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Abstract

Air particulate matter has been associated with adverse effects in the cardiorespiratory system leading to cytotoxic and
pro-inflammatory effects. Particulate matter-associated cardiac effects may be direct or indirect. While direct interactions
may occur when inhaled ultrafine particles and/or particle components cross the air—blood barrier reaching the cardiac tis-
sue, indirect interactions may occur as the result of pulmonary inflammation and consequently the release of inflammatory
and oxidative mediators into the blood circulation. The aim of the study is to investigate the direct or indirectly the effect
of Urban Air particles from downtown Buenos Aires (UAP-BA) and residual oil fly ash (ROFA), a surrogate of ambient
air pollution, on cardiomyocytes (HL-1 cells). HL-1 cultured cells were directly exposed to particulate matter [UAP-BA
(10-200 pg/ml), ROFA (1-100 pg/ml)] or indirectly exposed to conditioned media (CM) from particle-exposed alveolar
macrophages (AM). Metabolic activity, reactive oxygen species (ROS), and Nrf2 expression were assessed by MTT, DHR
123, and immunocytochemistry techniques, respectively. We found that direct exposure of cardiomyocytes to UAP-BA or
ROFA increased ROS generation but the oxidative damage did not alter metabolic activity likely by a concomitant increase
in the cytoplasmic and nuclear Nrf2 expression. However, indirect exposure through CM caused a marked reduction on
cardiac metabolic activity probably due to the rise in ROS generation without Nrf2 translocation into the cell nuclei. In
this in vitro model, our results indicate both direct and indirect PM effects on cardiomyocytes cells in culture. Our findings
employing lung and cardiomyocytes cells provide support to the hypothesis that particle-induced cardiac alteration may
possibly involve lung-derived mediators.
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Introduction

Cardiovascular diseases are leading causes of morbidity
and mortality worldwide. Although various factors contrib-
ute to the etiology of cardiovascular diseases, recent data
suggest that air particle pollution, may have a significant
role in triggering numerous cardiovascular complications
[1, 2]. Epidemiologic studies have shown that increased
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particulate matter (PM) concentrations are associated with
adverse effects in the respiratory and cardiovascular sys-
tems [3-7]. In this sense, PM has been linked with several
clinical manifestations of cardiovascular diseases including
myocardial infarction, stroke, heart failure, arrhythmias, and
venous thromboembolism [8]. Recent studies indicate that
PM-—cardiovascular diseases relationship is likely more com-
plex than a mere quantitative association between overall
PM and disease risk. In fact, it is known that PM-associated
cardiac effects could be direct or indirect. Direct interactions
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occur when inhaled ultrafine (nano) particles and/or parti-
cle components cross the air—blood barrier, enter the macro
and/or microcirculation [9-11], reach the cardiac tissue, and
negatively impact cardiovascular function. Indirect effects
may occur by the release into the blood circulation of lung
inflammatory and oxidative mediators as result of pulmo-
nary inflammation [12, 13]. Indeed, it has been shown that
exposure to air pollution can lead to oxidative stress and/
or systemic inflammation, which in turn could be responsi-
ble for the increased risk of cardiorespiratory diseases [12,
14-16]. Since stress response pathways often cross-talk or
synergize with one another, mechanism by which PM exerts
deleterious effect on the cardiovascular system is poorly
understood. For instance, inflammation can induce oxida-
tive stress responses but in turn, oxidative stress can induce
inflammation eventually causing DNA damage as well as
other types of cellular damage leading to cell death.

The nuclear factor E2-related factor 2 (Nrf2) has emerged
as a key response element against oxidative stress and toxi-
cants [17]. Nrf2 is a redox-sensitive transcription factor
pivotal in anti-inflammation response and oxidative stress
that regulates the expression of antioxidant/detoxification
enzymes [18]. Recently, Jiang et al. [19] indicated that Nrf2
plays a basic protective role in cardiovascular diseases by
attenuating oxidative stress, mitochondrial dysfunction, and
inflammation.

We have previously characterized the acute effect of
Urban Air particles from downtown Buenos Aires (UAP-
BA) (a Latin American megacity) on the respiratory tract
in an in vivo animal model [20]. We demonstrated that
UAP-BA are mostly fine (diameter <2.5 pm) and ultrafine
particles (diameter < 0.1 pm) with no metallic traces. UAP-
BA was able to generate lung inflammation and oxidative
metabolism imbalance, probably due to the high content of
polycyclic aromatic hydrocarbons (PAHs) and polychlorin-
ated biphenyls (PCBs) adsorbed to their carbon core [20,
21]. Residual oil fly ash (ROFA), widely used as a surrogate
of ambient pollution, is a PM that results from oil combus-
tion which contains metallic traces such as vanadium, alu-
minum, silica, and iron [22—-24]. We have shown that ROFA
exerts an inflammatory response in both lung and heart, by
inducing the release of pro-inflammatory cytokines. Fur-
thermore, we found that due to its high metallic content (V,
Al and Si), ROFA induces the generation of reactive oxygen
species (ROS) and consequently a redox metabolism imbal-
ance [20, 21, 25, 26].

Lung and heart are target organs that can respond to
stressors or toxins, and cultured cells from these organs are
commonly used as model systems to ascertain toxicity mech-
anisms. Given that PM size and composition are relevant to
subsequent cytotoxicity, herein we have evaluated the effect
of ROFA and UAP-BA, two distinct air particle pollutants
on lung and cardiac cells. As macrophages play an important
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role in the pathogenesis of toxicants in the lung, we exposed
mice-cultured alveolar macrophages to ROFA and UAP-BA
and characterized their responses in vitro. In vivo small par-
ticles and lung mediators are plausible to cross the air—blood
barrier therefore, seeking for possible indirect effects, we
analyzed not only cardiomyocytes biological response after
direct exposure to both PM particles, but also the indirect
exposure to conditioned media (CM) from particle-exposed
alveolar macrophages (AM).

This work presents an in vitro evaluation of the hypoth-
esis that mediators derived from alveolar macrophages
exposed to air pollution particulate matter could induce
indirect effects in cardiomyocytes.

Materials and Methods
ROFA and UAP-BA Particle Sampling

Urban Air Particles from downtown Buenos Aires (UAP-
BA) were collected in an area characterized by high popula-
tion density with a high exposure to diesel exhaust mainly
due to cars and buses [21]. A MiniVolTM Portable Air
Sampler (Airmetrics, OR, USA) with 2.5 pm cut-point
impactors using a flow rate of 1.8 L min~! was employed
[27]. The samples were collected on Teflon filters (47 mm,
Sartorius, 0.7 pm 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 pg),
using an alpha source to remove the electrostatic charge.
ROFA collected from the Mystic Power Plant, CT, USA, was
employed as a recognized surrogate ambient particulate mat-
ter and was kindly provided by J. Godleski (Harvard School
of Public Health, Boston, MA, USA). “Stock suspensions”
of UAP-BA were prepared by sonicating the filters five times
for 5 min (Astrason, Misonix) in an appropriate volume of
1 X phosphate buffer solution (PBS). Stock suspensions of
ROFA were prepared by diluting particles in an appropriate
volume of PBS 1 Xx.

ROFA and UAP-BA Particle Characterization

Both particulate matter, ROFA and UAP-BA, were morpho-
logically 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 composi-
tion was analyzed with a Phillips SEM 505 SEM (Philips
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Electron Optics, NL, USA) coupled to a EDX dispersion
detection unit (EDAX Inc., NJ, USA).

Animals

Male BALB/c mice (2-3 months old) were obtained from
the animal facilities of the School of Natural and Exact
Sciences of the University of Buenos Aires. Animals were
housed according to the NIH Guide for the Care and Use of
Laboratory Animals at the breeding facility of the School of
Science and Technology, University of San Martin and fed
a normal protein diet and water ad libitum. All experiments
complied with local ethical guidelines.

Alveolar Macrophage Isolation and Culture

Fully differentiated mouse AM were obtained by bronchoal-
veolar lavage (BAL) as described elsewhere [28]. Briefly,
the thoracic cavity was partly dissected and the trachea was
cannulated with an 18-gauge needle. Lungs were gently
massaged and infused 12 times with 1 ml of cold sterile
phosphate-buffer saline (PBS, Ca’* Mg*" free, pH 7.2-7.4).
BAL was immediately centrifuged at 800xg for 10 min at
4 °C and the total cell number was determined using a Neu-
bauer chamber. Based on morphological criteria, control
animals showed >95% of AM. The cells were cultured in
RPMI 1640 supplemented with penicillin (100 Ul/ml), strep-
tomycin (10 pg/ml), and 10% fetal calf serum. In all cases,
125,000 cells were seeded per well (24 well plate). After
20 min incubation, cultures were carefully washed to remove
any non-adherent cells leaving an enriched AM population.
The AM were incubated overnight at 37 °C in a 5% CO,
atmosphere.

HL-1 Mouse Cardiomyocytes Culture

HL-1 cells, a cardiac cell line derived from the AT-1 mouse
atrial myocyte tumor lineage, were kindly provided by
Dr. William Claycomb (Department of Biochemistry and
Molecular Biology, School of Medicine, New Orleans, LA)
[29]. HL-1 cells were grown at a density of 80,000 cells/
ml in Claycomb medium supplemented 10% FBS, peni-
cillin/streptomycin 100 U/ml and 10 pg/ml, respectively,
and 2 mM L-glutamine during 24 h. Cardiomyocytes cells
showed a typical cardiac phenotype and were able to pro-
liferate and to be repeatedly passaged throughout the whole
experiment.

AM and HL-1 Cells Exposure to Particulate Matter
Exposure to either ROFA (1, 10 and 100 pg/ml) or UAP-BA

(10, 100 and 200 pg/ml) was always performed after 24 h
in culture. The selected PM doses fall within concentration

ranges used in in vitro studies and are considered to be rel-
evant for high-dose exposure levels in urban environments
[30-32]. Final concentrations, of particle suspensions for
either ROFA or UAP-BA, were prepared by resuspending
aliquots from our ‘‘stock suspension’’ in supplemented
RPMI-1640 or Claycomb media for AM or HL-1 cells,
respectively. Prior to use, all suspensions were always soni-
cated for 10 min to disrupt possible particle aggregates or
agglomerates.

HL-1 Cells Exposure to Conditioned Media

Conditioned media were obtained by collecting media from
AM cell cultures exposed to ROFA or UAP-BA. Centrifuga-
tion (12,000xg, 10 min) was performed in order to remove
particles and cell debris [33]. The supernatants were mixed
with fresh supplemented Claycomb media (75:25) and added
to HL-1 cell cultures during 24 h.

The experimental methodology described above is illus-
trated in Fig. 1. Cultured HL-1 cells exposed directly to par-
ticulate matter are shown in Fig. la. Figure 1b depicts the
indirect exposure of cardiomyocytes particle through PM-
alveolar macrophages conditioned medium (CM).

Cell Metabolism

Macrophage and cardiomyocyte metabolism was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay, as described elsewhere [34, 35].
Briefly, AM and HL-1 cells were seeded as described before.
Medium from control and directly or indirectly PM-exposed
cultures was removed and 0.5 ml fresh complete growth
medium supplemented with 50 pl MTT (4 mg/ml in PBS)
was added for 3 h. Immediately after incubation, 10% SDS
was added to stop the MTT reaction and to solubilize the
formazan precipitate. The optical density (OD) of the final
solution was measured at 570 nm in a spectrophotometer
(Shimadzu UV-1201V).

Pro-inflammatory Cytokine Secretion in Mice
Alveolar Macrophage Culture

Macrophage secretion of both pro-inflammatory cytokines,
Tumor Necrosis Factor alpha (TNFa) and Interleukin 6 (IL-
6), was determined in the culture media collected from con-
trol and PM-exposed cells by using specific enzyme-linked
immunosorbent assay (ELISA), following manufacturer’s
instructions (BD Biosciences). Culture media was frozen
at —20 °C until use. Absorbance was measured at 450 nm
(wavelength correction at 660 nm) on a microplate reader
(BioRad, Benchmark).
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Fig. 1 Experimental methodology for cultured HL-1 cells exposed
to particulate matter: direct and Indirect effects. a Direct effect: cul-
tured HL-1 cells were incubated for 24 h with media alone (control)
or media containing ROFA or UAP-BA particles. b Indirect effect:
alveolar macrophages were incubated with media alone (control) or
exposed to ROFA or UAP-BA during 24 h. Then, media was col-

Reactive Oxygen Species Production

Superoxide Anion Generation in Cultured Mice Alveolar
Macrophages

The release of intracellular superoxide anion (O,”), a main
reactive oxygen species (ROS) generated during the res-
piratory burst, by macrophage cells was evaluated by using
the NBT reduction test [36]. All wells were incubated with
nitroblue tetrazolium (NBT), for 45 min at 37 °C. The per-
centage of reactive and non-reactive cells was evaluated
by light microscopy as described elsewhere [37]. Cells
showing a blue formazan precipitate were considered reac-
tive, whereas those without precipitate were scored as
non-reactive.

Total Reactive Oxygen Species in Cultured Mice
Cardiomyocytes

Total ROS were determined in HL-1 cells directly or indi-
rectly exposed to ROFA or UAP-BA. ROS was detected
using an intracellular ROS dye, Dihydrorhodamine 123
(DHR123). The non-fluorescent DHR 123 after loading is
converted to the fluorescent product rhodamine 123 by an
interaction with reactive oxygen intermediates [38]. Briefly,
10 mM DHR123 stock solution (in methanol) was diluted
in culture medium to yield a 20-uM working solution. HL-1
cell cultures were washed twice with PBS, incubated in
1 ml working solution of DHR123 at 37 °C for 1 h. Cells
were visualized under fluorescent light microscopy and total
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lected and centrifuged. Supernatants ‘“conditioned media” were
mixed with fresh supplemented Claycomb media (75:25) and added
to HL-1 cell cultures during another 24 h. All HL-1 cultured cells
(incubated with particles or CM) were assayed for metabolic activity,
ROS generation, and Nrf2 determinations

intensity of microphotograph was analyzed using Image Pro
Plus. The fluorescence mean value was calculated after ana-
lyzing ten fields selected at random per well. Results were
expressed as fluorescence arbitrary units.

Immunocytochemical Determination of Nuclear
Factor Erythroid 2-Related Factor (Nrf2)
in Cardiomyocytes

Nrf2 nuclear translocation was determined by immunoflu-
orescence in HL-1 cells directly or indirectly exposed to
ROFA or UAP-BA. After 24 h of exposure, cells were fixed
with 4% paraformaldehyde for 10 min., permeabilized with
1% Triton X-100 at 25 °C for 30 min., rinsed with PBS, and
incubated with anti-Nrf2 antibody (1:250 diluted in BSA,
for 2 h) and FITC-Goat anti-Rabbit IgG (H+L) secondary
antibody during 1 h. Nuclei counterstaining was done using
DAPI fluorescent dye.

Statistical Analysis

Statistical analysis was performed employing ANOVA in
conjunction with Bonferroni or Dunnett post-test. Statis-
tical significance was set at p <0.05. All endpoints were
run in quadruplicates for each experimental condition and
three independent experiments were performed. Data are
expressed as the mean + SD. Statistical analysis was per-
formed with GraphPad Prism, Inc (GraphPad Software).
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Results
ROFA and UAP-BA Morphochemical Characterization

ROFA particles were found to be heterogeneous both in size
and shape with a particle mean aerodynamic diameter of
2.06 + 1.57 pm (data not shown). UAP-BA particles were
found to be composed of homogeneous ultrafine spherical
particles depicting a mean aerodynamic diameter <0.2 pm
(data not shown). These morphological characterizations
of ROFA and UAP-BA particles are in agreement with the
previous work from our laboratory [20, 33, 39]. Regard-
ing their chemical composition, ROFA is mainly composed
of inorganic material (90%), mostly vanadium (V), nickel
(Ni), and iron (Fe) metals traces and sulfur (S), sodium (Na),
silica (Si), aluminum (Al), and calcium (Ca), while UAP-BA
presented no detectable inorganic composition but PAHs and
PCBs adsorbed to the particle-carbon core.

Cardiomyocyte Response to Direct ROFA or UAP-BA
Particle Exposure

Direct Exposure of HL-1 Cardiomyocytes to ROFA
and UAP-BA Does not Affect Metabolic Activity

HL-1 cardiomyocytes were directly exposed (see Fig. 1a
for experimental design) to either ROFA (1-100 pg/ml)
or UAP-BA (10-200 pg/ml). The metabolic activity and
cell morphology were evaluated by the MTT assay and by
inverted phase-contrast microscope, respectively. As shown
in Fig. 2a, neither ROFA nor UAP-BA significantly altered
the metabolic activity of HL-1 cells. While the morphology
of HL-1 cells exposed to UAP-BA was similar to control
cells, HL-1 cells exposed to ROFA showed changes in cell
shape in a dose-dependent manner (Fig. 2b). HL-1 culture
images from ROFA 1 and 10 pg/ml exposed cells showed
a slight increase in the number of rounded cells revealing
reduction of cell volume while, on the other hand, ROFA
100 pg/ml provoked a drastic reduction on cell size.

Alveolar Macrophage Response to PM

We next characterized the response of alveolar macrophages
to ROFA or UAP-BA particles and found that:

(1) Exposure of alveolar macrophages to ROFA but not
UAP-BA significantly affects metabolic activity

AM exposed to ROFA or UAP-BA particles for

24 h elicited a different response regarding metabolic

activity. ROFA particles were able to provoke a drastic

reduction in AM metabolic activity only at the highest

(100 pg/ml) concentration (Fig. 3a). On the contrary,
UAP-BA did not modify this cell parameter at any con-
centration employed in this study,

(2) Exposure of alveolar macrophages to ROFA or UAP-
BA significantly increased superoxide anion (O,”) gen-
eration

Most cells from control cultures were colorless
non-reactive cells, with only 30% being reactive. Con-
versely, a large proportion of cells from AM cultures
exposed to air particles exhibited an intense dark blue
color reaction as result of the formazan precipitation.
Particularly, exposure to 1 pg/ml and 10 pg/ml ROFA
induced a significant O, increase (Fig. 3b). It is note-
worthy that the highest ROFA particle concentration
induced a marked reduction of O, generation. On the
contrary, a dose-dependent response was observed after
exposure to UAP-BA in the range of 10-200 pg/ml.
Figure 3b shows a significant increase for UAP-BA
100 pg/ml and 200 pg/ml on the percentage of reactive
positive cells as compared to untreated controls.

(3) Exposure of alveolar macrophages to high ROFA or
UAP-BA concentrations significantly increased inter-
leukin 6 (IL-6) release

ROFA (1-100 pg/ml) and UAP-BA (10-200 pg/ml)
particles, irrespective of their different chemical com-
positions, induced a dose-dependent response on the
release of IL-6 cytokine being only significant for the
highest concentration with respect to controls (Fig. 3c).
No differences between controls and PM-exposed cul-
tures were found when TNF-o was evaluated by ELISA
(data not shown).

Cardiomyocytes Response to Indirect ROFA
or UAP-BA Particle Exposure

To test the hypothesis that particles deposited in the lung
indirectly stimulate cardiac cells via the release of media-
tors from particle-activated macrophages, we used CM from
ROFA or UAP-BA-exposed alveolar macrophages to treat
cardiomyocyte cells (see Fig. 1b for experimental design).
Our data show that:

(1) Indirect exposure of HL-1 cardiomyocytes to ROFA
and UAP-BA significantly affects metabolic activity
Treatment with the CM from ROFA or UAP-BA-
exposed AM had great impact on HL-1 cardiomyocyte
metabolic activity in comparison with CM from con-
trol non-exposed AM (Fig. 4a). CM-ROFA or CM-
UAP-BA exposure resulted in a significant decline in
metabolic activity as detected when impaired mito-
chondrial activity was evaluated by the MTT assay.
Nevertheless, HL-1 biological response to CM-ROFA
and CM-UAP-BA revealed a distinct pattern, whereas
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Fig. 2 Direct effect of ROFA and UAP-BA treatment on HL-1 cardio-
myocytes. HL-1 cells were exposed to ROFA (1-100 ug/ml) or UAP-
BA (10-200 pg/ml) for 24 h. a Metabolic activity: metabolic activ-
ity was spectrophotometrically measured by the MTT colorimetric

UAP-BA induced irrespective of the particle concen-
tration employed, a reduction of metabolic activity by
50%, ROFA provoked a dose-dependent response on
cardiomyocyte metabolic activity. The lowest CM-
ROFA concentration employed (1 pg/ml) reduced met-
abolic activity to 80% while the highest concentration
(100 pg/ml) was able to decrease it up to a 30-40%.
Morphological features from HL-1 cells exposed dur-
ing 24 h to CM-ROFA and CM-UAP-BA displayed
several alterations such as shrinkage and cell round-
ing thus, revealing a clear cytotoxic effect (Fig. 4b).
It is worth to note that even when cultured media for
CM-Control HL-1 cells is a mixture of specific MA
(RPMI-1640) and cardiomyocytes (Claycomb) cultures
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assay. Each bar represents the mean+SD, n=3-independent experi-
ments, with 3 to 4 replicates within each experiment. b Cell morphol-
ogy: microphotographs show HL-1 control and particle-exposed cells
(x200)

medium, they presented normal cardiac phenotype sim-
ilar to control untreated cells shown in Fig. 2b.

(2) Indirect exposure of HL-1 cardiomyocytes to ROFA or
UAP-BA significantly increases total reactive oxygen
species generation

Figure 5a, b shows cardiomyocytes ROS genera-
tion determined by means of a fluorescent probe after
being exposed directly or indirectly (CM) to ROFA and
UAP-BA. Control and CM-Control cells displayed very
low levels of DHR-123-dependent fluorescence. HL-1
culture cells directly exposed to 1-100 pg/ml ROFA
exhibited a dose-dependent increase in ROS genera-
tion with a much stronger signal for the highest con-
centration, while UAP-BA did not significantly modify
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Fig.3 Characterization of alveolar macrophage response to ROFA
or UAP-BA particles. AM were exposed to ROFA (1-100 pg/ml) or
UAP-BA (10-200 pg/ml) for 24 h. a Metabolic activity. Metabolic
activity was spectrophotometrically measured by the MTT colorimet-
ric assay. b Superoxide anion generation: NBT colorimetric assay was
used to quantitatively detect superoxide anion generated in control
and particle-exposed AM in culture. ¢ Generation of IL-6: cytokine
IL6 level was quantified in supernatants from cultures’ AMs by
ELISA. Each bar represents the mean + SD, three independent experi-
ments, with 3 to 4 technical replicates within each experiment. Sta-
tistically significant differences between exposed and control cells
**p<0.05, **p<0.01, ***p<0.001, one-way ANOVA followed by
the Dunnett post hoc test

this parameter at any of the doses assayed in this study
(Fig. 5a).

Indirect exposure to both PM provokes increase in
ROS generation (Fig. 5b). Noteworthy, even though

cultured HL-1 cells did not respond to direct UAP-
BA exposure, the exposure to CM-UAP-BA (indirect
effect) elicited a significant increase in ROS generation.
(3) Indirect exposure of HL-1 cardiomyocytes to ROFA
and UAP-BA significantly increases Nrf2 cytoplasmic
expression—with no nuclear translocation
Figure 6 shows nuclear factor Nrf2 expression and
cell localization after direct (6a) and indirect (6b) expo-
sure to ROFA or UAP-BA. Figure 6a shows Nrf2 basal
cytoplasmic expression in control HL-1 cells. ROFA
particles (10 and 100 pg/ml) caused a dose-dependent
rise in Nrf2 expression revealed by a marked fluores-
cent intensity. Moreover, these ROFA concentrations
induced nuclear translocation of Nrf2 in HL1 cardio-
myocytes. Similarly, UAP-BA (100 and 200 pg/ml)
direct exposure induced Nrf2 augmentation and nuclear
translocation. Resembling control cultures (Fig. 6a),
CM controls showed a basal cytoplasmic Nrf2 expres-
sion (Fig. 6b). All CM-ROFA induced in HL-1 cells a
substantial fluorescent cytoplasmic increase, neverthe-
less, only 10 pg/ml CM-ROFA provoked translocation
of Nrf2 to the nucleus. Stimulation of Nrf2 cytoplasmic
expression with no nuclear translocation was observed
for all CM-UAP-BA treatments.

Discussion

Among all body organs, the heart is the organ with the high-
est O, consumption [40] and thus, maintaining functional
redox signaling is crucial to protect living cells from various
pathological insults such as inflammation, oxidative stress,
and toxic chemical exposure. In vivo studies revealed that
direct acute and chronic PM exposures induce inflammation
and oxidative stress in rodent cardiorespiratory system [26,
41-43]. In this study by using CM obtained after incubating
alveolar macrophages with PM (ROFA and UAP-BA, see
Fig. 1), we evaluated the hypothesis that mediators derived
from AMs exposed to air pollution PM could induce indirect
effects in cardiomyocytes.

Indeed, CM obtained after incubation of AMs 24 h with
either ROFA or UAP-BA 1) decreased the metabolic activ-
ity and altered the morphology of cardiomyocytes (Fig. 4)
and significantly increased total reactive oxygen species
generation (Fig. 5). Since the increased pro-oxidant envi-
ronment promotes nuclear accumulation of Nrf2 protein and
activate Nrf2 signaling [44, 45], we investigated the direct
and indirect effect of PM exposure on modulation of Nrf2-
dependent antioxidant expression in HL-1 cardiomyocytes.
When direct PM effect on cardiomyocytes was analyzed, we
found increments in ROS generation and Nrf2 cytoplasmic
and nuclear expression with no changes in cell metabolic
activity. Regarding indirect effect in cardiomyocyte, the
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Fig.4 Indirect effect of ROFA and UAP-BA treatment on HL-1 car-
diomyocytes. HL-1 cells were incubated for 24 h with CM generated
by macrophages in response to ROFA (1-100 pg/ml) or UAP-BA
(10-200 pg/ml). a Metabolic activity: metabolic activity was spectro-
photometrically measured by the MTT colorimetric assay. Each bar

CM only increase of cytoplasmic Nrf2 with absence to the
cell nuclei translocation (Fig. 6). This differential response
between the direct and indirect effects of PM on cardiomyo-
cytes suggests that directly exposed to MP, Nrf2-protective
signaling pathway is responsible for at least partially neu-
tralizing the oxidative damage. Total protection was not
observed since ROFA was still able to alter cell morphol-
ogy by reducing its cell volume these parameters being pos-
sible indicators of cytotoxicity. The lack in the OD decrease
from the MTT test in ROFA-exposed cultures with respect
to controls could reflect cellular-altered metabolic activity,
but neither cell number nor cell viability reduction. This
cell volume reduction could be indicative of the initiation of
an apoptotic process [46]. Therefore, the light microscopic
images are likely a better approximation of the impact of
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represents the mean +SD, three-independent experiments, with 3 to
4 replicates within each experiment.***p <0.001, one-way ANOVA
followed by the Dunnett post hoc test. b Cell morphology: micropho-
tographs show control or exposed to CM-ROFA (1, 10, 100 pg/ml) or
CM-UAP-BA (10, 100, 200 pg/ml) HL-1 cultures (x200)

ROFA particles on cardiomyocyte cells. Furthermore, when
we tested the effect of CM from particle-exposed alveolar
macrophages our results regarding cell metabolic activity
are in agreement with the altered cell morphology observed
for all treated CM-ROFA or CM-UAP-BA cardiac cells, thus
revealing a clear cytotoxic effect. Consequently, through
the evaluation of PM direct and indirect effect on cardio-
myocytes, we propose that only in response to direct PM
exposure, Nrf2 nuclear translocation might suppress cell
death. Moreover, we observed that cardiac cell cytotoxicity
in response to lung-derived mediators occurs irrespective of
the particle concentration.

Given that CM is a complex mixture triggering an
altered HL-1 cells response, it is important to determine
what factors or mediators in the CM are responsible for the
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effect). ROS generation was detected using an intracellular ROS dye,
dihydrorhodamine 123 (DHR123). Histograms represent the fluo-
rescence mean value calculated after analyzing ten field selected at
random per well per experiment. Representative immunofluorescence

significant effects on cell metabolism which are not observed
when cells are directly exposed to particles. Assuming
that ROFA or UAP-BA exposure in macrophages causes
increased superoxide anion generation and IL-6 production,
we propose that indirect changes in cardiomyocyte metabo-
lism may by through oxidative and pro-inflammatory media-
tors released from particle-loaded macrophages and then be
released into the CM. Inflammation is a central response
of the organism against various adverse stimuli and, when
it occurs with a high intensity or for long periods of time,
it could trigger cardiorespiratory diseases. In the lung, this
process is characterized by the release of pro-inflammatory
mediators (cytokines, chemokines, reactive oxygen species,
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microphotographs of HL-1 control and particle-exposed cells (X 200).
Results were expressed as fluorescence arbitrary units. Data are rep-
resentative of three independent experiments. Statistically significant
differences between exposed and control cells (***) p<0.001, ROFA
1 and ROFA 100 exposed cells *+*p<0.001, ROFA10 and ROFA
100 exposed cells #p <0.001 and CM-exposed and CM-control cells
&&&y 1 <0.001-one-way ANOVA followed by the Bonferroni post
hoc test

etc.) by AM and pulmonary epithelial cells. In fact, it has
been reported that chronic PM exposure in humans induces
airway inflammation [47]. Lung inflammation may result
in an inflammatory systemic response, causing endothelial
dysfunction that can subsequently contribute to cardiovas-
cular effects [48]. In humans, increased circulating level of
pro-inflammatory cytokines such as CRP, IL-6, IL-8, and
IL-1p was observed after ambient PM exposure [49]. Similar
results have been reported both in vivo animal models and
in vitro cellular models [42, 50]. In addition, ROS-dependent
mechanism was shown to be involved in the PM-triggered
pro-inflammatory pathway [51]. Nevertheless, further stud-
ies, such as inhibition of ROS or IL-6, should be done to
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Fig.6 Cardiomyocytes Nrf2 expression and nuclear translocation
after ROFA or UAP-BA direct or indirect exposure. Nrf2 nuclear
expression and cellular localization in HL-1 cardiomyocytes exposed
to a ROFA (1-100 pg/ml) or UAP-BA (10-200 pg/ml) (direct effect)
or b the CM generated by macrophages in response to ROFA or

identify if ROS or IL-6 are critical mediators of the indirect
PM effects.

Our experimental design (Fig. 1) rules out the possibility
that cellular soluble products produced by AM but unrelated
to PM (e.g., cellular waste) may affect cardiomyocytes since
CM obtained from AMs in the absence of PM has no effect
compared to CM obtained from AMs exposed to PM. We
are also aware that the observed indirect effect could be due
to the presence of soluble factors dissolved from the PM
during AM exposure. However, this possibility is unlikely
since (i) we have seen no response when cardiomyocytes
were exposed directly to the particle, where the particle
soluble fraction is present and, (ii) in accordance, we have
previously shown that when exposed to UAP-BA or ROFA
soluble fraction, the viability of A549 human epithelial lung
cells was not altered [33]. Therefore, we assume that particle
soluble fraction would not have any effect on cardiomyocyte
metabolic activity exposed to CM. In agreement with this
interpretation, Totlandsdal et al. [32] observed in vitro that
mediators released by epithelial lung cells after ultrafine

@ Springer

UAP-BA (indirect effect). Representative immunofluorescence
microphotograph (X 200) of control and exposed cells showing Nrf2
nuclear localization. DAPI fluorescent dye was used as a nuclear
counterstain. Data are representative of three independent experi-
ments

carbon black particles and urban particles SRM 1648 expo-
sure stimulate and exacerbate the inflammatory response in
cardiac cells. Even more, recently Gorr et al. [52] showed
that both direct and indirect diesel exhaust particles exposure
induced cardiomyocyte dysfunction in culture. Extrapolated
to the in vivo situation, our in vitro findings suggest that
particle-induced lung-derived mediators are more important
in the cardiac response than inhaled particles that may reach
the cardiac tissue via the systemic circulation. Furthermore,
it has to be pointed out that ultrafine particles, like UAP-
BA, at high concentrations have a tendency to aggregate and
thus in vivo translocation to systemic circulation could be
potentially reduced. Hence, indirect particle via lung-derived
mediators could be the main pathway leading to cardiac-
altered response. Nonetheless, it must be considered that
cross-talk between direct and indirect pathways could take
place in vivo. Finally, the inability of Nrf2 to translocate
into the nucleus suggests that this pathway plays an impor-
tant role linking the depositions of inhaled particles in the
lung and the initiation of adverse events in the heart and
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Fig. 7 Proposed model for the
direct and indirect effect of PM
on metabolic activity of cardio-
myocytes. Right panel: direct
exposure of HL-1 cells to PM
increase ROS and Nrf2 expres-
sion (directly or via ROS) and
translocation into the nucleus
inducing a protective anti-
oxidant response. Left panel:
indirect exposure of HL-1 cells
to PM through the exposure to
CM generated by macrophages
in response to ROFA or UAP-
BA increase ROS and Nrf2
cytoplasmic expression (directly
or via ROS) without Nrf2 trans-
location into the nucleus
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vasculature [53]. Figure 7 shows a proposed model for the
molecular mechanism by which indirect exposure to PM
(CM) increases ROS levels and Nrf2 cytoplasmic expres-
sion but decreases metabolic activity in HL-1 cells by the
failure of Nrf2 to translocate into the nucleus.

Conclusion

Our in vitro findings provide support to the hypothesis
that particle-induced cardiac alterations may involve lung-
derived mediators possibly through Nrf2 inactivation. Fur-
ther studies are warranted to explore the potential use of
Nrf2 activators as chemopreventive agents to reduce the
adverse of inhaled PM on cardiomyocytes.
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