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Exposure to ambient particulate matter
induces oxidative stress in lung and
aorta in a size- and time-dependent
manner in rats
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Abstract
Exposure to particulate matter (PM) has been implicated in oxidative stress (OxS) and inflammation as underlying
mechanisms of lung damage and cardiovascular alterations. PM is a chemical mixture that can be subdivided according to
their aerodynamic size into coarse (CP), fine (FP), and ultrafine (UFP) particulates. We investigated, in a rat model, the
induction of OxS (protein oxidation and antioxidant response), carcinogen-DNA adduct formation, and inflammatory
mediators in lung in response to different airborne particulate fractions, CP, FP, and UFP, after an acute and subchronic
exposure. In addition, OxS was evaluated in the aorta to assess the effects beyond the lungs. Exposure to CP, FP, and UFP
induced time- and size-dependent lung protein oxidation and DNA adduct formation. After acute and subchronic
exposure, nuclear factor erythroid-2 (Nrf2) activation was observed in the lung, by electrophoretic mobility shift assay,
and the induction of mRNA antioxidant enzymes in the FP and UFP groups, but not in the CP. Cytokine concentration of
interleukin 1�, interleukin 6, and macrophage inflammatory protein-2 was significantly increased in bronchoalveolar lavage
fluid after acute exposure to FP and UFP. Activation of Nrf2 and expression of mRNA antioxidant enzymes were observed
only after the subchronic exposure to FP and UFP in the aorta. Our results indicate that FP and UFP were mainly
accountable for the oxidant toxic effects in the lung; OxS is spread from the lung to the cardiovascular system. We
conclude that the biological mechanisms associated with transient OxS and inflammation are particle size and time-
dependent exposure resulting in acute lung injury, which later reaches the vascular system.
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Background

Atmospheric pollution is a worldwide public health con-

cern; continuous exposure to high levels of particulate

matter (PM) in ambient air has been associated with

increased respiratory and cardiovascular adverse health

effects.1 The consequences of PM exposure on human

health are suggested to depend on the particles’ aerody-

namic size and chemical composition. PM is a polydis-

perse, dynamically mixed conglomerate of chemicals in

solid or liquid form, and is made up of complex aggre-

gates of inorganic material (e.g. oxides of transition

metals), salts (e.g. ammonium nitrate and sulfates),

organic material (e.g. carbonaceous material and polycyc-

lic aromatic hydrocarbons (PAHs)), and aerobiological

material (e.g. endotoxin, pollen, proteins) with a carbo-

naceous core. PM can be subdivided into three main aero-

dynamic fraction size (diameter particle, dp), coarse (CP,

dp 10 to �2.5 mm), fine (FP, dp � 2.5 mm), and ultrafine

(UFP, dp � 0.1 mm) particulates, because the sources of

CP, FP, and UFP are different and possess different phy-

sicochemical properties that can influence adverse health

effects following exposure.2,3

In addition, the aerodynamic size dictates where PM

can deposit along the respiratory tract. CP deposits effec-

tively in the nasopharyngeal region, while FP and UFP are

able to penetrate into the gas exchange region interacting

with the alveolar epithelium, and UFP can translocate to

systemic circulation after depositing along all airways,

particularly from the alveolar sacs and olfactory epithe-

lium.4 Coarse particles are particles that are predomi-

nantly mechanically generated from natural sources,

including geological material, suspended soil, brake and

tire wear, resuspended road dust, and biological material

from pollen and bacteria. FP and UFP production is dom-

inated by anthropogenic combustion-related emissions

and products of gas to particle conversion in the

atmosphere.

Metal and organic particulate components elicit the

formation of reactive oxygen species (ROS) with subse-

quent potential induction of oxidative stress (OxS). More-

over, PM can stimulate secondary ROS generated as part

of an inflammatory response.5–7 These prooxidant factors

can change the cellular redox state, and various transcrip-

tion factors, such as the nuclear factor erythroid-2 (Nrf2),

which are activated to remove and neutralize ROS and

mitigate their harmful effects.8 The essential protective

role of Nrf2 in the lung is activated in circumstances

against oxidative environmental pollutants, therapeutic

agents, allergens, and pathogens.9–11 Nrf2 controls the

transcription of cytoprotective genes by recognizing the

DNA cis-regulatory element, the antioxidant response ele-

ment (ARE), in specific gene promoters of antioxidant and

detoxifying enzymes.6,11 Among these genes, glutathione

S-transferase (GST), heme oxygenase 1 (HO-1), and super-

oxide dismutase 2 (SOD2) are known to be involved in a

survival response that counteracts OxS, thereby protecting

cells from adverse biological outcomes.12,13

Nevertheless, when the protective response fails or is

overwhelmed by excessive ROS production, a pro-

inflammatory condition can result with various cytotoxic

effects.14 Nrf2 response is mediated by a redox sensitive

thiol(ate), and NF-�B transcription factor, which is

responsible for the expression of pro- and anti-

inflammatory cytokines, chemokines, and adhesion

molecules that can have local and systemic effects. PM

inhalation can lead to the expression of several biological

mediators that may be involved in particulate-induced

inflammatory processes, which can impact not only the

lung, but also other organs, either directly induced by PM

or as a secondary effect.15

As previously mentioned, in addition to the local pul-

monary damage that is induced by PM exposure when OxS

and inflammation are activated, secondary systemic effects

that alter the translocation of PM or PM-induced mediators

from the alveoli into circulation have been hypothesized to

cause direct toxic cardiovascular effects. PM exposure aug-

ments the development and progression of atherosclerosis

by exerting detrimental effects on clotting, vascular tissue,

and myocardium through the same cellular and molecular

mechanisms of OxS and inflammation observed in PM-

related lung toxicity.16

Furthermore, the inflammatory and OxS responses

have been associated with the induction of DNA damage

in lung tissue.17 A large number of chemicals present on

the different fractions of PM, especially traffic-related

particulates, have genotoxic or mutagenic activities,

which can result in DNA adduct formation.18 The

organic compounds and metals found on PM induce

DNA adducts, which is related to not only the particle’s

chemical composition but also to the accompanying OxS

and inflammation induced by the different particulate

components.

It is possible that exposure to FP and UFP can be more

hazardous to human health than exposure to CP.19 UFP

may have a greater potential to induce OxS than do FP and

CP.4,20,21 More attention has been paid to UFP toxicity

because they are emitted mainly by combustion sources
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and contain a higher content of redox-cycling organic che-

micals than do CP and FP. Ultrafine particles can be depos-

ited deep in the lungs or even translocate to the systemic

circulation, inducing cardiovascular injury and impairing

endothelium or cardiac muscle.5,14,21

Although CP and FP could be less toxic than UFP and

epidemiological studies have shown that these particles are

significantly associated with adverse health effects such as

cardiopulmonary mortality and morbidity, they represent

nearly all the mass of ambient PM. While it can be shown

in the laboratory that the differences among particulate

fractions determine the extent of biological responses such

as OxS, inflammation, and DNA damage, it has not been

possible to convincingly demonstrate this in population-

based health studies. Part of the problem is that PM is

extremely variable with respect to its spatial and temporal

distribution. Consequently, there are few, if any, exposure

metrics that can be used to carry out population-based

health outcomes studies of UFP exposures. Nevertheless,

it is important to understand the mechanisms by which CP,

FP, and UFP cause adverse effects.

Therefore, in the present study, we used a particle con-

centrator system to simultaneously expose rodents to puri-

fied air, and different chemically sized aerosols: CP, FP, and

UFP.22 We investigated the effects of acute (3 days) and

subchronic (8 weeks) exposures on OxS potential, induction

of inflammatory cytokines, and DNA damage as a result of

the presence of DNA adducts in lung tissue. Additionally,

we measured the OxS responses induced by the inhalation of

the different PM fractions, in their initial target tissue, the

lung, and in the aorta, to compare the oxidative effects of PM

for extrapulmonary target tissues. We measured protein oxi-

dation and DNA adduct formation in the lung as biomarkers

of lung damage. We assessed the Nrf2 recognition signals of

the ARE sense sequence, the expression of antioxidant HO-

1, SOD2, and GST genes as responders to OxS, and TNF-�,

IL-1�, IL-6, and MIP-2 cytokines in bronchoalveolar lavage

fluid (BALF) as indicators of inflammation. Additionally, to

establish whether PM fraction exposure affects the vascula-

ture, we evaluated the Nrf2 ARE activation and binding

activity and the gene expression of antioxidant HO-1, SOD2,

and GST in the aorta as a representative of a late onset

systemic vasculature effect.

Methods

Experimental groups and exposure

Animal care and use were carried out according to the

“Principles of Laboratory Animal Care” (NIH, USA) and

Mexican guidelines (NOM-062-ZOO-1999). Animal han-

dling and exposure was described in protocol ID 363-06,

approved by the Internal Institutional Committee for the

Use and Care of Laboratory Animals (Comité Interno para

el Cuidado y Uso de los Animales de Laboratorio). Healthy

6-week-old male Sprague-Dawley rats (300–350 g at the

end of the exposure of each group), n¼ 6 (per group), were

obtained from Harlan Sprague-Dawley, Inc. (Mexico City,

Mexico). During the whole of the experimental period,

animals were maintained in a freestanding clean room with

a changing station docking port (bioBubble®, Fort Collins,

Colorado, USA). The rats were provided with ultrafiltered

water and food ad libitum and maintained in a light: dark

photoperiod of 12:12 h. Size-segregated exposure aerosols

were provided using a versatile aerosol concentration sys-

tem. The system was designed to support in vivo toxicity

studies when coupled to exposure chambers.19,20 These

groups were simultaneously exposed in whole body cham-

bers to enriched concentrated particulate atmospheres con-

taining CP, FP, and UFP. Control group animals were

exposed to filtered air (FA). Animals were exposed for

5 h/day for 3 days (acute exposure) and 5 h/day, 4 days/

week for 8 weeks (subchronic exposure). Animals were

euthanized by intraperitoneal injection of sodium pentobar-

bital (60 mg/kg). At necropsy, each animal trachea was

cannulated to obtain BALF; four lavages per animal were

performed with an isotonic saline solution and were later

pooled and centrifuged at 1000 r/min. Supernatant and cell

pellets were stored at �80�C until analyses. After BALF

procedure, the thorax was opened, and lung and aorta were

removed, snap frozen in liquid nitrogen, and stored at

�80�C for further analysis.

PM concentration measurement and chemical
composition determination

CP and FP concentrations in the whole body chambers

were determined gravimetrically using 37-mm Teflon

filters (PTFE 2-mm pore, Gelman Science, Ann Arbor,

Michigan, USA) sampled from the PM and ambient air and

chambers to estimate particle exposures. These data and the

chemical composition of PM10 and PM2.5 have been previ-

ously reported.23

Protein oxidation

Oxidative modification of proteins generates protein carbo-

nyl groups, which can be used as an index of oxidation status

of all proteins. Carbonyl groups were immunodetected using

an OxiBlot™ Protein Oxidative Detection Kit S7150 (Che-

micon International from Merck-Millipore, Darmstadt, Ger-

many), according to the manufacturer’s instructions.

Briefly, 20 mg of lung lysates were derivatized with 2,4-

dinitrophenyl hydrazine (DNPH) solution at room tempera-

ture (RT) for 15 min before stopping the reaction by adding a

neutralizing solution. The DNPH-tagged proteins were then

subjected to sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE), transferred onto polyvinyli-

dene difluoride (PVDF) membranes and subsequently

blotted with an anti-dinitrophenyl group (DNP) antibody

for detection. The protein-antibody complex signal was

visualized using enhanced chemiluminescence (ECL)
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Western blotting detection reagents (GE Healthcare, Buck-

inghamshire, UK). The bands were visualized by exposure

to X-ray film and photo-documented (UVP EC3 imaging

system, UVP Inc., USA).

DNA isolation and 32P-postlabeling analysis of
carcinogen-DNA adducts

Lungs were frozen in liquid nitrogen, pulverized, and resus-

pended in a solution of 20 mM Tris hydrochloride (HCl),

pH 8.0, 250 mM sodium chloride (NaCl), 100 mM ethyle-

nediaminetetraacetic acid (EDTA), and 0.5% SDS (Sigma-

Aldrich, St Louis, Missouri, USA). Suspensions were

RNase and proteinase K treated, and DNA was isolated

by phenol–chloroform extraction. The DNA concentration

was determined spectrophotometrically at 260 nm. DNA

adducts were analyzed by the nuclease P1 enrichment ver-

sion of the 32P-postlabeling assay according to the protocol

by Phillips and Arlt (2007),24 a method that is reported to

be broadly applicable to a range of adducts that have gen-

eral characteristics of being bulky, aromatic, or hydropho-

bic, similar to those formed by PAHs or aromatic amines.

The labeled carcinogen-DNA adducts were separated by

thin layer chromatography on PEI-cellulose plates

(Macherey-Nagel, Düren, Germany) using the following

solvents: D1, 1M sodium phosphate, pH 6.0; D2, 3.6M

lithium formate, 8.5M urea, pH 3.5; and D3, 0.8M lithium

chloride, 0.5M Tris, 8.5M urea, pH 8.0. The plates were

autoradiographed and the diagonal radioactive zone was

cut out for Cerenkov counting. The results were expressed

as DNA adducts/108 nucleotides.

Lung and aorta tissue cytoplasmic and nuclear protein
extraction

Cytoplasmic protein extracts were prepared from lungs by

lysing tissues with Igepal CA-630 (0.58%) in 10 mM Hepes

pH 7.9, containing 10 mM potassium chloride, 0.1 mM

EDTA, 0.1 mM ethylene glycol-bis(�-aminoethyl ether)-

N,N,N0,N0-tetraacetic acid (EGTA), 1 mM dithiothreitol

(DTT), and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)

(Sigma-Aldrich), and centrifuging at 13,000� g for 15 min

at 4�C. The supernatants were stored at �80�C for further

analysis. Pelleted nuclei were resuspended in 20 mM Hepes

pH 7.9, containing 0.4 mM NaCl, 1 mM EDTA, 1 mM

EGTA, 1 mM DTT, and 1 mM PMSF (Sigma-Aldrich),

after mixing continuously for 15 min at 4�C, the samples

were centrifuged at 13,000 � g at 4�C for 5 min. Nuclear

protein fractions were recovered and stored at �80�C for

further analysis.

Cytoplasmic Nrf2 analysis by Western blot

Cytoplasmic proteins were obtained from the supernatants

during the nuclear extraction procedure extraction. Cytosolic

protein (60 mg) was denatured, fractionated by 10% SDS-

PAGE, and transferred onto PVDF membranes (Invitrogen,

Carlsbad, California, USA). After blocking nonspecific anti-

body binding, the membranes were blotted with an anti-Nrf2

antibody (sc-722; Santa Cruz Biotechnology, Santa Cruz,

California, USA) and anti-� actin (sc-47778; Santa Cruz

Biotechnology) in phosphate buffered saline (PBS) contain-

ing 0.1% Tween® 20 (PBS-T). The protein-antibody com-

plex signal was visualized with a chemiluminescent reagent

(ECL plus Western blotting detection system; Amersham

Pharmacia Biotech Inc., Piscataway, New Jersey, USA), the

bands were visualized by exposure to X-ray film, and then

the films were documented to analyze band density. Anti-�
actin was used as a loading control.

Electrophoretic mobility shift assay of Nrf2

Activation of Nrf2 was examined by electrophoretic mobility

shift assay (EMSA) using a consensus oligonucleotide 50-
TTTTCTGCTGACTCAAGGTCCG-30 (Promega, Madison,

Wisconsin, USA). The probe was labeled by T4 polynucleo-

tide kinase (USB, Cleveland, Ohio, USA) with [g�32P] ade-

nosine triphosphate (ATP) (3000 Ci/mmol, MP Biomedical,

Irving, California, USA) and purified using Bio-spin 30 chro-

matography columns (BioRad, Hercules, California, USA),

the binding reaction mixture was made as described by

Valdés-Arzate et al.25 using 20 mg of protein from nuclear

extracts, in 5 ml of incubation buffer (50 mM Tris-HCl, pH

7.5, 200 mM NaCl, 5 mM EDTA, 5 mM b-mercaptoethanol,

and 20% glycerol) and 1 mg of poly(dI-dC). Complexes were

separated on non-denaturing 6% polyacrylamide gels and

were visualized by autoradiography. In competition experi-

ments, 100-fold molar excess of non-labeled oligonucleotide

was added to the reaction mix for 5 min before addition of the

labeled probe. The protein concentration of the nuclear

extracts was determined by the Bradford method.26

Total lung and aorta RNA isolation and reverse
transcriptase-polymerase chain reaction

Total RNA was isolated from lung and aorta with TRIzol

reagent (Invitrogen™, Life Technologies, Thermo Fisher

Scientific, Carlsbad, California, USA) following the

reagent specifications. Total RNA (1 mg) was reverse tran-

scribed into cDNA according to the manufacturer’s instruc-

tions (SuperScript II, Invitrogen™, Life Technologies,

Thermo Fisher Scientific). PCR amplifications were per-

formed with cDNA by using 10 pM of gene-specific for-

ward and reverse primers in an Applied Biosystems 2720

thermal cycler (PerkinElmer Applied Biosystems, Foster

City, California, USA). PCR reactions products were elec-

trophoresed on 1.5% agarose gel and stained with ethidium

bromide. The intensity of each gene PCR product band was

quantitated and normalized to the corresponding house-

keeping GADPH or �-actin cDNA band intensity using

VisionWorks®LS Analysis Software (UVP, Upland,

California, USA). Primers used were as follows:
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GADPH forward 50-ACCACAGTCCATGCCATCAC-

30and reverse: 50-GCCAGTGAGCTTCCCGTT-30; �-actin

forward 50-CTATCGGCAATGAGCGGTTCC-30 and

reverse 50-AGCACTGTGTTGGCATAGAGGTC-30; HO-

1 forward 50-AGGGAAGGCTTTAAGCTGGTGATG-30

and reverse 50-CCTGCCAGTGGGGCCCATAC-30; SOD2

forward 5-TCCCTATCTCTGTGGTGGTGATG-30 and

reverse 50-TATCCTGGTCATAGCCGAAGTCTC-30;
GST forward 50-GCTTCAAGGCTCGCTCAAGTC and

reverse 50-ATCATTCACCATATCCACCAAGGC-30.

Cytokine measurement by enzyme-linked
immunosorbent assay

The analyses of pro-inflammatory cytokines (IL-1�, TNF-�,

and IL-6) and chemokine MIP-2 present in BALF were

carried out using sandwich enzyme-linked immunosorbent

assay (ELISA) in microplates (Nunc, MaxiSorb, Sigma-

Aldrich). Kits for ELISA from PreproTech, Princeton

Business Park, USA, were used. Capture antibodies

IL-1� (900-K91), TNF-� (900-K73), IL-6 (500-p73Bt), and

MIP-2 (500-P75) (50 ml/well at 2 ml/ml) were incubated

overnight at 4�C. Microplates were washed four times with

PBS buffer (PBS 0.5% Tween® 20–WB; Santa Cruz Bio-

technology). Nonspecific binding sites were blocked with

300 ml blocking solution (1% bovine serum albumin (BSA)

in PBS) and the plates were incubated for 1 h at 37�C.

Microplates were washed four times, standard dilutions of

IL-6 and MIP-2 were prepared at the concentrations of 0,

0.25 to 10 ng/ml, and TNF� and IL-1� standard solutions

were prepared at the concentrations of 0, 0.046 to 3 ng/ml.

Fifty microliters of standard solutions and BALF samples

were added to the microplates, incubated for 2 h at RT,

and these were removed by four washes. Biotinconjugated

detection antibodies (100 ml/well, 0.5 mg/ml) were added

and incubated for 2 h at RT. The microplates were care-

fully rinsed four times and incubated with avidin-

peroxidase conjugate (100 ml at a dilution of 1:2000).

After incubation, the microplates were washed four times,

50 ml TMB (3,30,5,50-tetramethylbenzidine) substrate was

added (Santa Cruz Biotechnology), and plates were incu-

bated for 30 min at RT. The reaction was stopped adding

50 ml of sulfuric acid (2M). Optical density was measured

at 450 nm using a Spectra MAX-plus384 multiplate reader

(Molecular Devices, Inc., Sunnyvale, California, USA).

Each sample was analyzed in triplicate and analyte con-

centrations were calculated from the linear portion of the

generated standard curve.

Statistical analysis

Comparisons among groups were done by one-way analy-

sis of variance followed by Bonferroni’s post hoc compar-

isons or by the nonparametric Kruskal–Wallis test,

followed by Dunn’s test (when variances were not

uniform). For protein oxidation, DNA adducts, and

pro-inflammatory cytokines, a mean + standard error of

the mean was calculated. The p values <0.05 were consid-

ered statistically significant. Data analyses were performed

using SigmaPlot, version 11 (Systat Software, Inc., Point

Richmond, California, USA).

Results

Acute exposure to PM induces protein oxidative
damage in the lung

OxS resulting from an imbalance between oxidants and

antioxidants can affect macromolecules. OxS induction

by exposure to the three PM fractions was evaluated by

measuring lung protein oxidation. Acute exposure to con-

centrated CP, FP, and UFP, all induced significant (p �
0.05) lung protein oxidation, compared to the FA group

(Figure 1(a)). In contrast, no oxidative damage to lung

proteins was induced following subchronic exposure to the

three PM fractions compared with the control group (Figure

1(b)). Our data suggest that the oxidative protein damage

induced by short-term exposure in the lung was resolved

and did not persist after repeated exposures to PM for an

extended period.

Carcinogen-DNA adduct formation in the lung
depends on the type of PM fraction

DNA adducts can originate from reactions with electrophi-

lic species27 because the rats were probably also exposed to

low levels of adduct-forming compounds in their diet,

caging, and other aspects of their environment. We ana-

lyzed the number of carcinogen-DNA adducts in the lung

after acute and subchronic exposure to PM. Exposure to

PM resulted in a significant increase in the carcinogen-

DNA adducts in rat lung compared with the FA group

(Figure 1(c) and (d)). As shown in Figure 1(c), after acute

exposure to all PM fractions, the carcinogen-DNA adducts

increased significantly (CP: 8.96 + 1.43; FP: 10.83 +
1.23; and UFP: 8.63 + 0.45, per 108 nucleotides) compared

with FA (1.68 + 0.08 per 108 nucleotides). Similar results

were observed only for the subchronic group exposed to

UFP (Figure 2(d)), in which the number of carcinogen-

DNA adducts in the UFP group was statistically signifi-

cantly higher (12.80 + 0.96 per 108 nucleotides) than that

in the control group (5.56 + 0.35 per 108 nucleotides).

Our results indicate that short-term exposure to CP, FP,

and UFP can generate a number of carcinogen-DNA

adducts. However, their presence and prevalence were

greater in the subchronic exposure to UFP, possibly due

to their chemical composition and because they have a

greater contact surface area that could produce enough

DNA adducts to be detected.7,28 We observed differences

in the formation of DNA adducts between control groups

after acute and subchronic exposure, although they repre-

sent a stable basal level.
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FP- and UFP-induced Nrf2-ARE binding activity in lung

Nrf2 nuclear translocation is triggered in response to OxS,

and the nuclear accumulation of Nrf2 is considered as a

marker of transcription factor activation, but in its consti-

tutive state, Nrf2 is primarily localized in the cytosol.11 We

determined the presence of Nrf2 in cytosolic fractions fol-

lowing acute and subchronic exposure to PM, and using

Western blot analyses with immunodetection cytosolic

Nrf2 was decreased following both acute and subchronic

FP and UFP exposure (Figure 2(a) and (c)), consistent with

the premise that Nrf2 is activated and mobilized to the

nucleus in response to FP and UFP exposure.

We examined the Nrf2–ARE binding activity by EMSA

to confirm that in lung nuclear extracts the ARE binding

activity was increased in the groups exposed to FP and

UFP. As shown in Figure 2(b), acute exposure to FP and

UFP increased the nuclear Nrf2–ARE binding activity (0.7-

and 0.5-fold, respectively) compared with FA. Similar

results were observed for subchronic exposure; Figure

2(d) shows the Nrf2–ARE activity in the lung of FP and

UFP-exposed rats (0.6- and 1.0-fold, respectively). These

results indicate that Nrf2 plays an important role in the

cellular responses to FP and UFP exposure but not in the

response to CP. In addition, the data trend suggests that

there might have been a cumulative effect of the chronic

exposures.

Expression of genes related to Nrf2 activation
in the lung

We explored the effect of Nrf2 activation on the expression

of the well-known Nrf2 genes, HO-1, SOD2, and GST. The

induced expression of these genes confirmed increased

Nrf2 activation in the rat lung after acute exposure to FP

and UFP but not after CP exposure (Figure 3). The expo-

sure to UFP induced a significant increase in the expression

Figure 1. PM induced protein oxidation and DNA adducts in a time and particulate fraction dependent in lung tissue. Acute and
subchronic exposure to FA, CP, FP, and UFP was performed. Protein oxidation in lung tissue, image representative of carbonyl
detection from acute and subchronic exposure are showed in (a) and (b), respectively. PAH-DNA adducts in lung tissues from acute and
subchronic exposure are showed in (c) and (d), respectively. Data are presented as mean + SD (n¼ 6 rats/group). *indicates statistical
differences (p < 0.05) respect to the FA group. PM: particulate matter; FA: filtered air; CP: coarse particulate; FP: fine particulate; UFP:
ultrafine particulate; SD: standard deviation.
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of HO-1 (0.54-fold; Figure 3(a)) and SOD2 (1-fold; Figure

3(b)) compared with FA. UFP exposure did induce changes

in the levels of GST mRNA (Figure 3(c)). FP exposure did

not significantly change HO-1 mRNA (Figure 3(a)), but it

did significantly increase SOD2 expression (1.5-fold;

Figure 3(b)) and increased the expression of GST

(0.6-fold; Figure 3(c)), compared with the FA group.

Subchronic exposure to FP and UFP, but not CP,

increased the expression of Nrf2-related genes compared

to the FA group (Figure 3). HO-1 mRNA expression did not

show changes in the exposure of all PM groups (Figure

3(d)). However, FP and UFP exposures significantly

increased the expression of SOD2 (0.6- and 1.5-fold,

respectively; Figure 3(e)). Subchronic exposure to UFP

also significantly increased the expression of GST (0.7-

fold) with respect to the FA group (Figure 3(f)).

Acute exposure to FP and UFP induced the secretion
of pro-inflammatory cytokines

We analyzed BALF from all experimental groups by

ELISA. TNF-�, IL-1�, IL-6, and MIP-2 are mediators that

initiate and propagate inflammatory responses.

The TNF-� concentration was slightly, but not signifi-

cantly increased in BALF after acute and subchronic expo-

sure to UFP, but not by the other PM fractions, compared to

the FA group (Figure 4(a)). A significant increase in IL-1�

was observed after acute exposure in BALF of the UFP

group. After the subchronic exposure, the IL-1� concentra-

tion in all the exposed PM groups showed a tendency to

decrease lower than the concentration level of the FA

group, but it was not significant (Figure 4(b)). Acute expo-

sure to FP and UFP significantly increased the BALF con-

centration of IL-6 and MIP-2 related to the FA-exposed

group. Following subchronic exposure, no differences were

observed (Figure 4(c) and (d)).

Aorta Nrf2 activation and antioxidant enzyme gene
expression is time-dependent

We determined the cytosolic Nrf2 and DNA binding activ-

ity of Nrf2 in aortas of exposed and control rats as an index

of OxS. No changes were observed after acute exposure

(data not shown). However, after subchronic exposure to

FP or UFP, the cytosolic Nrf2 decreased (Figure 5(a)), and

EMSA analysis showed that the Nrf2 nuclear protein bind-

ing to the AREs increased significantly (1.33- and 1.48-

fold, respectively) after subchronic exposure to FP and

UFP compared with FA (Figure 5(a)), suggesting a mole-

cular response against OxS generated by a subchronic

exposure.

Based on Nrf2 nuclear activity, we did not observe

changes in HO-1, SOD2, and GST gene expression from

the FA group after acute exposure to all PM fractions (data

Figure 2. Nrf2 activation is size-dependent but not time-dependent in the lung. Nrf2 protein levels in the cytosolic extracts were
detected by Western blot ((a) and (c)). Nuclear extracts were utilized for electrophoretic mobility shift assays of Nrf2 DNA binding
activity ((b) and (d)). The upper arrow in the gel shift analysis indicates an Nrf2-DNA binding complex. Images are representative
experiment of six animals per group of acute ((a) and (b)) and subchronic exposure ((c) and (d)) to FA, CP, FP, and UFP. Data in the top
of images express as arbitrary densitometry units, we present the mean + SD. *indicates statistical differences (p < 0.05) respect to the
FA group. Nrf2: nuclear factor erythroid-2; FA: filtered air; CP: coarse particulate; FP: fine particulate; UFP: ultrafine particulate;
SD: standard deviation.
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not shown). The changes in HO-1, SOD2, and GST mRNA

expression after the subchronic exposure to PM fractions

were consistent with the nuclear Nrf2 activity (Figure 5(b)

to (d)). The densitometric analysis demonstrated a statisti-

cally significant increase in HO-1 mRNA expression in the

CP- and UFP-exposed groups (2.37- and 3.69-fold, respec-

tively) over the FA group (Figure 5(b)). SOD2 mRNA

expression in the aorta was observed in the FP and UFP

groups, which exhibited a significant increase in the

expression of SOD2 (0.74- and 0.3-fold, respectively) com-

pared with the FA group (Figure 5(c)). FP and UFP expo-

sure displayed statistically significant increases in GST

mRNA expression (0.71- and 0.67-fold, respectively) with

respect to the FA group (Figure 5(d)).

Discussion

The results in this study suggest that (1) an initial local

damage inducing inflammation and OxS in the lung med-

iates pathological effects in the aorta; and (2) this latter

effect could be (a) due to the systemic translocation of

FP and UFP to some of the chemical components or (b)

secondary to mediators of OxS or inflammation.

Lung OxS and DNA damage

Exposure to PM has been associated with an increased

occurrence of adverse cardiopulmonary effects in numer-

ous epidemiological studies.29 Nevertheless, there is still

debate about which PM fraction and what components are

responsible for the induction of the adverse effects. Accu-

mulating evidence suggests that the pro-oxidative organic

hydrocarbons (PAHs and quinones), and transition metals

(copper, vanadium, chromium, nickel, cobalt, and iron)

present in PM play a substantial role in ROS production

and thus initiate an OxS process.5,26,27

OxS has been implicated in the etiology of several

diseases linked to exposure to environmental toxicants,

including PM, due to the increment of ROS concentra-

tions that exceed antioxidant defenses and oxidase

Figure 3. Antioxidant expression levels after acute and subchronic exposure are size-dependent in the lung. mRNA levels for HO-1,
SOD2, and GST in the lung tissue were determined by RT-PCR for acute ((a), (b), and (c)) and subchronic ((d), (e), and (f)) exposure.
Animals were exposed to FA as control group, CP, FP, and UFP. Bottom images in graphics represent one sample of at least six animals
per group. Densitometry analysis was normalized with GADPH, and relative mRNA data are expressed as mean + SD (n ¼ 6 animals
per group). *indicates statistical differences (p < 0.05) respect to the FA group. HO-1: heme oxygenase 1; SOD2: superoxide dismutase
type-2; GST: glutathione S-transferase; RT-PCR: reverse transcriptase-polymerase chain reaction; FA: filtered air; CP: coarse parti-
culate; FP: fine particulate; UFP: ultrafine particulate; SD: standard deviation; GADPH: glyceraldehyde-3-phosphate dehydrogenase.
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macromolecules.30–33 Protein carbonylation is an irrever-

sible, nonenzymatic process that results in the introduc-

tion of carbonyl groups into the protein molecule, leading

to changes in its conformation. Protein carbonylation has

been associated with the development of cardiovascular

and respiratory diseases34,35 and has been used as a bio-

marker of oxidized proteins.36 A significant increase in

the number of oxidized proteins in the lung was detected

following acute exposure to all PM fractions in this study,

but protein oxidation was not observed in any of the

groups exposed subchronically. This is perhaps consistent

with upregulation of antioxidant defenses and elevated

Nrf2 activation in the subchronic exposure. The OxS

observed following acute exposure could be caused by

organic compounds in PM, primarily in the FP and UFP

fractions,5 which cause extensive oxidative damage via

the monooxygenase activity of cytochrome P450 and

metal ions by Fenton reactions, contributing to the ROS

concentrations.

We did not observe any protein oxidation after

subchronic exposure to the three PM fractions studied.

We propose that the observation of protein oxidation by

PM fractions decrease after repeated exposure could be

explained by (1) oxidized proteins that underwent

proteasome degradation37; (2) the activation of an antiox-

idant response inducing the synthesis of nonenzymatic and

enzymatic antioxidants38; and (3) the glutathionylation of

proteins that protect them from oxidation.39 These hypoth-

esis need to be confirmed by further studies of subchronic

and chronic exposure to PM.

OxS induced by PM exposure can contribute to

carcinogen-DNA adduct formation as a result of its elec-

trophilic chemical components. The number of carcinogen-

DNA adducts increased in lung tissue after the acute

exposure to all PM fractions, although, only statistically

significant in the groups exposed to FP and UFP. The

increase in the carcinogen-DNA adducts persisted after

subchronic exposure. These data demonstrate that a short-

term exposure to any PM fraction induced the formation of

carcinogen-DNA adducts in exposed animals. However,

after repeated exposure to CP and FP, the lung tissue was

able to repair DNA adducts. Nevertheless, subchronic

exposure to UFP induced similar adduct numbers with

respect to the acute UFP exposure, probably reflecting dif-

ferences in the reactivity and composition of UFP versus

CP and FP.

It has been reported that the PAH content in PM con-

tributes to the formation of DNA adducts.14,36 In addition,

Figure 4. FP and UFP, but not CP fraction, increase acute inflammation. Cytokine protein levels in BALF from animals after acute and
subchronic exposure to CP), FP, UFP, and FA as control group. Samples were analyzed by ELISA: (a) TNF-a, (b) IL-1b, (c) IL-6, and (d)
MIP-2. Results are expressed as mean + SEM (n¼ 6 animals/group). *indicates statistical differences (p < 0.05) respect to the FA group.
FP: fine particulate; UFP: ultrafine particulate; CP: coarse particulate; BALF: bronchoalveolar lavage fluid; FA: filtered air; ELISA: enzyme-
linked immunosorbent assay; TNF-a: tumor necrosis factor a; IL-1b: interleukin 1b; IL-6: interleukin 6; MIP-2: macrophage inflam-
matory protein-2; SEM: standard error of the mean.
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PM induces DNA oxidative adducts such as 7-hydro-8-

oxo-20-deoxyguanosine (8-oxodG) in animal models,40 and

even when the PAH content is low in PM2.5. After their

metabolic activation by functional CYP1A1, PM can pro-

duce PAH–DNA bulky adducts, 8-oxodG, and DNA strand

breaks in cell lines.18 Sørensen et al. reported that PM2.5

exposure was found to be a predictor of an increase in

8-oxodG in lymphocyte DNA in subjects exposed to it.41

Further studies are needed to determine the type of DNA

damage, the DNA repair mechanisms, and why UFP expo-

sure induces permanent DNA adducts.

Lung Nrf2 response and antioxidant enzyme
induction

Nrf2 activation is a key downstream regulatory factor of

cell survival and sensitive markers in response to OxS.12

The activation of Nrf2 in the lung of rats exposed to PM

fractions shows that FP and UFP induced the activation of

Nrf2 in the lung compared with the FA control group of

cytosolic Nrf2 in the FP and UFP compared with FA group.

Our data are consistent with those reported by Li et al.

and Baulig et al., who observed that after exposure to diesel

exhaust particle (DEP), Nfr2 is activated and induces the

mRNA expression of HO-1,42 and Nrf2 binds to the ARE

consensus sequence in the GST or NAD(P)H quinone

dehydrogenase 1 (NQO1) promoter,43 respectively.

The nuclear translocation of Nrf2 results in the gene tran-

scription of antioxidants and phase-II defense enzymes, such

as g-GCS, NQO1, SOD2, GST, and HO-1, by binding to the

ARE.11 The mRNA levels of HO-1, SOD2, and GST genes

were determined in this study as markers of the antioxidant

defense against OxS induced by PM exposure. The induction

response of these genes was observed after exposure to FP

and UFP, although some differences in the response of each

gene to the particulate fractions were observed; these results

corroborate the published information on the induction of

Nrf2 activity seen in FP and UFP groups in acute and

subchronic exposure in different brain regions.23

Figure 5. FP and UFP subchronic exposure induces Nrf2 activation and antioxidant enzymes expression in aorta. Animals were
exposed to FA as control group, CP, FP, and UFP. Nrf2 protein levels in the cytosolic extracts were detected by Western blotting ((a),
top) and nuclear extracts were utilized to electrophoretic mobility shift assays of Nrf2 DNA binding activity ((a), bottom). mRNA levels
for antioxidant genes in aorta tissue were determined by RT-PCR for subchronic exposure ((b), (c), and (d)). Bottom images are
representative from agarose gels. Densitometry analysis is expressed as mean + SD (n ¼ 6 animals per group). *indicates statistical
differences (p < 0.05) respect FA. HO-1: heme oxigenase-1; SOD2, superoxide dismutase type-2; GST, glutathione S-transferase;
RT-PCR: reverse transcriptase-polymerase chain reaction; FA: filtered air; CP: coarse particulate; FP: fine particulate; UFP: ultrafine
particulate; Nrf2: nuclear factor erythroid-2.

10 Toxicology Research and Application



The rapid induction of HO-1 increases the rate of free

heme catabolism via the formation of carbon monoxide

(CO) and biliverdin, and HO-1 confers cytoprotective

effects through the biliverdin–bilirubin system.44–46

The overexpression of HO-1 has cytoprotective effects in

the lung, with a large beneficial spectrum of effects in

several lung diseases.47 The acute HO-1 mRNA induction

observed in the UFP group suggests a cytoprotective effect

to the smallest particulate fraction toxicity. Moreover, our

results corroborate a previous study by Li et al. (2003), who

observed an induction of HO-1 dependence on the particle

size that could be related to the high organic content of

UFP, and to the redox activity.42 However, subchronic

exposure to any PM fraction did not induce HO-1 mRNA

expression, suggesting a secondary effect on the gene reg-

ulation of HO-1 or the nonparticipation of HO-1 in the

chronic toxicity of the PM.

GST catalyzes the addition of reduced glutathione to

electrophilic species and is important in the detoxification

of the oxidizing agents that are produced due to a normal

cellular activity.48 GST-Pi, which corresponds to the

sequence that we tested, is known to be involved in protein

interaction (1-Cys peroxiredoxin) and related to the sus-

ceptibility to developing lung and esophageal cancer and

other lung diseases such as asthma.49,50 Our results imply

the induction of GST-Pi by exposure to FP and UFP in a

time-dependent response, which might be influenced by the

particle size and chemical composition and could be

involved in the development of lung diseases.

SOD2, also termed manganese superoxide dismutase, is

the main antioxidant enzyme in the inner mitochondrial

matrix that protects mitochondrial DNA and mitochondrial

function, and it has been identified in cell senescence.51,52

Exposure to PM, FP, and UFP has the mitochondria as a

target organelle at a cellular level. Li et al. (2003) observed

the presence of UFP, and to a lesser degree FP, into the

mitochondria of murine macrophages and human bronchial

epithelial cells.42 In contrast, Hiura et al. (2000) reported

that the organic chemicals extracted from DEP could

induce a decrease in the mitochondrial membrane potential

and intracellular ATP production in RAW 264.7 cells.53

Our results indicate that SOD2 expression has been

increased only in response to FP and UFP in acute and

subchronic exposures suggesting an oxidative damage in

mitochondria from lung tissue.

According to our results, the antioxidant response in the

lung is influenced by the particle fraction, the exposure

time, and Nrf2-target gene evaluated.

Lung inflammation response to PM fractions

Inhalation of PM caused inflammation of the airways and

lungs (local inflammation), as one of the main toxic

mechanisms of PM that could be responsible for second-

ary adverse effects on other tissues, for example,

cardiovascular effects, or the development of systemic

responses as reported by Mutlu et al.54

IL-1�, IL-6, and TNF-� participate in the production of

various other pro-inflammatory cytokines and hepatic

acute phase proteins. It has been suggested that TNF-� is

a key player in the innate immune system in the cytokine

network and in the activation and recruitment of inflamma-

tory cells.55 In the present study, we did not observe statis-

tically significant differences in the TNF-� concentrations

in BALF among the PM exposure groups. TNF-� could be

downregulated during acute PM exposure by the IL-6 cyto-

kine,56,57 in agreement with the findings presented herein.

IL-1� is defined as a prototype pro-inflammatory and

“alarm” cytokine. It is produced rapidly by macrophages in

response to inflammatory stimuli, inducing different

immune cellular and molecular mechanisms that include

the expression and synthesis of adhesion molecules (e.g.

ICAM-1 and VCAM-1) and nitric oxide. They promote the

infiltration of inflammatory and immunocompetent cells

from the circulation into extravascular space and tissues.58

We observed the presence of IL-1� in BALF only after

acute exposure to UFP, suggesting that this inflammatory

response could be mediated by the presence of the smallest

particulates, which have higher surface areas than do CP

and FP. However, IL-1� production and TNF-� could be

inhibited or modulated by IL-6.

We observed that IL-6 increased after acute exposure to

FP and UFP. IL-6 production is sensitive to IL-1�; the high

IL-6 concentration inhibited the production of IL-1� and

TNF-�. Our results could explain the nonresponse of TNF-

� concentrations in BALF in the same particulate groups

and the unresponsiveness in IL-1� in the FP group. Addi-

tionally, IL-6 is involved in the hepatic induction of acute

phase response inducing proteins related to restoring the

disturbed homeostasis due to the immune process, such

as fibrinogen,59 which has been reported to increase after

PM exposure.60 This finding suggests that IL-6 release by

PM exposure is related to a coagulation effect.54

IL-1� and IL-6 concentrations indicated an inflamma-

tory response. To investigate the chemotaxis signal in the

lung, we evaluated the concentration of the chemotactic

molecule MIP-2, which is homologous to IL-8 in humans.

An increment in MIP-2 concentration in BALF was

observed in the acute exposure to FP and UFP; these results

confirm the release of humoral mediators in the immune

response against small particulates (<2.5 mm). MIP-2 is

involved in the recruitment of neutrophils in the lungs and

mediates the acute inflammatory response following expo-

sure to particles.15 Our results are consistent with other

studies that used particles from different origins. It has been

reported that exposure to higher doses of DEPs increased

the expression level of IL-6 and MIP-2, independent of

TNF-� status in C57�CBA mice.58

Significant increments in IL-1�, IL-6, and MIP-2 after

acute exposure could be due to OxS, the chemical compo-

sition (transition metals and PAH), or simply the
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interaction of FP and UFP fractions with the alveolar

macrophages.60

An important observation was the absence of cytokines

in the BALF in the group exposed to the CP fraction.

In vitro studies using PM10 as representative particles of

CP suggested a pro-inflammatory response;60 however,

other factors could influence unresponsiveness to CP expo-

sure such as: (1) the mucociliary clearance,61 CP deposition

in upper airways including the bronchial tree; and (2) ana-

tomic features of the in vivo model, nasal turbinate bones,

bearing sensory epithelium, confer additional surface area,

and increase the air turbulence to enhance the air particu-

lates deposition.62 Differences in the turbinate dimension

between species can influence the deposition of CP, Rattus

norvergicus, for example, has long and deep turbinates

compared to those of humans. For these reasons, possibly

CP exposure did not induce antioxidant and immune

responses in the rat model.

Our results for cytokines in BALF did not support the

hypothesis of chronic inflammation during repeated expo-

sures to PM. However, we cannot rule out that other cyto-

kines such as IL-4, IL-10, and TGF-�, which can modulate

immune cells and decrease inflammatory response and

mediators, are induced in the subchronic response to PM.

The immunological response to constant stimuli along a

relatively large exposure period could modulate the

immune response to protect from tissue damage and initiate

the tissue remodeling. It has been observed that PM2.5 and

PM10-2.5 exposure induced Toll-like-receptor expression

and increased the pro-inflammatory cytokines in the early

phase of the immune response.63 Future studies are needed

to confirm in vivo the immune response balance present

during the chronic exposure to PM.

Nrf2 mediates antioxidant response in aorta

In epidemiological studies, exposure to FP and UFP has

been associated with adverse health effects, including car-

diorespiratory diseases.64,65 Many hypotheses have been

postulated to explain the mechanisms responsible for the

adverse effects of FP exposure.65,66 One of the most

accepted hypotheses is that PM causes OxS in the airways

and induces an inflammatory response with an upregulation

of OxS-sensitive pathways. Moreover, FP and UFP can

cross the epithelial alveolar-endothelium barrier, reach the

pulmonary circulation, and be distributed into the heart,

with direct interactions with the systemic vasculature gen-

erating adverse effects at various sites.16,66,67 Several stud-

ies have assessed the direct effect of particles in vivo68,69

and ex vivo.70–73 However, studies to evaluate the effect of

PM translocation are needed, since it is known that UFP

can get across the alveolar-endothelium barrier.4

We propose that PM fractions can induce OxS in the

aorta after their initial effect in the lung. Our study provides

evidence that exposure to any PM fraction was not associ-

ated with Nrf2 activation or SOD2, HO-1, and GST

expression in the aorta after an acute exposure. In contrast,

we found that the antioxidant response occurred only after

repeated exposures during subchronic exposure.

Similar effects have been found in other studies: a study

in ApoE-/- mice showed that UFP induced OxS at early

stages of atherosclerosis, inducing the mRNA liver expres-

sion of Nrf2-related genes. It is thought that the FP and UFP

fractions have more long-term health effects but that the CP

fraction is associated with short-term health effects.74

We demonstrated that the subchronic exposure to FP

and UFP caused Nrf2 activation in the aorta. However, the

subchronic exposure to CP resulted in a significant increase

in the gene transcription of HO-1 mRNA in the aorta. Pre-

viously, we demonstrated that CP exposure induced the

expression of components of the angiotensin endocrine

system and that subchronic exposure to CP increased the

intramyocardial coronary artery thickness. The HO-1 effect

by CP in aorta might result in pulmonary and cardiac

effects on angiotensin in these tissues through a different

mechanism.75

The increased toxicity of UFP can be explained by their

small size, large particle number per unit of mass, high

organic carbon content, high content of PAHs, and ability

to reach subcellular organelles, such as mitochondria.7 OxS

could be the central mechanism by which ambient PM

induces adverse health effects. Moreover, the small size

of UFP allows their access to the systemic circulation, and

they can be involved in inflammatory events in the vessel

wall, for example, atherosclerosis, or translocated from the

lungs into the circulation and extrapulmonary organs (i.e.

liver, heart, spleen, and brain).4,66 Our study demonstrates

that antioxidant enzymes in aorta were observed when Nrf2

is activated but only after subchronic exposure to FP and

UFP.

Our study data correlate with those of Araujo et al., who

found that exposure to FP and UFP in ApoE-/- mice led to

increased hepatic lipoperoxidation, accompanied by a

higher upregulation of Nrf2-regulated antioxidant genes

and unfolded protein response genes of UFP-exposed

mouse livers.21

Chemical composition is related to PM fraction effect

This is the first study to evaluate the time- and PM size-

related induction of OxS, DNA damage, and inflammation

in the lung and the effect on the aorta, which is not a direct

target tissue described in PM toxicity.

Previously, we reported the particulate concentration

measured in whole body chamber exposure and the chem-

ical composition (transition metals and PAH) from the

present exposure.23 In addition, it has been reported that

the CP and FP fractions from Mexico City contain metals

such as Fe, Zn, and Ti and, to a lesser extent, Mn, Cu, V,

Cd, Ni, Cr, and Pb. There are also high levels of organic

and elemental carbon, endotoxins, and PAHs.76 Transition

and divalent metals exposure can explain the effect of the
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different PM fractions on the deregulation of cardiovascu-

lar system control because these metals can impact allos-

teric sites or interfere with calcium pathways.75 However,

in the present study, we now demonstrate that the small

fractions (<2.5 mm) can be involved in OxS induction via

prooxidant activity promoting ROS production by divalent

metals and a significant concentration of PAH.

PAHs are important in the toxicity of the UFP because

PAH in vitro cell models demonstrate the expression of

HO-1. Our results from carcinogen-DNA adducts, inflam-

mation, and antioxidant Nrf2 response support the hypoth-

esis of UFP as being more reactive. Although we did not

determine the UFP mass and chemical composition, FP

characterization, which includes the UFP fraction, indi-

cated a high total concentration of PAH (10.1 mg/m3) and

CP (2.8 mg/m3), which could explain the major effects

observed in the present study.

Conclusions

The present study indicates that the exposure to PM

induced OxS, DNA damage, and inflammation in the lung,

which was dependent on the particle size and the time of

exposure. Exposure to FP and UFP induced higher oxida-

tive damage and Nrf2 antioxidant response in the lung than

CP exposure did. The effect of FP and UFP on the antiox-

idant Nrf2-dependent response induction is mainly evident

in the subchronic exposure in the aorta. We concluded that

UFP is the main particulate fraction related to OxS, DNA

damage, and inflammation in the lung, mainly as an acute

response. DNA damage persisted in the subchronic expo-

sure. Additionally, an effective response of Nrf2

antioxidant-related elements in the aorta as a representative

of systemic vasculature was observed in the subchronic

exposure. We observed the biological plausibility of OxS

translocated from the lung to the vascular system after

repeated exposure.
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