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Several  epidemiological  studies  have  shown  a positive  correlation  between  daily  increases  in airborne
particulate  matter  (PM)  concentration  and the  occurrence  of  respiratory  and  cardiovascular  diseases.
Transition  metals  present  in  air PM  were  associated  with  adverse  health  effects  after  PM exposure.  The
aim of this  work  was  to study  lung  O2 metabolism  after  an  acute  exposure  to  transition  metal-coated
nanoparticles  (NPs).  Female  Swiss  mice  (25 g) were  intranasally  instilled  with  a  suspension  of silica  NP
containing  Ni  (II), Cd (II), Fe  (III),  or Cr (VI)  at 0,  0.01, 0.05, 0.1, and  1.0 mg metal/kg  body  weight.  Lung
O2 consumption  was  found  to  be  significantly  increased  after  the  exposure  to most  doses  of Ni-NP  and
Fe-NP,  and  the 0.05 mg metal/kg  body  weight  dose  of  Cr-NP,  while  no  changes  were  observed  for  Cd-NP.
Lucigenin  chemiluminescence  (as an  indicator  of  NADPH  oxidase  (NOX)  activity)  was  evaluated  in  lung
homogenates.  Only  Ni-NP  and  Fe-NP  have  shown  the  ability  to induce  a  significant  increase  in  lucigenin
chemiluminescence.  In order  to establish  the  possible  occurrence  of pulmonary  oxidative  stress,  TBARS

levels  and  the GSH/GSSG  ratio  were  determined.  The  higher  doses  of  Ni-NP  and  Fe-NP  were  able  to induce
an oxidative  stress  condition,  as shown  by changes  in  both  TBARS  levels and  the GSH/GSSG  ratio.  Taken
together,  the present  results  show  differential  effects  for all the  metals  tested.  These  findings  emphasize
the  importance  of transition  metals  present  air PM  in PM adverse  health  effects,  and  contribute  to the
understanding  of  the  pathological  mechanisms  triggered  by  the  exposure  to environmental  PM.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

There is strong evidence that a short-term exposure to environ-
ental air pollution particles currently represent a serious risk to

uman health (Dominici et al., 2006). Specifically, numerous epi-
emiological studies have shown a positive correlation between

aily increases in airborne particulate matter (PM) concentration
nd the onset and aggravation of respiratory and cardiovascular
iseases (Analitis et al., 2006).

Abbreviations: NP, nanoparticles; PM, particulate matter; O2
•− , superoxide

nion; NOX, NADPH oxidase; TBARS, thiobarbituric acid reactive substances; GSH,
educed glutathione; GSSG, oxidized glutathione.
∗ Corresponding author at: Universidad de Buenos Aires, CONICET, Instituto
e  Bioquímica y Medicina Molecular (IBIMOL), Catedra de Química General e

norgánica, Facultad de Farmacia y Bioquímica, Junín 956 (1113), Buenos Aires,
rgentina.

E-mail address: pevelson@ffyb.uba.ar (P.A. Evelson).

ttp://dx.doi.org/10.1016/j.biocel.2016.10.009
357-2725/© 2016 Elsevier Ltd. All rights reserved.
Airborne PM consist of a heterogeneous mixture of solid par-
ticles emitted into the atmosphere from different natural and
anthropogenic sources. PM suspended in air may  vary in size,
chemical composition, and sources of origin (Nel, 2005). PM size
determine both their lifetime in the atmosphere and distribution
within the lung. Biologically relevant particles comprise PM with
an aerodynamic diameter below 10 �m,  which are small enough to
penetrate and deposit in the tracheobronchial tree (Brook et al.,
2004). The smaller the particle the deeper it can penetrate into
the airways and the higher diameter/surface area ratio, in which a
larger number of potentially harmful chemicals could be absorbed
and delivered up to the alveoli. For these reasons, nano-scale par-
ticles are a major concern regarding environmental PM toxicity
(Delfino et al., 2005).
Fossil fuel combustion has been identified as one the major PM
emission source, which mainly contribute to airborne PM burden
with inorganic compounds. Recent studies have been conducted in
order to establish associations between air pollution toxic mecha-

dx.doi.org/10.1016/j.biocel.2016.10.009
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2016.10.009&domain=pdf
mailto:pevelson@ffyb.uba.ar
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isms and specific PM components. Among the most frequent ones,
ransition metals within the fine PM fraction are of great toxico-
ogical interest (Leonard et al., 2004). The focus has often been on
ron (Fe), vanadium (V), nickel (Ni), chromium (Cr), copper (Cu),
admium (Cd) and zinc (Zn), on the basis of their ability to gener-
te reactive oxygen species (ROS) in biological tissues and produce
n oxidative stress condition (Chen and Lippmann, 2009). Conse-
uently, one of the main suggested mechanisms of PM toxicity is
he occurrence of pulmonary oxidative stress. Indeed, lung injury
fter air pollution PM inhalation has been shown to be triggered
y local reactive O2 species production that could be generated not
nly from the particles themselves, but also from the chemicals
oated on their surface (Li and Nel, 2008). In line with this find-
ngs, previous results from our group using a PM surrogate with
igh transition metal content (Residual Oil Fly Ash, ROFA), showed
n imbalance in pulmonary oxidative metabolism with a peak at

 h after the instillation of the ROFA suspension (Magnani et al.,
011). In this scenario, the production of O2

•− by the assembly and
ctivation of the NADPH oxidase complex might play a central role
Magnani et al., 2013).

The relative contribution of transition metals in pulmonary
hysiopathological alterations is critical to understand PM toxicity.
ome effects of PM-associated transition metals have already been
escribed. However, the classical experimental approach in such
tudies has been the delivery of metal ions solutions or the use of
articles deprived from transition metals by washing or chelation
Chen and Lippmann, 2009). Therefore, to better characterize their
ffect as PM components, we built silica nanoparticles (NPs) coated
ith single transition metals and evaluated lung O2 metabolism in
ice after an acute exposure.

. Materials and methods

.1. Silica NP preparation and characterization

Metal-coated silica NPs were prepared using the Stöber method
Stöber and Fink, 1968). Dense amorphous silica NP synthetized
ia base-catalyzed hydrolysis and polymerization of tetraethy-
orthosilicate were employed. It has been shown that the use of
ense amorphous silica minimizes the biological effect of silica NP
Thomassen et al., 2010). Briefly, 12.5 mL  of tetraethylorthosilicate
TEOS 98% w/w) was mixed with 50 mL  ethanol. Afterwards, 5 mL
ltrapure water and 4 mL  NH4OH (25% w/w) were added dropwise
o the solution. In order to obtain NP coated with the different metal
ons, 100 mg  of CdCl2, K2Cr2O7, Ni(NO3)2, or FeCl3·6H2O were used
s Cd(II), Cr(IV), Ni(II), or Fe(III) sources, respectively. The reaction
ixture was kept at room temperature for 24 h with continuous

tirring. The resulting metal-coated particles were centrifuged and
ashed three times with ethanol to remove ammonia, unreacted

ilica precursors, and soluble metal ions (Foglia et al., 2011). NP
uspensions were freshly prepared by resuspending NP in sterile
aline solution, followed by a 10 min  incubation in an ultrasonic
ater bath before use (Goldsmith et al., 1998).

NP hydrodynamic diameter was measured by Dynamic Light
cattering (DLS) in a Zetasizer Nano-Zs equipment (Malvern Instru-
ents, United Kingdom). A He-Ne laser (633 nm)  and a ZEN3600

igital detector (Malvern Instruments) were used. Measurements
ere performed with a scatter angle of 173◦ and a fixed laser posi-

ion of 4.65 mm at 25 ◦C. Results were expressed as nm (Kunzman
t al., 2011).

NP size, morphology, and distribution were analyzed by

canning Electron Microscopy (SEM) and Transmission Electron
icroscope (TEM). A drop of the NP suspension was  air dried onto

 carbon film-coated grid. Afterwards, SEM was assessed in a Zeiss
VO 40 (Carl-Zeiss, Oberkochen, Germany) at 20000X and TEM was
chemistry & Cell Biology 81 (2016) 419–426

performed in a Zeiss EM 109T (Carl-Zeiss) at 12000X (Fischer et al.,
1983).

NP metal content was  evaluated by Atomic Absorption Spec-
trometry in a VGP 210 atomic absorption spectrometer (Buck
Scientific, East Norwalk, CT, USA) by the electrothermal atom-
ization method using pyrolytic graphite tubes. Each sample was
injected in triplicate (Copello et al., 2007).

2.2. NP Fenton chemistry

In order to test NP ability to induce Fenton-like chemical reac-
tions, the consumption of H2O2generated by the glucose/glucose
oxidase system by metal-coated NP was measured. H2O2 produc-
tion rate was evaluated by the Amplex Red-horseradish peroxidase
(HRP) method (Chen et al., 2003). After an initial stabilization
period, 1 mM glucose and 1 ng/mL glucose oxidase were added
to the reaction mixture. Resorfurin formation due to Amplex Red
(25 �M)  oxidation by HRP (0.5 U/mL) bound to H2O2 was  measured
in Perkin Elmer LS 55 Fluorescence Spectrometer (Perkin Elmer,
Waltham, MA,  USA) at 563 nm (excitation) and 587 nm (emission).
Afterwards, 50 �g/mL of silica NP or metal-coated NP (Cd-NP, Cr-
NP, Ni-NP, Fe-NP) suspensions were added. A calibration curve was
performed using H2O2 solutions as standard and H2O2 production
rate was expressed as pmol/min.

2.3. Animal model of exposure to NP

Female Swiss mice weighing 20–25 g were exposed to NP by
the nasal drop technique as previously described (Southam et al.,
2002). Briefly, mice were randomized, lightly anaesthetized (i.p.)
with 1 mL/kg body weight of xylazine (2% w/v) and ketamine
(50 mg/mL), and intranasally instilled with 50 �L of the NP sus-
pension (0.01 to 1.0 mg  metal/kg body weight) delivered in a single
dose. Control mice were handled in parallel and instilled with 50 �L
of an empty silica NP suspension or saline solution (vehicle). The
metal doses were selected based on results shown in previous stud-
ies (Arantes-Costa et al., 2008; Magnani et al., 2011 and 2013).
Animals were sacrificed 1 h after NP exposure with an anesthe-
sia 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).

2.4. Samples preparation

2.4.1. Tissue cubes
Once the exposure time was reached, animals were sacrificed

and lungs were removed and immediately placed in ice-cold Krebs
buffer solution. After being washed and weighted, 1 mm3 tissue
cubes were cut by the use of a scalpel (Vanasco et al., 2008).

2.4.2. Tissue homogenates
Lung samples (0.2 g of wet weight) were homogenized 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 suspension
was centrifuged at 600g 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). Protein concentration was
measured by the method of Lowry et al. (1951) using BSA as stan-
dard.

2.5. Oxygen consumption by tissue cubes
A two-channel respirometer for high-resolution respirometry
(Hansatech Oxygraph, Hansatech Instruments Ltd., Norfolk, Eng-
land) was  used. O2 consumption rates were measured at 30 ◦C in a
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Fig. 1. NPs characterization. A) Silica NP Scanning Electronic Microscopy at 20000×, scale bar 1 �m.  B) Silica NP Transmission Electronic Microscopy at 12000×,  scale bar
0.5  �m.
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ig. 2. NPs Fenton chemistry. A) Inhibition of H2O2 production by the glucose–gluco
i-NP,  Fe-NP) suspensions (50 �g/mL). B) H2O2 production rates were calculated fr
s.  basal H2O2 production rate.

rebs buffer (Poderoso et al., 1994). KCN (4 mM)  was added to the
eaction chamber as a mitochondrial cytochrome oxidase inhibitor
Vanasco et al., 2008). Results were expressed as ng-at O/min g
issue.

.6. Lucigenin chemiluminescence for superoxide and
uperoxide-products

The lucigenin-derived chemiluminescence method was  used as
n indirect measurement of Nox activity (Vaquero et al., 2004).
riefly, 50 �g of protein tissue homogenate was  diluted in 250 �L
f 50 mM phosphate buffer containing 1 mM EGTA and 150 mM
ucrose (pH 7.4). Lucigenin (50 �M)  was added to the reaction
edia, 100 �M NADPH was used as substrate, and chemilumines-

ence was immediately measured at 15 s intervals for 3 min  in a
absystems Luminoskan RS Microplate Reader (Labsystem, Ram-
ey, MN,  USA). The specificity of the assay was confirmed by the
ddition of superoxide dismutase (200 U/mL) as an O2

•− scavenger.
esults were expressed in arbitrary units (AU)/mg protein.

.7. Thiobarbituric acid reactive substances (TBARS) assay

Oxidative damage to phospholipids was evaluated as TBARS
y a fluorometric assay (Yagi, 1976). Briefly, 100 �L of lung
omogenates were added to 200 �L 0.1 N HCl, 30 �L 10% (w/v)
hosphotungstic acid, and 100 �L 0.7% (w/v) 2-thiobarbituric acid.
he mixture was heated in boiling water for 60 min. TBARS were

xtracted in n-butanol. After a centrifugation at 1000g for 10 min,
he fluorescence of the butanolic layer was measured in a LS 55 Flu-
rescence Spectrometrer (Perkin Elmer) at 515 nm (excitation) and
53 nm (emission). A calibration curve was prepared using 1,1,3,3-
dase system using empty silica NPs (50 �g/mL) or metal-coated NPs (Cd-NP, Cr-NP,
e slopes in A) and a calibration curve using H2O2 solutions as standard. ***p < 0.001

tetramethoxypropane as standard. Results were expressed as pmol
TBARS/mg protein.

2.8. Reduced (GSH) and oxidized (GSSG) glutathione levels

Lung samples were homogenized with a glass-Teflon homog-
enizer in solution containing 1 M HClO4–2 mM EDTA (1:1), and
centrifuged at 16000g for 20 min  at 4 ◦C. Supernatants were fil-
tered through 0.22 �m cellulose acetate membranes (Corning Inc.,
NY, USA) and frozen at −80 ◦C until use. HPLC analysis was  per-
formed in a Perkin Elmer LC 250 liquid chromatograph, equipped
with a Perkin Elmer LC ISS 200 advanced sample processor, and
a Coulochem II (ESA, Bedford, MA,  USA) electrochemical detector.
A Supelcosil LC-18 (250 × 4.6 mm ID, 5 �m) column protected by
a Supelguard (20 × 4.6 mm ID) precolumn (Supelco, Bellfonte, PA,
USA) was used for sample separation. GSH and GSSG were eluted at
a flow rate of 1.2 mL/min with 20 mM sodium phosphate (pH 2.7),
and electrochemically detected at an applied oxidation potential
of +0.800 V. Results were expressed as �M (Rodriguez-Ariza et al.,
1994).

2.9. Drugs and chemicals

All chemicals were purchased from Sigma-Aldrich Chemical
Company (St. Louis, MO,  USA), except from HCl, H2SO4, and organic
solvents which were purchased from Merck KGaA (Darmstadt,
Germany).
2.10. Statistics

Results were expressed as mean values ± SEM and represent
the mean of at least 6 independent experiments. Each indepen-
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Fig. 3. Lung O2 metabolism after the exposure to metal-coated NPs. A) Lung O2 consumption was evaluated after intranasal instillation with saline, empty silica NPs, metal
ions  (Cd(II), Cr(VI), Ni(II), Fe(III); hatched bars) solutions (1.0 mg metal/kg body weight), or metal-coated NPs (Cd-NP, Cr-NP, Ni-NP, Fe-NP; flat bars) suspensions (1.0 mg
metal/kg body weight). ***p < 0.001 vs. NP; ###p < 0.001 vs. Ni; and /=  /=  /= p < 0.001 vs. Fe.
increasing doses of B) Cd-NP, C) Cr-NP, D) Ni-NP, or E) Fe-NP. Flat bars in B-E represent tota
of  KCN 4 mM *p < 0.05, **p  < 0.01, and ***p < 0.001 vs. the corresponding control group for

Table 1
NPs characterization. Silica and metal-coated NP size was  measured as aerodynamic
diameter by Dynamic Light Scattering and metal content was analyzed by Atomic
Absorption Spectroscopy.

Aerodynamic
diameter (nm)

Metal content
(mg  metal/g NP)

NP 170 ± 2 nd
Cd-NP 550 ± 70 9.1 ± 0.4
Cr-NP 690 ± 20 18.0 ± 0.9

d
t
f
a
n

3

3

(
r

Ni-NP 200 ± 20 22.3 ± 0.2
Fe-NP 600 ± 50 1.0 ± 0.2

ent sample was  also measured by duplicate. Unpaired Student’s
-test was used to analyze differences between two  groups. ANOVA
ollowed by the Student-Newman-Keuls test was performed to
nalyze differences between more than two groups. Statistical sig-
ificance was considered at p < 0.05.

. Results

.1. NP characterization
Metal-coated NP morphology was studied by TEM and SEM
Fig. 1). NP size and metal content were also evaluated and
esults are shown in Table 1. According to their aerodynamic
 Tissue O2 consumption was also evaluated in lung samples from mice exposed to
l lung O2 consumption while hatched bars indicate O2 consumption in the presence

 each metal (0 mg metal/kg body weight).

diameter, every constructed NP represents fine (aerodynamic
diameter < 2.5 �m)  and ultrafine (aerodynamic diameter < 0.1 �m)
air PM fractions.

3.2. NP Fenton-like chemistry

Consumption of H2O2 produced by the glucose/glucose oxidase
system due to the addition of metal-coated NPs (Fig. 2A) was  used
as an index of their ability to participate in Fenton-like chemical
reactions. As it is shown in Fig. 2B, Cr-NP, Ni-NP, and Fe-NP were
able to significantly decrease H2O2 production, indicating that they
are able to induce the production of reactive O2 species by Fenton-
like chemical reactions.

3.3. Tissue O2 consumption

To evaluate O2 metabolism by the whole tissue, respiration
rates were assessed in 1 mm3 lung tissue cubes, a thickness that
allows O2 diffusion to the center of the cube avoiding anaerobic
areas (Valdez et al., 2011). As a first approach, O2 consumption
after empty silica NP exposure was  compared with that from mice

instilled with saline solution, which was  used as the vehicle in
every metal-coated NP suspension. No significant differences were
observed between both groups (Fig. 3A), indicating that silica NP
per se does not affect lung O2 metabolism in our model. The effects
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ig. 4. Lucigenin chemiluminescence for superoxide and superoxide products in lu
ucigenin chemiluminescence induced by NADPH-dependent O2

•− production in lu
r  D) Fe-NP. *p < 0.05, **p  < 0.01, and ***p < 0.001 vs. the corresponding control grou

riggered by each metal ion delivered as a metal solution was
lso compared with the administration of an equivalent amount
f metal but present in their respective metal-coated NP, to reach
he higher dose at 1 mg  metal/kg body weight. Mice exposed to Ni-
P and Fe-NP showed a significant increase in O2 consumption rate
hen compared, not only with the empty silica NP group (p < 0.01),

ut also with Ni(II) or Fe(III) ions solutions exposure, respectively
p < 0.01) (Fig. 3A).

Total tissue O2 consumption was also assessed in lung samples
rom every metal-coated NP experimental group, using increasing

etal doses. To distinguish total O2 uptake and that from non-
itochondrial sources, measurements were also performed in the

resence of KCN, as a mitochondrial cytochrome oxidase inhibitor.
fter Cd-NP exposure, no differences were observed in any experi-
ental group when compared with the control, neither for total O2

onsumption (0 mg  metal/kg body weight: 291 ± 20 ng-at O/min g
issue) nor for non-mitochondrial O2 consumption (0 mg  metal/kg
ody weight: 84 ± 9 ng-at O/min g tissue) (Fig. 3B). As it is shown

n Fig. 3C, Cr-NP administration induced a significant increase by
5% in total O2 consumption at 0.05 mg  metal/kg body weight
p < 0.001), while no differences where observed in the rest of the
oses compared to the control group (0 mg  metal/kg body weight:
90 ± 20 ng-at O/min g tissue). Lung O2 consumption in the pres-
nce of KCN showed the same pattern as the described for total
2 consumption, a significant increase by 50% at 0.05 mg  metal/kg
ody weight (0 mg  metal/kg body weight: 84 ± 9 ng-at O/min g tis-
ue, p < 0.001) (Fig. 3C). When total O2 consumption was  evaluated
fter Ni-NP exposure, every experimental group showed a signifi-
ant increase by up to 76% compared to the control group (0 mg
etal/kg body weight: 312 ± 15 ng-at O/min g tissue, p < 0.01).

egarding O2 consumption in the presence of KCN, 0.05 to 1.0 mg
etal/kg body weight mice groups were significantly increased

ompared with the control group (0 mg  metal/kg body weight:
6 ± 12 ng-at O/min g tissue, p < 0.01) (Fig. 3D). After Fe-NP instil-
ation, a significant increase in total lung O2 consumption by 48%
nd 52% was observed at 0.10 and 1.0 mg  metal/kg body weight,
espectively, compared to the control group (0 mg  metal/kg body
eight: 284 ± 13 ng-at O/min g tissue, p < 0.05). Non-mitochondrial
mogenates after the exposure to metal-coated NPs. NOX activity was  evaluated by
mogenates from mice exposed to increasing doses of A) Cd-NP, B) Cr-NP, C) Ni-NP,
ach metal (0 mg metal/kg body weight).

O2 consumption was also significantly increased by up to 69% com-
pared to the control group (0 mg  metal/kg body weight: 137 ± 10
ng-at O/min g tissue, p < 0.05) (Fig. 3E).

3.4. Lucigenin chemiluminescence for superoxide and
superoxide-products

In our previous findings (Magnani et al., 2013), we have
reported that, besides mitochondrial respiration, NOX enzymes
also comprise a relevant source of O2 uptake in lung follow-
ing environmental PM exposure. Additionally, the activity of this
enzyme leads to the production of reactive O2 species. Production
of superoxide and superoxide-products were evaluated through the
measurement of NADPH-dependent O2

•− production by a chemi-
luminescence assay, in lung homogenates obtained from mice
exposed to increasing doses of metal-coated NP.

Neither Cd-NP nor Cr-NP-exposed animals showed changes in
lucigenin chemiluminescence (Fig. 4A and B). Compared to the con-
trol group (0 mg  metal/kg body weight: 0.82 ± 0.02 AU/min mg
protein, O2

•− production after Ni-NP exposure was significantly
increased by up to 43% regardless the used dose (p < 0.01) (Fig. 4C).
After Fe-NP instillation, O2

•− production remained unchanged in
the 0.01 mg  metal/kg body weight group, but increased by 27%
(p < 0.01) and 37% (p < 0.01) in 0.05 and 0.10 mg  metal/kg body
weight animals, respectively. At 1.0 mg  metal/kg body weight, mice
exposed to Fe-NP presented the highest percentage of increase
compared with the control group (88%, p < 0.001) (Fig. 4D).

3.5. Lung TBARS content

Increased production of reactive O2 species is able to gener-
ate oxidative damage to macromolecules, such as phospholipids.
Oxidative damage to lipids was evaluated by the TBARS content of
lung homogenates after metal-coated NP treatment at increasing

doses.

No differences were observed in mice exposed to Cd-NP when
compared to the control group (Fig. 5A). Significant increases in
lung TBARS content were found following Cr-NP exposure at 0.05
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Fig. 5. Lung oxidative damage to phospholipids after the exposure to metal-coated NPs. TBARS content was  evaluated by a fluorometric assay in lung homogenates from
m 0.05, *
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ice  exposed to increasing doses of A) Cd-NP, B) Cr-NP, C) Ni-NP, or D) Fe-NP. *p < 

etal/kg body weight).

nd 0.10 mg/kg body weight, by 27% (p < 0.05) and 42% (p < 0.01),
espectively, compared to the control group (0 mg  metal/kg body
eight: 200 ± 10 pmol/mg protein) (Fig. 5B). Mice exposed to every
P-Ni dose showed a significant increase in TBARS content by up to
1% (p < 0.05) (Fig. 5C), as for the two higher Fe-NP doses (0.10 mg
etal/kg body weight: 55%, p < 0.05; 1.0 mg  metal/kg body weight:

5%, p < 0.05), when compared to their matched control groups
Fig. 5D).

.6. Reduced (GSH) and oxidized (GSSG) glutathione levels

GSH is a low molecular weight antioxidant which is readily oxi-
ized to GSSG in order to detoxify a wide variety of oxidant species.

 decrease in the GSH/GSSG ratio indicates a shift towards a more
xidized environment, which suggests the occurrence of oxidative
tress. Therefore, the GSH/GSSG ratio is one of the most widely
sed parameters of redox status in cells and tissues (Franco et al.,
007). As it is shown in Table 2, no differences were observed in

ung GSH content in any experimental condition in comparison
ith the control group (0 mg  metal/kg body weight: 280 ± 10 �g/g

issue). However, exposure to Cr-NP, Ni-NP, and Fe-NP at 1.0 mg
etal/kg body weight leaded to a significant increase in lung
SSG content by 50% (p < 0.01), 20% (p < 0.05), and 165% (p < 0.001),

espectively, compared to the control (0 mg  metal/kg body weight:
0 ± 2 �g/g tissue). Consequently, GSH/GSSG ratio was decreased

n these groups, indicating the occurrence of lung oxidative stress
ollowing Cr-NP, Ni-NP, and Fe-NP exposure.

. Discussion

Numerous epidemiological studies have shown that the expo-
ure to environmental PM positively correlates with increased
orbidity and mortality rates (Anderson et al., 2012; Brunekreef
nd Holgate, 2002; Pope et al., 2002). We  and others have pre-
iously reported that PM exposure induces lung and systemic
nflammation and oxidative stress (Magnani et al., 2011; Marchini
t al., 2014; Nurkiewicz et al., 2006), as well as adverse cardio-
*p < 0.01, and ***p < 0.001 vs. the corresponding control group for each metal (0 mg

vascular effects (Farraj et al., 2009; Marchini et al., 2013). PM is
a heterogeneous mixture that varies in particle size and chemical
composition. An increasing body of evidence indicates that rather
than the total mass of inhaled particles, PM chemical composition
may  better correlate with the health outcomes due to the exposure
to road traffic emissions (Burnett et al., 2000; Li et al., 2004). In this
study, we  provide evidence on the differential role of transition
metals frequently found in PM and the adverse effects observed in
lung after metal-coated NP exposure.

The rationale behind the study was  to build NPs resembling
particles coated with environmentally relevant transition metals.
Cd, Cr, Ni, and Fe were selected, as these metals are among the
most frequently found in highly polluted environments, and have
been shown to be associated with PM adverse health effects (Dunea
et al., 2016; Van Den Heuvel et al., 2016). The construction of NP
was carried out following the physical characteristics of particles
in environmental pollution (Nel et al., 2006). As shown in Table 1,
metal-coated NP size range between 0.17 to 0.70 �m,  sharing a
similar aerodynamic diameter with fine PM.  Moreover, the ultra-
structure analysis by TEM revealed that its spherical shape agrees
with that shown in previous studies with PM samples (Fischer
et al., 1983). NPs were synthesized by the Stöber method, a simple
technique that allows uniformity of size and shape of the particles
(Foglia et al., 2011). It has previously been shown that this type of
NP does no induce relevant toxicity (Kunzman et al., 2011). When
NP were evaluated in our model, by comparing lung O2 consump-
tion in tissue samples obtained after empty silica NP delivery with
values obtained after instillation of saline solution, no differences
were found among both groups. These results not only confirm that
empty silica NP do not modulate lung O2 metabolism in the present
model of acute exposure, but is consistent with the hypothesis that
the adverse effects of PM inhalation are mainly due to compounds
adsorbed to their surface and not to the presence of the particles
per se.
Clinical evidence shows that chronic exposure, even at lower
doses of PM,  has an impact over cardiovascular mortality (Pope,
2004). However, epidemiological studies have also shown that the
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Table  2
Lung GSH and GSSG levels after the exposure to metal-coated NPs. GSH and GSSG content was evaluated by HPLC in lung homogenates from mice exposed to increasing
doses  of metal-coated NPs.

Dose (mg  metal/kg
body weight)

GSH (�g/g tissue) GSSG (�g/g tissue) GSH/GSSG

Cd-NP 0.00 280 ± 10 20 ± 2 14.0
0.01  270 ± 40 21 ± 3 12.5
0.05  260 ± 10 14 ± 2 18.5
0.10  310 ± 30 19 ± 4 16.3
1.00  330 ± 30 20 ± 4 16.5

Cr-NP  0.01 250 ± 10 15 ± 1 16.7
0.05  310 ± 10 20 ± 3 15.5
0.10  310 ± 10 20 ± 1 15.5
1.00  270 ± 10 30 ± 3** 9.0

Ni-NP 0.01 260 ± 10 20 ± 4 13.0
0.05  270 ± 10 18 ± 1 15.0
0.10  280 ± 10 18 ± 2 15.6
1.00  280 ± 20 24 ± 1* 11.7

Fe-NP 0.01 305 ± 10 26 ± 4 11.7
0.05  330 ± 20 24 ± 1 13.8
0.10  250 ± 10 25 ± 2 10.0
1.00  250 ± 30 53 ± 1*** 4.7
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* p < 0.05 vs. control group (0 mg  metal/kg body weight).
** p < 0.01 vs. control group (0 mg  metal/kg body weight).

*** p < 0.001 vs. control group (0 mg  metal/kg body weight).

xposure to high concentrations of PM widely occur in a local-
zed and timely limited manner in many areas of industrialized
ountries (Brook, 2008). Such exposure to highly concentrated PM
nvironments is known to increase morbidity and mortality within

 few hours (Shi et al., 2016). In the present work, we aimed to sim-
late short-term exposure to PM to investigate the role of transition
etals in adverse health effects. The dose range administrated was

elected taking into account metal concentrations found in the
tmosphere (Valko et al., 2006), and doses used in previous studies
Chen and Lippmann, 2009).

It is accepted that the exposure to air pollution PM triggers
n inflammatory response within the lung, as well as endothe-
ial activation and oxidative stress (Kelly and Fussell, 2015). In
his scenario, the analysis of lung O2 metabolism appears to be
n important area of study in order to understand the mecha-
isms of free radicals production, which may  lead to the onset
nd aggravation of respiratory diseases. Lung O2 consumption was
ound to be significantly increased after the exposure to most
oses of Ni-NP and Fe-NP, and the 0.05 mg  metal/kg body weight
ose of Cr-NP, while no changes were observed for Cd-NP. Sev-
ral mechanisms have been suggested to explain this observation,
uch as increased enzymatic activities and changes in mitochon-
rial respiration (Vanasco et al., 2008). In order to deeply analyze O2
onsumption after the exposure to metal-coated NPs, KCN was used
o evaluate the contribution of non-mitochondrial sources to lung
2 consumption. These measurements showed the same pattern as

he one described for total O2 consumption, indicating that metal-
oated NPs might induce the activities of O2 consuming enzymes.
OX is of particular interest, as an important non-mitochondrial

ource of reactive O2 species elicited by airway inflammation (Van
er Vliet, 2011). It has been shown that environmental parti-
les, when internalized by phagocytosis after inhalation, trigger an
ncreased alveolar macrophage count (Becker et al., 2002). In our
revious studies, we have shown that the increased O2

•− produc-
ion triggered by PM exposure was mainly due to increased Nox
ctivity, since inhibition of the enzyme prevented the increased
hemiluminescence (Magnani et al., 2011, 2013). In the present

odel, only Ni-NP and Fe-NP showed the ability to induce a signifi-

ant increase in O2
•− production. Considering that Nox-dependent

2
•− production is another source of O2 uptake, the increased
enzyme activity may  explain, at least in part, the registered increase
in lung O2 consumption.

Oxidative stress is hypothesized to be one of the main mech-
anisms underlying the adverse health effects associated with the
exposure to ambient PM (Kelly, 2003). In order to establish the pos-
sible occurrence of pulmonary oxidative stress, TBARS levels were
determined as an indicator of oxidative damage, together with the
GSH/GSSG ratio as a marker of redox status. The obtained results
indicate that the higher doses of Ni-NP and Fe-NP were able to
induce an oxidative stress condition, as changes in both the TBARS
level and the GSH/GSSG ratio were observed.

Ni and Fe might be more relevant in the health effects associ-
ated to short term PM exposure. Both chemical species were able
to induce changes in the oxidative metabolism in the lung. The
increase in O2 consumption might be explained by the activation of
an inflammatory response, as indicated by the increased NOX activ-
ity. Ni was able to induce changes even at low concentrations. This
might be explained by the fact that the lung is the main organ where
Ni accumulates and exerts its toxic effects. It has been reported that,
regardless of the route of administration, concentrations of cytoso-
lic Ni(II) are higher than in other organs (Denkhaus and Salnikow,
2002). The generation of reactive O2 species at the particle surface
via Fenton reaction (Fig. 2) cannot be ruled out as a mechanism
that may  contribute to the observed oxidative damage, as well as
to the occurrence of oxidative stress. Exposure to Cr-NP presented
a significant increase only at 0.05 mg  metal/kg body weight. Such
biphasic responses have also been observed in cell damage mech-
anisms driven by oxidative stress produced by Cr (Travacio et al.,
2001).

Taken together, the present results show different effects for
every tested metal. These findings emphasize the importance of
transition metals present air PM in adverse health effects, and
contribute to the understanding of the pathological mechanisms
triggered by the exposure to environmental PM.
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