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a b s t r a c t

Exposure to air particulate matter (PM) is associated with increased cardiovascular morbimortality.
However, PM doesn't affect equally to all people, being the old cohort the most susceptible and studied.
We hypothesized that another specific life phase, the middle-aged subpopulation, may be negatively
affected. Therefore, the aim of this study was to analyze in vivo the acute biological impact of two
environmental particles, Urban Air Particles from Buenos Aires and Residual Oil Fly Ash, on the
cardiorespiratory system of middle-aged mice, evaluating oxidative metabolism and inflammation. Both
PM provoked a local and systemic inflammatory response, leading to a reduced alveolar area in the lung,
an epicard inflammation in the heart, an increment of IL-6, and a reduction on PON 1 activity in serum of
middle-aged animals. The positive correlation of local parameters with systemic markers of oxidative
stress and inflammation could be responsible for associations of cardiovascular morbimortality in this
subpopulation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

There is increasing evidence that air pollution has a negative
impact on health on urban populations, particularly due to the
burning of fossil fuels from industries and vehicles. The World
Health Organization (WHO) has ranked air pollution as one of the
top ten causes of disability, and the leading cause of death in the
industrialized world (Delfino et al., 2011; Brook, 2008). Cities are by
nature concentrations of human, industrial and vehicular activities
and therefore could be considered as a source of pollution (PM and
gases) affecting thehealthof its inhabitants. Epidemiological studies
nology, National University of
, Buenos Aires, Argentina.
showed that exposure to air particulatematter (PM) in urban zones,
even when particle concentrations are well below established air
quality standard levels, is associated with an increase in cardiovas-
cularmorbidity andmortality rates (Analitis et al., 2006; Brunekreef
and Forsberg, 2005; Dockeryet al.,1993; Pope, 2000; Schwartz et al.,
1991). Hence, a greater understanding of the underlying molecular
and cellular mechanisms by which pollutants exacerbate and/or
promote cardiorespiratory injury is imperative.

Lungs are the primary target of PM exposure, where particles
can translocate to the blood system, heart and brain exerting not
only pulmonary but, systemic adverse effects (Brook et al., 2004;
Brook, 2008). Buenos Aires is a Latin American megacity with a
population of more than 2.8 million people (National census, 2010),
where vehicular emissions are the main problem. Officially, around
1.2 million vehicles circulate daily in the city; growing steadily in
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the metropolitan area (5.2% in 2011 and 5.7% in 2012). Our group
has previously determined in downtown Buenos Aires a 72 ug/m3/
day particle average concentration of PM 2.5 during wintertime,
being public transport (cars, taxis, trucks and vans), the responsible
for 94.7% of the total annual PM emission.

In demographic terms, Buenos Aires slightly differs from the
whole country. An important fact for public health is given by the
age composition of its population being the percentage of the aged
inhabitants significantly higher at the city level than at the national
level. In so, the impact of environmental factors, as air pollution, on
the health of the aged population grow in importance (Abrutzky
et al., 2012).

PM does not equally affect everybody, identifying young less
than 2 years old and adults over 65 years old as susceptible sub-
populations (Pope, 2000; Saldiva et al., 1995; Samet et al., 2000). It
is well known that throughout the normal aging process, physical
and biochemical changes occur both in the respiratory and car-
diovascular systems that, in turn, may affect the response of the
lung to inhaled xenobiotics and, consequently, the cardiac function.
Although aging is a continuous process, usually it is treated as a
discrete variable, where the old cohort is the most studied.
Regarding the cardiovascular system, together with age, the prin-
cipal causes of cardiac failure are the decrease in elasticity and the
loss of ability of the arterial system to respond to changes in
pressure (compliance). In addition, it has been shown that air
pollution may adversely affect cardiovascular physiology such as
heart rate and blood pressure (Rich et al., 2012). Furthermore, in the
respiratory system it is well known that acute PM exposure induces
local oxidative stress, subsequent inflammation and ultimately
irreversible lung damage (Riva et al., 2011).

Herein we hypothesized that another specific life phase, the
middle-aged subpopulation, may be negatively affected by airborne
particles. Therefore, the aim of the present study was to perform an
in vivo comparative analysis through time on the lung and heart
histology, on oxidative metabolism, on inflammatory parameters
and on serum biomarkers of cardiovascular disease from middle
aged mice acutely exposed to Urban Air particles from downtown
Buenos Aires (UAP-BA) and Residual Oil Fly Ash (ROFA), two PM of
different morphochemical composition.

2. Materials and methods

2.1. Animals

BALB/c mice were purchased from the breeding facility of the
School of Exact and Natural Sciences, University of Buenos Aires,
and were acclimated to our research facility for at least one week
prior to any experimental manipulation. Animals were kept on a
12:12 h light:dark schedule and given food and water ad libitum.
According to Jackson Laboratory's definition, in our study we
employed 10e12 months old mice defined as middle aged. Animal
treatment was carried out following the local ethical guidelines
from the National University of San Martín (UNSAM) and the 6344/
96 regulations of the Argentinean National Drug, Food and Medical
Technology Administration (ANMAT) guidelines.

2.2. Particulate matter (UAP-BA and ROFA) collection and
characterization

UAP-BA (Urban Air Particles from downtown Buenos Aires,
Argentina) was collected as previously described by our group
(Martin et al., 2007). Briefly, A MiniVol™ Portable Air Sampler
(Airmetrics, OR) with 2.5 mm cut-point impactor was employed
(Baldauf et al., 2001). The MiniVol's pump draws air at 5 L/minute
through a particle size separator (impactor) and then through a
Teflon 47 mm (filter Sartorious, 0.2 mm pore size) and each filter
was placed in a clean plastic cassette during transport and storage.
The filters were weighed (after moisture equilibration) before and
after sampling to determine the net particulate mass gain with a
microbalance (Mettler M3, weighing accuracy of 1 mg), using an a
source to remove the electrostatic charge.

Residual Oil Fly Ash (ROFA) was collected from Boston Edison
Co., Mystic Power Plant, and Mystic, CT, USA, and was kindly
provided by Dr. J. Godleski (Harvard School of Public Health, MA,
USA).

Both particulate matter, UAP-BA and ROFA, were morphologi-
cally and chemically characterized employing scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX),
respectively. For SEM observations, collected particles were coated
with gold by direct current sputtering. Stub preparations were
examined in a quanta SEM FEG-S50 (SEI, Oregon, USA). Chemical
composition was analyzed with a Phillips SEM 505 SEM (Philips
Electron Optics, NL, USA) coupled to a EDX dispersion detection
unit (EDAX Inc., NJ, USA).

2.3. UAP-BA and ROFA animal exposure e experimental model

BALB/c mice (12 pg/experiment) were anesthetized intraperi-
toneally with 1 ml/kg body weight) of ketamine (50 mg/ml) and
xylazine (2%) and exposed to PM by intranasal instillation in a
single dose (UAP-BA or ROFA) (1.0 mg/kg body weight) or Phos-
phate Buffer Salt (PBS) (control group).

Briefly, animals were immobilized in an inclined supine position
while 50 mL of UAP-BA or ROFA suspensionwas delivered dropwise
to the nares (Leong et al., 1998; Southam et al., 2002). Due to the
presence of fluid in the mouse nasal cavity, a respiratory reflex is
triggered which ensures that the maximum delivered volume rea-
ches the lung. After 3, 24 or 48 h of exposure, animals were eutha-
nized and lung andheart sampleswere collected. For all time points,
control micewere instilledwith 50 mL of PBS. The selected dose falls
within the range of concentrations consistently used in several an-
imal studies (Dye et al., 2001; Nurkiewicz et al., 2006).

For clarity the experimental model and all endpoints evaluated
in lung and/or heart from control and exposed PM animals are
shown in Fig. 1.

2.4. Lung and heart tissue samples for histology

After exposure to either PM or PBS, BALB/c lungs and hearts
were excised and kept in PBS (pH 7.4) at 4 �C. Samples were
employed for histological (1) or biochemical (2) purposes.

1) Organs were placed in 10% buffered formalin for no more than
48h, dehydrated inalcohol and embedded inparaffin.Histological
sections of 5e7 mm thicknesses were cut with a Reichert-Jung
micrometer (Nossloch, Germany) for light microscopy observa-
tion. For all post instillation time points (3- 24e48 h), two lung
longitudinal sections and two heart cross sections from both
control and PM exposed mice were obtained and stained with
Haematoxylin and Eosin. Regarding the heart, histological exam-
inations of the left ventricle, right ventricle, septum and meso-
thelial cells inepicardiumwere conducted. The lesion severitywas
assessedbasedon semiquantitative criteria previouslyoutlinedby
Herman et al. (2000). This grading system is based on the per-
centage of myocytes showing myofibrillar loss, cytoplasmic
vacuolization and inflammatory infiltrate: 0 ¼ no damage;
1¼<5%; 1.5¼ 5e15%; 2 ¼ 16e25% 2.5 ¼ 26e35% y 3¼>35%.

2) Organs were washed in PBS, weighted and homogenized in the
same buffer for superoxide dismutase (SOD) and catalase (CAT)
determinations.



Fig. 1. Experimental animal model. Middle-aged BALB/c mice were randomized in three groups and acutely exposed to UAP-BA (1 mg/kg BW), ROFA (1 mg/kg BW) or PBS. Cellular
and biochemical parameters from control and exposed PM animals were evaluated in lung, heart and serum after 3, 24 or 48 h post-exposure.
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2.5. Lung bronchoalveolar lavage (BAL)

After treatment, lung bronchoalveolar lavage (BAL) was per-
formed as previously described by Tasat and de Rey (1987). Briefly,
the thoracic cavity was partly dissected and the trachea was can-
nulated with an 18-gauge needle. The excised lung was then gently
massaged and lavaged twelve times with 1 ml of cold sterile PBS
(CaþþMg free, pH 7.2e7.4). The BAL was immediately centrifuged
at 800� g at 4 �C for 10 min and resuspended in PBS. Total cell
number (TCN) was determined with a Neubauer chamber. Based on
morphological criteria, control animals showed >95% of alveolar
macrophages (AM).

2.6. Total cell number (TCN) and cell differential (CD) in the
bronchoalveolar lavage (BAL)

TCN was determined under a Neubauer chamber. To easily
identify different cell types on the BAL, smears were prepared, fixed
with methanol and stained with hematoxilin and eosin (CD). At
least 200 cells in each sample were counted by light microscopy.

2.7. Superoxide anion generation in the bronchoalveolar lavage
(BAL)

Superoxide anion (O2� ), a main reactive oxygen specie (ROS)
generated during the respiratory burst, was evaluated using the
Nitro Blue Tetrazolium (NBT) reduction test (Segal, 1974).

The intracellular release of this ROS was evidenced by the
amount of a blue formazan precipitate in the cells after NBT
reduction as previously described by Tasat and de Rey (1987). BAL
cells were treated with NBT in the presence or absence of TPA, a
known inductor of O2

- generation. Immediately after isolation,
samples were incubated with NBT for 60 min at 37� C. In positive
controls, TPAwas added at a concentration of 0.5 mg/ml for the last
15 min. Cells showing a blue formazan precipitate were considered
reactive, whereas those without precipitate were scored as non
reactive. The percentage of reactive and non reactive cells was
evaluated by light microscopy.

2.8. Superoxide dismutase (SOD) and catalase (CAT) activities in
lung and heart homogenates

Tissue samples were homogenized in PBS (pH 7.4) (1:5). The
suspension was centrifuged at 600x g for 10 min at 0e4� C to
remove nuclei and cell debris. The pellet was discarded and the
supernatant was used as ‘‘homogenate’’ (Evelson et al., 2001).

Superoxide dismutase (SOD) activity was determined spectro-
photometrically by following the inhibition of the rate of adeno-
chrome formation at 480 nm, in a reaction medium containing
1 mM epinephrine and 50 mM glycine/NaOH (pH 10.5). Enzymatic
activity was expressed as SOD units/mg protein. One unit was
defined as the amount of sample able to inhibit the rate of
adenochrome formation by 50% (Misra and Fridovich, 1972).

Catalase (CAT) activity was evaluated by following the decrease
in absorbance at 240 nm in a reaction medium consisting of
100 mM PBS (pH 7.4) and 20 mM hydrogen peroxide (70). Results
were expressed as pmol catalase/mg protein.

2.9. General biochemical determinations

Serum levels of glucose, total bilirubin, triglycerides and total
cholesterol were quantified by standardized methods (Roche Di-
agnostics, Mannheim, Germany) in a COBAS C501 autoanalyser
(Roche Diagnostics, Mannheim, Germany). HDL-C concentration
was determined by selective precipitation methods employing
phosphotungstic acid in the presence of magnesium ions (Warnick
et al., 1982).

2.10. Serum biomarkers

2.10.1. Proinflammatory cytokines production
To determine the effect of PM on proinflammatory cytokine pro-

duction, tumor necrosis factor alpha (TNFa) and interleukin (IL-6)
levelswereassayed in theBALfluidorbloodserum, respectively. After
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micePMexposure (3,24and48h), bloodserumandBALsupernatants
were collected and frozen at �80 �C until use. Both cytokines were
detected using a commercially available specific enzyme linked
immunosorbent assay (ELISA) kit, following the manufacturer's in-
structions.ELISAplates (Corning,Newark,CA)were coatedwith1:125
cytokine-specific capture antibodies diluted in coating buffer (0.1 M
Na2CO3, pH 9.5) at 4� C overnight. Wells were blocked with PBS
containing 10% FCS for 1 h at RT. Cytokine standards and BAL super-
natants or blood sera were added to wells and incubated for 2 h.
Following three washes, biotinylated cytokine-specific detection
antibody 1:250 was added for 1 h. After washing, streptavidin-
peroxidase/TMB detection system was employed for 30 min. Absor-
bancewasmeasured on amicroplate reader (Bio-Rad, benchmark) at
655 nm. All samples were run in triplicates.
2.10.2. Paraoxonase 1 (PON 1) activity
The enzyme PON 1 was evaluated employing two different

substrates: paraoxon (Sigma Chemical Co.; PON 1 activity) and
phenylacetate (Sigma Chemical Co.; ARE activity). Both activities
were measured in serum samples following the method of Furlong
et al. (Furlong et al., 1989). PON 1 activity was assessed by adding
serum samples (20 ml) to 2 ml Tris/HCl 10 buffer (100 mmol/l,
pH ¼ 8.0) containing 2 mmol/l CaCl2, 2.6 mmol/l paraoxon (O,O-
diethyl-O-p-nitrophenylphosphate) and 1.0 mol/l NaCl. The rate of
generation of p-nitrophenol was determined at 405 nm and 25 �C,
in a Hitachi U- 1100 spectrophotometer. Increases in the absor-
bancewere recorded at 45- second intervals during 5min, after 30 s
Fig. 2. Lung histology. Microphotographs showing the lower respiratory tract of PBS (A-D
airspace and inflammatory infiltrates are observed both in ROFA and UAP-BA exposed mic
sections at 3, 24 and 48 h post-exposure respectively. Ori. Mag. 100X.
of initial pre-incubation. Enzymatic activity was calculated from
the molar extinction coefficient (17,000 l mol�1 cm�1) and results
were expressed as nmol/ml.min. Measurements were all carried
out within the same assay. Within-run precision (CV) was 5.5%.

2.10.3. Protein content
Protein concentration was measured by the method of Lowry

et al. (Lowry et al., 1951) using bovine serum albumin as standard.

2.11. Statistical analysis

Results were expressed as mean values ± standard deviation of
the mean and representing the mean of 3 independent experi-
ments. To analyze differences between control and PM exposed
groups, ANOVA followed by NewmaneKeuls post-test was used.
Statistical significance was set up at p < 0.05.

3. Results

3.1. Particulate matter morphological and chemical
characterization

As we have previously shown, no metal traces were found in
UAP-BA particles, while both HAPs and PCBs were found adsorbed
to the particle-carbon core (Ferraro et al., 2011; Martin et al., 2007;
Orona et al., 2014). Particle size was homogeneous depicting a
mean aerodynamic diameter <0.2 mm (data not shown). ROFA
-G), ROFA (B-E-H) or UAP-BA (CeFeI) exposed animals. A marked reduction in lung
e through time with respect to controls. Figs. A-B-C; D-E-F and G-H-I represent lung



N.S. Orona et al. / Environmental Pollution 208 (2016) 261e270 265
sample, in accordance with Killingsworth et al. (1997) and previous
work from our laboratory (Ferraro et al. 2011; Martin et al., 2007;
Orona et al., 2014), proved to be heterogeneous depicting in its
composition vanadium, nickel and ironmetals traces with a particle
mean aerodynamic diameter of 2.06 ± 1.57 mm (data not shown).
3.2. Lung and heart histological evaluation

Particle intranasal instillation in mice was found to induce
measurable inflammatory response after exposure both in lung and
heart. Lung histology corresponding to the lower respiratory tract
from PM exposed mice clearly shows differences in the alveolar
area (Fig. 2AeI). Both PMs provoked through time a marked
reduction in the alveolar airspace due to cell infiltration mainly
composed of lymphocytes and polymorphonuclear cells, through
the whole parenchyma occurring preferentially around bronchiole
and blood vessels. Lungs from ROFA (B-E-H) or UAP-BA (C-F-I)
exposed mice showed a time dependent interstitial inflammation.
Three hours post-intranasal instillation; focal intracellular infiltra-
tionwas observed increasing through time, depicting at 24 and 48 h
post-instillation amoderate diffuse cell infiltrationwhen compared
to non-exposed control mice.

In all PMs exposed groups heart associated histopathological
findings were observed only in the right ventricle (RV) (Fig. 3).
Control animals hearts showed normal myocardium (grade ¼ 0).
On the contrary, after 3 h ROFA exposure, RV epicardium focally
showed the presence of reactive mesothelial cells (grade ¼ 0)
(Fig. 3B), while the RV of the group exposed to UAP-BA, depicted
vascular dilation, inflammatory infiltrate in the epicardium, and
Fig. 3. Heart histology. Microphotographs showing heart histology of PBS (A-D-G), ROFA (B
only in the right ventricle (RV). Figures A-B-C; D-E-F and G-H-I represent heart sections a
inflammatory infiltration Orig. Mag. 100X.
interstitial inflammation in subepicardial myocardium composed
mainly of lymphocytes (grade ¼ 1) (Fig. 3C). In both exposed
groups, either to ROFA or UAP-BA, alterations in the epicardium and
subepicardial myocardium were similarly observed at 24 and 48 h
(Fig. 3E-F-H-I). Notably, the heart response to UAP-BA was always
observed earlier in time than to ROFA.
3.3. Lung BAL total cell number (TCN) and cell differential (CD)
after acute PM exposure

Fig. 4A and B shows the temporal kinesis of the lung cellular
influx in the bronchoalveolar lavage (BAL) from control and ROFA or
UAP-BA acutely exposed middle-aged mice. A significant increase
in TCN was found only in the BAL from ROFA exposed mice after 3 h
post-exposure. Twenty-four hours later, this increment decreased
to control values and was sustained onwards. On the contrary, UAP-
BA did not modify TCN at any time point assayed (Fig. 4A).
Regarding cell differential (CD), exposed mice either to ROFA or
UAP-BA elicited from the earliest time point tested (3 h), different
cellular subpopulation distribution in the BAL when compared to
controls as shown in Fig. 4B. A rise in the percentage of poly-
morphonuclear cells (PMN) was seen in all particle-exposed ani-
mals. UAP-BA led to a sharp increase at 3 h, which was maintained
over time (24 h and 48 h) while ROFA particles induced a increment
in the PMN fraction at 3 h reaching a maximum value 24 h post-
exposure. To characterize the degree of inflammation at a molec-
ular level, we analyzed TNFa secretion in the BAL fluid. Exposure to
UAP-BA or ROFA did not affect TNF-a level in middle-aged mice
through time (data not shown).
-E-H) or UAP-BA (CeFeI) exposed mice. PM histopathological findings were observed
t 3, 24 and 48 h post-exposure respectively. Asterisks depict vascular dilation and/or



Fig. 4. Total cell number and cell differential in bronchoalveolar lavage. Total Cell Number (A) and Cell Differential (B) in the bronchoalveolar lavage of PBS (white bars), ROFA (grey
bars) or UAP-BA (black bars) exposed mice. Results are expressed as media ±SD, *p < 0.05, **P < 0.01, ***p < 0.001 compared with controls and #P < 0.05 between ROFA and UAP-BA.

Fig. 5. Superoxide anion generation in PM-exposed BAL cells from aged animals. Superoxide anion generation evaluated as percentage of reactive dark-blue cells, measured by the
NBT test in BAL cells from PBS (white bars), ROFA (gray bars) or UAP-BA (black bars) exposed mice. Results are expressed as media ±SD, ***p < 0.001 compared with controls.
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3.4. Lung superoxide anion generation after acute PM exposure

Superoxide anion (O2� ) generation in control and PM exposed
middle-aged mice through time is shown in Fig. 5. Irrespective of
the time point assayed, most cells (80%) from controls were
colorless and non-reactive. Nevertheless, a time dependent
response for ROFA or UAP-BA exposed animals was observed. At the
earlier time studied (3 h), a similar percentage of BAL reactive cells
from controls and PM-exposed animals was observed (Fig. 5A).
Nevertheless, at 24 and 48 h post-instillation, both PMwere able to
stimulate a marked and significant (p < 0.05) increase in the
production of cells with an intense (dark blue, violet) reaction as a
result of formazan precipitation (Fig. 5B and C). It is worth to note
that the generation of O2� in the BAL of middle-aged animals
exposed to ROFA or UAP-BA showed a similar pattern.

3.5. Lung and heart antioxidant enzyme activity after acute PM
exposure

SOD and CAT activities in the heart and lung homogenates from
middle-aged animals exposed to ROFA or UAP-BA were evaluated
through time at 3, 24 and 48 h post-instillation. The effect of PM



Fig. 6. Antioxidant activities in mice lung and heart homogenates. SOD activity in lung (A) or heart (B) homogenates from middle-aged mice exposed to PBS (white bars), ROFA
(gray bars), or UAP-BA (black bars). Results are expressed as mean ± SD. **p < 0.01 or *p < 0.05 compared with controls.

N.S. Orona et al. / Environmental Pollution 208 (2016) 261e270 267
intranasal instillation on SOD activity is shown in Fig. 6. A signifi-
cant increase in SOD activity was seen on ROFA-exposed lung ho-
mogenates at 24 h compared to the corresponding controls (Fig. 6A,
middle panel). On the contrary, UAP-BA exposed mice showed no
changes on the antioxidant activity of this enzyme through time
(Fig. 6A). SOD activity in heart homogenates significantly increased
only in ROFA exposed mice at 24 h and 48 h post-instillation.
Similarly to what was observed in the lung, UAP-BA was not able
to cause variations in the SOD activity through time (Fig. 6B).

CAT activity remained unchanged in both lung and heart ho-
mogenates from either ROFA or UAP-BA exposed middle-aged mice
with respect to controls for the range of time point assayed (data
not shown).
Fig. 7. Proinflamatory IL-6 secretion. Interlukin 6 (IL-6) level in serum from middle-
aged mice exposed to PBS (control), ROFA, or UAP-BA at 3, 24 and 48 h post-
instillation. Results are expressed as mean ± SD. **p < 0.01 and ***p < 0.001
compared with controls.
3.6. Systemic response after acute PM exposure

Serum level of glucose, total bilirubin, triglycerides and total
cholesterol in neither ROFA nor UAP-BA exposed mice showed
differences with respect to controls (data not show).

The occurrence of systemic inflammation was confirmed by the
significant increase in IL-6 in sera at 3 h after intranasal exposure of
ROFA (p < 0.001) or UAP-BA (p < 0.01) compared to control mice
(Fig. 7). No increase in IL-6 levels was observed at later time points
in UAP-BA compared to their respective controls, while ROFA was
able to sustain IL-6 rise up to 24 h (p < 0.01).

As seen in Fig. 8, albumin did not change through time neither
for ROFA nor UAP-BA exposed mice. Interestingly, at the earlier
time-point assayed (3 h) both PM-exposed mice showed a signifi-
cant increase in total protein content in comparison with PBS-
exposed mice. On the contrary, total protein significantly
decreased in ROFA-exposed as well as UAP-BA mice at 48 h with
respect to controls.

PON activity, an antioxidant enzyme exclusively transported by
HDL particles, was found to be significantly reduced 3, 24 and 48 h
after intranasal exposure of UAP-BA (p < 0.05) in comparison to
control mice and to animals exposed to ROFA (Fig. 9A). Interest-
ingly, this decrease cannot be attributed to a reduced level of its
carrier given HDL-C levels did not show any statistically significant
change (Fig. 9B).

4. Discussion

It is well known that epidemiological associations of air pollu-
tion as a risk factor for acute cardiopulmonary events (eg, stroke,
myocardial infarction) and chronic morbidity (eg, deep vein
thrombosis, atherosclerotic cardiovascular disease) are largely
driven by aging and those individuals with cardiorespiratory dis-
eases (Mateen and Brook, 2011). In this context, in Buenos Aires,
where the percentage of the aged population is high, UAP-BA
adverse impact on health might induce or aggravate physiologic



Fig. 9. PON-1 activity and C-HDL serum concentration. PON-1 activity (A) and C-HDL concentration (B) in serum frommice exposed to PBS (white bars), ROFA (gray bars) or UAP-BA
(black bars). Results are expressed as mean ± SD. *p < 0.05 compared with controls.

Fig. 8. Total protein and albumin serum concentration. Total protein (▫) and albumin ( ) concentrations in serum from middle-aged mice exposed to PBS (white bars), ROFA (gray
bars) or UAP-BA (black bars). Results are expressed as mean ± SD. **p < 0.01 compared with controls.
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alterations in their cardiorespiratory system. A typical feature that
Buenos Aires can share with other megacities is that generally the
main source of air pollution is traffic and thus, in the urban area,
particle exposure is mostly related to engine combustion derived
particles (DEP). In this sense, several authors had previously shown
that DEP did not yield significant alterations in markers of
inflammation in lung, but did show significant changes in extra-
pulmonary tissues (Lund et al., 2009).

One of the advantages of the present study is that we evaluated
in ROFA or UAP-BA exposed middle-aged animals a comprehensive
set of blood and cardiac biomarkers (total protein, BSA, C-HDL,
PON1), local and systemic inflammation (PMN, lymphocytes, IL-6,
TNFa), oxidative status (O2

- , SOD, CAT) and pulmonary and cardiac
toxicity (histology) for two distinct morphochemical air pollution
particles. Herein, we found that UAP-BA, emitted mainly by
vehicular emissions, induced both local lung inflammation and
alters heart morphology and serum biomarkers.

Regarding the lung, we found that only ROFA, at the earlier time
point assayed, increased the TCN obtained by BAL. This difference
could be due to the presence of trace metals in its composition
(Antonini et al., 2004). Still, evenwhen TCN from PM-exposed mice
showed no differences with control mice, both ROFA and UAP-BA
cell differential showed an altered cell subpopulation distribution.
BAL polymorphonuclear (PMN) cell percentage from mice exposed
to either PMs increased throughout the experiment in agreement
with the cell recruitment observed in the lung histological sections.
Moreover, the increased numbers of PMNs and lymphocytes found
in lung and heart histological sections support the idea of an
ongoing inflammation linked to PM exposure. In keeping with our
previous studies performed in young mice (Martin et al., 2007), we
found histologically in both organs studied, areas of inflammation
that depending on the post-exposure time, were seen as focused
(3 h) or diffuse (24 and 48 h). It has to be remarked that the signs
indicative of an inflammatory process appeared always earlier in
UAP-BA than in ROFA-exposed animals. This earlier response could
be due to the differentmorphochemical characteristics of these two
environmental particles. Considering their size and shape, we have
previously found that Buenos Aires particles are spherical and
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ultrafine (Martin et al., 2007). Therefore, they can not only exert
their local adverse effect in the lung parenchyma, but can
translocate quicker than ROFA to the vascular system, reaching
the heart where, in turn, they can induce inflammation (Brook
et al., 2004; Brook, 2008). Regarding their chemical composi-
tion, we have also previously characterized UAP-BA as a carbon
core particle adsorbed by PAHs (Poly Aromatic Hydrocarbons)
and PCBs (Poly Chlorinated Biphenyls), two organic compounds
declared by IARC as carcinogenic for humans (IARC). These haz-
ardous substances could cause a wide range of health effects
including inflammation, necrosis and cancer. Even more, sera
from both PM-exposed mice showed changes in total protein and
a raise in IL-6 proinflammatory cytokine through time. Our ob-
servations are in agreement with Ghio and Devlin (2001) and
Riva et al. (2011) who informed that PM increases inflammatory
cytokines, raising the systemic and local inflammatory response
characterized by PMN cells and mononuclear-macrophages in
the lung. In fact, pulmonary pro-inflammatory mediators
secreted by activated alveolar macrophages can be involved in
the recruitment of other leukocytes modifying lung histo-
architecture (Larsson et al., 2007).

It is well known that PM can cause oxidative stress by inducing a
local inflammatory response in the lungs, with the potential to
upregulate systemic inflammatory processes that can lead to an
organ failure (Rückerl et al., 2014). Therefore, we sought to evaluate
the generation of the superoxide anion (O2

- ) in the BAL cells and
antioxidant enzymes activities, SOD and CAT, in lung and heart
homogenates. Both ROFA and UAP-BA exposure caused similar
response in the lung depicting a rise in the lung O2

- generation.
However, the antioxidant enzyme SOD revealed a distinct behavior
for each MP: only ROFA particles, containing transition metals,
were capable of modulate SOD activity showing a clear adaptive
response. On the contrary, no responsewas observedwhenmiddle-
aged mice were exposed to UAP-BA.

Antioxidant enzymes are also present in plasma circulation both
free and associated to lipoproteins. Among the latter, PON, which is
exclusively transported by HDL fraction, seems to be of particular
relevance because it confers most of the antioxidant capacity to its
carrier (Navab et al., 1998). In the present study, PON activity
resulted to be significantly reduced after UAP-BA exposure at all
times assayed. Given that HDL levels remained unchanged after
exposure, the changes in PON activity seem to be consequence of a
direct effect of the PM. Then, HDL particles with deficient antioxi-
dant capacity would not be able to protect low density lipoproteins
(LDL) from oxidative damage, which may be considered one of the
earliest steps in atherogenesis, becoming also more susceptible to
undergo oxidation (Lüscher et al., 2014). Modified HDL, such as
oxidized ones, are known to be less protective due to the loss of
many direct actions on numerous cell types that influence cardio-
vascular and metabolic health.

Rizzo et al. (2014) recently described lipid reshaping in lung and
extra-pulmonary tissues in young BALB/c mice after exposure to
Milan PM. These changes occurred 24 h after a third instillation of
100 mg of PM (instillationwas performed on days 0, 3, and 6). In our
study using a single instillation of approximately 25e30 mg of UAP-
BA (mice weight ~25e30 g) we observed histological changes
within 3e24 h. Although the differences could be attributed to the
nature of the particle (Milan PM vs UAP-BA) it also suggests that
middle-aged animals may have increased susceptibility to extra-
pulmonary effects of PM when compared to young animals and
partially explain the epidemiological association between air
pollution and cardiovalscular disease observed in aged individuals.
Our results support the hypothesis that air PM, irrespective of its
source of emission and/or its morphochemical characteristics, al-
ters cardiopulmonary function in aged individuals. In particular,
our study provides new insight of the local and systemic inflam-
matory response of the cardiorespiratory system frommiddle-aged
animals exposed to UAP-BA particles.
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