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Reactive O2 species production triggered by particulate matter (PM) exposure is able to initiate oxidative
damage mechanisms, which are postulated as responsible for increased morbidity along with the aggravation
of respiratory diseases. The aim of this work was to quantitatively analyse the major sources of reactive O2

species involved in lung O2 metabolism after an acute exposure to Residual Oil Fly Ashes (ROFAs). Mice
were intranasally instilled with a ROFA suspension (1.0 mg/kg body weight), and lung samples were
analysed 1 h after instillation. Tissue O2 consumption and NADPH oxidase (Nox) activity were evaluated in
tissue homogenates. Mitochondrial respiration, respiratory chain complexes activity, H2O2 and ATP produc-
tion rates, mitochondrial membrane potential and oxidative damage markers were assessed in isolated mito-
chondria. ROFA exposure was found to be associated with 61% increased tissue O2 consumption, a 30%
increase in Nox activity, a 33% increased state 3 mitochondrial O2 consumption and a mitochondrial complex
II activity increased by 25%. During mitochondrial active respiration, mitochondrial depolarization and a 53%
decreased ATP production rate were observed. Neither changes in H2O2 production rate, nor oxidative dam-
age in isolated mitochondria were observed after the instillation. After an acute ROFA exposure, increased
tissue O2 consumption may account for an augmented Nox activity, causing an increased O2

•− production.
The mitochondrial function modifications found may prevent oxidative damage within the organelle. These
findings provide new insights to the understanding of the mechanisms involving reactive O2 species produc-
tion in the lung triggered by ROFA exposure.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Epidemiological studies have established a direct correlation be-
tween increased environmental air particulate matter (PM) levels
and adverse health effects, resulting in increased morbidity and mor-
tality rates due to cardiopulmonary diseases (Dominici et al., 2006).
This association was observed not only for long term exposures to
PM, but also for acute exposures, where variations in health end
points and the occurrence of lower respiratory diseases, cough and
asthma exacerbation have been reported (Pope, 2000). Moreover, in-
dividuals with preexistent heart and lung diseases are at particularly
high risk after an air pollution episode (Ostachuk et al., 2008).
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Airborne PM is comprised of a mixture of solid and liquid particles
emitted into the atmosphere from natural sources, such as forest fires,
volcanic emissions and sea spray; and from anthropogenic sources in-
cluding vehicle exhaust, fossil fuel combustion during power genera-
tion and industrial processes, smelting and mining (Nel, 2005).
Among this last category, residual oil fly ash (ROFA) results from an
incomplete combustion of carbonaceous materials and significantly
contribute to ambient air PM burden (Costa and Dreher, 1997).
Given that it is especially rich in transitionmetals (namely iron, nickel
and vanadium), ROFA is the most frequently PM surrogate used in
order to evaluate their role in the oxidative metabolism alterations,
which leads to lung damage (Ghio et al., 2002).

Lung injury after air pollution inhalations has been suggested to be
triggered by local reactive O2 species production which, in turn, could
be generated not only from the particles themselves, but also from
the chemicals coated on their surface. Moreover, O2-derived free rad-
icals may also be generated by the interaction of particle pollutants
and their components, with cellular enzymes and organelles (Li et
al., 2008).

The reactive O2 species burden elicited by several environmental
agents leads to an airway inflammatory response, which includes
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leukocyte recruitment, activation and increased alveolar macrophage
count (Becker et al., 2002). Interestingly, activated phagocytic cells
after ROFA exposure produce reactive O2 species through the assem-
bly and activation of the Nox complex (Magnani et al., 2011). The pri-
mary role of this complex in its active form is to catalyse
transmembrane transfer of electrons from cytosolic NADPH to molec-
ular O2 within the extracellular space or specialized cell compart-
ments. This reaction leads to O2

•− production, that may subsequently
dismutate to hydrogen peroxide (H2O2), which is able not only to dif-
fuse through biological membranes and function as a host defence,
but also to regulate intracellular signalling pathways (van der Vliet,
2008).

It is well established that mitochondria represent an important
modulator of the cellular response to a wide variety of metabolic and
environmental stressors. Moreover, O2

•− is also produced by this organ-
elle under normal physiological conditions as a by-product of redox re-
actions during electron transport in the respiratory chain (Andreyev et
al., 2005). An imbalance in oxidants production can trigger intracellular
signalling cascades causing oxidative damage to cellular and mitochon-
drial macromolecules, which have been associated with the develop-
ment of respiratory diseases, such as chronic obstructive pulmonary
diseases (COPD) (Aguilera-Aguirre et al., 2009). In addition to serving
as an oxidant production source, mitochondria are highly susceptible
to reactive O2 species, which could also indirectly perturb the organelle
function (Xia et al., 2007).

Considering that lung injury mediated by reactive O2 species ap-
pears to be a key mechanism in the observed damage triggered by ex-
posure to ambient pollutants, the aim of this work was to analyse the
mechanisms of reactive O2 species production sources involved in
lung oxidative damage after an acute exposure to ROFA particles.

Materials and methods

Drugs and chemicals. All chemicals were purchased from Sigma-
Aldrich Chemical Company (St Louis, MO, USA), except for HCl,
H2SO4, and organic solvents which were purchased from Merck
KGaA (Darmstadt, Germany). The gp91 ds-tat peptide was provided
by AnaSpec (Fremont, CA, USA). NAO and DiOC6 were purchased
from Molecular Probes.

Experimental model. ROFA suspension. Residual oil fly ash (ROFA)
was employed as a recognized ambient PM and was generously pro-
vided by J. Godleski (Harvard School of Public Health, Boston, MA,
USA). It was collected in Boston Edison Co., Mystic Power, plant
number 4, CT, USA (Killingsworth et al., 1997). ROFA samples from
this source have been previously characterized in terms of elemen-
tal composition and particle size. Vanadium, nickel and iron are
the predominant metals present as water-soluble sulphates, and
particle mean aerodynamic diameter is 2.06 ± 1.57 μm (Martin et
al., 2007; Ostachuk et al., 2008). PM suspension was freshly pre-
pared by resuspending ROFA particles in sterile saline solution at a
final concentration of 0.5 mg/ml, followed by 10 min incubation in
an ultrasonic water bath (Goldsmith et al., 1998).

Animal exposure. Female Swissmiceweighing 20–25 gwere exposed to
ROFA particles by the nasal drop technique as previously described
(Southam et al., 2002). Briefly, mice were lightly anaesthetized (ip)
with 1 ml/kg body weight of xylazine (2%) and ketamine (50 mg/ml),
and intranasally instilled with 50 μl of the ROFA suspension
(1.0 mg/kg body weight) delivered in a single dose. Control mice
were instilled with 50 μl of the vehicle. The selection of the ROFA dose
was based on results shown in previous studies (Arantes-Costa et al.,
2008; Magnani et al., 2011). Animals were euthanized 1 h after the ex-
posure with an anaesthesia overdose, and lung samples were collected.
Animal treatment was carried out in accordance with the guidelines of
the 6344/96 regulation of the Argentinean National Drug, Food and
Medical Technology Administration (ANMAT).

Nox inhibitor administration. The gp91 ds-tat peptide was dissolved in
sterile saline solution and administrated (ip) (10 mg/kg body weight)
30 min before the ROFA exposure (Rey et al., 2001).

Samples preparation. Tissue cubes. Once the exposure time was
reached, animals were euthanized and lungs were removed and im-
mediately placed in ice-cold Krebs buffer solution [118 mM NaCl,
4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 24.8 mM
NaHCO3 and 5.5 mM glucose (pH 7.4)]. After being washed and
weighted, 1 mm3 tissue cubes were cut by the use of a scalpel
(Vanasco et al., 2008).

Tissue homogenates. Lung samples (0.2 g of wet weight) were homog-
enized with a glass-Teflon homogenizer in a medium consisting of
120 mM KCl, 30 mM phosphate buffer (pH 7.4) (1:5) at 0–4 °C. The
suspensionwas centrifuged at 600 g for 10 min at 4 °C to remove nuclei
and cell debris. The pellet was discarded and the supernatant was used
as “homogenate” (Evelson et al., 2001).

Mitochondrial isolation. Lung mitochondrial purified fractions were
obtained from tissue homogenates by differential centrifugation.
Tissues samples were homogenized in a medium consisting of 0.23 M
mannitol, 0.07 M sucrose, 10 mM Tris–HCl, and 1 mM EDTA (pH 7.4).
Samples were centrifuged at 700 g for 10 min to discard nuclei and
cell debris. The sediment was discarded and the supernatant was
centrifuged at 8000 g for 10 min to obtain the enriched mitochondria
fraction. The mitochondrial pellet was washed twice and resuspended
in a minimum volume of the same buffer. The whole procedure was
carried out at 0–4 °C. Purity of isolated mitochondria was assessed by
determining lactate dehydrogenase activity; only mitochondria with
less than 3% of cytosolic lactate dehydrogenase activity were used
(Cadenas and Boveris, 1980).

Mitochondrial membranes. Mitochondrial membranes were obtained
by three freeze–thaw cycles of the mitochondrial preparation,
followed by a homogenization step by passage through a 29G hypo-
dermic needle (Mela and Seitz, 1979).

Oxygen consumption by tissue cubes. A two-channel respirometer
for high-resolution respirometry (Hansatech Oxygraph, Hansatech In-
struments Ltd., Norfolk, England) was used. Briefly, O2 consumption
rates were measured at 30 °C in a respiration medium containing
118 mM NaCl, 5 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM
CaCl2, 25 mM NaHCO3 and 5.5 mM glucose (pH 7.4) (Poderoso et al.,
1994). KCN (4 mM) was added to the reaction chamber as a mitochon-
drial cytochrome oxidase inhibitor (Vanasco et al., 2012). Results were
expressed as ng-at O/min g tissue.

Nox activity. Lucigenin Chemiluminescence (LCL). The Lucigenin-derived
chemiluminescence method was used as an indirect measurement of
Nox activity (Vaquero et al., 2004). Briefly, 50 μg of protein tissue ho-
mogenate was diluted in 250 μl of 50 mM phosphate buffer containing
1 mM EGTA and 150 mM sucrose (pH 7.4). Lucigenin (50 μM) was
added to the reaction media, 100 μM NADPH was used as substrate,
and chemiluminescence was immediately measured at 15 s intervals
for 3 min in a Labsystems Luminoskan RS Microplate Reader
(Labsystem, Ramsey, Minnesota). The specificity of the assay was con-
firmed by the addition of superoxide dismutase (200 U/ml) as an O2

•−

scavenger. Results were expressed in arbitrary units (AU)/mg prot.

NADPH consumption rate. Tissue homogenate (50 μg prot.) was dilut-
ed in 2 ml 100 μM phosphate buffer (pH 7.4) and incubated with
100 μM NADPH at 37 °C. NADPH consumption rate was followed
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spectrophotometrically at 340 nm during 30 min (Wei et al., 2006).
Results were expressed as nmol NADPH/min mg prot.

Mitochondrial respiration. Mitochondrial O2 consumption was fol-
lowed polarographically with a Clark-type O2 electrode (Hansatech
Oxygraph, Hansatech Instruments Ltd, Norfolk, England) for high reso-
lution respirometry. Mitochondrial respiratory rates were measured in
a reaction medium containing 0.23 M mannitol, 0.07 M sucrose,
20 mM Tris–HCl, 1 mM EDTA, 4 mM MgCl2, and 5 mM phosphate
(pH 7.4) at 30 °C. Succinate (8 mM) was used as substrate to establish
state 4 (resting or controlled respiration), while state 3 (active respira-
tion) was triggered by the addition of 0.5 mMADP. Respiratory control
ratio (RCR) was calculated as the ratio between state 3 and state 4 res-
piration rates. Results were expressed as ng-at O/min mg prot. (Boveris
et al., 1999). Oligomycin (2 μM) was used as a Fo–F1 ATP synthase
inhibitor to reach 4Oligomycin (state 4O) respiration. Afterwards, the
protonophore carbonyl cyanide m-chlorophenylhydrazone (m-CCCP)
(2 μM) was added to evaluate mitochondrial uncoupled respiration
(state 3U) (Brand and Nicholls, 2011).

Mitochondrial respiratory chain complexes activity. NADH-cytochrome
c reductase activity (complexes I–III). Mitochondrial respiratory com-
plexes I–III activity was evaluated by a colorimetric assay following cy-
tochrome c3+ reduction rate at 550 nm (ε = 19 mM−1 cm−1) and
30 °C. Mitochondrial membranes (1.0 mg prot./ml) were added to
100 mM phosphate buffer (pH 7.2), supplemented with 0.2 mM
NADH, 25 μM cytochrome c3+ and 0.5 mM KCN. Results were
expressed as nmol reduced cytochrome c3+/min mg prot.

Succinate cytochrome c reductase activity (complexes II–III). Succinate
cytochrome c reductase activity (complexes II–III) was determined
by a colorimetric assay following cytochrome c3+ reduction rate at
550 nm (ε = 19 mM−1 cm−1) and 30 °C. Mitochondrial membranes
(1.0 mg prot./ml) were added to 100 mM phosphate buffer (pH 7.2),
supplemented with 5 mM succinate, 25 μM cytochrome c3+ and
0.5 mM KCN. Results were expressed as nmol reduced cytochrome
c3+/min mg prot.

Cytochrome oxidase activity (complex IV). Cytochrome oxidase activity
(complex IV) was assayed spectrophotometrically by following the
decrease in absorbance due to cytochrome c2+ oxidation at 550 nm
(ε = 19 mM−1 cm−1) and 30 °C. As cytochrome c2+ oxidation has
a pseudo-first order kinetics, complex IV activity was calculated
from the kinetic constant (k′). Mitochondrial membranes (1.0 mg
prot./ml) were incubated at 30 °C in 100 mM phosphate buffer
(pH 7.2) supplemented with 60 μM cytochrome c2+. Results were
expressed as k′/mgprot. Cytochrome c2+was freshly prepared by reduc-
tion of cytochrome c3+ with sodium dithionite, and separated from the
reducing agent by exclusion chromatography in a Sephadex-G25 column
(Yonetani, 1967).

ATP production rate. A chemiluminescence assay based on the
luciferin–luciferase system was used. Mitochondrial ATP production
rate was determined in freshly purified mitochondria incubated in
respiration buffer consisting of 150 mM KCl, 25 mM Tris–HCl, 2 mM
EDTA, 0.1% (w/v) BSA, 50 mM PBS and 100 μM MgCl2 (pH 7,4),
supplemented with 40 μM D-luciferin, 0.05 μg/ml luciferase and
150 μM di(adenosine) pentaphosphate, used in order to inhibit ade-
nylate kinase, thus increasing assay specificity. ATP production was
triggered by the addition of 8 mM succinate and 125 mM ADP to
the reaction well (Drew and Leeuwenburgh, 2003). Measurements
were carried out at 30 °C in a Labsystems Luminoskan RS Microplate
Reader (Labsystem, Ramsey, Minnesota, USA). A negative control
with 2 μM oligomycin was included in order to confirm that the emit-
ted chemiluminescence is due to ATP synthesis by the Fo–F1 ATP
synthase. A calibration curve was performed using ATP as standard.
Results were expressed as nmol ATP/min mg prot. In order to evalu-
ate the efficiency of the oxidative phosphorylation process, the num-
ber of phosphorylated ADP molecules per oxygen atom (P/O ratio)
was calculated as ATP production/state 3 O2 consumption rates.

Mitochondrial membrane potential (ΔΨm). Freshly isolated lung mito-
chondria (100 μg prot./ml) were incubated with the potentiometric cat-
ionic probe 3,3′-dihexyloxacarbocyanine iodide (DiOC6) (30 nM) in
respiration buffer. The procedure was performed in the dark at 37 °C
for 20 min. After the incubation period, mitochondria were acquired
by a Partec PAS-III flow cytometer (Partec GmbH, Münster, Germany)
equipped with a 488 nm argon laser. To exclude debris, samples were
gated based on light-scattering properties and 30,000 events per sample
within this gate (R1) were collected. 10-N-nonyl acridine orange (NAO)
(100 nM) was used to selectively stain mitochondria and evaluate the
purity of the mitochondrial preparations. In order to quantify the
resulting changes in membrane potential after the addition of 8 mM
succinate (state 4) and 125 mM ADP (state 3) to the reactionmixture,
DiOC6 signal was analysed in the FL-1 channel and the arithmetic mean
values of the median fluorescence intensities (MFI) were obtained.
Total depolarization induced by 2 μM m-CCCP was used as a positive
control. Mitochondrial preparations that showed no changes in mem-
brane potential under this condition were discarded (Czerniczyniec et
al., 2011).

H2O2 production rate. Mitochondrial H2O2 production rate was as-
sessed by the scopoletin–horseradish peroxidase (HRP) method, follow-
ing the decrease in fluorescence intensity at 365–450 nm (λexc–λem) and
30 °C (Boveris, 1984). Lung mitochondrial purified fractions were added
to the reaction medium consisting of 0.23 mMmannitol, 0.07 M sucrose,
20 mM Tris–HCl, 2500 U/ml HRP, 0.6 mM scopoletin, and 15,000 U/ml
superoxide dismutase (pH 7.4).H2O2 productionwas triggered by the ad-
dition of 8 mM succinate. A calibration curve was performed with H2O2

solutions (ranging from 0.05 to 0.35 mM). Results were expressed as
nmol H2O2/min mg prot.

Oxidative damage markers. Thiobarbituric acid reactive substances
(TBARS) assay. Oxidative damage to phospholipids was evaluated as
TBARS by a fluorometric assay (Yagi, 1976). Briefly, 100 μl of isolated
mitochondrial suspensions were added to 200 μl 0.1 N HCl, 30 μl 10%
(w/v) phosphotungstic acid and 100 μl 0.7% (w/v) 2-thiobarbituric
acid. The mixture was heated in boiling water for 60 min. TBARS
were extracted in 1 ml of n-butanol. After a centrifugation at 1000 g
for 10 min, the fluorescence of the butanolic layer was measured in a
Perkin Elmer LS 55 luminiscence spectrometer at 515 nm (excitation)
and 553 nm (emission). A calibration curve was prepared using
1,1,3,3-tetramethoxypropane as standard. Results were expressed as
pmol TBARS/mg prot.

Determination of carbonyl content. The content of carbonyl groups in
oxidative modified mitochondrial proteins was measured by the
amount of 2,4-dinitrophenilhydrazone formed upon reaction with
2,4-dinitrofenilhydrazine (DNPH) (Levine et al., 1994). Isolated mito-
chondria were incubated with 2 mM DNPH at room temperature for
1 h in the dark and vortexed every 15 min. Proteins were precipitated
with 20% (w/v) TCA, incubated on ice for 10 min and centrifuged at
10,000 g for 10 min at 4 °C. The supernatantwas discarded and the pre-
vious procedure was repeated with 10% (w/v) TCA. The pellet was
washed with 1 ml ethanol:ethyl acetate (1:1) and centrifuged at
10,000 g for 10 min at 4 °C. This procedurewas repeated 3 times. Final-
ly, the pellet was resuspended in 6 Mguanidine hydrochloride (pH 2.5)
and incubated at 37 °C for 10 min. Carbonyl content was calculated
from the absorbance at 360 nm (ε390–350 = 22 mM−1 cm−1). Results
were expressed as nmol carbonyl groups/mg prot.
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Protein content. Protein concentration was measured by the meth-
od of Lowry et al. (1951) using bovine serum albumin as standard.

Statistics. Results were expressed as mean value ± SEM and repre-
sent the mean of at least six independent experiments. The number of
independent experiments reflects the number of animals used for
each assay. Unpaired Student's t-test for unpaired data was used to
analyse differences between mean values of two groups. ANOVA
followed by Tukey test was used to analyse differences between
mean values of more than two groups. Statistical significance was
considered at p b 0.05.

Results

Oxygen consumption by tissue cubes

To evaluate O2 consumption by the whole tissue, respiration rates
were assessed in 1 mm3 lung tissue cubes, a thickness which allows
O2 diffusion to the centre of the cube, avoiding anaerobic areas
(Valdez et al., 2011). As it is shown in Table 1, a 55% increase was ob-
served after the ROFA exposure when compared with the control
group. Animals pretreated with the Nox inhibitor, gp91 ds-tat, showed
a significant decrease (30%) in O2 consumption, when compared with
the ROFA-exposed group. However, a slight but significant increase in
lung O2 consumption (9%) was still present in ROFA-exposed animals,
which were pretreated with gp91 ds-tat when compared with the con-
trol group.

The analysis of O2 uptake by non-mitochondrial sources was carried
out by measuring tissue O2 consumption in presence of 4 mM KCN.
Representative traces are shown in Fig. 1. After ROFA instillation, a sig-
nificant difference between the ROFA and control group was still pres-
ent (27%) in this condition, which was abolished by gp91 ds-tat
pretreatment (Table 1). The remaining O2 consumption in the ROFA
group after the inhibition of both main O2 consumption sources,
which may account for non-mitochondrial sources other than Nox,
showed no significant differences with the values from control animals.

In order to clarify the mechanisms underlying these phenomena,
the relative contribution of the main free radical sources was studied.
Using this approach, the determination of Nox activity and mitochon-
drial O2 consumption was carried out.

Nox activity in lung homogenates

Nox plays a key role as a source of reactive O2 species under inflam-
matory conditions. Nox activitywas evaluated through twodifferent as-
says in lung homogenates: by the lucigenin chemiluminescent (LCL)
probe, and spectrophotometric determination of NADPH consumption
rate. Results are shown in Fig. 2. A similar significant increase was
found for the ROFA group in both assays, in comparisonwith control an-
imals. LCL showed a 26% increase (control: 0.66 ± 0.02 UA/mg prot.;
p b 0.0001), while a 31% increase in NADPH consumption rate was ob-
served (control: 0.74 ± 0.01 μmol NADPH/min. mg prot.; p b 0.0001).

In order to test the specificity of both assays, animals were
pretreated with the NADPH oxidase inhibitor gp91 ds-tat. As it is
shown in Fig. 2, the ROFA + gp-91 ds tat group showed a significant
decrease when compared to ROFA (35% in NADPH consumption and
Table 1
Oxygen consumption by tissue cubes in lung after exposure to ROFA in the presence or
absence of KCN 4 mM and gp91 ds-tat. Data is presented as mean ± SEM, n = 6.

Control ROFA ROFA + gp91 ds tat

Oxygen consumption
(ng-at O/min g tissue)

228 ± 7 354 ± 8⁎ 249 ± 13⁎#

Oxygen consumption + KCN
(ng-at O/min g tissue)

48 ± 2 61 ± 2⁎ 38 ± 5#

⁎p b 0.001 vs control group, #p b 0.001 vs ROFA (unpaired t-test).
25% LCL), indicating that the observed increase in LCL and NADPH
consumption rate after ROFA exposure was abolished by pretreat-
ment with the Nox inhibitor.

Oxygen consumption by lung mitochondria

O2 consumption by isolated mitochondria in state 4 and 3 were
measured and the corresponding RCR were calculated. As it is
shown in Table 2, the exposure to ROFA significantly increased mito-
chondrial state 3 O2 consumption by 34%, while no significant
changes were observed in state 4. When state 4O respiration was
reached by the addition of 2 μM oligomycin into the reaction cham-
ber, no significant differences in O2 consumption were observed be-
tween both groups. Moreover, in ROFA-exposed mice, no differences
were observed in mitochondrial O2 uptake in state 3U after the addi-
tion of 2 μM m-CCCP (Table 2).

Mitochondrial respiratory chain complexes activity

Taking into account the observed changes in lung mitochondrial
active respiration after ROFA exposure, mitochondrial respiratory
chain complex activities were evaluated. Mitochondrial respiratory
chain complex II activity was found to be significantly increased by
25% in ROFA-exposed mice, whereas no statistical differences in com-
plexes I and IV activities were found in ROFA-exposed mice when
compared with the control group. Results are shown in Table 3.

Mitochondrial ATP production rate

Mitochondria, through a highly efficient process, convert chemical
energy derived from O2 reduction to water into the proton-motive
force used to drive the endergonic synthesis of ATP. A chemilumines-
cence assay based on the luciferin–luciferase systemwas used to deter-
mine mitochondrial ATP production rate. A 33% significant decrease
was found after ROFA inhalation (control: 330 ± 30 nmol/min mg
prot., p b 0.05) (Fig. 3).

P/O ratio

Considering mitochondrial state 3 O2 consumption and mitochon-
drial ATP production rates, the number of phosphorylated ADP mole-
cules per O2 atom (P/O ratio) was calculated (Brand and Nicholls
2011). While a value of 3.2 was obtained for the control group, the
P/O ratio in PM-exposed mice was 1.5.
Fig. 1. Representative traces obtained during the measurement of lung tissue cubes O2

consumption rates before and after the addition of 4 mM KCN.



Fig. 2. Nox activity assayed by the spectrophotometric determination of NADPH con-
sumption rate (□) and the measurement of O2

•− production, using the lucigenin chemi-
luminescence probe (■) after exposure to ROFA. Data is presented as mean ± SEM,
n = 6. *p b 0.05 vs. control and #p b 0.01 vs. ROFA (ANOVA followed by Tukey test).

Table 3
Mitochondrial respiratory complex activity from lung of mice exposed to ROFA. Data is
presented as mean ± SEM, n = 6.

Control ROFA

Complexes I–III
(nmol/min mg prot.)

220 ± 10 230 ± 10

Complexes II–III
(nmol/min mg prot.)

14 ± 1 18 ± 1a

Complex IV
(k′10−2/min mg prot.)

250 ± 40 250 ± 40

a p b 0.005 vs control group (unpaired t-test).
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Mitochondrial membrane potential (ΔΨm)

Mitochondrial membrane potential represents another key mito-
chondrial function parameter. To assess ΔΨm, mitochondria were se-
lected by light-scattering properties (Fig. 4A) and the fluorescence
after incubation with NAO, which selectively binds to cardiolipin in
the inner mitochondrial membrane (Fig. 4B). As presented in
overlayed DiOC6 fluorescence histograms (Fig. 4C) and quantification
of DiOC6 fluorescence (Fig. 4D), ROFA values remained unchanged
compared with the control group when ΔΨm was evaluated during
mitochondrial resting respiration (control: 60 ± 3 AU). However,
when active respiration was established, ROFA ΔΨm was found to
be 12% lower than control ΔΨm (control: 50 ± 2 AU; p b 0.05),
which indicates a significant depolarization in isolated mitochondria
from ROFA-instilled mice.

Mitochondrial H2O2 production rate

The observed increased in state 3 respiration rate after PM exposure
could lead to the production of oxidant species which enhance cellular
oxidative damage. Mitochondrial H2O2 production rate by lung mito-
chondriawasmeasured and the results are shown in Fig. 5. No significant
differences were observed between both experimental groups (control:
2.50 ± 0.50 nmol/min mg prot.; ROFA: 2.20 ± 0.40 nmol/min mg
prot.).

Mitochondrial oxidative damage markers

TBARS levels and protein carbonyl content arewell-established direct
markers of oxidative damage to lipids and proteins, respectively. TBARS
and carbonyl content levels of isolated lung mitochondria were deter-
mined. No significant changes were observed in either lipid (control:
1200 ± 80 pmol TBARS/mg prot.; ROFA: 1100 ± 100 pmol TBARS/mg
Table 2
Oxygen consumption and respiratory control of mitochondria isolated from lung of
mice exposed to ROFA. Data is presented as mean ± SEM, n = 6.

Control ROFA

State 3
(ng-at O/min mg prot.)

103 ± 5 138 ± 5a

State 4
(ng-at O/min mg prot.)

52 ± 2 54 ± 2

RCR 2.0 2.7
State 3U
(ng-at O/min mg prot.)

127 ± 9 140 ± 10

State 4O
(ng-at O/min mg prot.)

52 ± 2 62 ± 4

a p b 0.001 vs control group (unpaired t-test).
prot.) or protein oxidative markers (control: 1.7 ± 0.2 nmol/mg prot.;
ROFA: 1.7 ± 0.2 nmol/mg prot.) (Fig. 6).

Discussion

It is accepted that exposure to air pollution PM triggers within the
lung an inflammatory response, endothelial activation and oxidative
stress (Chen and Lippmann, 2009). In this scenario, the analysis of
lung O2 metabolism appears to be an important area of study with
the aim of understanding free radicals production mechanisms,
which may lead to the onset or aggravation of respiratory diseases.

Lung tissue O2 consumption was found to be significantly in-
creased by 55% after the exposure to ROFA particles. Several mecha-
nisms have been suggested to explain the observed raise, such as
increased enzymatic activities and changes in mitochondrial respira-
tion (Vanasco et al., 2008). Two different approaches were used to
deeply analyse O2 consumption after the exposure to ROFA particles:
a) pretreatment with the Nox inhibitor gp91 ds-tat and, b) measure-
ments in the presence of 4 mM KCN. Pretreatment with gp91 ds-tat
was used to establish the relative contribution of Nox to the observed
increase in tissue O2 consumption. It is well known that the activation
of Nox is triggered via protein kinase C (PKC)-mediated phosphoryla-
tion of cytosolic p47phox, which then binds to membrane-associated
gp91phox (Bedard and Krause, 2007). The gp91 ds-tat peptide in-
hibits the interaction between gp91phox and p47phox, necessary
for the full activation of the enzyme (Rey et al., 2001). Results
obtained when animals were previously injected with gp91 ds-tat
showed that Nox is an important source of the observed raise in O2

consumption.
Nox is of particular interest as an important non-mitochondrial

source of reactive O2 species elicited by airway inflammation (van der
Vliet, 2011). It has been shown that environmental particles, when in-
ternalized byphagocytosis after inhalation, trigger an increased alveolar
macrophage count (Becker et al., 2002). Taking into account that Nox2
is expressed inmacrophages, this isoform could be theNox homolog re-
sponsible for the increased Nox activity found after ROFA exposure. The
Fig. 3. ATP production rate by lung isolated mitochondria after ROFA exposure. Data is
presented as mean ± SEM, n = 6. *p b 0.05 vs. control (unpaired t-test).



Fig. 4. Mitochondrial membrane potential (ΔΨm) by lung isolated mitochondria after ROFA exposure. (A) Selection of isolated mitochondria from control and ROFA exposed mice
based on light scattering properties. (B) Fluorescence of the events in R1 gate for NAO stained mitochondria (black line), compared to an unstained mitochondrial sample (grey
line) from control and ROFA-exposed mice. (C) DiOC6 fluorescence from gated mitochondria (R1). Assessment of ΔΨm was performed in state 4, state 3 and after depolarization
with m-CCCP, comparing control and ROFA isolated mitochondria. (D) DiOC6 MFI quantification of state 4, state 3 and after depolarization m-CCCP of control and ROFA isolated
mitochondria. Data is presented as mean ± SEM, n = 6. *p b 0.05 vs. state 3 control mitochondria (unpaired t-test).
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use of gp91 ds-tat as aNox inhibitorwasuseful in order to assess the en-
zymatic activity after ROFA inhalation. Consistently, results obtained for
the gp91 ds-tat pretreated group supports the idea that the augmented
Fig. 5. H2O2 production rate by lung isolated mitochondria after exposure to ROFA.
Data is presented as mean ± SEM, n = 6.
LCL and NADPH consumption rate was due to Nox activity elicited by
ROFA exposure, which may explain the observed increased in tissue
O2 consumption.

Once within the tissue, O2 diffuses to mitochondria where it is re-
duced by the mitochondrial respiratory chain. The linear rates of O2

consumption by tissue cubes may be interpreted as a fast oscillation
of mitochondria between metabolic state 3 and state 4, driven by ei-
ther high ATP or ADP levels that decline or stimulate respiration
(Boveris and Boveris, 2007). In the present work, exposure to ROFA
significantly increased mitochondrial state 3 O2 consumption, while
no significant changes were observed in state 4. No differences be-
tween ROFA and control group state 4O values mean unaltered proton
leakiness, showing proper mitochondrial isolation technique (Brand
and Nicholls, 2011). Moreover, the uncoupled respiration (state 3U)
showed the same pattern of changes after ROFA inhalation. These
changes may indicate that elevated mitochondrial active respiration
through a higher complex II activity could contribute to the observed
increase in tissue O2 consumption. This observation was confirmed by
the determination of respiratory chain complex activities in mito-
chondrial membranes, where complex II activity was significantly



Fig. 6. TBARS levels (A) and carbonyl content (B) in lung isolated mitochondria after
exposure to ROFA. Data is presented as mean ± SEM, n = 6.
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increased by 25% in ROFA-exposed mice in comparison with the con-
trol group. Consistently with our findings, a previous report has
shown that in vitro incubation with PM induced mitochondrial dys-
function and increased complex II activity in isolated mitochondria
form lung tissue (Delgado-Buenrostro et al., 2012).

Taking into account the data presented in Tables 1 and 2, and in
Fig. 2, an analysis of the contribution of the different sources of tissue
O2 consumption rate values can be performed. Our first finding was a
55% increase in O2 consumption for the ROFA exposed group. When
animals exposed to ROFA were pretreated with the Nox inhibitor
gp91 ds-tat, a significant 10% increase was still observed, which
may account for an increase in mitochondrial respiration (other
sources may not be relevant, since the values from animals pretreated
with gp91 ds-tat together with the presence of KCN showed no signif-
icant differences when compared to the control group). When O2

consumption rates were assessed in isolated mitochondria, a 34% in-
crease in state 3 was found for ROFA-instilled mice, while no changes
were observed in state 4 respiration. In the lung, besides Nox and
other O2-consuming enzymes, the whole tissue O2 consumption ac-
counts for the sum of the O2 uptakes of mitochondria respiring in
state 3 and of mitochondria respiring in state 4. Under physiological
conditions, it can be estimated that the mitochondrial fraction in
state 3 is approximately 40% for non-muscular tissues (Boveris and
Boveris, 2007). As shown in Table 2, the increase in mitochondrial
state 3 respirationmay explain the significant 10% increase in animals
pretreated with the Nox inhibitor. Furthermore, in order to evaluate
the contribution of non-mitochondrial sources to the observed values
of lung O2 consumption, the same measurements were carried out in
the presence of KCN. Under these conditions, a significant 27% in-
crease was found in ROFA-exposed mice, which may be attributed
to Nox activation since it was abolished in animals pretreated with
gp91 ds-tat. Consistently, when Nox activity was estimated with
two different experimental approaches, an average 28% increase
was found. In conclusion, and in time with the results, the main con-
tributors to the observed increase in lung O2 consumption appear to
be Nox activation, and mitochondrial state 3 respiration increase.

Alterations in mitochondrial function could lead to deficient ATP
production. ATP production rate was found to be decreased by 33%
in mitochondria isolated from ROFA-exposed mice. These results in-
dicate that ATP supply by oxidative phosphorylation is limited in
mice exposed to the ROFA suspension. In addition, lower ATP produc-
tion leaded to a decreased P/O ratio (number of phosphorylated ADP
molecules per oxygen atom, indicative of the oxidative phosphoryla-
tion efficiency) therefore, mitochondrial O2 uptake is not properly
converted to chemical energy. Interestingly, a similar effect was ob-
served within heart tissue using the same animal model (Marchini
et al., 2012).

Several studies have shown a decreased mitochondrial membrane
potential triggered by environmental PM (Di Pietro et al., 2011;
Upadhyay et al., 2003). In this case, membrane depolarization was
observed during active mitochondrial respiration in ROFA-exposed
mice, which could be the responsible for the decreased ATP produc-
tion rate observed in the ROFA group.

It has been recently shown that mild uncoupling prevents oxi-
dants production by mitochondria, a condition considered to be a
highly efficient antioxidant strategy (Alberici et al., 2009). Mild
uncoupling is defined by an increased mitochondrial respiratory
rate, a decreased in mitochondrial membrane potential, together
with a decreased ATP production rate, leading to a low P/O ratio
(Cardoso et al., 2010). By increasing electron transport, mitochondria
can avoid the oversupply of electron/reducing equivalent into the re-
spiratory chain complexes, known to be substantial O2

•− production
sources (Kowaltowski et al., 2009). This view is in agreement with
the results shown in the present work, where no significant differ-
ences after ROFA exposure were found in mitochondrial H2O2 pro-
duction and the consequent absence of changes in oxidative damage
markers to lipids and proteins, as shown through TBARS and carbonyl
content values. It has been described that uncoupling proteins and
mitochondrial ATP-sensitive channels (mitoKATP) are activated by ox-
idants. Nox-derived O2

•− may interact with mitoKATP, which could act
as a redox sensor (Alberici et al., 2009). Upon the opening of this
channel, increased K+ influx into the matrix could be responsible
from the ΔΨm decrease observed in the ROFA-exposed mice. Induc-
ible H+ leak has been named as a mechanism for the adjustment of
membrane potential to control mitochondrial reactive O2 species
(Mailloux and Harper, 2011).

In conclusion, the present findings show that both Nox activation
and mitochondrial respiration are involved in the altered lung O2 me-
tabolism observed after ROFA inhalation. Nox activation seems to be a
relevant non-mitochondrial source of reactive oxygen species in this
model. The exposure to ROFA also impacts on mitochondrial function,
leading to an increased electron transport rate (evidenced by the
higher state 3 respiration), mitochondrial membrane depolarization,
decreased ATP production rate and, consequently, deficient oxidative
phosphorylation. This situation, known as mild mitochondrial
uncoupling, may prevent the mitochondrial generation of reactive
O2 species, which, in turn, could cause oxidative damage within
the organelle. The results shown in this work provide new insights
in the molecular mechanisms involved in lung injury by O2 metab-
olism alterations triggered by PM inhalation.
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