absenteeism due to illness or the need to
care for a sick person, a decrease in family income and a reduction in
productivity [69, 71].

Against this background, in recent years, awareness of the impact of
air pollution has increased, leading to changes in public policies. In
addition, an increase in research focused on elucidating the mechanisms
by which exposure to PM affects human health has been performed,
focused on this field, in which preclinical studies play a determining role,
given the limitations of human research to establish physiopathological
and organic causality [72]. In this work, in vitro (primary cell culture and
cell lines) and in vivo (rat, mouse, rabbit and hamster) models were
analyzed to evaluated the effect of air pollutants on the
neutrophil-mediated immune response. A total of 324 studies were sys-
tematically reviewed, in which were used 90 different preclinical models,
with high heterogeneity of study sites, type of contaminant, and immune
outcomes.

Most of the studies were carried out in the United States and China. In
the case of the United States, the findings of this review demonstrate a
greater interest in having substantial preclinical evidence, which in turn
is related to previous studies that have reported the association between
5

PM2.5 exposure and death from cardiovascular and cerebrovascular dis-
ease, COPD, type 2 diabetes, lung cancer, pneumonia, chronic renal
disease, hypertension, and dementia [73]. Although the average annual
concentration of PM2.5 has decreased by 42% between 2000 and 2015 in



Figure 2. Percentage distribution of the leading preclinical models and immunological outcomes identified according to the publication period. A. Preclinical models,
according to the study period. B. Immunological outcomes, according to the study period.
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this country, as well as the mortality associated with PM2.5 exposure
[74], there is evidence that long-term exposure to fine PM contributes to
the risk of mortality, especially from lung and cardiopulmonary diseases,
including cancer [75].

In addition, China's air pollution problem has become the fourth
largest health threat [76]. A study reported that exposure to polycyclic
aromatic hydrocarbons (PAH) by inhalation resulted in a higher inci-
dence of lung cancer [77], the most common cancer in the Chinese
population [78]. PM10 exposure has resulted in about 1.5 million pre-
mature deaths in China [79]. Besides, during 2014–2015, the economic
cost of health impact due to PM10 exposure represented 2.94% of China's
gross domestic product (GDP) [79].
6

In this review, the effect of air pollutants on the neutrophil-mediated
response was addressed. Most of the studies included used PM (including
mixtures of PM10, PM2.5, and PM0.1), the main air pollutant [80].
Although considering the availability of monitoring stations in the world,
especially those that can collect PM0.1, the experimental approaches must
be focused on PM10 and PM2.5, independently, to allow precise com-
parisons among the studies.

Regarding air pollutants, an increase in macrophages, neutrophils,
eosinophils and lymphocytes was observed in the alveolar lavage fluid of
mice exposed to PM [18, 26, 29, 30]. Furthermore, it has previously been
reported that the inflammatory response may differ according to the type
of PM [30, 80, 81, 82]. For instance, PM0.1 induces grater eosinophilic



Table 5. Main immunological results in murine, rat, and neutrophil culture models exposed to air pollutants.

Murine models

C57BL6/J mice BALB/c mice Type of pollutant

Increased neutrophils in blood and lung tissue,
accompanied by other cell types such as
macrophages, monocytes, eosinophils, and
lymphocytes [26, 27, 28, 29]

Increased neutrophils in blood and lung tissue,
accompanied by other cell types such as
macrophages, monocytes, eosinophils, and
lymphocytes [30, 31, 32, 33]

Particulate matter (PM10, PM2.5, PM0.1), and DEP.

Increased pro-inflammatory cytokines (mRNA and
protein)* [29, 34, 35]

Increased pro-inflammatory cytokines (mRNA and
protein)* [5, 31, 36]

Cigarette smoke and Particulate matter (PM10,
PM2.5).

Increased oxidative stress** [37, 38] Increased oxidative stress** [39, 40] ROFA, Diesel, DEP, and PM10

Increased expression of plasminogen-1 activator
inhibitor (PAI-1), Saa3, and CRP [5, 41]

Increased release of LDH (lactate dehydrogenase),
alkaline phosphatase, and Saa3 [42] [5] [43].

Particulate matter (PM2.5, PM10), DEP, O3 and
tobacco smoke.

Inflammatory infiltration and lung tissue damage
[34, 37]

Inflammatory infiltration and lung tissue damage
[27, 44, 45]

PM2.5, ROFA, and DEP.

Rat Models

Sprague-Dawley Rats Wistar Rats

Increased neutrophils in blood and lung tissue,
accompanied by other cell types such as
macrophages, monocytes, eosinophils, and
lymphocytes [21, 46, 47, 48]

Increased neutrophils in blood and lung tissue,
accompanied by other cell types such as
macrophages, monocytes, eosinophils, and
lymphocytes [49, 50, 51, 52]

Particulate matter (PM10, PM2.5, PM0.1)
DEP, CFA, and O3

Increase in pro-inflammatory cytokines (mRNA and
protein) [46, 53, 54]

Increase in pro-inflammatory cytokines (mRNA and
protein) [50, 55, 56]

DEP, CAP, ROFA, O3, and PM10.

Increased oxidative stress [57, 58, 59] Increased oxidative stress [50, 51, 60] Particulate matter (PM10, PM2.5, PM0.1), DEP, and
secondary organic aerosols (SOA).

Increased expression of CRP [61].
Increased release of LDH (lactate dehydrogenase)
[47, 48, 53]

Increased release of LDH (lactate dehydrogenase),
γ-glutamyl transferase (GGT), and n-acetyl
glucosaminidase (NAG) [50, 51]

Particulate matter (PM10, PM2.5, PM0.1), and CAP.

Inflammatory infiltration and lung tissue damage
[21, 48, 54]

Inflammatory infiltration and lung tissue damage
[56, 62, 63]

CFA, Particulate matter (PM10, PM2.5), ROFA, and
DEP.

Primary neutrophils culture

Human primary neutrophils Murine primary neutrophils

Increase in pro-inflammatory cytokines [64] Increase in pro-inflammatory cytokines [19]
Reduction of the TNFα production [65]

Particulate matter (PM10, PM2.5, PM0.1)

Production of free oxygen radicals (ROS) [13, 64,
66, 67]

Decreased expression of iNOS and NADPH oxidase
components [65]

Particulate matter (PM10, PM2.5, PM0.1).

Eicosanoid enhancement (LTB4, LTC4, and PGE2)
[64]

Reduction in STAT1 activation [65] Particulate matter (PM10, PM2.5, PM0.1).

* Some reports indicate a decrease in pro-inflammatory cytokines.
** Some reports indicate a decrease in oxidative stress.
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inflammatory effect than PM2.5 [83], and also show increased potential
for vascular dysfunction and heart damage [81]. Further, Cho et al. [81]
observed an increased number of neutrophils in CD-1 mice exposed to
PM10 compared to those exposed to PM2.5 and PM0.1 [81]. These results
could be associated with chemical agents present in PM10 such as Al, Fe,
Si, Cu and Ti [84, 85], and higher levels of endotoxin [80, 81, 86] in
comparison with other PM [80].

On the other hand, it has been reported that PM stimulates ROS
production and release in resting neutrophils, causing tissue damage,
thus initiating, or exacerbating the inflammatory response [64, 87]
(Figure 3). By the way, Miyake et al. found that endocytosis of neutro-
phils was involved in the triggering of ROS production. However, these
cells endocytosed PM2.5, but not PM10 [88], suggesting that oxidative
response differed according to the type of PM [84, 88]. In this regard, it
was identified that PM10 was more potent in inducing cytokines but not
ROS than PM2.5 and PM0.1 [84]. In contrast, Li et al. identified the
oxidative properties of PM10 by increased lactate dehydrogenase con-
centrations in BALF of syngeneic Wistar-derived rats [89]. These appar-
ently contradictory results indicate that the oxidative stress in response to
exposure to PM10 was different from that induced by PM2.5, the latter
being dependent on neutrophil endocytosis.

With respect to cytokine profiling, in vitro and in vivo studies suggest
that IL-6, TNF-α and keratinocyte chemoattractant (KC) may represent
key mediators of the inflammatory response induced by PM exposure
7

[20, 25, 90, 91]. Particularly, Vieira et al. found an association between
the cytokines release and the recruitment and activation of neutrophils in
the BALF of BALB/c mice exposed to PM [90]. Van der Toorn et al. [92]
reported that PM induced an increase in cytokines such as MIP-1α
(macrophage inflammatory protein-1α), MCP-1 (monocyte chemotactic
protein-1), KC, IL-5, and GM-CSF (granulocyte-macrophage colony
stimulating factor) in the lungs of BALB/c mice [92]. Besides, Hitzfeld
et al. [67] demonstrated that exposure to PM caused the release of IL-8 by
neutrophils, inducing the accumulation of these cells at the sites of
inflammation due to an autocrine mechanism [67](Figure 3). This
cytokine was also released in the human bronchial epithelial cells [25]
and the human nasal septum cells [91], indicating its important role in
recruiting neutrophils in tissues affected by PM. Additional to the above,
exposure to SO2 in C57BL/6J mice induced infiltration of neutrophils in
the alveolar space and release of cytokines such as TNF-α, IL-1β and IL-6.
This stimulates the bone marrow stromal cells (mainly adipocytes) and
regulates hematopoiesis. As result, alterations of the blood cell counts are
observed in leukocytes, erythrocytes and platelets [93].

Besides, previous studies have shown a negative correlation between
PM10 and O3 [94], reflecting the importance of research studying the
effect of contaminants other than PM. The exposure to O3 caused the
infiltration of neutrophils, macrophages, lymphocytes and eosinophils
into the lungs of rabbits [95], mice [96] and rats [97, 98]. Also, Bosson
et al. [88] found that O3 exposure enhanced MPO (Myeloperoxidase)



Figure 3. Immunological effects of PM, on neutrophil activation, and pulmonary and systemic homeostasis. Inhalation and deposition of PM in the lungs trigger
inflammatory responses leading to the release of inflammatory cytokines (MCP-1, MIP-1α, MIP-2, GM-CSF, KC, IL-6 and IL-1β); and recruitment of innate immune cells
(neutrophils, macrophages, lymphocytes and eosinophils). Neutrophil activation (degranulation, phagocytosis and NETs) induces the production of ROS and the
release of inflammatory mediators. These cellular mechanisms also promote changes at the pulmonary level, including increased oxidative stress, and cellular
cytotoxicity with LDH release. These events are associated with increased circulating levels of adhesion molecules, inflammatory mediators (MPO and ET-1), cyto-
kines, increased platelet activity and vascular permeability. Together, these responses favor the development of pulmonary diseases such as COPD, lung cancer,
pneumonia and bronchial asthma; and systemic inflammatory responses that are related to pathologies such as atherosclerosis, thrombosis, insulin resistance and
heart failure.
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release in induced sputum [88]. These findings suggested that the acti-
vated neutrophils induced MPO release, and ROS production, causing
cell damage [88, 99].

Regarding aerosol and volatiles, there was a limitation in the number
of studies. However, the in vivo toxicity resulting from secondary organic
aerosols exposure evidenced ROS generation and lung inflammation
[59]. Likewise, prolonged exposure to SO2 caused chronic lung inflam-
mation and pulmonary fibrosis in mice [93]. Moreover, a study evalu-
ating the effect of nicotine present in electronic cigarettes showed higher
levels of neutrophils and alveolar macrophages in bronchoalveolar
lavage fluid of SR rats than in unexposed rats [100]. Contrary to what
was observed for other pollutants, exposure to ZnSO4 was not associated
with a change in the number of macrophages or neutrophils [101].
Therefore, although the evidence indicates that exposure to these pol-
lutants affects the respiratory system, given that those pollutants can be
generated from different sources of emission, complementary studies are
still required.

Furthermore, the evidence indicates that PM exposuremay contribute
to morbidity and mortality from cardiac diseases. The proposed mecha-
nisms include increased oxidant production, direct cardiac effects, and
systemic mediators leading to cardiac responses [102]. Farina et al. [103]
demonstrated that the inflammatory response in the lungs after exposure
of BALB/c mice to PM10, is also associated with translocation of in-
flammatory mediators like as MPO and ET-1, from the lungs to the
bloodstream, thus triggering systemic and cardiac effects. On the other
hand, ET-1, a marker of inflammation implicated in the progression of
cardiovascular diseases, has been found to be increased in plasma and
cardiac tissue of rats exposed to O3 and diesel exhaust particles [104,
105, 106]. The increased oxidative stress, limited antioxidative
8

compensation and cytotoxic potential of PM have been implicated in the
pathogenesis of cardiovascular diseases in humans and animal models,
including those with systemic hypertension and other complications such
as atherosclerosis, stroke, andmyocardial infarction [107, 108]. Previous
studies have reported an increase in blood neutrophils and an attenuated
antioxidant response in rats exposed to residual oil fly ash (ROFA) [109],
showing PM-induced cardiophysiological changes such as acute depres-
sion in ST-segment area of electrocardiography [102]. It has been re-
ported that neutrophil activation (with the expression of inflammatory
cytokines, and adhesion molecules) induces endothelial dysfunction
through ROS formation, and increased vascular permeability, thus
resulting in structural damage of the arterial wall with smooth muscle
cell proliferation, and atherosclerotic plaque formation [110, 111, 112].
Exacerbation of vascular oxidative stress in ApoE �/� mice exposed to
PM has been reported, which enhanced vascular inflammation and
atherosclerosis [113]. Further, a study by Haberzettl et al. [114] showed
that exposition of mice to PM2.5 suppressed endothelial
insulin-stimulated nitric oxide synthase (eNOS) phosphorylation and
suppresses vascular insulin signaling, thus suggesting that vascular in-
sulin resistance could be one such “sensitive” target of PM2.5 that in turn
affects processes such as tissue perfusion, endothelial function, and
atherogenesis [115, 116, 117]. The suppression of insulin-stimulated
phosphorylation of eNOS results in alteration of the vascular tone,
thrombosis, and atherogenesis [115, 117, 118]. Collectively, these
changes could increase cardiovascular risk and mortality in humans
exposed to PM.

In addition to oxidative stress and neutrophilic inflammation, PM
exposure has been associated with activation of the coagulation and
fibrinolytic system [119, 120]. Cascio et al [121] found, in a mouse
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model, that after exposure to ultrafine particulate matter (UFP) there was
an increase in the platelets, plasma fibrinogen, and soluble P-selectin
levels, with reduced bleeding time, implying an increased thrombogenic
potential. Increased expression of adhesion molecules by pulmonary
capillary endothelium in hypertensive rats exposed to ROFA induces
neutrophil migration and activation that consequently alter fibrin
degradation and stimulate fibrinogen synthesis, ultimately leading to
hyperfibrinogenemia [109]. Aberrant fibrinogen increase is a risk factor
for cardiovascular disease in humans as by increasing blood viscosity,
recruits platelets, and promotes thrombi [122].

While several studies have reported the link between cardiopulmo-
nary mortality and exposure to air pollution, few reports have focused on
the central nervous system (CNS). In BALB/c mice exposed to ultrafine
particles, increased brain biomarkers of oxidative stress and tissue injury
have been observed [123]. Similarly, the acute O3 exposure in mice in-
duces neurological issues and an increase in infiltrating neutrophils
[124]. A study found that Alzheimer's and Parkinson's patients have
significantly elevated levels of neutrophil-mediated oxidative stress
compared with healthy donors [125]. As neutrophils are potent pro-
ducers of ROS, including those in response to PM exposure, these cells
could induce an oxidative imbalance and consequent oxidative injury to
neighboring tissues, thus contributing to the pathogenesis of neurode-
generative disorders [124]. However, additional research should address
the effects of neutrophil activation following exposure to air pollution
and the related effects on neuroinflammation and neurotoxicity.

Recent studies link neutrophils as one of the most important players
in the effects of pollutant exposure and cancer development. Rocks et al.
[126] demonstrated that O3 exposure greatly facilitates lung metastasis
by inducing tissue injury and neutrophilic inflammation in a mouse
model. Furthermore, O3 exposure influences metastasis and activates the
release of neutrophil extracellular traps (NETs) that favor tumor cell
colonization in the lungs. However, there are limited studies that focus
on evaluating this effect in the presence of PM, therefore, the cellular and
molecular mechanisms linking neutrophils to cancer development and
progression in relation to PM exposure should be further explored. This
may be an important explanation for the epidemiological correlation
between exposure to environmental pollutants and high rates of hospi-
talization and mortality from cardiovascular complications [110, 111].

Preclinical study models, also called basic medical research, include
experiments on animals, cellular studies, among others that seek to
clarify biochemical, genetic, physiological, or immunological mecha-
nisms for various purposes such as improving analytical, diagnostic, or
therapeutic processes, as well as consolidating (and in some cases dis-
carding) scientific knowledge that is indispensable for the subsequent
development of research on patients. Animal models make it possible to
visualize the neutrophil-mediated immune response in a physiologically
relevant environment that includes cellular interactions or specific sig-
nals that can be evaluated by in vitromodels [127, 128]. In this review, it
was evidenced that most of the studies included an in vivo model, in
which mainly mice and rats were used. This trend has been maintained
over time. It is worth mentioning that, since the 20th century, mice have
represented a key element in the investigation of the immune response
[129]. Moreover, given the metabolic and physiological similarities be-
tween humans and rats, the latter are widely used in immunological,
pharmacological, and toxicological studies [130]. Nonetheless, primary
research and characterization of leukocyte subpopulations in this species
are less well known than for research in mouse models, limiting the
development of complex immunological studies [131].

Although the use of animal models has been a critical element in
biomedical research, it implies high costs and strict ethical consider-
ations, which restrict their use [132]. With this limitation, the in vitro
models represent a useful tool in the study of the effect of environmental
contamination; although, in this model, in particular, there are different
factors such as the concentration of the contaminants that can limit the
conclusive and comparable information between the different studies
[133]. Besides, few differences have been reported in the neutrophil's
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markers, depending on the mice or rat strain, because those different
types of animals show differences in adaptive immunity, without
affecting the innate immunity cells. In this sense, the PM concentrations
that demonstrate a significant effect in vitro can be greater than the PM
density that reaches the respiratory tract. Despite the above, these
problems can also occur in animal models, so the use of in vitro models
remains relevant [133].

In this work, primary cultures were the main in vitro models used in
the studies. However, there were a limited number of in vitro studies that
used neutrophils as a cellular model. Their selection instead of the cell
line could be because the genetic manipulation of the cell lines can alter
their phenotype, functionality, and capacity of response to stimuli, so it is
possible that they do not adequately represent the primary cells and
could provide deleterious results [134]. The general recommendations
for in vitro experiments should be the use of primary human neutrophils,
which can be easily obtained, compared with animal cells.

In general, this review showed high heterogeneity in the type of
model used in the studies to evaluate the effect of air pollution, which
may represent a limitation for the passage to clinical studies since it is
difficult to determine the consistency of the results and the selection of
the most significant exposures [135]. However, the identification of
biological markers, that explain the effects of air pollutants is important
itself, as provides information for experimental design looking for the
understanding of molecular mechanisms. Besides, limited information
was found on Ozone, SO2 and ZnSO4, evidencing the need to increase
research focused on these pollutants.

Considering the studied outcomes, it is clear the natural change in the
methodologies, promoted by the advances in molecular techniques,
multiplex assays, and modern biochemical and immunological tools that
allow, besides the classic measurements of cellular counts, functional
aspects of them, including respiratory explosion and transcriptional
expression of cytokines and other inflammatory factors, among others.
These newmeasurements provide new information regarding the state of
cell activation and the magnitude of the immune response in response to
airborne contaminants, which could explain the alterations observed in
the long term in individuals exposed to airborne contaminants, including
increased susceptibility to infectious diseases of the respiratory tract.

Consistent with the characteristics of Cochrane's broad approach, we
must declare some intrinsic limitations to this type of review, such as the
impossibility of delving into the findings of some hypotheses on specific
immunological outcomes or the mechanisms of damage of PM, especially
those associated to the activity of the neutrophils.

5. Conclusions

The analysis of the studies and their heterogeneity allows us to
recommend practical options that can be unified in future studies to
obtain comparable data to move on to clinical studies, which will support
the epidemiological observations widely reported in the area. These
recommendations include the use of primary cultures of human neutro-
phils, considering that human donors' genetic variability allows a precise
approximation to the expected results in the general population.
Regarding the outcomes, the measurement of pro-inflammatory cyto-
kines, either at the protein level in culture supernatants and BALF, by
ELISA, or mRNA by RT-PCR, are widely used measures that allow
building meta-analysis and understanding of global variations in
response to contaminants found in different latitudes. Secondly, there is
the use of BALBc or C57BL6/J murine models (understanding that it is
not available in all research entities), and in this, the histopathological
analyses (infiltrates counts and lung damage measures) that allow un-
derstanding of the expected immunopathological potential in the human
population exposed to air pollutants.

Finally, the studies included in this review suggest that environ-
mental pollutants induced neutrophil recruitment as the first sign of
inflammation. The effect of neutrophils depended on the type, concen-
tration and size of the PM particles. These cells release pro-inflammatory
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cytokines and ROS that cause damage to lung tissue and contributes to
the systemic inflammatory response related to cardiovascular diseases.
The importance of future research to clearly establish the relationship
between neutrophilic activation after exposure to air pollutants with the
development of cancer and neurodegenerative diseases was also identi-
fied. Future studies with potential for clinical approaches include the use
of primary cells, especially those obtained from pulmonary samples, such
as bronchoalveolar lavages in human populations from different
geographical areas with monitoring programs for air pollution. However,
basic experimental studies are still incipient, indicating the need to
improve and increase these investigations before the studies in human
populations.

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Data availability statement

Data associated with this study has been deposited at https://doi.org/
10.6084/m9.figshare.13140176.v1.

Funding statement

This work was supported by UNIVERSIDAD COOPERATIVA DE
COLOMBIA, and MINCIENCIAS, grant number (141580763047).

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

Supplementary content related to this article has been published
online at https://doi.org/10.1016/j.heliyon.2022.e08778.

Acknowledgements

Not applicable.

References

[1] R.D. Arias-P�erez, N.A. Taborda, D.M. G�omez, J.F. Narvaez, J. Porras,
J.C. Hernandez, Inflammatory effects of particulate matter air pollution, Environ.
Sci. Pollut. Res. (2020) 1–15.

[2] C.A. Pope, M.L. Hansen, R.W. Long, K.R. Nielsen, N.L. Eatough, W.E. Wilson,
D.J. Eatough, Ambient particulate air pollution, heart rate variability, and blood
markers of inflammation in a panel of elderly subjects, Environ. Health Perspect.
112 (2004) 339–345.

[3] M.C. Loaiza-Ceballos, D. Marin-Palma, W. Zapata, J.C. Hernandez, Viral
respiratory infections and air pollutants, Air Qual. Atmos. Heal. (2021).

[4] EPA, Particulate Matter (PM), Basics | particulate matter (PM) pollution | US EPA,
Air Pollut. 2 (2016). https://www.epa.gov/pm-pollution/particulate-matter-pm-
basics#PM. (Accessed 26 May 2020).

[5] P. Mantecca, F. Farina, E. Moschini, D. Gallinotti, M. Gualtieri, A. Rohr, G. Sancini,
P. Palestini, M. Camatini, Comparative acute lung inflammation induced by
atmospheric PM and size-fractionated tire particles, Toxicol. Lett. 198 (2010)
244–254.

[6] J.T. Zelikoff, L.C. Chen, M.D. Cohen, K. Fang, T. Gordon, Y. Li, C. Nadziejko,
R.B. Schlesinger, Effects of inhaled ambient particulate matter on pulmonary
antimicrobial immune defense, Inhal. Toxicol. 15 (2003) 131–150.

[7] D.M. G�omez-Gallego, J.C. Hern�andez, J.A.M. la Ossa, Efectos adversos de la
exposici�on prenatal al material particulado del aire sobre el feto y el reci�en nacido,
Iatreia 1 (2021).

[8] O. Hahad, J. Lelieveld, F. Birklein, K. Lieb, A. Daiber, T. Münzel, Ambient air
pollution increases the risk of cerebrovascular and neuropsychiatric disorders
through induction of inflammation and oxidative stress, Int. J. Mol. Sci. 21 (2020)
1–24.
10
[9] A. Daiber, M. Kuntic, O. Hahad, L.G. Delogu, S. Rohrbach, F. Di Lisa, R. Schulz,
T. Münzel, Effects of air pollution particles (ultrafine and fine particulate matter)
on mitochondrial function and oxidative stress – implications for cardiovascular
and neurodegenerative diseases, Arch. Biochem. Biophys. 696 (2020) 108662.

[10] M.M. Patel, J.W. Quinn, K.H. Jung, L. Hoepner, D. Diaz, M. Perzanowski,
A. Rundle, P.L. Kinney, F.P. Perera, R.L. Miller, Traffic density and stationary
sources of air pollution associated with wheeze, asthma, and immunoglobulin E
from birth to age 5 years among New York City children, Environ. Res. 111 (2011)
1222–1229.

[11] B. Leclercq, J. Kluza, S. Antherieu, J. Sotty, L.Y. Alleman, E. Perdrix, A. Loyens,
P. Coddeville, J.M. Lo Guidice, P. Marchetti, G. Garçon, Air pollution-derived
PM2.5 impairs mitochondrial function in healthy and chronic obstructive
pulmonary diseased human bronchial epithelial cells, Environ. Pollut. 243 (2018)
1434–1449.

[12] D.J. Wooding, M.H. Ryu, H. Li, N.E. Alexis, O. Pena, C. Carlsten, Acute air
pollution exposure alters neutrophils in never-smokers and at-risk humans, Eur.
Respir. J. 55 (2020).

[13] M.P. Sierra-Vargas, A.M. Guzman-Grenfell, S. Blanco-Jimenez, J.D. Sepulveda-
Sanchez, R.M. Bernabe-Cabanillas, B. Cardenas-Gonzalez, G. Ceballos, J.J. Hicks,
Airborne particulate matter PM2.5 from Mexico City affects the generation of
reactive oxygen species by blood neutrophils from asthmatics: an in vitro
approach, J. Occup. Med. Toxicol. 4 (2009) 17.

[14] B. Hu, B. Tong, Y. Xiang, S.R. Li, Z.X. Tan, H.X. Xiang, L. Fu, H. Wang, H. Zhao,
D.X. Xu, Acute 1-NP exposure induces inflammatory responses through activating
various inflammatory signaling pathways in mouse lungs and human A549 cells,
Ecotoxicol. Environ. Saf. 189 (2020), 109977.

[15] S. Chen, R. Yin, K. Mutze, Y. Yu, S. Takenaka, M. K€onigshoff, T. Stoeger, No
involvement of alveolar macrophages in the initiation of carbon nanoparticle
induced acute lung inflammation in mice, Part, Fibre Toxicol. 13 (2016).

[16] L.S. Van Winkle, K. Bein, D. Anderson, K.E. Pinkerton, F. Tablin, D. Wilson,
A.S. Wexler, Biological dose response to PM2.5: effect of particle extraction
method on platelet and lung responses, Toxicol. Sci. 143 (2015) 349–359.

[17] K.C. Day, M.D. Reed, J.D. McDonald, S.K. Seilkop, E.G. Barrett, Effects of gasoline
engine emissions on preexisting allergic airway responses in mice, Inhal. Toxicol.
20 (2008) 1145–1155.

[18] F. Farina, G. Sancini, C. Battaglia, V. Tinaglia, P. Mantecca, M. Camatini,
P. Palestini, Milano summer particulate matter (PM10) triggers lung inflammation
and extra pulmonary adverse events in mice, PLoS One 8 (2013).

[19] T. Miyake, D. Wang, H. Matsuoka, K. Morita, H. Yasuda, K. Yatera, T. Kanazawa,
Y. Yoshida, Endocytosis of particulate matter induces cytokine production by
neutrophil via Toll-like receptor 4, Int. Immunopharm. 57 (2018) 190–199.

[20] M. van der Toorn, D.J. Slebos, H.G. de Bruin, R. Gras, D. Rezayat, L. Jorge,
K. Sandra, A.J.M. van Oosterhout, Critical role of aldehydes in cigarette smoke-
induced acute airway inflammation, Respir, Res. 14 (2013) 45.

[21] K.R. Smith, J.M. Veranth, U.P. Kodavanti, A.E. Aust, K.E. Pinkerton, Acute
pulmonary and systemic effects of inhaled coal fly ash in rats: comparison to
ambient environmental particles, Toxicol. Sci. 93 (2006) 390–399.

[22] C.D. Mills, K. Kincaid, J.M. Alt, M.J. Heilman, A.M. Hill, M-1/M-2 macrophages
and the Th1/Th2 paradigm, J. Immunol. 164 (2000) 6166–6173.

[23] S.M. Jankovic, B. Kapo, A. Sukalo, I. Masic, Evaluation of published preclinical
experimental studies in medicine: methodology issues, Med. Arch. 73 (2019)
298–302.

[24] I. Masic, S.M. Jankovic, Meta-analysing methodological quality of published
research: importance and effectiveness, Stud. Health Technol. Inf. 272 (2020)
229–232.

[25] D. O’Connor, S. Green, J.P. Higgins, 5 Defining the Review Question and
Developing Inclusion Criteria (n.d.), https://handbook-5-1.cochrane.org/cha
pter_5/5_defining_the_review_question_and_developing_criteria_for.htm. (Accessed
17 September 2020).

[26] K.M. Bendtsen, A. Brostrøm, A.J. Koivisto, I. Koponen, T. Berthing, N. Bertram,
K.I. Kling, M. Dal Maso, O. Kangasniemi, M. Poikkim€aki, K. Loeschner,
P.A. Clausen, H. Wolff, K.A. Jensen, A.T. Saber, U. Vogel, Airport emission
particles: exposure characterization and toxicity following intratracheal
instillation in mice, Part, Fibre Toxicol. 16 (2019) 23.

[27] W. Li, T. Liu, Y. Xiong, J. Lv, X. Cui, R. He, Diesel exhaust particle promotes tumor
lung metastasis via the induction of BLT1-mediated neutrophilic lung
inflammation, Cytokine 111 (2018) 530–540.

[28] C.S. Weldy, C.C. White, H.W. Wilkerson, T.V. Larson, J.A. Stewart, S.E. Gill,
W.C. Parks, T.J. Kavanagh, Heterozygosity in the glutathione synthesis gene Gclm
increases sensitivity to diesel exhaust particulate induced lung inflammation in
mice, Inhal. Toxicol. 23 (2011) 724–735.

[29] L. Wang, J. Xu, H. Liu, J. Li, H. Hao, PM2.5 inhibits SOD1 expression by up-
regulating microRNA-206 and promotes ROS accumulation and disease
progression in asthmatic mice, Int. Immunopharm. 76 (2019) 105871.

[30] T.C. Wegesser, J.A. Last, Lung response to coarse PM: bioassay in mice, Toxicol.
Appl. Pharmacol. 230 (2008) 159–166.

[31] J. Zhang, C.C. Fulgar, T. Mar, D.E. Young, Q. Zhang, K.J. Bein, L. Cui,
A. Castaneda, C.F.A. Vogel, X. Sun, W. Li, S. Smiley-Jewell, Z. Zhang,
K.E. Pinkerton, TH17-induced neutrophils enhance the pulmonary allergic
response following balb/c exposure to house dust mite allergen and fine
particulate matter from California and China, Toxicol. Sci. 164 (2018) 627–643.

[32] K.L. Huang, S.Y. Liu, C.C.K. Chou, Y.H. Lee, T.J. Cheng, The effect of size-
segregated ambient particulate matter on Th1/Th2-like immune responses in
mice, PLoS One 12 (2017).

[33] G.R. Zosky, C.E. Boylen, R.S. Wong, M.N. Smirk, L. Guti�errez, R.C. Woodward,
W.S. Siah, B. Devine, F. Maley, A. Cook, Variability and consistency in lung

https://doi.org/10.6084/m9.figshare.13140176.v1
https://doi.org/10.6084/m9.figshare.13140176.v1
https://doi.org/10.1016/j.heliyon.2022.e08778
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref1
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref2
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref3
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref3
https://www.epa.gov/pm-pollution/particulate-matter-pm-basics#PM
https://www.epa.gov/pm-pollution/particulate-matter-pm-basics#PM
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref5
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref6
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref7
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref8
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref9
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref10
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref11
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref12
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref13
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref14
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref15
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref16
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref17
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref18
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref19
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref20
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref20
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref20
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref21
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref22
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref23
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref24
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref24
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref24
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref24
https://handbook-5-1.cochrane.org/chapter_5/5_defining_the_review_question_and_developing_criteria_for.htm
https://handbook-5-1.cochrane.org/chapter_5/5_defining_the_review_question_and_developing_criteria_for.htm
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref26
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref27
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref28
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref29
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref29
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref29
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref30
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref30
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref30
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref31
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref32
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33


A. Valderrama et al. Heliyon 8 (2022) e08778
inflammatory responses to particles with a geogenic origin, Respirology 19 (2014)
58–66.

[34] S. Jeong, S.A. Park, I. Park, P. Kim, N.H. Cho, J.W. Hyun, Y.M. Hyun, PM2.5
exposure in the respiratory system induces distinct inflammatory signaling in the
lung and the liver of mice, J. Immunol. Res. 2019 (2019).

[35] G. John, K. Kohse, J. Orasche, A. Reda, J. Schnelle-Kreis, R. Zimmermann,
O. Schmid, O. Eickelberg, A.€O. Yildirim, The composition of cigarette smoke
determines inflammatory cell recruitment to the lung in COPD mouse models,
Clin. Sci. 126 (2014) 207–221.

[36] Y. Zhao, H. Zhang, X. Yang, Y. Zhang, S. Feng, X. Yan, Fine particulate matter (PM
2.5) enhances airway hyperresponsiveness (AHR) by inducing necroptosis in
BALB/c mice, Environ. Toxicol. Pharmacol. 68 (2019) 155–163.

[37] C.M. Prado, R.F. Righetti, F. Lopes, E.A. Leick, F.M. Arantes-Costa, F.M. de
Almeida, P.H.N. Saldiva, T. Mauad, I. Tib�erio, M.A. Martins, iNOS inhibition
reduces lung mechanical alterations and remodeling induced by particulate matter
in mice, Pulm. Med. 2019 (2019) 4781528.

[38] N.K. Fukagawa, M. Li, M.E. Poynter, B.C. Palmer, E. Parker, J. Kasumba,
B.A. Holm�en, Soy biodiesel and petrodiesel emissions differ in size, chemical
composition and stimulation of inflammatory responses in cells and animals,
Environ. Sci. Technol. 47 (2013) 12496–12504.

[39] A. Nemmar, S. Al-Salam, P. Yuvaraju, S. Beegam, B.H. Ali, Emodin mitigates diesel
exhaust particles-induced increase in airway resistance, inflammation and
oxidative stress in mice, Respir. Physiol. Neurobiol. 215 (2015) 51–57.

[40] F. Farina, G. Sancini, C. Battaglia, V. Tinaglia, P. Mantecca, M. Camatini,
P. Palestini, Milano summer particulate matter (PM10) triggers lung inflammation
and extra pulmonary adverse events in mice, PLoS One 8 (2013).

[41] J. Emmerechts, E. Alfaro-Moreno, B.M. Vanaudenaerde, B. Nemery,
M.F. Hoylaerts, Short-term exposure to particulate matter induces arterial but not
venous thrombosis in healthy mice, J. Thromb. Haemostasis 8 (2010) 2651–2661.

[42] L. Hardaker, P. Bahra, B.C. de Billy, M. Freeman, N. Kupfer, D. Wyss, A. Trifilieff,
The ion channel transient receptor potential melastatin-2 does not play a role in
inflammatory mouse models of chronic obstructive pulmonary diseases, Respir.
Res. 13 (2012) 30.

[43] M.A. Erickson, J. Jude, H. Zhao, E.M. Rhea, T.S. Salameh, W. Jester, S. Pu,
J. Harrowitz, N. Nguyen, W.A. Banks, R.A. Panettieri, K.L. Jordan-Sciutto, Serum
amyloid A: an ozone-induced circulating factor with potentially important
functions in the lung-brain axis, Faseb. J. 31 (2017) 3950–3965.

[44] K. Gowdy, Q.T. Krantz, M. Daniels, W.P. Linak, I. Jaspers, M.I. Gilmour,
Modulation of pulmonary inflammatory responses and antimicrobial defenses
in mice exposed to diesel exhaust, Toxicol. Appl. Pharmacol. 229 (2008)
310–319.

[45] M. He, T. Ichinose, S. Yoshida, T. Ito, C. He, Y. Yoshida, K. Arashidani, H. Takano,
G. Sun, T. Shibamoto, PM2.5-induced lung inflammation in mice: differences of
inflammatory response in macrophages and type II alveolar cells, J. Appl. Toxicol.
37 (2017) 1203–1218.

[46] A.J. Ghio, J.H. Richards, J.D. Carter, M.C. Madden, Accumulation of iron in the rat
lung after tracheal instillation of diesel particles, Toxicol. Pathol. 28 (2000)
619–627.

[47] J.A. Dye, J.R. Lehmann, J.K. McGee, D.W. Winsett, A.D. Ledbetter, J.I. Everitt,
A.J. Ghio, D.L. Costa, Acute pulmonary toxicity of particulate matter filter extracts
in rats: coherence with epidemiologic studies in Utah valley residents, Environ.
Health Perspect. 109 (2001) 395–403.

[48] E.R. Wilfong, M. Lyles, R.L. Rietcheck, D.P. Arfsten, H.J. Boeckman, E.W. Johnson,
T.L. Doyle, G.D. Chapman, The acute and long-term effects of Middle East sand
particles on the rat airway following a single intratracheal instillation, J. Toxicol.
Environ. Health Part A. 74 (2011) 1351–1365.

[49] U.P. Kodavanti, R.F. Thomas, A.D. Ledbetter, M.C. Schladweiler, V. Bass,
Q.T. Krantz, C. King, A. Nyska, J.E. Richards, D. Andrews, M.I. Gilmour, Diesel
exhaust induced pulmonary and cardiovascular impairment: the role of
hypertension intervention, Toxicol. Appl. Pharmacol. 268 (2013) 232–240.

[50] X.Y. Li, P.S. Gilmour, K. Donaldson, W. MacNee, Free radical activity and pro-
inflammatory effect of particulate air pollution (PM10) in vivo and in vitro,
Thorax 51 (1996) 1216–1222.

[51] X.Y. Li, P.S. Gilmour, K. Donaldson, W. MacNee, In vivo and in vitro
proinflammatory effects of particulate air pollution (PM10), Environ. Health
Perspect. 105 (Suppl) (1997) 1279–1283.

[52] W.O. Ward, A.D. Ledbetter, M.C. Schladweiler, U.P. Kodavanti, Lung
transcriptional profiling: insights into the mechanisms of ozone-induced
pulmonary injury in Wistar Kyoto rats, Inhal. Toxicol. 27 (2015) 80–92.

[53] Y.C. Lei, C.C. Chan, P.Y. Wang, C. Te Lee, T.J. Cheng, Effects of Asian dust event
particles on inflammation markers in peripheral blood and bronchoalveolar lavage
in pulmonary hypertensive rats, Environ. Res. 95 (2004) 71–76.

[54] U.P. Kodavanti, M.C. Jackson, A.D. Ledbetter, J.R. Richards, S.Y. Gardner,
W.P. Watkinson, M.J. Campen, D.L. Costa, Lung injury from intratracheal and
inhalation exposures to residual oil fly ash in a rat model of monocrotaline-
induced pulmonary hypertension, J. Toxicol. Environ. Health Part A. 57 (1999)
543–563.

[55] A.R. Henriquez, S.J. Snow, M.C. Schladweiler, C.N. Miller, J.A. Dye,
A.D. Ledbetter, M.M. Hargrove, J.E. Richards, U.P. Kodavanti, Exacerbation of
ozone-induced pulmonary and systemic effects by β2-adrenergic and/or
glucocorticoid receptor agonist/s, Sci. Rep. 9 (2019) 17925.
11
[56] F.R. Cassee, A.J.F. Boere, P.H.B. Fokkens, D.L.A.C. Leseman, C. Sioutas,
I.M. Kooter, J.A.M.A. Dormans, Inhalation of concentrated particulate matter
produces pulmonary inflammation and systemic biological effects in compromised
rats, J. Toxicol. Environ. Health Part A. 68 (2005) 773–796.

[57] S. Yokota, M. Furuya, T. Seki, H. Marumo, N. Ohara, A. Kato, Delayed
exacerbation of acute myocardial ischemia/reperfusion-induced arrhythmia by
tracheal instillation of diesel exhaust particles, Inhal. Toxicol. 16 (2004) 319–331.

[58] J. Liu, Y. Yang, X. Zeng, L. Bo, S. Jiang, X. Du, Y. Xie, R. Jiang, J. Zhao, W. Song,
Investigation of selenium pretreatment in the attenuation of lung injury in rats
induced by fine particulate matters, Environ. Sci. Pollut. Res. 24 (2017)
4008–4017.

[59] T.D. da Silva, V. Barnab�e, A.L. Ricci-Vitor, V. Papapostolou, M. Tagle,
A. Henriquez, J. Lawrence, S. Ferguson, J.M. Wolfson, P. Koutrakis, P. Oyola,
C. Ferreira, L.C. de Abreu, C.B.M. de Monteiro, J.J. Godleski, Secondary particles
formed from the exhaust of vehicles using ethanol-gasoline blends increase the
production of pulmonary and cardiac reactive oxygen species and induce
pulmonary inflammation, Environ. Res. 177 (2019).

[60] J.D. Mcdonald, M. Doyle-Eisele, A. Gigliotti, R.A. Miller, S. Seilkop, J.L. Mauderly,
J. Seagrave, J. Chow, B. Zielinska, Part 1. Biologic responses in rats and mice to
subchronic inhalation of diesel exhaust from U.S. 2007-compliant engines: report
on 1-, 3-, and 12-month exposures in the ACES bioassay, Res. Rep. Health. Eff.
Inst. (2012) 9–120.

[61] J.E. Clougherty, C.A. Rossi, J. Lawrence, M.S. Long, E.A. Diaz, R.H. Lim,
B. McEwen, P. Koutrakis, J.J. Godleski, Chronic social stress and susceptibility to
concentrated ambient fine particles in rats, Environ. Health Perspect. 118 (2010)
769–775.

[62] D.H. Rodriguez Ferreira Rivero, S.R. Castro Soares, G. Lorenzi-Filho, M. Saiki,
J.J. Godleski, L. Antonangelo, M. Dolhnikoff, P.H.N. Saldiva, Acute
cardiopulmonary alterations induced by fine particulate matter of S~ao Paulo,
Brazil, Toxicol. Sci. 85 (2005) 898–905.

[63] A. Nemmar, I.M. Inuwa, Diesel exhaust particles in blood trigger systemic and
pulmonary morphological alterations, Toxicol. Lett. 176 (2008) 20–30.

[64] B. Hitzfeld, K.H. Friedrichs, J. Ring, H. Behrendt, Airborne particulate matter
modulates the production of reactive oxygen species in human
polymorphonuclear granulocytes, Toxicology 120 (1997) 185–195.

[65] Y. Zhang, S. Geng, G.L. Prasad, L. Li, Suppression of neutrophil antimicrobial
functions by total particulate matter from cigarette smoke, Front. Immunol. 9
(2018) 2274.

[66] B.B. Aam, F. Fonnum, ROS scavenging effects of organic extract of diesel exhaust
particles on human neutrophil granulocytes and rat alveolar macrophages,
Toxicology 230 (2007) 207–218.

[67] B. Hitzfeld, K.H. Friedrichs, R. Tomingas, H. Behrendt, Organic atmospheric dust
extracts and their effects on functional parameters of human polymorphonuclear
leukocytes (PMN), J. Aerosol Sci. 23 (1992) 531–534.

[68] WHO, Ambient Air Pollution: A Global Assessment of Exposure and burden of
Disease, WHO, 2016. http://www.who.int/phe/publications/air-pollution-global
-assessment/en/. (Accessed 21 September 2020).

[69] W. Liu, Z. Xu, T. Yang, Health effects of air pollution in China, Int. J. Environ. Res.
Publ. Health 15 (2018).

[70] A. Salvi, S. Salim, Neurobehavioral consequences of traffic-related air pollution,
Front. Neurosci. 13 (2019).

[71] J. Moreno-Cruz, Understanding the industrial contribution to pollution offers
opportunities to further improve air quality in the United States, Proc. Natl. Acad.
Sci. U. S. A. 116 (2019) 19769–19770.

[72] A. Caplin, M. Ghandehari, C. Lim, P. Glimcher, G. Thurston, Advancing
environmental exposure assessment science to benefit society, Nat. Commun. 10
(2019) 1236.

[73] B. Bowe, Y. Xie, Y. Yan, Z. Al-Aly, Burden of cause-specific mortality associated
with PM2.5 air pollution in the United States, JAMA Netw. Open 2 (2019),
e1915834 e1915834.

[74] Y. Ou, J.J. West, S.J. Smith, C.G. Nolte, D.H. Loughlin, Air pollution control
strategies directly limiting national health damages in the US, Nat. Commun. 11
(2020).

[75] C.A. Pope, J.S. Lefler, M. Ezzati, J.D. Higbee, J.D. Marshall, S.Y. Kim, M. Bechle,
K.S. Gilliat, S.E. Vernon, A.L. Robinson, R.T. Burnett, Mortality risk and fine
particulate air pollution in a large, representative cohort of U.S. adults, Environ.
Health Perspect. 127 (2019).

[76] L. Tian, S. Sun, Comparison of health impact of air pollution between China and
other countries, Adv. Exp. Med. Biol. 1017 (2017) 215–232.

[77] Y. Zhang, S. Tao, H. Shen, M. Jianmin, Inhalation exposure to ambient polycyclic
aromatic hydrocarbons and lung cancer risk of Chinese population, Proc. Natl.
Acad. Sci. U. S. A. 106 (2009) 21063–21067.

[78] D. Yang, Y. Liu, C. Bai, X. Wang, C.A. Powell, Epidemiology of lung cancer and
lung cancer screening programs in China and the United States, Cancer Lett. 468
(2020) 82–87.

[79] K.J. Maji, M. Arora, A.K. Dikshit, Burden of disease attributed to ambient PM2.5
and PM10 exposure in 190 cities in China, Environ. Sci. Pollut. Res. 24 (2017)
11559–11572.

[80] K.L. Huang, S.Y. Liu, C.C.K. Chou, Y.H. Lee, T.J. Cheng, The effect of size-
segregated ambient particulate matter on Th1/Th2-like immune responses in
mice, PLoS One 12 (2017).

http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref33
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref34
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref35
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref36
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref37
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref38
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref39
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref40
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref41
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref42
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref43
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref44
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref45
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref46
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref47
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref48
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref49
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref50
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref51
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref52
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref53
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref54
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref55
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref56
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref57
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref58
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref59
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref60
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref61
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref61
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref61
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref61
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref61
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref62
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref63
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref63
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref63
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref64
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref64
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref64
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref64
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref65
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref65
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref65
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref66
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref66
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref66
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref66
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref67
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref67
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref67
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref67
http://www.who.int/phe/publications/air-pollution-global-assessment/en/
http://www.who.int/phe/publications/air-pollution-global-assessment/en/
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref69
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref69
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref70
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref70
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref71
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref71
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref71
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref71
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref72
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref72
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref72
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref73
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref73
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref73
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref74
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref74
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref74
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref75
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref75
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref75
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref75
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref76
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref76
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref76
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref77
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref77
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref77
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref77
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref78
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref78
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref78
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref78
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref79
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref79
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref79
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref79
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref80
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref80
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref80


A. Valderrama et al. Heliyon 8 (2022) e08778
[81] S.H. Cho, H. Tong, J.K. McGee, R.W. Baldauf, Q.T. Krantz, M.I. Gilmour,
Comparative toxicity of size-fractionated airborne particulate matter collected at
different distances from an urban highway, Environ. Health Perspect. 117 (2009)
1682–1689.

[82] M.S. Happo, R.O. Salonen, A.I. H€alinen, P.I. Jalava, A.S. Pennanen, V.M. Kosma,
M. Sillanp€a€a, R. Hillamo, B. Brunekreef, K. Katsouyanni, J. Sunyer, M.R. Hirvonen,
Dose and time dependency of inflammatory responses in the mouse lung to urban
air coarse, fine, and ultrafine particles from six European cities, Inhal. Toxicol. 19
(2007) 227–246.

[83] N. Li, M. Wang, L.A. Bramble, D.A. Schmitz, J.J. Schauer, C. Sioutas,
J.R. Harkema, A.E. Nel, The adjuvant effect of ambient particulate matter is
closely reflected by the particulate oxidant potential, Environ. Health Perspect.
117 (2009) 1116–1123.

[84] S. Becker, L.A. Dailey, J.M. Soukup, S.C. Grambow, R.B. Devlin, Y.C.T. Huang,
Seasonal variations in air pollution particle-induced inflammatory mediator
release and oxidative stress, Environ. Health Perspect. 113 (2005) 1032–1038.

[85] K.-L. Huang, S.-Y. Liu, C.C.K. Chou, Y.-H. Lee, T.-J. Cheng, The Effect of Size-
Segregated Ambient Particulate Matter on Th1/Th2-like Immune Responses in
Mice, 2017.

[86] P.S. Mahapatra, S. Jain, S. Shrestha, S. Senapati, S.P. Puppala, Ambient endotoxin
in PM10 and association with inflammatory activity, air pollutants, and
meteorology, in Chitwan, Nepal, Sci. Total Environ. 618 (2018) 1331–1342.

[87] X. Jin, B. Xue, Q. Zhou, R. Su, Z. Li, Mitochondrial damage mediated by ROS
incurs bronchial epithelial cell apoptosis upon ambient PM2.5 exposure,
J. Toxicol. Sci. 43 (2018) 101–111.

[88] J. Bosson, J. Pourazar, B. Forsberg, E. €Adelroth, T. Sandstr€om, A. Blomberg, Ozone
enhances the airway inflammation initiated by diesel exhaust, Respir. Med. 101
(2007) 1140–1146.

[89] X.Y. Li, P.S. Gilmour, K. Donaldson, W. MacNee, In vivo and in vitro
proinflammatory effects of particulate air pollution (PM10), Environ. Health
Perspect. 105 (Suppl) (1997) 1279–1283.

[90] R. De Paula Vieira, A.C. Toledo, L.B. Silva, F.M. Almeida, N.R. Damaceno-
Rodrigues, E.G. Caldini, A.B.G. Santos, D.H. Rivero, D.C. Hizume,
F.D.T.Q.S. Lopes, C.R. Olivo, H.C. Castro-Faria-Neto, M.A. Martins, P.H.N. Saldiva,
M. Dolhnikoff, Anti-inflammatory effects of aerobic exercise in mice exposed to air
pollution, Med. Sci. Sports Exerc. 44 (2012) 1227–1234.

[91] Z. Hong, Z. Guo, R. Zhang, J. Xu, W. Dong, G. Zhuang, C. Deng, Airborne fine
particulate matter induces oxidative stress and inflammation in human nasal
epithelial cells, Tohoku J. Exp. Med. 239 (2016) 117–125.

[92] M. van der Toorn, D.J. Slebos, H.G. de Bruin, R. Gras, D. Rezayat, L. Jorge,
K. Sandra, A.J.M. van Oosterhout, Critical role of aldehydes in cigarette smoke-
induced acute airway inflammation, Respir, Res. 14 (2013) 45.

[93] W. Xu, J. Li, W. Zhang, Z. Wang, J. Wu, X. Ge, J. Wu, Y. Cao, Y. Xie, D. Ying,
Y. Wang, L. Wang, Z. Qiao, J. Jia, Emission of sulfur dioxide from polyurethane
foam and respiratory health effects, Environ. Pollut. 242 (2018) 90–97.

[94] J. Rovira, J.L. Domingo, M. Schuhmacher, Air quality, health impacts and burden
of disease due to air pollution (PM(10), PM(2.5), NO(2) and O(3)): application of
AirQþ model to the Camp de Tarragona County (Catalonia, Spain), Sci. Total
Environ. 703 (2020) 135538.

[95] K.E. Driscoll, T.A. Vollmuth, R.B. Schlesinger, Acute and subchronic ozone
inhalation in the rabbit: response of alveolar macrophages, J. Toxicol. Environ.
Health 21 (1987) 27–43.

[96] A. Bao, L. Liang, F. Li, M. Zhang, X. Zhou, Effects of acute ozone exposure on lung
peak allergic inflammation of mice, Front. Biosci. 18 (2013) 838–851.

[97] M.J.G. Oyarzún, S.A.R. S�anchez, N.D. Dussaubat, M.E.A. Miller, S.B. Gonz�alez,
Effect of copper sulphate on the lung damage induced by chronic intermittent
exposure to ozone, Rev. Med. Chile 145 (2017) 9–16.

[98] W.O. Ward, A.D. Ledbetter, M.C. Schladweiler, U.P. Kodavanti, Lung
transcriptional profiling: insights into the mechanisms of ozone-induced
pulmonary injury in Wistar Kyoto rats, Inhal. Toxicol. 27 (2015) 80–92.

[99] V. Loria, I. Dato, F. Graziani, L.M. Biasucci, Myeloperoxidase: A New Biomarker of
Inflammation in Ischemic Heart Disease and Acute Coronary Syndromes,
Mediators Inflamm, 2008, p. 2008.

[100] M.S. Werley, D.J. Kirkpatrick, M.J. Oldham, A.M. Jerome, T.B. Langston,
P.D. Lilly, D.C. Smith, W.J. Mckinney, Toxicological assessment of a prototype e-
cigaret device and three flavor formulations: a 90-day inhalation study in rats,
Inhal. Toxicol. 28 (2016) 22–38.

[101] J.G. Wallenborn, P. Evansky, J.H. Shannahan, B. Vallanat, A.D. Ledbetter,
M.C. Schladweiler, J.H. Richards, R.R. Gottipolu, A. Nyska, U.P. Kodavanti,
Subchronic inhalation of zinc sulfate induces cardiac changes in healthy rats,
Toxicol. Appl. Pharmacol. 232 (2008) 69–77.

[102] U.P. Kodavanti, M.C. Schladweiler, A.D. Ledbetter, W.P. Watkinson, M.J. Campen,
D.W. Winsett, J.R. Richards, K.M. Crissman, G.E. Hatch, D.L. Costa, The
spontaneously hypertensive rat as a model of human cardiovascular disease:
evidence of exacerbated cardiopulmonary injury and oxidative stress from inhaled
emission particulate matter, Toxicol. Appl. Pharmacol. 164 (2000) 250–263.

[103] F. Farina, G. Sancini, C. Battaglia, V. Tinaglia, P. Mantecca, M. Camatini,
P. Palestini, Milano summer particulate matter (PM10) triggers lung inflammation
and extra pulmonary adverse events in mice, PLoS One 8 (2013) 56636.

[104] C.M. Wei, A. Lerman, R.J. Rodeheffer, C.G.A. McGregor, R.R. Brandt, S. Wright,
D.M. Heublein, P.C. Kao, W.D. Edwards, J.C. Burnett, Endothelin in human
congestive heart failure, Circulation 89 (1994) 1580–1586.
12
[105] S. Karthikeyan, E.M. Thomson, P. Kumarathasan, J. Gu�enette, D. Rosenblatt,
T. Chan, G. Rideout, R. Vincent, Nitrogen dioxide and ultrafine particles dominate
the biological effects of inhaled diesel exhaust treated by a catalyzed diesel
particulate filter, Toxicol. Sci. 135 (2013) 437–450.

[106] P. Kumarathasan, E. Blais, A. Saravanamuthu, A. Bielecki, B. Mukherjee,
S. Bjarnason, J. Gu�enette, P. Goegan, R. Vincent, Nitrative stress, oxidative stress
and plasma endothelin levels after inhalation of particulate matter and ozone,
Part, Fibre Toxicol. 12 (2015).

[107] B. Kristal, R. Shurtz-Swirski, J. Chezar, J. Manaster, R. Levy, G. Shapiro,
I. Weissman, S.M. Shasha, S. Sela, Participation of peripheral polymorphonuclear
leukocytes in the oxidative stress and inflammation in patients with essential
hypertension, Am. J. Hypertens. 11 (1998) 921–928.

[108] H. Suzuki, A. Swei, B.W. Zweifach, G.W. Schmid-Sch€onbein, In vivo evidence for
microvascular oxidative stress in spontaneously hypertensive rats: hydroethidine
microfluorography, Hypertension 25 (1995) 1083–1089.

[109] U.P. Kodavanti, M.C. Schladweiler, A.D. Ledbetter, R. Hauser, D.C. Christiani,
J. McGee, J.R. Richards, D.L. Costa, Temporal association between pulmonary and
systemic effects of particulate matter in healthy and cardiovascular compromised
rats, 2011, pp. 1545–1569.

[110] K.A. Miller, D.S. Siscovick, L. Sheppard, K. Shepherd, J.H. Sullivan, G.L. Anderson,
J.D. Kaufman, Long-term exposure to air pollution and incidence of cardiovascular
events in women, N. Engl. J. Med. 356 (2007) 447–458.

[111] C.A. Pope, R.T. Burnett, G.D. Thurston, M.J. Thun, E.E. Calle, D. Krewski,
J.J. Godleski, Cardiovascular mortality and long-term exposure to particulate air
pollution: epidemiological evidence of general pathophysiological pathways of
disease, Circulation 109 (2004) 71–77.

[112] K.H. Park, W.J. Park, Endothelial dysfunction: clinical implications in
cardiovascular disease and therapeutic approaches, J. Kor. Med. Sci. 30 (2015)
1213–1225.

[113] Q. Sun, A. Wang, X. Jin, A. Natanzon, D. Duquaine, R.D. Brook, J.-G.S. Aguinaldo,
Z.A. Fayad, V. Fuster, M. Lippmann, L.C. Chen, S. Rajagopalan, Long-term air
pollution exposure and acceleration of atherosclerosis and vascular inflammation
in an animal model, JAMA 294 (2005) 3003–3010.

[114] P. Haberzettl, T.E. O’Toole, A. Bhatnagar, D.J. Conklin, Exposure to fine
particulate air pollution causes vascular insulin resistance by inducing pulmonary
oxidative stress, Environ. Health Perspect. 124 (2016) 1830–1839.

[115] F. Kim, M. Pham, E. Maloney, N.O. Rizzo, G.J. Morton, B.E. Wisse, E.A. Kirk,
A. Chait, M.W. Schwartz, Vascular inflammation, insulin resistance, and reduced
nitric oxide production precede the onset of peripheral insulin resistance,
Arterioscler. Thromb. Vasc. Biol. 28 (2008) 1982–1988.

[116] T. Kubota, N. Kubota, H. Kumagai, S. Yamaguchi, H. Kozono, T. Takahashi,
M. Inoue, S. Itoh, I. Takamoto, T. Sasako, K. Kumagai, T. Kawai, S. Hashimoto,
T. Kobayashi, M. Sato, K. Tokuyama, S. Nishimura, M. Tsunoda, T. Ide,
K. Murakami, T. Yamazaki, O. Ezaki, K. Kawamura, H. Masuda, M. Moroi, K. Sugi,
Y. Oike, H. Shimokawa, N. Yanagihara, M. Tsutsui, Y. Terauchi, K. Tobe, R. Nagai,
K. Kamata, K. Inoue, T. Kodama, K. Ueki, T. Kadowaki, Impaired insulin signaling
in endothelial cells reduces insulin-induced glucose uptake by skeletal muscle, Cell
Metabol. 13 (2011) 294–307.

[117] U. Landmesser, B. Hornig, H. Drexler, Endothelial function: a critical determinant
in atherosclerosis? Circulation 109 (2004).

[118] J.A. Kim, M. Montagnani, K.K. Kwang, M.J. Quon, Reciprocal relationships
between insulin resistance and endothelial dysfunction: molecular and
pathophysiological mechanisms, Circulation 113 (2006) 1888–1904.

[119] G.M. Mutlu, D. Green, A. Bellmeyer, C.M. Baker, Z. Burgess, N. Rajamannan,
J.W. Christman, N. Foiles, D.W. Kamp, A.J. Ghio, N.S. Chandel, D.A. Dean,
J.I. Sznajder, G.R.S. Budinger, Ambient particulate matter accelerates coagulation
via an IL-6–dependent pathway, J. Clin. Invest. 117 (2007) 2952.

[120] F. Gorini, L. Sabatino, M. Gaggini, K. Chatzianagnostou, C. Vassalle, Oxidative
Stress Biomarkers in the Relationship between Type 2 Diabetes and Air Pollution,
Antioxidants 10 (2021).

[121] W.E. Cascio, E. Cozzi, S. Hazarika, R.B. Devlin, R.A. Henriksen, R.M. Lust,
M.R. Van Scott, C.J. Wingard, Cardiac and vasular changes in mice after exposure
to ultrafine particulate matter, Inhal. Toxicol. Inhal. Toxicol. (2007) 67–73.

[122] J. Jaafari, K. Naddafi, M. Yunesian, R. Nabizadeh, M.S. Hassanvand,
M. Shamsipour, M.G. Ghozikali, H.R. Shamsollahi, S. Nazmara, K. Yaghmaeian,
The acute effects of short term exposure to particulate matter from natural and
anthropogenic sources on inflammation and coagulation markers in healthy young
adults, Sci. Total Environ. 735 (2020).

[123] A. Campbell, M. Oldham, A. Becaria, S.C. Bondy, D. Meacher, C. Sioutas,
C. Misra, L.B. Mendez, M. Kleinman, Particulate matter in polluted air may
increase biomarkers of inflammation in mouse brain, Neurotoxicology 26
(2005) 133–140.

[124] C.R. Tyler, S. Noor, T.L. Young, V. Rivero, B. Sanchez, S. Lucas, K.K. Caldwell,
E.D. Milligan, M.J. Campen, Aging exacerbates neuroinflammatory outcomes
induced by acute ozone exposure, Toxicol. Sci. 163 (2018) 123–139.

[125] J. Vitte, B.F. Michel, P. Bongrand, J.L. Gastaut, Oxidative stress level in circulating
neutrophils is linked to neurodegenerative diseases, J. Clin. Immunol. 24 (2004)
683–692.

[126] N. Rocks, C. Vanwinge, C. Radermecker, S. Blacher, C. Gilles, R. Mar�ee, A. Gillard,
B. Evrard, C. Pequeux, T. Marichal, A. Noel, D. Cataldo, Ozone-primed neutrophils
promote early steps of tumour cell metastasis to lungs by enhancing their NET
production, Thorax 74 (2019) 768–779.

http://refhub.elsevier.com/S2405-8440(22)00066-4/sref81
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref81
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref81
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref81
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref81
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref82
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref83
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref83
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref83
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref83
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref83
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref84
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref84
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref84
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref84
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref85
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref85
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref85
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref86
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref86
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref86
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref86
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref87
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref87
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref87
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref87
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref88
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref89
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref89
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref89
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref89
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref90
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref91
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref91
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref91
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref91
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref92
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref92
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref92
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref93
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref93
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref93
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref93
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref94
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref94
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref94
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref94
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref94
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref95
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref95
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref95
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref95
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref96
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref96
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref96
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref97
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref98
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref98
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref98
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref98
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref99
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref99
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref99
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref100
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref100
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref100
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref100
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref100
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref101
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref101
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref101
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref101
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref101
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref102
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref103
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref103
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref103
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref104
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref104
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref104
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref104
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref105
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref106
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref106
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref106
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref106
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref106
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref107
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref107
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref107
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref107
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref107
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref108
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref108
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref108
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref108
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref108
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref109
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref109
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref109
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref109
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref109
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref110
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref110
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref110
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref110
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref111
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref111
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref111
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref111
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref111
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref112
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref112
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref112
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref112
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref113
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref113
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref113
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref113
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref113
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref114
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref114
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref114
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref114
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref115
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref115
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref115
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref115
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref115
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref116
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref117
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref117
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref118
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref118
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref118
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref118
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref119
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref119
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref119
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref119
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref119
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref120
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref120
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref120
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref121
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref121
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref121
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref121
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref122
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref122
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref122
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref122
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref122
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref123
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref123
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref123
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref123
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref123
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref124
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref124
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref124
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref124
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref125
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref125
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref125
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref125
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref126


A. Valderrama et al. Heliyon 8 (2022) e08778
[127] J. Stackowicz, F. J€onsson, L.L. Reber, Mouse models and tools for the in vivo study
of neutrophils, Front. Immunol. 10 (2019) 3130.

[128] I.M. Richardson, C.J. Calo, L.E. Hind, Microphysiological systems for studying
cellular crosstalk during the neutrophil response to infection, Front. Immunol.
(2021) 1445, 0.

[129] D. Masopust, C.P. Sivula, S.C. Jameson, Of mice, dirty mice, and men: using mice
to understand human immunology, J. Immunol. 199 (2017) 383–388.

[130] X. Yang, J. Zhou, J. He, J. Liu, H. Wang, Y. Liu, T. Jiang, Q. Zhang, X. Fu, Y. Xu, An
immune system-modified rat model for human stem cell transplantation research,
Stem Cell Rep. 11 (2018) 514–521.

[131] A. Barnett-Vanes, A. Sharrock, M.A. Birrell, S. Rankin, A single 9-colour flow
cytometric method to characterise major leukocyte populations in the rat:
13
validation in a model of LPS-induced pulmonary inflammation, PLoS One 11
(2016).

[132] A.A. Abubakar, M.M. Noordin, T.I. Azmi, U. Kaka, M.Y. Loqman, The use of rats
and mice as animal models in ex vivo bone growth and development studies, Bone
Jt. Res. 5 (2016) 610–618.

[133] D.A. Glencross, T.R. Ho, N. Cami~na, C.M. Hawrylowicz, P.E. Pfeffer, Air pollution
and its effects on the immune system, Free Radic. Biol. Med. 151 (2020) 56–68.

[134] G. Kaur, J.M. Dufour, Cell lines: valuable tools or useless artifacts,
Spermatogenesis 2 (2012) 1–5.

[135] S. Mitschik, R. Schierl, D. Nowak, R.A. J€orres, Effects of particulate matter on
cytokine production in vitro: a comparative analysis of published studies, Inhal.
Toxicol. 20 (2008) 399–414.

http://refhub.elsevier.com/S2405-8440(22)00066-4/sref127
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref127
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref127
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref128
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref128
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref128
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref129
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref129
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref129
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref130
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref130
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref130
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref130
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref131
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref131
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref131
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref131
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref132
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref132
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref132
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref132
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref133
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref133
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref133
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref133
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref134
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref134
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref134
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref135
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref135
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref135
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref135
http://refhub.elsevier.com/S2405-8440(22)00066-4/sref135

	Systematic review of preclinical studies on the neutrophil-mediated immune response to air pollutants, 1980–2020
	1. Introduction
	2. Materials and methods
	2.1. Type of study
	2.2. PICO (Population intervention comparator outcome) question - modified
	2.2.1. Experimental unit (population)
	2.2.2. Pollutant (intervention)
	2.2.3. Control (comparator)
	2.2.4. Outcome

	2.3. Search and selection protocol according to the PRISMA guide
	2.3.1. Identification
	2.3.2. Screening
	2.3.3. Eligibility
	2.3.4. Inclusion

	2.4. Evaluation of the reproducibility
	2.5. Analysis of the information

	3. Results
	4. Discussion
	5. Conclusions
	Declarations
	Author contribution statement
	Data availability statement
	Funding statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


