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A B S T R A C T   

More than 7 million early deaths/year are attributable to air pollution. Current health concerns are especially 
focused on air pollution-derived particulate matter (PM). Although oxidative stress-induced airway inflammation 
is one of the main adverse outcome pathways triggered by air pollution-derived PM, the persistence of both these 
underlying mechanisms, even after exposure cessation, remained poorly studied. In this study, A/JOlaHsd mice 
were also exposed acutely (24 h) or sub-chronically (4 weeks), with or without a recovery period (12 weeks), to 
two urban PM2.5 samples collected during contrasting seasons (i.e., autumn/winter, AW or spring/summer, SS). 
The distinct intrinsic oxidative potentials (OPs) of AW and SS PM2.5, as evaluated in acellular conditions, were 
closely related to their respective physicochemical characteristics and their respective ability to really generate 
ROS over-production in the mouse lungs. Despite the early activation of the nuclear factor erythroid 2-related 
factor 2 (Nrf2) cell signaling pathway by AW and, in a lesser degree, SS PM2.5, in the murine lungs after 
acute and sub-chronic exposures, the critical redox homeostasis was not restored, even after the exposure 
cessation. Accordingly, an inflammatory response was reported through the activation of the nuclear factor- 
kappa B (NF-κB) cell signaling pathway activation, the secretion of cytokines, and the recruitment of inflam
matory cells, in the murine lungs after the acute and sub-chronic exposures to AW and, in a lesser extent, to SS 
PM2.5, which persisted after the recovery period. Taken together, these original results provided, for the first 
time, new relevant insights that air pollution-derived PM2.5, with relatively high intrinsic OPs, induced oxidative 
stress and inflammation, which persisted admittedly at a lower level in the lungs after the exposure cessation, 
thereby contributing to the occurrence of molecular and cellular adverse events leading to the development and/ 
or exacerbation of future chronic inflammatory lung diseases and even cancers.   

1. Introduction 

Air pollution is one of the global leading environmental causes of 
death with more than 7 million premature deaths and loss of millions 
more healthy years of life every year (Cohen et al. 2017, Lelieveld et al. 
2019; WHO, 2022). New global air quality guidelines (AQGs) of the 
world health organization (WHO) for regulated pollutants, such as 
particulate matter (PM), ozone (O3), nitrogen dioxide (NO2), sulfur di
oxide (SO2), and carbon monoxide (CO), are supported by clear evidence 

of the harmful effects of air pollution on human health at even lower 
levels than previously reported (WHO, 2022). Of the air pollutants 
mentioned above, PM has been identified as the main health risk factor 
(Beelen et al. 2013, Hamra et al. 2014, Loomis et al. 2013; Pope, 2014; 
Raaschou-Nielsen et al. 2016; WHO, 2022). Practical evidence gathered 
through epidemiological studies has shown a strong association between 
air pollution-derived PM and adverse health effects such as respiratory 
illnesses including inflammatory diseases such as asthma, acute bron
chitis, chronic obstructive pulmonary disease (COPD), and lung cancer 
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(Piao et al. 2021). The international agency for research on cancer 
(IARC) has also classified outdoor air pollution and particularly PM as 
proven human carcinogens (group 1) in 2013 (Loomis et al. 2013). 

The sizes of the air pollution-derived PM fractions are defined by 
their aerodynamic equivalent diameter, thus making it possible to 
distinguish between coarse particles (i.e., PM10-2.5, smaller than, or 
equal to, 10 µm, and larger than 2.5 µm), fine particles (i.e., PM2.5, 
smaller than, or equal to, 2.5 µm), and ultrafine particles (i.e., PM0.1, 
smaller than, or equal to, 0.1 µm). PM10 was the first fractional 
dimension subject to EU environmental regulation. However, PM10 has 
progressively received less and less attention from toxicologists. Current 
health concerns are now focused on smallest particles because of their 
ability to migrate deeply into the lungs, escape broncho-mucociliary and 
alveolar clearances, and also possibly translocate into the systemic cir
culation (Stone et al. 2017). Plenty of in vitro and in vivo experimental 
studies have notified the lung adverse health effects induced by air 
pollution-derived PM2.5, mostly through their ability to trigger some 
critical underlying mechanisms of toxicity such as oxidative stress- 
induced airway inflammation (Abbas et al. 2009, 2010, 2013, 2016, 
2019, Badran et al. 2020a, 2020b, Boudjema et al. 2021, Bocchi et al. 
2016, Dergham et al. 2012, 2015, Garçon et al. 2006, Gualtieri et al. 
2010, 2011, 2018, Halonen et al. 2015, Leclercq et al. 2016, 2017, 2018, 
Longhin et al. 2013, 2016, 2020, Rajagopalan et al. 2020, Saint-Georges 
et al. 2008, 2009, Saleh et al. 2019, Sotty et al. 2019, 2020). However, 
although some progress has been made during the last decade, a 
considerable effort will still be required to better identify some typical 
features of toxicological responses, which could be related to some of the 
specific characteristics of air pollution-derived PM. Particular attention 
needs to be paid to the types of toxicological responses they induce, as 
their knowledge is greatly complicated by the fact that this is a very 
heterogeneous pollutant that is often poorly described (Perrone et al. 
2013). 

While the underlying mechanisms of toxicity by which air pollution- 
derived PM induces its adverse health effects remain to be determined, 
accumulating evidence has supported that particles produce cell and/or 
tissue damages firstly through both oxidative and inflammatory re
sponses (Ding et al. 2021). The oxidative stress paradigm in particle 
toxicology encompasses both primary oxidative effects from the parti
cles or chemical and/or biological components-coated onto particles, as 
well as secondary oxidative effects through oxidative boost within cells 
and/or tissues (Sotty et al. 2020). In the strictest form, the oxidative 
stress paradigm postulates that the toxicological reactivity of a particle 
can be predicted by its intrinsic oxidative potential (OP), which can be 
measured in cell-free/abiotic systems (Guascito et al. 2021, 2023). 
Indeed, OP has been suggested as a toxicological relevant feature of air 
pollution-derived PM that could provide improved exposure metrics, 
compared to more conventional particle-metrics such as mass, surface 
area, or number (Bates et al. 2019). Evaluating the intrinsic OP of par
ticles helps to fill this gap by taking into account the capacity of their 
chemical and/or biological components to generate reactive oxygen 
species (ROS) (Crobeddu et al. 2017). However, to date, the link be
tween intrinsic OP and the possible oxidative damage induced by the 
same particles has not yet been elucidated. 

Oxidative stress is frequently considered to be the primary critical 
underlying mechanism dramatically induced by air pollution-derived 
PM (Halonen et al. 2015). The nuclear factor erythroid 2 p45-related 
factor 2 (Nrf2), as the well-known main key regulator of the cellular 
redox homeostasis, is well-equipped to counteract the redox response 
and also maintain or recover the critical redox balance within cells and/ 
or tissues (Boudjema et al. 2021, Cho and Kleeberger 2015, Holmström 
et al. 2016, Jiang et al. 2017, Leclercq et al. 2018, Sotty et al. 2020). 
Indeed, ROS levels in cells and/or tissues are regulated through so
phisticated antioxidant defenses that may be enzymatic [e.g., heme 
oxygenase 1 (HO-1), superoxide dismutase (SOD), catalase (CAT), 
glutathione peroxidase (GPx), and glutathione reductase (GR)] or non- 
enzymatic (e.g., glutathione). Among them are phase II detoxification 

enzymes [e.g., NAD(P)H quinone dehydrogenase 1 (NQO1), and 
glutathione-S-transferase (GST)], which have antioxidant, detoxifying 
and cytoprotective activity. The Nrf2 cell signaling pathway is well- 
known to play a critical role in preventing PM-induced toxicity by 
protecting cells and/or tissues against oxidative stress (Sotty et al. 
2020). 

In order to maintain the essential coordinated molecular responses 
needed to resolve the unbalanced status in cells and/or tissues, Nrf2 and 
nuclear factor-kappa B (NF-κB) cell signaling pathways, that regulate 
the responses against oxidative and inflammatory responses, respec
tively, must closely interplay (Wardyn et al. 2015). The NF-κB cell 
signaling pathway, which is known to be induced by oxidative stress, is 
involved in the initiation of the immune response. The existence of a 
crosstalk between Nrf2 and NF-κB is now certain and has been shown to 
be critical for the coordination of molecular responses to deal with 
disorders following PM exposure (Boudjema et al. 2021, Leclercq et al. 
2018, Sotty et al. 2020). Nevertheless, during oxidative stress, IĸB kinase 
(IKK) is activated and causes the phosphorylation of IĸB, resulting in the 
release and the nuclear translocation of NF-ĸB and the transcription of 
complex cascades of pro-inflammatory mediators (Bellezza et al. 2018). 
Among them, cytokines are low molecular-weight proteins and poly
peptides secreted by a variety of cells; they regulate cell growth, dif
ferentiation, and immune function, and are closely involved in 
inflammation and wound-healing. Cytokines include interleukins (ILs), 
interferons, tumor necrosis factor (TNF), colony-stimulating factor 
(CSF), chemokines, and growth factors (Branchett and Lloyd 2019). 
Local inflammatory reaction will be triggered by the cytokines secreted 
by immune cells and some of these pro-inflammatory mediators can 
thereafter be translocated into the blood circulation, thereby leading to 
a systemic inflammation (Wardyn et al. 2015). 

Despite the attention paid by the scientific community to the type of 
toxicological responses depending on the exposure strategy of the in vitro 
and in vivo models to air pollution-derived PM, and the delay in studying 
the underlying mechanisms of toxicity, both these critical questions are 
still far from being fully resolved. New toxicological researches are also 
urgently requested to improve the current knowledge about the specific 
cellular and molecular alterations that occur as a function of the dura
tion of exposure and, in particular, the recovery period after exposure 
cessation. Only a few pieces of relevant toxicological evidence have yet 
dissected the reversibility of the cellular and molecular processes related 
to oxidative stress-induced inflammation (Rajagopalan et al. 2020). It is 
also really important to consider the issues of air pollution-related 
adverse health effects by undertaking new toxicological research stra
tegies, integrating a recovery period after exposure cessation, in order to 
evaluate the reversibility and/or persistence of the underlying mecha
nisms of toxicity induced by air pollution-derived PM. 

In this study, A/JOlaHsd mice were exposed by intranasal in
stillations, acutely (24 h) or sub-chronically for 4 weeks with or without 
a recovery period of 12 weeks, to different doses of PM2.5 (i.e., 0, 10, 50 
or 100 µg/30 µL of sterile saline) collected during two contrasting sea
sons (i.e., autumn/winter, AW or spring/summer, SS). Hence, in this 
work, we sought to better evaluate the toxicity of these two PM2.5 
samples depending on their contrasted season of collection and the 
possible persistence of the PM induced-underlying mechanisms of 
toxicity, even after a 12-week recovery period, in the lungs of mice. 
Firstly, after having physically, chemically and biologically characterize 
the two PM2.5 samples, we aimed to evaluate their intrinsic OPs through 
the 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, 
acetyl ester (CM-H2DCFDA) acellular assay, the dithiothreitol (DTT) 
assay, the ascorbic acid (AA) depletion assay, and the glutathione (GSH) 
oxidation assay. Secondly, attention was focused on the ability of both 
these AW and SS PM2.5 samples to induce oxidative stress and inflam
matory responses, and, therefore, to activate some of the well-known 
related cell signaling pathways in the lungs of mice. To this end, Nrf2- 
Antioxidant response element (ARE) binding activity, its gene expres
sion, and that of some of its target genes [i.e., Kelch-like ECH-associated 
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protein 1 (Keap1), Nrf2, Glutathione peroxidase 1 (Gpx1), heme oxygenase- 
1 (Hmox1), NADPH quinone oxidoreductase (Nqo1), Superoxide dismutase 
1 (Sod1), and Thioredoxin 1 (Txn1)] as well as the activities of antioxi
dant enzymes [i.e., superoxide dismutase (SOD), glutathione peroxidase 
(GPx), glutathione reductase (GR), and catalase (CAT)], and glutathione 
status were evaluated. In addition, oxidative lesions [i.e., 4-hydroxyno
nenal adduct (4-HNE), 8-iso-prostaglandin F2α (8-IsoPF2α), 8-hydroxy- 
2′-deoxyguanosine (8-OHdG), and carbonylated proteins (CO-PROT)] 
were investigated. Thereafter, the activation of the NF-κB cell signaling 
pathway (i.e., NF-κB-DNA binding capacity) and cytokine secretion [i.e., 
granulocyte macrophage colony-stimulating factor (GM-CSF), Inter
leukin-1β, 6, 10, 13, and 17A (IL1β, IL6, IL10, IL13, and IL17A), 
keratinocyte-derived chemokine (KC/CXCL1), monocyte chemo
attractant protein 1 (MCP1/CCL2), macrophage inflammatory protein-1 
alpha (MIP-1α/CCL3), macrophage inflammatory protein-1β/CCL4 
(MIP1b), regulated upon activation, normal T cell expressed and 
secreted (RANTES), and tumor necrosis factor-alpha (TNFα)] in the 
lungs, and the cell numeration of the bronchoalveolar lavage fluid 
(BALF) were studied. Taken together, these results could provide new 
relevant insights about the underlying mechanisms of toxicity occurring 
within the lungs of mice acutely or sub-chronically exposed to air 
pollution-derived PM2.5, and particularly their possible persistence after 
a recovery period (i.e., 12 weeks after the exposure cessation). 

2. Materials and methods 

2.1. Chemicals 

Merck-Millipore (St Quentin-en-Yvelines, France) provided cOm
plete™, EDTA-free Protease Inhibitor Cocktail, Phosphatase Inhibitor 
Cocktail, RIPA buffer, Superoxide Dismutase Activity Assay Kit, Gluta
thione Peroxidase Cellular Activity Assay Kit, Glutathione Reductase 
Assay Kit, Catalase Assay Kit, and all the other chemicals. ThermoFisher 
Scientific (Villebon-sur-Yvette, France) provided chloromethyl deriva
tive of 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), 
Pierce™ BCA protein assay kits, and all the other reagents for chemistry, 
and cellular and molecular biology. Qiagen (Courtaboeuf, France) pro
vided RNeasy Mini Kits and QIAamp DNA Mini Kits. Active Motif (La 
Hulpe, Belgium) provided Nuclear extract Kits, and TransAM® nuclear 
factor erythroid 2-related factor 2 (Nrf2) and TransAM® nuclear factor- 
kappa B (NF-κB) kits. Promega (Charbonnière-les-Bains, France) pro
vided GSH/GSSG-Glo™ assays. Abcam (Cambridge, UK) provided 4- 
hydroxynonenal (4-HNE) modified bovine serum albumin, rabbit poly
clonal anti-4-HNE antibody, Protein Carbonyl Content Assay Kit, 8-iso- 
PGF2 alpha ELISA Kit, and 8-hydroxy-2′-deoxyguonosine (8OHdG) 
ELISA Kit. MSD technologies (Mesoscale Discovery, Rockville, MD, USA) 
provided all the reagents for the home-made competitive assay for the 
quantitation of 4-HNE-protein adducts. BIO-RAD (Steenvorde, France) 
provided the Bio-Plex Pro Mouse Cytokine 23-Plex Immunoassay. 

2.2. Field campaign and PM2.5 sampling description 

Field campaign and PM2.5 sampling description have been already 
described in details by Leclercq et al. (2017). Briefly, air pollution- 
derived PM2.5 samples were collected during two distinct seasons from 
April 2013 to July 2013 (i.e., SS) and from November 2013 to April 2014 
(i.e., AW), respectively, in the center of Lille (France). The sampling site 
(50◦37′53.2″N; 3◦04′31.5″E) is surrounded by medium-sized buildings 
and located <500 m from a high traffic road (N265) and a large train 
station. The average PM2.5 mass concentrations, measured at a moni
toring station from the regional air quality monitoring network, were 
16.6 ± 8.4 µg/m3 and 16.8 ± 10.1 µg/m3 for the SS and AW seasons, 
respectively. Collected particles with aerodynamic equivalent diameter 
between 2.5 µm and 0.18 µm (i.e., only the last 3 stages of the high- 
volume cascade impactor sampler, also referred as PM2.5), were 
retrieved, weighed, homogenized, and kept at − 20 ◦C until their further 

use for physical, chemical and biological characterization, and toxico
logical studies. 

2.3. Physical, chemical and biological characterization of PM2.5 

Physical, chemical, and biological characterizations of PM2.5 have 
been almost fully described in details by Leclercq et al. (2017). The size 
distributions of the PM2.5 samples (i.e., SS and AW PM2.5), as evaluated 
by a Zetasizer Nano ZSP™ (Malvern Instruments SARL, Orsay, France) 
and expressed in numbers, were 972.5 ± 315.4 nm (7.3 %), and 184.5 
± 93.03 nm (92.7 %)) for the SS season (i.e., SS PM2.5), and 993.4 ±
295.9 nm (26.1 %), and 172.3 ± 32.82 nm (79.1 %)) for the AW season 
(i.e., AW PM2.5), respectively (see also supplemental data: Table S1). 
Metal analyses were performed using inductively coupled plasma- 
atomic emission spectroscopy (IRIS Intrepid, Thermo-Scientific) and 
-mass spectrometry (NeXion 300x, Perkin Elmer, Villebon-sur-Yvette, 
France) according to Alleman et al. (2010) and Mbengue et al. (2014). 
Elemental compositions showed not only some elements usually asso
ciated with natural environment (e.g., Al, Ca, Na, Mg, Ti, Sr), but also so- 
called anthropogenic elements (e.g., Ba, Cr, Cd, Cu, Fe, Ni, Mn, Pb, Zn) 
(see also supplemental data: Table S2). Polycyclic aromatic hydrocarbon 
(PAH) analyses were performed using a high-pressure liquid chromo
tography Waters 2695 Alliance system (Waters SA, Saint-Quentin-en- 
Yvelines, France) coupled to a 2475-fluorimetric detector according to 
Crenn et al. (2017). High resolution gas chromatography/high resolu
tion mass spectrometry after accelerated solvent extraction were used to 
quantify polychlorinated dibenzo-p-dioxin and furans (PCDD/Fs) and 
dioxin-like and marker polychlorinated biphenyls (DL/M− PCBs) (Billet 
et al. 2007, 2008). Several congeners of PAHs, PCDD/Fs, and DL- and 
M− PCBs were detected within the two PM2.5 samples (see also supple
mental data: Table S3). Overall, the concentrations of chemicals were 
higher in the AW as compared to the SS PM2.5 (i.e., 

∑
inorganic ele

ments: 207,004 vs 160,246 µg/g, 
∑

PAHs: 69.4 vs 25.4 µg/g, 
∑

PCDDs: 
13.9 vs 11.5 fg/g, 

∑
PCDFs: 6.37 vs 4.45 fg/g, 

∑
DL-PCBs: 44.5 vs 24.3 

ng/g, and 
∑

M− PCBs: 233 vs 158 ng/g). The Pierce™ Chromogenic 
Endotoxin Quant Kit (ThermoFisher scientific) allowed to quantify en
dotoxins, according to the manufacturer’s recommendations. There 
were higher concentrations of endotoxins in the AW (i.e., 0.59 ± 0.16 
EU/µg PM2.5) as compared to the SS PM2.5 (i.e., 0.37 ± 0.03 EU/µg 
PM2.5). 

2.4. Intrinsic OP of PM2.5 

CM-H2DCFDA acellular assay: The CM-H2DCFDA acellular assay was 
based on the oxidation of the non-fluorescent CM-H2DCFDA probe by 
the ROS produced by the particles and its conversion into the fluorescent 
2′,7′-dichlorofluorescein (DCF). Briefly, CM-H2DCFDA probe was dis
solved at 0.33 mM in absolute ethanol and then activated by incubation 
with 10 mM NaOH solution for 30 min in the dark at room temperature. 
The solution was neutralized with phosphate buffered saline (PBS) 
without calcium and magnesium. Either AW or SS PM2.5, from 10 to 100 
µg/mL, were incubated at 37 ◦C with 20 µM CM-H2DCFDA in Costar® 
96-Well Black Polystyrene Plates. Fluorescence generated by probe 
oxidation was read every 5 min for 1 h (λex/λem = 485 nm/520 nm) at 
37 ◦C with Spark® 10 M multimode plate reader (TECAN France SASU, 
Lyon, France) (Boudjema et al. 2021). 

DTT assay: The DTT assay was based on a two-step reaction. In the 
first step, redox active compounds oxidized DTT to its disulphide form 
which donated an electron to dissolved molecular oxygen, forming su
peroxide anion. Superoxides can subsequently comproportionate to 
hydrogen peroxide and oxygen. The rate of DTT-disulphide formation 
was proportional to the concentration of redox-active species in the 
sample when DTT was added in excess. In the second step, the remaining 
DTT reacted with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB), to 
generate DTT-disulphide and 2-nitro-5-thiobenzoic (TNB) that was the 
reagent monitored spectrophotometrically. The experimental procedure 
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proposed by Crobeddu et al. (2017) was applied. Briefly, either AW or SS 
PM2.5, from 10 to 100 µg/mL, were incubated with 400 mM DTT (Sigma- 
Aldrich) for 1 h at 37 ◦C in 30 mM degassed HEPES buffer in Costar® 96- 
Well transparent Polystyrene Plates. Thereafter, microplates were 
centrifuged for 15 min at 3500 g at 4 ◦C. An aliquot of the supernatant 
was mixed to an equal volume of 2.5 mM DTNB. Absorbance was read at 
405 nm with Spark® 10 M multimode plate reader (TECAN France 
SASU). 

AA depletion assay: The AA depletion assay used ascorbic acid as a 
simplified model of the synthetic respiratory tract lining fluids: AA was 
oxidized to dehydroascorbic acid while redox active species were 
reduced, before transferring an electron to oxygen molecules promoting 
the formation of ROS. Briefly, either AW or SS PM2.5, from 10 to 100 µg/ 
mL, were incubated for 10 min at 37 ◦C in Costar® 96-Well transparent 
Polystyrene Plates. After adding 200 µM AA solution, the absorption was 
read at 265 nm at known time intervals for 1 h with Spark® 10 M 
multimode plate reader (TECAN France SASU) (Visentin et al. 2016). 

GSH oxidation assay: The GSH oxidation assay was based on the 
oxidation by ROS of the reduced form of glutathione (GSH) into the 
oxidized form (GSSG). After incubation, both the GSH and GSSG con
centrations, and also the glutathione status, were evaluated thanks to 
the GSH/GSSG-Glo™ assay. The GSH/GSSG-Glo™ Assay was a 
luminescence-based system to detect and quantify total glutathione 
(GSH + GSSG concentrations), GSSG concentrations, and GSSG/GSH 
ratio. The determination of both the GSH and GSSG concentrations is 
based on the GSH-dependent conversion of a GSH probe, Luciferin-NT, 
to luciferin by a glutathione S-transferase enzyme, coupled to a firefly 
luciferase reaction. Light from luciferase depends on the amount of 
luciferin formed, which in turn depends on the amount of GSH present. 
Briefly, either AW or SS PM2.5, from 10 to 100 µg/mL, were incubated 
for 4 h at 37 ◦C in a solution containing physiological concentrations 
(200 μM) of GSH in PBS at pH 7.4 in Costar® 96-Well white Polystyrene 
Plates with constant mixing. After incubation, both the GSH and GSSG 
concentrations, and also the GSSG/GSH ratio status, were determined by 
monitoring luminescence with Spark® 10 M multimode plate reader 
(TECAN France SASU). (Boudjema et al. 2021). 

2.5. A/JOlaHsd mouse exposure to PM2.5 

The experiments were approved by the local Institutional Animal 
Care and Use Committee (i.e., Agreement number: 1A 089 099 3589 1), 
and all the animal procedures were carried out in accordance with 
Directive 2010/63/EU for animal experiments and French legal rec
ommendations related to animal studies. Seventy-eight male 10-week- 
old specific pathogen-free (SPF) A/JOlaHsd mice (weight 20-25 g) 
were obtained from the Harlan Laboratories (Horsy, The Netherlands). 
Upon arrival, mice were housed into plastic cages (6 mice/cage) within 
ventilated racks to conventional animal room and maintained under 
standard conditions for 2 weeks, having free-access to water and 
maintenance diet ad libitum. After this 2-week acclimatization period, 
mice were divided into 13 groups (n = 6 mice/groups), 7 and 6 groups 
being intended for the acute and the sub-chronic strategy of exposure, 
respectively. 

Acute exposure: Acutely exposed mice (i.e., 6 groups, n = 6 mice/ 
groups) were intranasally instilled after a light anesthesia (i.e., iso
flurane: induction 2.5 % and maintenance 1.5 %) with PM2.5 suspen
sions as follows: 10, 50 or 100 µg of AW or SS PM2.5, respectively, 
suspended in 30 µL of sterile PBS. Negative control group consisting of 6 
healthy control mice has undergone the same light anesthesia but was 
intranasally instilled only with the vehicle (i.e., 30 µL of sterile PBS). 
Mice were sacrificed 24 h later by an intraperitoneal administration of a 
sedative analgesic, xylazine (10 mg/kg), in association with a dissocia
tive anesthetic, ketamine (100 mg/kg), and an exsanguination by 
intracardiac blood sampling. 

Sub-chronic exposure: Sub-chronically exposed mice (i.e., 4 groups, 
n = 6 mice/groups) were intranasally instilled 3 times/week for 4 weeks 

(28 days) after a light anesthesia (i.e., isoflurane: induction 2.5 % and 
maintenance 1.5 %) with PM2.5 suspensions as follows: 2 groups with 10 
µg of AW PM2.5 and 2 groups with SS PM2.5, suspended in 30 µL of sterile 
PBS. Negative control groups (i.e., 2 groups, n = 6 mice/groups) have 
undergone the same light anesthesia but were intranasally instilled only 
with the vehicle (i.e., 30 µL of sterile PBS). The two first groups, exposed 
to each type of PM2.5, were sacrificed 24 h later for by an intraperitoneal 
administration of a sedative analgesic, xylazine (10 mg/kg), in associ
ation with a dissociative anesthetic, ketamine (100 mg/kg), and an 
exsanguination by intracardiac blood sampling. The two other groups, 
exposed to each type of PM2.5, were sacrificed after a 12-week recovery 
period. The two negative control groups were sacrificed after 24 h and a 
12-week recovery period, respectively. The health of the mice was 
monitored daily and their weights were tracked weekly. 

2.6. PM2.5-induced toxicological endpoints 

The further study of the toxicological endpoints needed the prepa
ration of different mouse lung matrices: (i) bronchoalveolar lavages 
(BALs) were realized with 2 × 1 mL of sterile PBS before removing lungs 
from the chest cavity, and immediately frozen at -80 ◦C for use in further 
experiments. The BAL fluids (BALFs, 1.8 mL) were immediately placed 
on ice. Free-lung cells were recovered from the BALF by centrifugation 
at 300g for 10 min at 4 ◦C, (ii) Nrf2-ARE binding activity, NF-κB-DNA 
binding activity, antioxidant enzyme activities (i.e., SOD, GPx, GR, and 
CAT), oxidative lesions (i.e., 4-HNE-protein adducts, 8-IsoP F2α, and CO- 
PROT), and cytokines (i.e., GMCSF, IL1β, IL6, IL10, IL13, and IL17A, KC/ 
CXCL1, MCP1/CCL2, MIP-1α/CCL3, MIP1b, RANTES, and TNFα) were 
studied after lung tissue lysis with RIPA buffer supplemented with 
cOmplete™EDTA-free Protease Inhibitor Cocktail and Phosphatase In
hibitor Cocktail (Merck-Millipore), (iii) mRNA expression profiles [i.e., 
Keap1, Nrf2, Gpx1, Hmox1, Nqo1, Sod1, and Txn1) were studied after 
total RNA extraction with the miRNeasy Mini Kit (Qiagen), and (iv) 8- 
OHdG were studied after DNA extraction with the QIAamp DNA Mini 
Kit (Qiagen). 

Nrf2 cell signaling pathway activation and oxidative damage: Firstly, 
the Nrf2-ARE binding activity was studied using TransAM® NRF2 from 
Active Motif. Associated gene expressions of some members of the Nrf2 
signaling pathway (i.e., Keap1, Nrf2, Gpx1, Hmox1, Nqo1, Sod1, and 
Txn1) were evaluated by RT-qPCR using specific Taqman™ gene 
expression assays (Keap1: Mm00497268_m1, Nrf2: Mm00477784_m1, 
Gpx1: Mm00656767_g1, Hmox1: Mm00516005_m1, Nqo1: 
Mm01253561_m1, Sod1: Mm01344233_g1, Txn1: Mm00726847_s1, 
and PPIA: Mm02342430_g1), a StepOnePlus™ Real-Time PCR System, 
and the Expression Suite Software (ThermoFisher scientific). Secondly, 
antioxidant enzyme activities (i.e., SOD, GPx, GR, and CAT) were 
studied using Superoxide Dismutase Activity Assay Kit, Glutathione 
Peroxidase Cellular Activity Assay Kit, Glutathione Reductase Assay Kit, 
and Catalase assay kit, according to the manufacturer’s recommenda
tions. (Garçon et al., 2001a,b, 2006, ) Thirdly, the concentrations of 4- 
HNE-protein adduct, 8-IsoPF2α, CO-PROT, 8-OHdG, and glutathione 
status (GSSG/GSH) were studied respectively thanks to a home-made 
competitive ELISA, based on MSD technologies, using 4-HNE-modified 
BSA and rabbit polyclonal anti-4-HNE antibody, 8-iso-PGF2 alpha 
ELISA Kits, Protein Carbonyl Content Assay Kit, 8-hydroxy-2′-deoxy
guanosine ELISA kit, and GSH/GSSG-Glo™ assay, as published else
where (Anthérieu et al., 2017; Blasco et al., 2017; Boudjema et al., 2021; 
Garçon et al., 2006; Leclercq et al., 2016, 2018, ). 

BALF cell counts: After cytocentrifugation (300 g for 10 min) to 
prepare cell differential slides, total cell counts were determined and 
BALF cell slides were stained with May-Grünwald Giemsa using an 
automated slide stainer. BALF cells were enumerated (300 cells/sample) 
to determine differential cell counts. Cytotoxicity of lung tissues and 
BALF cells was evaluated by the determination of extracellular glucose- 
6-phosphate dehydrogenase (G6PD) activity in cell-free BALF. The 
Vybrant cytotoxicity assay detects G6PD activity through a two-step 
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enzymatic process that leads to the reduction of resazurin into red- 
fluorescent resorufin. The resulting fluorescence signal is proportional 
to the activity of G6PD released by cells and/or tissues into the BALF, 
and this release correlates with the number of dead cells. The fluores
cence emission of resorufin (λAbs/λEm: 563/587 nm), monitored with a 
Spark® 10 M multimode plate reader (TECAN France SASU), is beyond 
the autofluorescence of most biological samples (Leclercq et al. 2016). 

NF-κB cell signaling pathway activation and cytokine secretion: The 
NF-κB-DNA binding activity was studied using TransAM® NF-κB from 
Active Motif. The concentrations of cytokines/chemokines (i.e., GMCSF, 
IL1β, IL6, IL10, IL13, IL17A, KC/ CXCL1, MCP1/CCL2, MIP-1α/CCL3, 
MIP1b/CCL4, RANTES, and TNFα) in the lung lysates were detected by 
Bio-Plex Pro Mouse Cytokine 23-Plex Immunoassay (Blasco et al. 2017). 

2.7. Statistical analysis 

Results were expressed as mean values and standard deviations, or as 
medians and interquartile ranges, and maximum and minimum values. 
For both the acute and the sub-chronic strategies of exposure, compar
isons were performed between data (i) from mice exposed to SS or AW 
PM2.5 and those from negative controls, (ii) from mice exposed to SS and 
those from AW PM2.5, and (iii) from mice exposed for the 12-week re
covery period (1MR) and those for the 4-week exposure period (1M). 
After having checked for the normal distribution of the variables under 
study, the Student’s t-test was used to perform statistical analyses 
(Software: SPSS v28 for windows). Differences with a p < 0.05 were 
considered statistically significant (n = 6; Student t-test versus negative 
controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p <
0.05; Student t-test versus 4-week exposure period (1M): a: p < 0.05, and 
b: p < 0.01). 

3. Results 

3.1. Physical, chemical, and biological characteristics of PM2.5 

Physical, chemical, and biological characterization of both the AW 
and the SS PM2.5 bulk samples have been almost fully reported by 
Leclercq et al. (2017). Results are also shown as supplemental data (see 
also: Tables S1, S2, and S3). 

3.2. Intrinsic OP of PM2.5 

Intrinsic OPs of both the SS and AW PM2.5 samples were determined 
according to four analytical methods: the CM-H2DCFDA acellular assay, 
the DTT assay, the AA depletion assay, and the GSH oxidation assay 
(Fig. 1). The intrinsic OPs of AW and SS PM2.5, at 10, 50 and 100 µg/mL, 
were firstly determined through the CM-H2DCFDA acellular assay, 
thereby showing a dose-dependent activation of the CM-H2DCFDA 
probe in presence of AW, and, more markedly, of SS PM2.5, vs negative 
controls (p < 0.05; Fig. 1A). Moreover, there was a dose-dependent 
depletion of the DTT induced by AW, and to a lesser extent, for the 
two lowest doses, by SS PM2.5 (p < 0.05; Fig. 1B). Similar results were 
reported when evaluating the intrinsic OP of the AW PM2.5 sample by 
the AA depletion assay (p < 0.05; Fig. 1C). However, the intrinsic OP of 
the SS PM2.5 sample, as evaluated by this assay, showed lower responses, 
also only statistically significant after the exposure to the highest dose (p 
< 0.05; Fig. 1C). In addition, there were statistically significant increases 
in the GSSG/GSH ratio, thereby suggesting the dose-dependent oxida
tion of GSH into GSSG in presence of AW, and, in a lesser degree, of SS 
PM2.5 (p < 0.05; Fig. 1D). Taken together, these results closely supported 
that even if the AW and SS PM2.5 samples triggered statistically signif
icantly distinct responses, both of them had really a relatively high 
intrinsic OP. 

Fig. 1. Intrinsic oxidative potential of the two PM2.5 samples collected during two contrasting seasons (i.e., autumn/winter, AW or spring/summer, SS), as deter
mined by chloromethyl derivative of 2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCFDA) acellular assay (Fig. 1A), the dithiothreitol (DTT) assay (Fig. 1B), the 
ascorbic acid (AA) depletion assay (Fig. 1C), and the glutathione (GSH) oxidation assay (Fig. 1D). Values are depicted as mean values and standard deviations (n = 6). 
Raw values of the negative controls were as follows: CM-H2DCFDA: 2.05 ± 0.06 RFU; DTT: 5263 ± 533.8 RFU; AA: 0.006 ± 0.005 nmol/L/min; GSSG/GSH: 0.035 
± 0.003 RLU (n = 6; Student t-test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p < 0.05). 
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3.3. Health monitoring and weight tracking of mice 

Health status of acutely and sub-chronically exposed mice was 
monitored daily. No apparent adverse health effect, behavioral/cogni
tive deficit, or death was reported 24 h after the acute exposure strategy, 
or 24 h or 12 weeks after the sub-chronic exposure strategy. Moreover, 
the weight tracking of the mice was realized 24 h after the acute expo
sure strategy and weekly for the sub-chronic exposure strategy of 4 
weeks and the recovery period of 12 weeks (Fig. 2). There was no sig
nificant difference between the weight of the mice acutely exposed to 
increasing doses of SS or AW PM2.5, vs negative controls (Fig. 2). No 
statistically significant loss of weight was reported for the mice sub- 
chronically exposed to SS or AW PM2.5 until the end of the exposure 
strategy. However, the weight tracking of the mice sub-chronically 
exposed to SS PM2.5 revealed significant losses of weight at the W13, 
which increased progressively until the end of the exposure strategy, vs 
negative controls (i.e., W13-W15: p < 0.05, and W16: p < 0.01) (Fig. 2). 
The weight tracking of the mice sub-chronically exposed to AW PM2.5 
showed earlier significant reduced weight gain, at the W11, which 
persisted until the end of the exposure strategy, vs the negative controls 
(i.e., W11-W13: p < 0.05, and W14-W16: p < 0.01) (Fig. 2). In contrast, 
no statistically significant reduction of weight gain was reported for the 
mice sub-chronically exposed to SS PM2.5 until the end of the exposure 
strategy. A slight reduction of weight gain of the mice sub-chronically 
exposed to SS PM2.5 was observed after the 8th and 9th weeks of the 
recovery period (p < 0.05), which was growing progressively until the 
end of the exposure strategy, vs the negative controls (i.e., 10th week: p 
< 0.01, and 11th and 12th weeks: p < 0.001) (Fig. 2). No significant 
difference of weight gain was reported between the mice exposed to the 
AW vs those exposed to SS PM2.5. 

3.4. PM2.5-induced activation of the Nrf2 cell signaling pathway and 
oxidative damage 

Nrf2 cell signaling pathway was significantly activated in a dose- 
dependent manner in AW, and, to a lesser degree, in SS PM2.5-acutely 
exposed mice, vs negative controls (Fig. 3 and Table 1). There were also 
dose-dependent increases of the Nrf2-ARE binding activity in the lungs 
of the mice acutely exposed to AW PM2.5, from 10 µg/instillation, and, to 
a lower extend, to SS PM2.5, only from 50 µg/instillation, vs negative 
controls (p < 0.05) (Fig. 3). Higher increases of the Nrf2-ARE binding 
activity were generally reported in the lungs of the mice acutely or sub- 
chronically exposed to AW PM2.5 vs those exposed to SS PM2.5 (p < 0.05) 
(Fig. 3). It is also noteworthy that the increases of the Nrf2-ARE binding 
activity reported in the lungs of the mice sub-chronically exposed to 
both the PM2.5 samples certainly persisted after the recovery period of 

12 weeks but with a significantly smaller effect vs the exposure period of 
4 weeks (p < 0.01) (Fig. 3). Moreover, the gene expression of Nrf2 and 
some of the downstream target genes, such as Gpx1, Hmox1, Nqo1, Sod1, 
and/or Txn1, were significantly up-regulated in the lungs of the mice 
acutely or sub-chronically exposed to AW and, less markedly, to SS 
PM2.5, vs negative controls (Fold change: FC > 1.5, p < 0.01) (Table 1). It 
should be noted that the expression of the Nrf2 gene and some of the 
downstream target genes of the Nrf2 cell signaling pathway (i.e., Gpx1, 
Hmox1, Nqo1, Sod1, and Txn1) significantly persisted after the 12-week 
recovery period in the lungs of the mice sub-chronically exposed to AW, 
and, less markedly, to SS PM2.5, but with lower FC values vs the 4 week- 
exposure period (FC > 1.5, p < 0.05) (Table 1). In addition, there were 
statistically significant increases of GPx and GR enzymatic activities in a 
dose-dependent manner in the lungs of the mice acutely exposed to AW 
(from 10 µg/instillation) and, less markedly, to SS PM2.5 (from 50 µg/ 
instillation), vs negative controls (p < 0.05) (Fig. 4B and 4D). Both the 
GPx and GR enzymatic activities were also increased in the lungs of the 
mice sub-chronically exposed to both the PM2.5 samples (p < 0.01). It 
should be noted that these increases significantly persisted after the 12- 
week recovery period but with lower enzymatic activities of both the 
GPx and GR vs the 4-week exposure period (p < 0.05) (Fig. 4B and 4D). 
In the same way as for GPx and GR enzymatic activities, there were 
statistically significant increases of SOD and CAT enzymatic activities in 
a dose-dependent manner in the lungs of the mice acutely exposed to AW 
(from 10 µg/instillation) and, to a lesser extent, to SS PM2.5 (from 50 µg/ 
instillation), vs negative controls (Fig. 4A and 4C). However, somewhat 
surprisingly, SOD and CAT enzymatic activities were significantly 
decreased in the lungs of the mice sub-chronically exposed to AW and, 
less markedly, to SS PM2.5, vs negative controls (p < 0.05) (Fig. 4A and 
4C). In contrast, after the recovery period, both these enzymatic activ
ities were slightly but significantly increased in response to the exposure 
to AW and, in a lesser degree, to SS PM2.5 (p < 0.05) (Fig. 4A and 4C). 
Whatever the PM2.5 sample under study, significant differences of the 
enzymatic activities of both the SOD and CAT were also reported be
tween the 4-week exposure period and the 12-week recovery period (p 
< 0.01) (Fig. 4A and 4C). Remarkably, despite the activation of Nrf2 cell 
signaling pathway, the oxidative alterations of DNA (i.e., 8-OHdG), 
proteins (i.e., CO-PROT), lipids (i.e., 4-HNE-protein adducts, and 8-Iso
PF2α, data not shown), and glutathione status (i.e., oxidation of GSH 
into GSSG) occurred in a dose-dependent manner in the lungs of the 
mice acutely exposed to AW (from 10 µg/instillation) and, to a lesser 
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Fig. 2. Weight tracking of the mice 24 h after the acute exposure strategy and 
weekly for the sub-chronic exposure strategy of 4 weeks and the recovery 
period of 12 weeks. Values are depicted as mean values and standard deviations 
(weeks 1 to 4: n =12 and weeks 5 to 16: n = 6). (Student t-test versus negative 
controls: *: p < 0.05, and **: p < 0.01). 

Fig. 3. Binding activity of nuclear factor erythroid 2 p45-related factor 2 (Nrf2) 
to antioxidant response elements (ARE) in the lungs of the mice 24 h after the 
acute exposure strategy (24 h), the sub-chronic exposure strategy of 4 weeks 
(1M), and the recovery period of 12 weeks (1MR) to air pollution-derived 
particulate matter (PM2.5). Values are depicted as medians and interquartile 
ranges, and maximum and minimum values (n = 6). Raw values of the negative 
controls were as follows: 24 h: 0.30 ± 0.04 U abs/mg protein, 1M: 0.32 ± 0.05 
U abs/mg protein, and 1MR: 0.33 ± 0.07 U abs/mg protein (n = 6; Student t- 
test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus 
SS: #: p < 0.05; Student t-test versus 1M: b: p < 0.01). 
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degree, to SS PM2.5 (from 50 µg/instillation), vs negative controls (p <
0.05) (Fig. 5A, 5B, 5C, and 5D). Nevertheless, it is noteworthy that AW 
and, less markedly, SS PM2.5-induced oxidative damage to all these 
critical cell macromolecules were observed in the lungs of the mice sub- 
chronically exposed (p < 0.05) (Fig. 5A, 5B, 5C, and 5D). Overall, higher 
concentrations of 8-OHdG, CO-PROT, 4-HNE-protein adducts, and 8- 
IsoPF2α, and alterations of the glutathione status (i.e., GSSG/GSH) were 
also reported in the lungs of the mice acutely or sub-chronically exposed 
to AW PM2.5 vs those exposed to SS PM2.5 (p < 0.05) (Fig. 5A, 5B, 5C, and 
5D). Moreover, it should be emphasized that oxidative damage to all 
these critical cell macromolecules significantly persisted in the lungs of 
the mice sub-chronically exposed to AW and, less markedly, to SS PM2.5, 
after the recovery period of 12 weeks vs the exposure period of 4 weeks 
(p < 0.05) (Fig. 5A, 5B, 5C, and 5D). 

3.5. PM2.5-induced activation of the NF-κB cell signaling pathway and 
inflammatory cell recruitment 

As shown in Fig. 6A and 6B, there were statistically significant in
creases in the NF-κB (p65 and p52)-DNA binding activity in the lungs of 
the mice acutely exposed to AW, and, less markedly, to SS PM2.5, from 
10 µg/instillation, vs negative controls (p < 0.05). There were higher 
increases of NF-κB (p65 and p52)-DNA binding activity in the lungs of 
the mice sub-chronically exposed to AW and, less markedly, to SS PM2.5, 
vs negative controls (p < 0.01) (Fig. 6A and 6B). Moreover, it is note
worthy that there is only significant increase of the NF-κB (p65)-DNA 
binding activity, and not the NF-κB (p62)-DNA binding activity, in the 
lungs of the mice sub-chronically exposed to both the PM2.5 samples 
after the recovery period (p < 0.01) (Fig. 6A and 6B). However, the NF- 
κB (p65)-DNA binding activity in the lungs of the mice sub-chronically 
exposed to AW or SS PM2.5 was significantly lower after the recovery 
period of 12 weeks vs the exposure period of 4 weeks (p < 0.01) 
(Fig. 6A). In addition, the concentration profiles of some cytokines (i.e., 
IL1β, IL6, IL10, KC/CXCL1, MCP1/CCL2, MIP-1α/CCL3, MIP1b/CCL4, 
and TNFα) were globally identical according to the different exposure 

strategies to both the PM2.5 samples. Indeed, there were statistically 
significant increases of the concentrations of the cytokines cited above 
(i.e., TNFα, IL1β, IL6, and IL10: Fig. 7A, 7B, 7C, and 7D, respectively, and 
KC/CXCL1, MCP1/CCL2, MIP-1α/CCL3, MIP1b/CCL4: data not shown) 
in the lungs of the mice acutely or sub-chronically exposed to AW PM2.5, 
from 10 µg/instillation, and to SS PM2.5, from 10 µg/instillation, vs 
negative controls (p < 0.05) (Fig. 7A, 7B, 7C, and 7D). The concentra
tions of cytokines reported in the lungs of the mice acutely (i.e., IL-6 for 
100 µg/instillation) or sub-chronically (i.e., TNFα, IL1β, and IL6) 
exposed to AW PM2.5 were significantly higher vs SS PM2.5 (p < 0.05) 
(Fig. 7A, 7B, and 7D). It should be noted that the significant increases of 
the concentrations of all these cytokines persisted after the recovery 
period of 12 weeks (p < 0.05) (Fig. 7A, 7B, 7C, and 7D). Nevertheless, 
whatever the PM2.5 sample under study, some of these cytokines (i.e., 
TNFα, IL1β, and IL6) were found at lower concentrations in the mice 
lungs after the 12-week exposure period vs the 4-week recovery period 
(p < 0.01) (Fig. 7A, 7B, 7C, and 7D). In contrast, the concentration 
profiles of other cytokines (i.e., GMCSF, IL13, IL17A, and RANTES) were 
very similar depending on the different exposure strategies to the two 
PM2.5 samples. Statistically significant increases of the concentrations of 
all these cytokines were reported only after the higher doses of AW 
(from 50 µg/instillation) and SS PM2.5 (from 50 µg/instillation) in the 
lungs of the mice acutely exposed, vs negative controls (p < 0.05) 
(Fig. 8A, 8B, 8C, and 8D). The concentrations of all these cytokines were 
also significantly increased in the lungs of the mice sub-chronically 
exposed to both the PM2.5 samples (p < 0.01) (Fig. 8A, 8B, 8C, and 
8D). It should be noted that the concentrations of some of these cyto
kines were statistically significantly higher in the lungs of the mice 
acutely (i.e., IL13, IL17A, and RANTES for 100 µg/instillation) and sub- 
chronically (i.e., GMCSF, IL13, IL17A, and RANTES) exposed to AW vs SS 
PM2.5 (p < 0.01) (Fig. 8A, 8B, 8C, and 8D). Whatever the PM2.5 sample 
under study, significantly increases of the concentrations of all these 
cytokines persisted in the lungs of mice after the recovery period of 12 
weeks, but lower concentrations of these cytokines were reported in the 
mice lungs after the 12-week exposure period vs the 4-week recovery 

Table 1 
Lung mRNA expression of some of the genes involved in Nrf2 cell signalling pathway in mice exposed to AW PM2.5 or SS PM2.5 for 24 h, 1 month (1M) or 1 month with 
recovery (1MR).  

Exposure 
time  

24 h  1M  1MR 

PM dose 
(µg/ 
instillation)  

10   50  100  10  10 

Sampling 
period  

AW  SS  AW  SS  AW  SS  AW  SS  AW  SS 

Gpx1  1.43 ±
0.16 
**  

1.68  
± 0.17 
**  

2.06  
± 0.45 
**  

1.92  
± 0.23 
**  

2.54  
± 0.62 
**  

2.26  
± 0.55 
**  

4.34  
± 0.80 
**, #  

3.25  
± 0.54 
**  

2.29  
± 0.51 
**, b  

2.35  
± 1.18 
*, b 

Hmox1  1.27 ±
0.45  

1.40 ±
0.32  

1.54  
± 0.30 
**  

1.54  
± 0.49 
**  

1.72  
± 0.22 
**  

1.68  
± 0.34 
**  

3.10  
± 0.64 
**, #  

2.57  
± 0.60 
**  

1.95  
± 0.32 
**, b  

1.82  
± 0.35 
**, a 

Keap1  2.30  
± 0.45 
**  

1.92  
± 0.38 
**  

1.01 ±
0.31  

1.06 ±
0.30  

0.92 ±
0.25  

0.95 ±
0.10  

1.38 ±
0.33 
*  

1.35 ±
0.35  

1.06 ±
0.06  

1.09 ±
0.30 
** 

Nrf2  1.53  
± 0.32 
**  

1.39 ±
0.45  

1.47 ±
0.33 
*  

1.44 ±
0.24 
**  

1.39 ±
0.33 
**  

1.48 ±
0.29 
**  

4.16  
± 0.46 
**, #  

3.07  
± 0.53 
**  

1.66  
± 0.17 
**, b  

1.54  
± 0.25 
**, b 

Nqo1  2.76  
± 0.75 
**  

2.24  
± 0.40 
**  

3.06  
± 0.63 
**  

2.68  
± 0.51 
**  

3.66  
± 0.61 
**  

3.04  
± 0.60 
**  

4.01  
± 0.57 
**, #  

2.89  
± 0.56 
**  

2.78  
± 0.69 
**, #, b  

2.12  
± 0.46 
**, a 

Sod1  2.79  
± 0.52 
**  

2.44  
± 0.61 
**  

3.09  
± 0.70 
**  

2.65  
± 0.40 
**  

3.74  
± 0.65 
**  

3.25  
± 0.76 
**  

3.05  
± 0.41 
**, #  

2.24  
± 0.60 
**  

4.55  
± 0.54 
**, #, b  

3.10  
± 0.77 
** 

Txn1  3.73  
± 0.65 
**  

2.96  
± 0.85 
**  

3.88  
± 0.67 
**  

3.08  
± 0.81 
**  

4.58  
± 0.97 
**  

3.29  
± 0.54 
**  

3.75  
± 0.67 
**, #  

2.65  
± 0.70 
**  

2.99  
± 0.48 
**, #, b  

2.46  
± 0.32 
** 

Data are presented as mean values and standard deviations. Gene expressions were calculated by the relative expression ratio of each gene to PPIA. AW: autumn–winter 
and SS: spring-summer (Bold text = Fold change (FC) ≥ 1.5; n = 6; Student t-test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p <
0.05; Student t-test versus 1M: a: p < 0.05, and b: p < 0.01). 
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period (p < 0.01) (Fig. 8A, 8B, 8C, and 8D). There were statistically 
significant increases in the BALF total cell count, the polymorphonuclear 
neutrophils (PMN) and the lymphocytes in the mice acutely (from 50 
µg/instillation) and sub-chronically exposed to AW and SS PM2.5, vs 
negative controls (p < 0.01) (Table 2). Macrophages were significantly 
less numerous, and, in contrast, PMN and lymphocytes more numerous 
in the lungs of the mice sub-chronically exposed to AW vs SS PM2.5 (p <
0.05) (Table 2). It should be noted that some of these significant dif
ferences persisted after the 12-week recovery period, and were signifi
cantly lower vs those reported after the 4-week exposure period (p <
0.05). In addition, the G6PD activity was statistically significantly 
increased in the BALF of the mice acutely exposed to AW (i.e., 1.48 and 
2.03-fold increases at 50 and 100 µg/instillation, respectively) and, in a 
lesser extent, SS PM2.5 (i.e., 1.38 and 1.78-fold increases at 50 and 100 
µg/instillation, respectively), vs negative controls (i.e., raw values of the 
negative controls were as follows: 24 h: 2624.2 ± 311.1 RFU/mg pro
tein) (p < 0.01). There were statistically significant increases of the 
G6PD activity in the lungs of the mice sub-chronically exposed to AW (i. 
e., 2.42-fold increases) and, less markedly, to SS PM2.5 (i.e., 1.57-fold 
increases), vs negative controls (i.e., raw values of the negative con
trols were as follows: 1 M: 2836.2 ± 239.4 pg/mg protein) (p < 0.01). 
Moreover, it is noteworthy that there were significant increases of the 
G6PD activity in the lungs of the mice sub-chronically exposed to both 
the PM2.5 samples after the recovery period (i.e., 1.57 and 1.26-fold 
increases for AW and SS PM2.5, respectively) (p < 0.01). However, the 

G6PD activities in the lungs of the mice sub-chronically exposed to AW 
or SS PM2.5 were significantly lower after the 12-week recovery period vs 
the 4-week exposure period (i.e., raw values of the negative controls 
were as follows: 1MR: 2863 ± 166.8 pg/mg protein) (p < 0.05). 

4. Discussion 

Although the current literature closely supported that the air 
pollution-derived PM will represent the driving force of this environ
mental hazard, researchers are still far from having a fully detailed 
mechanistic explanation for its respiratory toxicity (WHO, 2023). In this 
work, physically, chemically and biologically characterizing two PM2.5 
samples collected during two contrasted seasons (i.e., SS and AW), we 
sought to assess their intrinsic OPs, as toxicological relevant feature that 
could better predict their toxicological reactivity, thereby improving 
exposure metrics, compared to more conventional often used particle- 
metrics. Interestingly, we studied whether the intrinsic OPs of the two 
PM2.5 samples could be correlated to their respective abilities to disrupt, 
reversibly or not, redox status and inflammatory homeostasis within the 
lungs of A/JOlaHsd mice, acutely (24 h) or sub-chronically (4-weeks) 
exposed. One of the relevant highlights of this work was to evaluate the 
lung persistence of the induced-underlying mechanisms of toxicity, even 
after a 12-week recovery period. 

Two PM2.5 samples were collected in an urban surrounding during 
the two contrasting seasons (i.e., AW or SS). Field campaign and PM2.5 

Fig. 4. Enzymatic activities of superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), and glutathione reductase (GR) in the lungs of the mice 24 
h after the acute exposure strategy (24 h), the sub-chronic exposure strategy of 4 weeks (1M), and the recovery period of 12 weeks (1MR) to air pollution-derived 
particulate matter (PM2.5) (Fig. 4A, 4B, 4C, and 4D, respectively). Values are depicted as medians and interquartile ranges, and maximum and minimum values (n =
6). Raw values of the negative controls were as follows: SOD = 24 h: 657.7 ± 70 mU/mg protein, 1M: 731.4 ± 89.4 mU/mg protein, and 1MR: 703.6 ± 59.3 mU /mg 
protein; GPx = 24 h: 127.5 ± 14.8 mU/mg protein, 1M: 125.6 ± 15.5 mU/mg protein, and 1MR: 122 ± 14.6 mU /mg protein; CAT = 24 h: 104.6 ± 13.9 mU/mg 
protein, 1M: 127.3 ± 11.4 mU/mg protein, and 1MR: 121.3 ± 13 mU /mg protein; GR = 24 h: 34.4 ± 8.6 mU/mg protein, 1M: 38.3 ± 7.3 mU/mg protein, and 1MR: 
39.1 ± 5.7 mU /mg protein; (n = 6; Student t-test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p < 0.05; Student t-test versus 1M: 
a: p < 0.05, and b: p < 0.01). 
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Fig. 5. Concentrations of 8-hydroxy-2′-deoxyguanosine (8-OHdG), carbonylated protein (CO-PROT), 4-hydroxynonenal-protein adducts (4-HNE), and glutathione 
status (i.e., ratio between the oxidized and the reduced forms, GSSG/GSH) in the lungs of the mice 24 h after the acute exposure strategy (24 h), the sub-chronic 
exposure strategy of 4 weeks (1M), and the recovery period of 12 weeks (1MR) to air pollution-derived particulate matter (PM2.5) (Fig. 5A, 5B, 5C, and 5D, 
respectively). Values are depicted as medians and interquartile ranges, and maximum and minimum values (n = 6). Raw values of the negative controls were as 
follows: 8-OHdG = 24 h: 131.5 ± 25.3 pg/µg DNA, 1M: 141.8 ± 18.3 pg/µg DNA, and 1MR: 149.8 ± 19.8 pg/µg DNA; CO-PROT = 24 h: 17.1 ± 2.8 nmol/mg 
protein, 1M: 19.9 ± 2.7 nmol/mg protein, and 1MR: 21.2 ± 4.9 nmol/mg protein; 4-HNE = 24 h: 1.4 ± 0.3 ng/mg protein, 1M: 1.5 ± 0.2 ng/mg protein, and 1MR: 
1.6 ± 0.2 ng/mg protein; GSSG/GSH = 24 h: 0.07 ± 0.02, 1M: 0.1 ± 0.02, and 1MR: 0.11 ± 0.04 (n = 6; Student t-test versus negative controls: *: p < 0.05, and **: p 
< 0.01; Student t-test versus SS: #: p < 0.05; Student t-test versus 1M: a: p < 0.05, and b: p < 0.01). 

Fig. 6. Binding activity of nuclear factor-kappa B (NF-κB; p65 and p52) to DNA κB motifs in the lungs of the mice 24 h after the acute exposure strategy (24 h), the 
sub-chronic exposure strategy of 4 weeks (1M), and the recovery period of 12 weeks (1MR) to air pollution-derived particulate matter (PM2.5). Values are depicted as 
medians and interquartile ranges, and maximum and minimum values (n = 6). Raw values of the negative controls were as follows: p65 = 24 h: 0.02 ± 0.01 U abs/ 
mg protein, 1M: 0.04 ± 0.01 U abs/mg protein, and 1MR: 0.03 ± 0.01 U abs/mg protein; p52 = 24 h: 0.02 ± 0.01 U abs/mg protein, 1M: 0.05 ± 0.01 U abs/mg 
protein, and 1MR: 0.04 ± 0.01 U abs/mg protein (n = 6; Student t-test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p < 0.05; 
Student t-test versus 1M: a: p < 0.05, and b: p < 0.01). 

E. Barbier et al.                                                                                                                                                                                                                                 



Environment International 181 (2023) 108248

10

sampling description have been described in details by Leclercq et al. 
(2017) (i.e., see also supplemental data). The sampling conditions made 
them likely to be subjected to various emission sources including: sec
ondary inorganic aerosols (37.8 %), biomass combustion (20.6 %), road 
traffic (14.7 %), coal combustion (8.7 %), soil resuspension (8.1 %), 
railway (5.3 %), marine (4.8 %), and metallurgy (0.1 %). Among the 
height identified emission sources, six were mainly local (i.e., on 
average, 57.4 % of PM2.5 mass). Both these PM2.5 samples could also be 
considered as really representative of the air pollution derived-PM2.5 
impacting the global health of the inhabitants of Lille (France). Since 
2015, the European Directive 2008/50/CE defines a 25 μg/m3 annual 
mean of PM2.5 which must be applied, whereas the WHO recommended 
a 5 μg/m3 annual mean of PM2.5 to preserve human health (WHO 2023). 
The mean PM2.5 concentrations measured in Lille (i.e., 16.6 ± 8.4 µg/m3 

and 16.8 ± 10.1 µg/m3 for SS and AW seasons, respectively) were 
comparable to those found in other Northern French urban areas (Cazier 
et al. 2016; Crenn et al., 2018; Dergham et al., 2012, 2015). Even if the 
high-volume cascade impactor sampler exhibited a lower cut-off at 0.39 
µm, both the PM2.5 samples had a relatively high number of particles 
below 0.2 µm (i.e., 92.7 % with a mean size of 184.5 nm for SS PM2.5 and 
73.9 % with a mean size of 172.3 nm for AW PM2.5). The concentrations 
of chemicals were higher in AW as compared to SS PM2.5 (i.e., 
∑

inorganic elements: 207,004 vs 160,246 µg/g, 
∑

PAHs: 69.4 vs 25.4 

µg/g, 
∑

PCDDs: 13.9 vs 11.5 fg/g, 
∑

PCDFs: 6.37 vs 4.45 fg/g, 
∑

DL-PCBs: 44.5 vs 24.3 ng/g, and 
∑

M− PCBs: 233 vs 158 ng/g). 
Indeed, the inorganic element concentrations of the two PM2.5 samples 
were comparable to those already reported in the North region of France 
(Dergham et al. 2012, 2015, Mbengue et al. 2014). Besides, PAH con
centrations of the two PM2.5 samples were higher than those previously 
reported from less populated areas of the North region of France (Crenn 
et al. 2018). The high contribution of combustion particles from vehicle 
exhaust and unburned fuel could probably explain the relatively high 
levels of PAHs in AW vs SS PM2.5 (i.e., 69.4 vs 25.4 µg/g). PCDD/Fs and 
PCBs levels of the two PM2.5 samples were in similar ranges of value as 
those already reported in this region, whereas the levels of DL- and 
M-PCBs were less important (Dergham et al. 2012, 2015). Finally, there 
were higher concentrations of endotoxins in AW (i.e., 0.59 ± 0.16 
EU/µg) vs SS PM2.5 (i.e., 0.37 ± 0.03 EU/µg). Overall, given their 
respective characteristics, both the AW and SS PM2.5 samples could have 
a significant intrinsic OP, and could thereby disrupt the redox status 
and/or inflammatory homeostasis of target cells, tissues and/or organs 
(Ding et al. 2021). 

In order not to overlook the close relationship between the physico- 
chemical and toxicological characteristics of both the PM2.5, their 
intrinsic OPs, which can predict their toxicological reactivity, were 
carefully determined (Bates et al. 2019). In keeping with their respective 

Fig. 7. Concentrations of tumor necrosis factor-alpha (TNFα), Interleukin-1 beta (IL1β), interleukin-6 (IL-6), and interleukin-10 (IL-10) in the lungs of the mice 24 h 
after the acute exposure strategy (24 h), the sub-chronic exposure strategy of 4 weeks (1M), and the recovery period of 12 weeks (1MR) to air pollution-derived 
particulate matter (PM2.5) (Fig. 7A, 7B, 7C, and 7D, respectively). Values are depicted as medians and interquartile ranges, and maximum and minimum values 
(n = 6). Raw values of the negative controls were as follows: TNFα = 24 h: 35.66 ± 3.36 pg/mg protein, 1M: 35.23 ± 7.07 pg/mg protein, and 1MR: 30.22 ± 2.84 
pg/mg protein; IL1β = 24 h: 54.86 ± 5.83 pg/mg protein, 1M: 55.97 ± 7.85 pg/mg protein, and 1MR: 65.10 ± 8.60 pg/mg protein; IL-6 = 24 h: 3.56 ± 0.40 pg/mg 
protein, 1M: 14.04 ± 2.57 pg/mg protein, and 1MR: 16.20 ± 1.22 pg/mg protein; IL-10 = 24 h: 2.67 ± 0.43 pg/mg protein, 1M: 2.23 ± 0.41 pg/mg protein, and 
1MR: 1.76 ± 0.37 pg/mg protein; (n = 6; Student t-test versus negative controls: *: p < 0.05; **: p < 0.01; Student t-test versus SS: #: p < 0.05; Student t-test versus 1M: 
b: p < 0.01). 

E. Barbier et al.                                                                                                                                                                                                                                 



Environment International 181 (2023) 108248

11

physico-chemical characteristics, results from the four tests used (i.e., 
CM-H2DCFDA acellular assay, DTT assay, AA depletion assay, and GSH 
oxidation assay) closely supported a relatively high intrinsic OPs of AW 
and SS PM2.5 (Crobeddu et al., 2017, 2020). However, the two PM2.5 
samples showed distinct responses to the 4 tests used, and these differ
ences could be correctly accounted in view of their respective physico- 
chemical characteristics also described in details in supplemental data. 

Their specific intrinsic OPs could also be explained by their respective 
chemical components, namely secondary inorganic ions (e.g., NO3

–, 
SO4

2− , NH4
+), transition metals (e.g., Fe, Cu, Mn, Zn), and organic species 

(e.g., VOCs, PAHs) (Guo et al. 2017, Gangwar et al. 2020, Pardo et al. 
2015, Shuster-Meiseles et al. 2016). The current literature recommended 
the application of different methods to better take into account all the 
chemical species likely to contribute to the intrinsic OP of PM and the 

Fig. 8. Concentrations of granulocyte macrophage colony-stimulating factor (GMCSF), interleukin-13 (IL13), interleukin-17A (IL17A), and regulated upon activa
tion, normal T cell expressed and secreted (RANTES), in the lungs of the mice 24 h after the acute exposure strategy (24 h), the sub-chronic exposure strategy of 4 
weeks (1M), and the recovery period of 12 weeks (1MR) to air pollution-derived particulate matter (PM2.5) (Fig. 8A, 8B, 8C, and 8D, respectively). Values are 
depicted as medians and interquartile ranges, and maximum and minimum values (n = 6). Raw values of the negative controls were as follows: GMCSF = 24 h: 25.52 
± 1.47 pg/mg protein, 1M: 21.85 ± 0.96 pg/mg protein, and 1MR: 23.05 ± 2.34 pg/mg protein; IL13 = 24 h: 6.26 ± 1.94 pg/mg protein, 1M: 6.37 ± 1.38 pg/mg 
protein, and 1MR: 5.27 ± 0.65 pg/mg protein; IL17A = 24 h: 8.45 ± 1.14 pg/mg protein, 1M: 6.79 ± 1.32 pg/mg protein, and 1MR: 7.52 ± 1.46 pg/mg protein; 
RANTES = 24 h: 1.08 ± 0.24 pg/mg protein, 1M: 0.83 ± 0.10 pg/mg protein, and 1MR: 0.84 ± 0.22 pg/mg protein; (n = 6; Student t-test versus negative controls: *: 
p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p < 0.05; Student t-test versus 1M: b: p < 0.01). 

Table 2 
Broncho-alveolar liquid fluid (BALF) total cell count in mice exposed to AW PM2.5 or SS PM2.5 for 24 h, 1 month (1M) or 1 month with recovery (1MR).  

Exposure time 24h 1M 1MR 

PM dose (µg/ 
instillation) 

0 10 50 50 100 0 10 0 10 

Sampling period  AW SS AW SS AW SS  AW SS  AW SS 

Macrophages (%) 96.52 
± 0.46 

96.62 
± 0.34 

96.59 
± 0.42 

93.70  
± 
0.81** 

94.11  
± 
0.73** 

90.15  
± 
1.85** 

92.32  
± 
1.15** 

96.61 
± 0.50 

85.49 ± 
1.45**, # 

91.04  
± 
1.14** 

96.80 
± 0.29 

93.56 ± 
0.83**, b 

92.18  
± 
0.82** 

Polymorphonuclear 
cells (%) 

2.48 ±
0.41 

2.02 ±
0.34 

2.01 ±
0.23 

3.73 ± 
0.69** 

3.39 ± 
0.52** 

6.18 ± 
1.38** 

4.72 ± 
0.89** 

2.32 ±
0.48 

10.71 ± 
1.53**, # 

6.69 ± 
0.85** 

2.10 ±
0.34 

4.75 ± 
0.74**, b 

6.00 ± 
0.76** 

Lymphocytes (%) 1.00 ±
0.18 

1.35 ±
0.26 

1.40 ±
0.31 

2.57 ± 
0.26** 

2.50 ± 
0.27** 

3.67 ± 
0.66** 

2.97 ± 
0.38** 

1.07 ±
0.30 

3.80 ± 
0.52**, # 

2.27 ± 
0.41** 

1.10 ±
0.27 

1.69 ± 
0.20**, 

#, b 

1.82 ± 
0.33** 

Data are presented as mean values and standard deviations. AW: autumn–winter and SS: spring-summer (Bold text = statistically significant differences; n = 6; Student 
t-test versus negative controls: *: p < 0.05, and **: p < 0.01; Student t-test versus SS: #: p < 0.05; Student t-test versus 1M: b. p < 0.01). 
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diversity of their emission sources (Bates et al. 2019, Conte et al. 2017, 
Crobeddu et al. 2020, Fang et al. 2016, Janssen et al. 2014). For 
example, DTT assay and AA depletion assay would be primarily sensitive 
to transition metals and organic oxygenated species (e.g., quinones), 
whereas CM-H2DCFDA acellular assay would only detect certain types of 
ROS, namely nitryl (◦NO2), hydroxyl (◦OH), alkoxyl (RO◦), peroxyl 
(ROO◦), peroxynitrites (ONOO–), and peroxides (Charrier and Anastasio 
2012, Visentin et al. 2016, Yang et al. 2014, Yu et al. 2022). In contrast, 
GSH oxidation assay would generally detect almost all the ROS, 
including peroxides, alkanals, protein disulfides, and sulfenic acids 
(Øvrevik 2019). Overall, despite the distinct responses of the two PM2.5 
samples under study to the four tests used, our results clearly demon
strated the relatively high intrinsic OPs of both the AW and the SS PM2.5, 
in close relationship with their respective physico-chemical character
istics. However, these relevant data were obtained in cell-free media, 
highlighting the need to urgently study their toxicological consequences 
in vivo, namely in the murine lungs, thereby helping to fill the crucial 
gap, that has not been elucidated yet, between the acellular conditions 
used for the determination of the intrinsic OP and the redox environ
ment of the murine lungs (Crobeddu et al., 2017, 2020). 

In this work, male A/JOlaHsd mice were chosen as a murine model 
because of their specific sensitivity to chemically induced lung tumors, 
related to their constitutive mutations in the K-ras oncogene, and their 
subsequent frequent uses in toxicological studies on air pollutants (Chen 
et al. 1994). It is noteworthy that, in this work, the doses of PM2.5 
acutely (i.e., 10, 50 or 100 µg/instillation) or sub-chronically (i.e., 10 
µg/instillation) administrated to mice by intranasal instillation were 
among the lowest generally used in the current literature (Saleh et al. 
2019). The latter presented another interesting aspect since it consti
tuted a somewhat realistic and representative dose of the exposure level 
of people living in polluted cities during pollution peaks. The PM dose 
we applied is also among the lowest reported in literature to give 
significantly harmful effects (Saleh et al. 2019). Indeed, the exposure to 
10 μg of air pollution-derived PM2.5 would correspond to the exposure to 
a particle concentration of around 139 μg/m3 of air for 24 h, which 
could correspond approximately to the PM2.5 concentration very occa
sionally found during a pollution peak in France (Saleh et al. 2019). This 
kind of episodes are also possible but, apart some European hotspot, 
such particle concentrations are reached only very occasionally. More
over, Manigrasso et al. (2020) recently provided modelling information 
on the relevance of different PM fractions on the possible doses of the 
different fraction of the air pollution-derived PM deposited at different 
target sites, adding relevant information for future setup/interpretation 
of epidemiological, clinical and toxicological studies. Indeed, in the 
framework of the 2017 “carbonaceous aerosol in Rome and Environs” 
(CARE) experiment, particle number size distributions have been 
continuously monitored in Rome (Italy). These data have been used to 
estimate, through using the Multiple-Path Particle model Dosimetry 
model, size and time resolved particle mass, surface area, and number 
doses deposited into the head, the tracheobronchial, and the alveolar 
regions of the human respiratory system, thereby supporting expected 
human lung deposition in the order of few ng/cm2 of human lung 
epithelium. It is noteworthy that, considering mice lung epithelial sur
face, the lowest dose of 10 µg/instillation used in the present work for 
the 24 h acute exposure period, the 4-week exposure period, and the 
12-week recovery period, was in the order of 100 ng/cm2, and also 
clearly higher than this expected to be deposited in human lungs. 
However, it is very important to reduce particle exposure as much as 
possible, while ensuring a sufficiently high deposited dose in the lungs of 
mice to study the underlying mechanisms of toxicity, and, at the same 
time, contributing to the effort to get as close as possible to human 
exposure levels. Interestingly, in an original way, the 4-week exposure 
period was followed, or not, by a 12-week recovery period, i.e., a period 
during which the mice were no longer exposed. The very innovative 
character of this research was also to consider, through the use of 
different exposure strategies, whether a recovery period of 12 weeks will 

be sufficient to evaluate the persistence and/or reversibility of the un
derlying mechanisms/lesions occurring in lung target cells and/or tis
sues. It should be noted that, whatever the exposure strategy we applied, 
the daily monitoring of the health status of mice ensured the lack of any 
apparent adverse health effect, behavioral/cognitive deficit. However, 
although there was no alteration of the weight gain during the acute or 
sub-chronic exposure period, the weight tracking of the mice during the 
recovery period revealed some statistically significant reductions of 
weight gain after their exposure to SS and, to a higher extent, to AW 
PM2.5, thereby supporting the persistence of some of the adverse health 
effects possibly related to PM2.5-induced oxidative and/or inflammatory 
responses within the lungs. 

Oxidative stress was also firstly studied. Oxidative stress is also one 
of the underlying mechanisms generally involved in air pollutant- 
induced adverse health effects(Abbas et al., 2009, 2010, 2013, 2016, 
2019, Badran et al., 2020a,b; Bocchi et al., 2016; Boudjema et al., 2021; 
Dergham et al., 2012, 2015; Garçon et al., 2006; Gualtieri et al., 2010, 
2011, 2018; Halonen et al., 2015; Leclercq et al., 2016, 2017, 2018, 
Longhin et al., 2013, 2016, 2020; Rajagopalan et al., 2020; Saint- 
Georges et al., 2008, 2009; Saleh et al., 2019; Sotty et al., 2019, 
2020). Hence, after having evaluate the intrinsic OPs of both the PM2.5 
samples, we sought to investigate if this new particle-metric could be 
closely correlated to their capacity to alter the redox status in the lungs 
of mice, acutely (24 h) or sub-chronically (4 weeks) exposed, with a 
special emphasis on the possible persistence and/or reversibility of 
oxidative damage, even after a recovery period of 12 weeks. To this end, 
Nrf2-ARE binding activity, its gene expression and that of some of its 
target genes as well as the activities of antioxidant enzymes and gluta
thione status were assessed in the lungs after exposure. Indeed, 
following exposure to oxidants or electrophiles, Nrf2 accumulates in the 
nucleus where it binds to ARE in the upstream regulatory regions of 
genes encoding Nrf2 targets, including antioxidant enzymes, proteins 
involved in the metabolism and clearance of pollutants, protection 
against metal toxicity, inhibition of inflammation, repair and removal of 
damaged proteins, as well as other transcription and growth factors 
(Suzuki et al. 2016). According to the relatively high intrinsic OPs of 
both the PM2.5, the Nrf2 cell signaling pathway was significantly acti
vated in a dose-dependent manner in AW, and, to a lesser extent, in SS 
PM2.5 acutely and sub-chronically exposed mice. It is very important to 
highlight that the activation of this critical antioxidant cell signaling 
pathway still persisted in the murine lungs after the recovery period. 
Indeed, increases in the Nrf2-ARE binding activity reported in the lungs 
of the mice sub-chronically exposed to both the PM2.5 samples certainly 
persisted after the recovery period of 12 weeks but with a significantly 
smaller effect vs the exposure period of 4 weeks. Accordingly, the gene 
expression of Nrf2 and some of the downstream target genes, such as 
Gpx1, Hmox1, Nqo1, Sod1, and/or Txn1, were significantly up- 
regulated. Some of them were highly supported by the increases and/ 
or decreases of the activities of some of the antioxidant enzymes (i.e., 
SOD, GPx, GR, CAT) within the lungs of the mice, acutely or sub- 
chronically exposed to SS and, to a higher extend, AW PM2.5, even 
after the recovery period. It should be noted that all these changes which 
persisted after the 12-week recovery period were less marked than those 
reported after the 4-week exposure period. Because of its key role as 
master regulator of the cell redox homeostasis, Nrf2 is also well- 
equipped to counteract ROS production and is critical for maintaining 
the redox balance in the cell (Wardyn et al. 2015). In other in vitro and in 
vivo studies, Garçon et al. (2001), Leclercq et al. (2018) and Sotty et al. 
(2020), studying the NRF2 cell signaling pathway activation within 
human bronchial epithelial cells repeatedly exposed to air pollution- 
derived fine or ultrafine particles, clearly supported the key role 
played by this transcriptional factor to counteract ROS over-production. 
However, in this work, despite the early effective activation of the Nrf2 
cell signaling pathway, massive oxidative damages of DNA (i.e., 8- 
OHdG), proteins (i.e., CO-PROT), lipids (i.e., 4-HNE-protein adducts, 
and 8-IsoPF2α, data not shown), and glutathione status (i.e., oxidation of 
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GSH into GSSG) occurred in a dose-dependent manner in the lungs of the 
mice acutely or sub-chronically exposed to AW and, to a lesser extent, to 
SS PM2.5. Nevertheless, it is noteworthy that the oxidative damage 
induced by AW and, less markedly, SS PM2.5 in the lungs of the mice sub- 
chronically exposed, persisted after the recovery period, but with 
smaller effects. Hence, in this work, because of the inability of the Nrf2 
cell signaling pathway to totally ward off the ROS over-production 
induced by air pollution-derived PM2.5, the antioxidant enzymatic and 
non-enzymatic defenses were exceeded in the lungs of mice acutely and/ 
or sub-chronically exposed. Oxidative damage to DNA, proteins and/or 
lipids can also disrupt the cell homeostasis, thereby contributing to gene 
expression deregulation, DNA mutation, protein alteration with loss of 
function, and lipid peroxidation with loss of membrane integrity and/or 
fluidity (Abbas et al., 2019; Badran et al., 2020a,b, Garçon et al., 2001a, 
2006, Gualtieri et al., 2010, 2011, Leclercq et al., 2016, 2017, 2018, , 
Longhin et al. 2013, 2016, 2020, Sotty et al. 2020). Other studies have 
already shown that exposure to air pollution-derived PM could induce 
oxidative stress, through the catalytic generation of ROS associated with 
the depletion of antioxidant defense systems, thereby leading to a sub
sequent imbalance of redox homeostasis (Balakrishna et al. 2009, Jelic 
et al. 2021, Lawal 2017, Mazzoli-Rocha et al. 2010, Valavanidis et al. 
2009, Williams et al. 2013). Interestingly, in this work, such an imbal
ance of redox homeostasis persisted after the 12-week recovery period, 
even if these oxidative damages were less significant after the recovery 
period of 12 weeks vs the exposure period of 4 weeks. Another highlight 
of this work was the relationship between the relatively high intrinsic 
OPs of both the PM2.5 samples, evaluated in acellular conditions, and 
their respective ability to really generate ROS over-production in the 
mouse lungs. These results also supported the usefulness of the intrinsic 
OP of PM samples for a better prediction of their toxicological reactivity 
in vivo, thereby improving exposure metrics, compared to more con
ventional often used particle-metrics (Bates et al. 2019). It is very 
important to emphasize that, despite the early induction of the Nrf2 cell 
signaling pathway, in keeping with the relatively high OPs of each of the 
two PM2.5 samples, the redox homeostasis was not restored, even after 
the exposure cessation, and could also trigger the development and/or 
the exacerbation of chronic inflammatory and even cancer pathologies 
in the murine lungs. 

Inflammatory homeostasis was secondly studied. Indeed, in order to 
maintain essential coordinated cellular responses needed to resolve the 
unbalanced oxidative and/or inflammatory status of the cells and/or 
tissues, Nrf2 and NFκB cell signaling pathways, that respectively regu
late cell signaling pathways related to oxidative stress and inflamma
tion, must closely interplay through multiple molecular interactions, 
which can often depend on the cell types and tissue contexts (Wardyn 
et al. 2015). However, in this work, despite the significant increase of 
the anti-inflammatory Nrf2 binding to ARE, there was a significant 
activation of the pro-inflammatory NF-κB cell signaling pathway, in the 
murine lungs acutely or sub-chronically exposed to AW, and, less 
markedly, SS PM2.5. Interestingly, in keeping with the results on intrinsic 
OPs and oxidative stress, it is noteworthy that there was still significant 
increase of the NF-κB (p65)-DNA binding activity in the lungs of the 
mice sub-chronically exposed to both the PM2.5 samples after the re
covery period, even this significant increase was lower after the recovery 
period of 12 weeks vs the exposure period of 4 weeks. Of course, the 
activation of the NF-κB cell signaling pathway in the murine lungs 
whatever the exposure strategy could be closely related to the occur
rence of an oxidative stress, itself closely related to their respective 
chemical components, namely secondary inorganic ions (e.g., NO3

–, 
SO4

2− , NH4
+), transition metals (e.g., Fe, Cu, Mn, Zn), and organic species 

(e.g., VOCs, PAHs) (Guo et al. 2017, Gangwar et al. 2020, Pardo et al. 
2015, Shuster-Meiseles et al. 2016). Moreover, the relatively high con
centrations of endotoxins reported in AW and, to a lesser extent, SS 
PM2.5, could rapidly induce a strong pro-inflammatory response medi
ated by the bronchiolar cells and residential macrophages (Mantecca 
et al. 2010). Thus, the activation of the NF-κB cell signaling pathway 

could target inflammation not only directly by increasing the secretion 
of inflammatory cytokines, chemokines, and adhesion molecules, but 
also indirectly by regulating cell proliferation, apoptosis, morphogen
esis, and differentiation (Liu et al. 2017). Accordingly, the concentration 
profiles of two sets of pro-inflammatory cytokines (i.e., IL1β, IL6, IL10, 
KC/CXCL1, MCP1/CCL2, MIP-1α/CCL3, MIP1b/CCL4, and TNFα, on the 
one hand, and GMCSF, IL13, IL17A, and RANTES, on the other hand) 
were globally identical whatever the exposure strategies to the two 
PM2.5 samples, and still slightly persisted after the recovery period. In 
addition, recruitments of inflammatory cells were reported in the mu
rine lungs: there were PMN and lymphocytes influx after the 24 h and 
4-week exposures to AW and, in a lesser extent, to SS PM2.5, which still 
slightly persisted after the 12-week recovery period. Accordingly, all 
these results supported that air pollution-derived PM2.5 induced the 
secretion of some key chemoattractant cytokines in the murine lungs, 
which could alter the BALF total cell count and cellularity by recruiting 
PNN, thereby contributing to the development of the inflammatory 
response (Branchett and Lloyd, 2019; Garçon et al., 2001b; Pardo et al., 
2015; Reilly et al., 2019; Rouadi et al., 2020; Valderrama et al. 2022). 
Another highlight of this work was the development of an inflammatory 
response in the murine lungs acutely or sub-chronically exposed to AW, 
and, less markedly, SS PM2.5, which slightly persisted, even after the 
recovery period, and could seriously contribute to the development of 
chronic inflammatory and even cancer pathologies. 

Taken together, these results supported, in a relevant murine model 
acutely or sub-chronically exposed, the crucial role played by air 
pollution-derived PM2.5, with a relatively high intrinsic OP, in inducing 
massive oxidative damages to critical cellular macromolecules, despite 
the Nrf2 cell signaling pathway activation, and in seriously disrupting 
the inflammatory homeostasis, through the NF-κB cell signaling 
pathway activation, within the lungs. Moreover, all these results clearly 
provided, for the first time, new relevant insights about the persistence 
of both the oxidative stress and the inflammatory conditions after the 
12-week recovery period, even at lower levels vs the 4-week exposure 
period, thereby supporting the occurrence of molecular and cellular 
adverse events contributing to the development and/or exacerbation of 
future chronic inflammatory lung diseases and even the initiation and/ 
or promotion of lung cancers. These new data clearly raise questions 
about the health impact of living in an urban environment and the need 
to urgently adapt current regulations to limit the harmful consequences 
on populations highly exposed to air pollution-derived PM. They also 
highlighted the urgent need to better regulate particle emissions in 
current air quality standards and/or environmental guidelines, as it has 
been clearly demonstrated that they contribute to a very large part of the 
human health effects induced by air pollution-derived PM, even after the 
exposure cessation. 
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