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Abstract

The study evaluated lung damages caused by in vivo exposure to silica nanoparticle doped with cadmium
(SiNPs-Cd, 1 mg/rat) in terms of oxidative stress induction, apoptosis, and fibrosis, and assessed the validity of
plasma F,-isoprostanes (F,-IsoPs) as marker of pulmonary insult. SiNPs-Cd effect was assessed 24 hr, 7 and
30 days post-intratracheal instillation compared to that caused by CdCl, (400 ug/rat), or SiNPs (600 pg/rat)
characterizing pulmonary superoxide dismutase (SOD1), cyclooxygenase type-2 (COX2) and collagen expression
(by immunohistochemistry and TEM), and investigating apoptosis (TUNEL staining). Free and esterified F -
IsoPs were measured in lung and plasma by gas chromatography/negative ion chemical ionization tandem mass
spectrometry (GC/NICI-MS/MS) analysis.

Lung: SiNPs-Cd induced enhancement of SOD1 and COX2 immunoreactivity in a time-dependent manner
(7<30 days). Total F,-IsoPs also increased 30 days post-exposure (46.7 = 11 ng/g in SINP-Cd vs. 32.8 + 7.8 ng/g
in control). Parallely, apoptosis enhanced as following SiNPs-Cd>CdCl,>SiNPs. A strong fibrotic response, i.e.
interstitial type | collagen over-expression, was also observed starting at 7 days, particularly after SiNPs-Cd.

Plasma: Pronounced elevation of free F,-IsoPs occurred (54.6 + 2 vs. 28 + 8 pg/ml in SiNPs-Cd and control,
respectively) already at day 7 lasting until day 30. In SiNPs-treated animals no changes were observed on oxidative
stress parameters. The CdCl, pulmonary response was milder than that found with SiNPs-Cd.

The results indicate long-lasting tissue injury following SiNPs-Cd pulmonary exposure in rat and a role for plasma
F,-IsoPs as a predictive indicator of nanoparticle-induced oxidative insult.
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Introduction

The beneficial applications of nanotechnology in numerous
industrial, consumer, and medical uses are extremely promising.
However, the outlook for a future improved by nanotechnology is
tempered by the fact that relatively little is known about the adverse
effects of nanomaterials on human health. This is also aggravated by the
large variety of engineered nanoparticles (NPs) increasingly entering
the market and under development. With the exponential growing
production of engineered NPs, the potential for the respiratory system
to be exposed to a seemingly countless number of unique NPs is
expected to increase, and essentially most of these NPs has not been
sufficiently examined for potential toxicity at this time [1,2].

NPs of different materials (e.g., gold, silica, titanium, carbon
nanotubes, and quantum dots) possess exclusive physicochemical
properties, thus having their own unique mechanism of toxicity.
Therefore, determining the toxicity of nanomaterials is a fundamental
question relating to their extremely small size, high surface area and
increased surface reactivity (i.e., redox ability) as compared to larger
materials [3,4]. However, it appeared that common responses could be
detected, and the paradigm of the central role of oxidative stress was
developed [4-9]. The uptake of NPs by target cells like macrophages
plays a central role in the biological responses such as direct or
indirect production of ROS (reactive oxygen species). The activation of
pathways, nuclear factors and specific genetic programs depend directly
or indirectly on the level of ROS production outside or inside the cell.
Oxidative stress could lead to cell death by necrosis or apoptosis or
adaptive responses including pro-inflammatory responses, antioxidant

enzyme activations, repair processes effects on cell cycle control and
proliferation.

Several studies in animals have indicated a range of toxic effects
that may be induced by NPs such as oxidative stress, inflammation,
granuloma formation, chronic pulmonary disease, immune system
disorders, as well as increased risk of tumor development, and changes
that may promote cardiovascular or neurodegenerative diseases
[10-15]. However, there are no epidemiologic data indicating health
hazards for the majority of nanomaterials. Some NPs, such as nano
sized metals should clearly represent risk factors for lung diseases, as
many of these metals in their native form are known to have fibrogenic,
inflammogenic or carcinogenic effects in humans.

Concerning to oxidative stress, development of specific, reliable
and non-invasive testing methods for measuring this endpoint in
humans may offer a valuable biomarker and, in addition, a research
tool to elucidate the pathological role of free radicals in vivo. Among a
number of representative biomarkers already used in clinical practice
to evaluate the oxidative stress and inflammation outcomes [15,16],
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F_-isoprostanes (F,-IsoPs), specific products of non-enzymatic lipid
peroxidation, are recently suggested to represent a more accurate
marker of oxidative stress compared with other available methods
[17-19]. F,-IsoPs levels are found to be significantly increased, both
in organs and body fluids, in diverse human disease conditions which
share increased oxidative stress as a common pathological feature [20].

The objective of this study was to evaluate firstly the potential lung
damage caused by in vivo NPs exposure using a NP model, namely silica
nanoparticle (SiNPs) doped with cadmium (SiNPs-Cd), in terms of
induction of oxidative stress, apoptosis, pro-inflammatory effects and
fibrosis, and, additionally to assess the validity of the plasma F,-IsoPs
as marker of pulmonary insult [21] associated to in vivo NP exposure.

The SiNPs-Cd response in lung tissues of treated rats was assessed
by determining: (1) the levels of F,-IsoPs, which include a series of
prostaglandin F -like compounds generated by free radical-catalyzed
peroxidation of phospholipid-bound arachidonic acid through a
cyclooxygenase-independent pathway, (2) the occurrence of cell death,
i.e. apoptosis, and (3) the expressions of (i) copper-zinc superoxide
dismutase (Cu/Zn-SOD1 or SOD1), an antioxidant isozyme involved
in oxidative stress pathway, (ii) inducible enzyme cyclooxygenase
type 2 (COX2), which synthesizes prostaglandin E2 (PGE2) under
stimulation by oxidative stressors including cadmium [22], and (iii)
type I Collagen. Moreover, F,-IsoPs levels were parallely measured in
plasma samples. The effect of SiNPs-Cd was assessed at 24 hr, 7 and 30
days post-intratracheal (i.t.) instillation in comparison with that caused
by administration of equivalent amount of CdCl, and SiNPs.

Although silica/cadmium containing nanomaterials are currently
produced on an industrial scale for a variety of technological
applications, information on toxicity, exposure and health impact of
these nanomaterials is still limited [22,23]. In vitro studies on SiNPs
indicated their capacity to induce dose-dependent cytotoxicity and
pro-inflammatory changes, and to increase the reactive oxygen
species levels. A limited number of in vivo studies have demonstrated
largely reversible lung inflammation, granuloma formation and
focal emphysema, with no progressive lung fibrosis after respiratory
exposure to these NPs [24]. On the other hand a large body of evidence
supports lung toxicity effects after cadmium exposure when inhaled
[25]. Although the mechanisms of cadmium toxicity are not yet fully
understood, several reports have described pulmonary inflammatory
changes and induction of oxidative stress in response to cadmium
inhalation exposure [26].

Materials and Methods

NP model: Silica nanoparticle (SiNPs) doped with cadmium
(SiNPs-Cd)

The method used to produce SiNPs-Cd was described in a previous
report [27]. The particles presented amorphous and crystalline
structure (confirmed by X-ray diffraction analysis), spherical form,
primary particle size range of 20-80 nm and specific surface area of
about 200 m?/g. Dynamic light scattering (DLS) determination of
the SiNPs-Cd size distribution showed tendency to form aggregates
and agglomerates of about 350 nm, and a zeta potential of -23 mV
(in deionized water). Flame-atomic absorption analysis was used to
determine metal impurities and the release of cadmium from NPs
dispersed in physiological solution. Maximum cadmium release was
15% after 16 hr. Further metal release was negligible in the subsequent
10-day period. Main impurities were Ca (0.3%), Na (0.2%), K (0.2%),
Fe (0.04%) and Mn (0.001%). Other metals were present in quantities

less than 1%. Cadmium and silica contents in the NPs were 32.5% and
24.1%, respectively. CdCl, was purchased from Sigma Aldrich (Milan,
Italy) and SiNPs from Degussa GmbH (Germany).

In vivo study

All experimental procedures were performed in compliance with
the European Council Directive 86/609/EEC on the care and use of
laboratory animals. Adult 12-weeks old male Sprague-Dawley rats
(Charles River Italia, Calco, Italy) were allowed to acclimatize for at
least 2 weeks before treatment, and kept in an artificial 12 hr light:12
hr dark cycle with humidity at 50 £ 10% throughout the experiment.
Animals were provided rat chow (4RF21 diet) and tap water ad libitum.
Rats were anesthetized with pentobarbital sodium and treated with a
single i.t. instillation of SiNPs-Cd (1 mg/rat, corresponding to about
250 pg Cd/rat). Separate groups of animals received i.t. an equivalent
cadmium dose as CdCl, (400 pg Cd/rat), SiNPs (600 pg/rat) or 0.1
ml/rat of saline (control). Treatment groups consisted of 6 animals/
group at each time point. SiNPs-Cd suspension was vortexed on ice
just before the exposure to force NP dispersion and avoid formation of
agglomerates. No surfactants or solvents were used.

Biochemical and immunohistochemical evaluations were
performed 24 hr, 7 and 30 days post-instillation. At each time point,
rats were anesthetized by i.p. injection of 35% chloral hydrate (100
/100 g b.w.) and divided into two sets (n=3 animals each). Set I:
lungs were removed and blood collected in heparinized tubes for the
isoprostane analyses, then the blood samples were centrifuged at 2400 g
for 15 min at 4°C; the platelet-poor plasma was saved and the bufty coat
was removed by aspiration. Set II: lung tissues were used to examine
SOD1, COX2, collagen, and apoptosis by immunohistochemistry and
TUNEL staining, respectively, after vascular perfusion of fixative [27].
After fixation, the lungs were carefully removed.

Evaluation of oxidative stress, pro-inflammatory effects and
fibrosis

F,-Isoprostanes (F,-IsoPs) in plasma and lung: Free and
total (sum of free plus esterified) F,-IsoPs were determined by gas
chromatography/negative ion chemical ionization tandem mass
spectrometry (GC/NICI-MS/MS) in plasma and lung samples,
respectively, as described by Signorini et al. [28,29]. In previous studies
[28-32], GC/NICI-MS/MS has proved to be a reliable procedure (in
term of specificity, repeatability and accuracy) to assess F -IsoPs as
indicators of free radical-induced lipid peroxidation.

Plasma free, and lung total F -IsoPs were expressed as picograms
per millilitre or nanograms per gram, respectively. The calibration
curve correlations were adequate (r°=0.994 for free F,-IsoPs; and
1r’=0.9987 for total F,-IsoPs); accuracy was 97.8% (free F,-IsoPs), and
98.5% (total F -IsoPs); variability coeflicient were 2.5, and 2.2%, for free
and total F,-IsoPs, respectively. The minimum detection limit was 5
pg/ml.

SOD1, COX2, collagen in lung:

o Lung sampling and immunocytochemistry for SODI,
COX2, and type I collagen: The top and the bottom regions
of the right lungs were dissected. Tissue samples were obtained
according to a stratified random sampling scheme which
is a recommended method to reduce the variability and
compensate for the existing regional differences in lung tissue
[33]. From each slice, 2-3 blocks were systematically derived,
washed in NaCl 0.9% and post-fixed by immersion for 7 hrs
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in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
dehydrated through a graded series of ethanol and finally
embedded in Paraplast. Eight micrometer thick sections of
the samples were cut in the transversal plane and collected on
silan-coated slides.

Subsequently, immunocytochemistry was performed using
commercial antibodies on rat lung specimens to localize the presence
and distribution of the SODI1, COX2 isozymes, and Collagen (Type
I) as markers of inflammation-related oxidative stress and fibrosis,
respectively.

The reactions were carried out simultaneously on slides of control
and treated animals at all stages to avoid possible staining differences
due to small changes in the procedure.

Lung sections of control and treated rats were incubated overnight
at room temperature with the primary rabbit polyclonal antibody
against SODI (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
diluted 1:100 in PBS, or the primary goat polyclonal antibody against
COX2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:100
in PBS, or the primary rabbit polyclonal antibody against Collagen
(Type I) (Chemicon, Temecula, CA, USA) diluted 1:400 in PBS.

Biotinylated anti-rabbit secondary antibody and an avidinbioti-
nylated horseradish peroxidase complex (Vector Laboratories, Burl-
ingame, CA, USA) were used to reveal the sites of antigen/antibody
interaction. The 3,3’-diaminobenzidine tetrahydrochloride peroxidase
substrate (Sigma, St. Louis, MO, USA) was used as chromogen, and
Haematoxylin was employed for nuclear counterstaining. Then, the
sections were dehydrated in ethanol, cleared in xylene, and finally
mounted in Eukitt (Kindler, Freiburg, Germany). As negative controls,
some sections were incubated with phosphate-buffer saline in absence
of the primary antibody. No immunoreactivity was observed in this
condition.

« Grading of labelling: A scoring system was used to evaluate
the degree of immunostaining for SOD1, COX2, collagen
using conventional bright-field microscopy according to
a semiquantitative scale ranging from undetectable (-) to
strong (++++). The localization and intensity of labelling
was recorded and graded as follows, with approximate
percentages indicating those numbers of relevant cells
showing intense positive reaction: (—) absent/undetectable
immunohistochemical reaction; (+) mild positivity involving
1-10% of organ cells; (++) moderate immunoreactivity
involving up to approximately 25% cells; (+++) strong
immunopositivity involving up to approximately 50% cells;
(++++) maximal immunohistochemical reaction involving
more than approximately 50%. The slides were observed and
scored with a bright-field Zeiss Axioscop Plus microscope. The
images were recorded with an Olympus Camedia C-2000 Z
digital camera and stored on a PC running Olympus software.

Pulmonary cell death evaluation:

o TUNEL Staining: In addition to morphological criteria,
apoptotic cell death was assayed by in situ detection of DNA
fragmentation using the terminal deoxynucleotidyl-transferase
(TUNEL) assay (Oncogene Res. Prod., Boston, MA, USA).
The lung sections were incubated for 5 min with 20 pg ml™
proteinase-K solution at room temperature, followed by
treatment with 3% H,O, to quench endogenous peroxidase
activity. After incubation with the TUNEL solution (90 min

with TdT/biotinylated dNTP and 30 min with HRP-conjugate
streptavidin) in a humidified chamber at 37°C, the reaction was
developed using 0.05% 3-amino-9-ethylcarbazole (AEC) in 0.1
MTRIS buffer (pH 7.6) with 0.2% H,O,; in some specimens
the reaction was developed using a 0.1% DAB solution. The
specimens were lightly counterstained with Haematoxylin. As
a negative control, in some sections the TdT incubation was
omitted; no staining was observed in these conditions.

The evaluation of TUNEL-cytochemically positive cells (TUNEL
L.I) was calculated as the percentage (Labelling Index) of a total number
(about 500) of cells, for each animal and experimental condition, in a
minimum of 10 randomly selected high-power microscopic fields. The
slides were observed and scored with a bright-field Zeiss Axioscop Plus
microscope. The images were recorded with an Olympus Camedia
C-2000 Z digital camera and stored on a PC running Olympus software.

o Electron microscopy: Lung fragments (small blocks of about
1 mm?®) were fixed for 4 hr by immersion in ice cold 1.5%
glutaraldehyde (Polysciences, Inc. Warrington, PA, USA)
buffered with 0.07 M cacodylate buffer (pH 7.4), containing 7%
sucrose, followed by post-fixation in OsO, (Sigma Chemical
Co., St. Louis, MO, USA) in 0.1 M cacodylate buffer (pH 7.4)
for 2 hr at 4°C, dehydrated in a graded series of ethanol and
embedded in Epon 812. Ultrathin section (about 600 A thick)
were cut from the blocks, mounted on uncoated 200-mesh-
copper grids, and doubly stained with saturated uranyl
acetate in 50% acetone and Reynold’s lead citrate solution.
The specimens were examined with a Zeiss EM 300 electron
microscope operating at 80 kV.

Statistical analysis

Isoprostane data were presented as means standard deviation
(SD) for normally distributed variables. Differences between groups
were evaluated using independent-sample ¢ test (continuous normally
distributed data). Two-tailed p values of less than 0.05 were considered
significant. In all graphs, error bars represent the SD of the mean.

Differential immunolabeling expression data were not normally
distributed; therefore, the Kruskal-Wallis nonparametric test was used.
Statistical significance is indicated with a * (p value<0.05).

Statistical analysis for TUNEL L.I. evaluation was performed by
two-way analysis of variance (ANOVA) followed by the Bonferroni
test.

Results

Lung and plasma F,-Isoprostanes

In lungs (Figure 1A), total F,-IsoPs levels were not modified at the
earlier time points (24 hr and 7 days) after either treatments (CdCl, or
SiNPs-Cd), while significantly increased levels of F,-IsoPs were found
after 30 days in both groups: F,-isoprostane enhancements were 56%
and 43% in CdCl, and SiNPs-Cd groups, respectively, compared to
controls (32.8 £ 7.8 ng/g).

Pronounced increases of free F,-IsoPs levels were also observed
in plasma samples (Figure 1B). Changes in plasma F,-IsoPs were
already observable at 7 days (by 94.9% and 79.5% in CdCl, and SiNPs-
Cd groups, respectively) and increases were still present at 30 days
post-exposure (112.7% and 95.1% in CdCl, and SiNPs-Cd groups,
respectively, compared to control, 28 + 8 pg/ml). By comparison, the
lung and plasma F,-IsoPs levels were not significantly different between
CdCl, and SiNPs-Cd groups, at both 7 and 30 days post-exposure.
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After treatment with SiNPs (600 ug/rat, i.t.), the lung and plasma
F,-IsoPs levels were similar to those observed in the control group at all
time points considered (Figures 1A and 1B).

Pulmonary SOD1 and COX2

The localization and distribution of SOD1 and COX2, essentially
involved in oxidative stress pathway, revealed an extensive spreading
in bronchiolar and alveolar cells, as well as in the capillary component,
evidencing the pulmonary reaction to the injury, already observable
at 7 days after i.t. exposure, and lasting until 30 days (Table 1), with
CdCl,and SiNPs-Cd treatments causing adverse effects of comparable
extent. SOD1- and COX2-immunoreactivity significantly enhanced
in a time-dependent manner (7<30 days) (Figures 2a-d and 2e-h),
after both CdCl, (Figures 2b and 2f) and SiNPs-Cd (Figures 2c and
2g, respectively) with a more pronounced SOD1 immunoreactivity
occurring at day 30 post treatment, especially in the animals given
SiNPs-Cd. Administration of SiNPs did not significantly influence any
of the two investigated molecules (Table 1; Figures 2d and 2h). The
localization and distribution of SOD1, revealed an extensive spreading
in bronchiolar and alveolar cells, evidencing the cellular response to
injury, which was more intense for SiNPs-Cd observable starting
at 7 days after i.t. exposure (Table 1); noticeably, numerous SOD1-
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Figure 1: Total F,-Isoprostane levels in lungs (A) and free F,-Isoprostane
levels in plasma (B). Both pulmonary and plasma F,-IsoPs levels have been
evaluated at 24 hr, 7 and 30 days after i.t. exposure to CdCl,, SiNPs, and
SiNPs-Cd. Data are means + standard deviation (SD). Differences between
groups were evaluated using two-tailed t test and P value <0.05 was
considered statistically significant (*).
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Time Points SOD1 COX2 Collagen

24 hr + + +
Control 7 days + + +

30 days + + +

24 hr + + +*
SiNPs-Cd 7 days ++ ++ +++

30 days ++t +++ +++

24 hr + + ++
Cdcl, 7 days ++ ++ ++i

30 days ++ +++ ++

24 hr + + +*
SiNPs 7 days + + ++t

30 days + + ++

SiNPS-Cd * * **
p Value Cdcl, * * *

SiNPs Ns Ns *

Degree of staining intensity: from undetectable (-) to strong (+ + + +)
p values calculated by Kruskal-Wallis test: (*) <0.05
ns=not statistically significant

Table 1: Expression of immunolabelling for SOD1, COX2 and Collagen (Type I) on
a semiquantitative evaluation.

immunopositive activated macrophages were detected particularly
evident in collapsed areas, appearing heavily labelled (Figures 2b and
2¢).

Regarding COX2-immunolabeling, a marked immunoreactivity
was detected both at the capillary and bronchiolar levels (airway
epithelium) particularly after SiNPs-Cd and CdCl, (Figures 2g and 2f),
in correlation with the alveolar collapsed status. The marked increase
in SOD1 and COX2 immunolabelling, with different expression
patterns in bronchiolar, alveolar and vascular epithelium, observed
after either CdCl, or SiNPs-Cd treatment (Table 1), is consistent
with (i) the integral and pivotal role played by both SOD1 and the
cytokine-inducible enzyme in pulmonary system, particularly in
the development and progression of lung injury, and (ii) the known
function of the respiratory epithelia as the first line of defence after
insult, being also in accordance to previous in vitro and in vivo findings
related to cadmium toxicity.

Type I Collagen

Immunohistochemistry for Type I collagen evidenced a fibrogenic
reaction occurring 7 and 30 days after all types of treatment (Table 1)
(Figure 2i). The immunolabelling changes between control and treated
rats were characterized by diffuse collagen fibers deposition both in
juxta-bronchiolar areas and within the alveolar walls (Figures 21-2n),
with SiNPs-Cd showing a significantly more marked effect (Figure 2m;
Table 1). The latter finding was also supported by TEM analysis (Figure
3).

Apoptosis

Several apoptotic cells were observed after all types of treatment,
with absence of necrotic tissues. The apoptotic phenomenon
morphohistochemically characterized by TUNEL-positivity (Figures
4a-4d), and at ultrastructural level characterized by nuclear pyknosis,
karyorrhexis, and apoptotic bodies formation (Figures 4e-4g,
respectively), increased significantly after all three types of treatment
more markedly at the early time point (24 hr) and persisting for 30 days
(with tendency to decrease with time) (Figure 5). This apoptotic effects
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SOD1 COX-2 Collagen (Typel)

Figure 2: SOD1, COX2, and Collagen (Type I) expression in lung.
Immunohistochemical labelling for SOD1 (a—d), COX2 (e-h), and Collagen
(i=n) in pulmonary tissues of control (a, e and i), CdCl,- (b, f and ), SiNPs-
Cd- (c, g, m), and SiNPs-treated rats (d, h, n), 7 and 30 days after i.t.
exposure. SOD1 was clearly detectable after both CdCl, and SiNPs-Cd,
still at 7 and lasting until 30 days (b and c, respectively), mainly localized
at alveolar macrophages level (arrows). COX2 expression was markedly
enhanced at 7 as well as at 30 days, after both CdCl, and SiNPs-Cd (f and g)
compared to control, primarily detected in the alveolar wall, both at capillary
and epithelial levels (arrows). The Collagen labelling changes appeared
evident particularly 7 and 30 days after both CdCl, and SiNPs-Cd (I and m,
respectively) and 30 days after SiNPs (n) exposure, with a strong stromal
fibrogenic reaction characterized by a diffuse enhanced collagen storage (I-
n). Objective magnification: 40 x (a-n).

L

Figure 3: (a-d) Electron microscopy images showing the deposition of
abundant collagen fibril bundles (arrows) in the alveolar and stromal areas,
7 and 30 days after i.t exposure to SiNPs-Cd (a-b and c-d, respectively).
Original magnification: x 7000 (a, d), x 4400 (b and c).

was more pronounced for SiNPs-Cd>CdCl,>SiNPs.

Discussion

There is growing awareness that ROS accumulation and “oxidative

stress” have been implicated in the etiology of a wide array of human
diseases and clinical conditions, including lung pathology [20,34].
Several experimental investigations have demonstrated that ROS,
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Figure 4: (a-d) Representative micrographs showing apoptosis, detected
by TUNEL staining, 24 hr (a-b) and 30 days (c-d) after i.t. exposure to
CdCl, (a), SiNPs-Cd (b-c) and SiNPs (d). TUNEL positive cells (chromatin
condensation) detected in stromal and epithelial areas (a-d), in which labeled
pneumocytes and macrophages (arrows) were observable. (e-g) Electron
micrographs showing different stages of apoptotic cell death: pyknosis (e),
karyorhexis (f) and apoptotic bodies formation (g).Objective magnification:
40 x (a-d); Original magnification: x 12000 (f), x 7000 (e, g).
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Figure 5: Changes in TUNEL Labelling Index percentage of pulmonary cells,
caused by i.t. exposure to CdCl, versus SiNPs-Cd or SiNPs, calculated at
three different time points (24 hr, 7 and 30 days). In all treated groups, a
significant increase of apoptotic cells was detected, more manifestly 24 hr
after treatment, ongoing until 30 days, displaying a decreasing tendency with
time. The alteration showed the following trend: SiNPs-Cd >CdCl,>SiNPs.
Data are expressed as mean + SD (*) indicates statistically significant
differences (p<0.05) compared to the respective control. Diverse letters (a-
c) denote mean values that are statistically different at p<0.05: comparison
is between one time point versus the one immediately before of the same
group.
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responsible for lipid peroxidation production and DNA damage, have
been implicated in cadmium toxicity [35]. Recent data obtained in
rats exposed to cadmium indicated Cd-induced lipid peroxidation in
several organs [36] and dose-dependent changes in several oxidative
stress markers including F2-IsoPs [37]. F,-IsoPs, initially formed in situ
on phospholipids (esterified F,-IsoPs), are released into the circulation
as free F,-IsoPs and owing to their relatively low reactivity can be easily
measured in biological samples (e.g. plasma, urine) as oxidative stress
markers [17,18].

The present study addressed the pulmonary effects of SiNPs-Cd
versus CdCL, and SiNPs linked to oxidative stress, pro-inflammatory
response, apoptosis and fibrosis evaluated in rats at different time
points post treatment (single i.t. exposure to 1 mg/rat, 400 pg/rat,
and 600 pg/rat, respectively) as well as the identification of plasma
biological markers of lung insult. The study approach intended to use
Cd, for which the bulk of experimental and epidemiological data have
abundantly addressed its toxicity till to define the limit value in the
human exposure scenario [38], for evaluating the effects of engineered
NPs namely cadmium-doped SiNPs. Specifically, Cd, a well-known
pneumotoxicant, was applied as a tool to investigate its counterpart-
doped nanoparticles in order to identify valuable biomarkers of lung
injury. We employed a Cd dosage that is known to induce moderate
lung insult evolving into chronic inflammation and fibrosis in rodents
[39,40]. In particular, lung injury caused by CdCL, given i.t. at the dose
of 400 microg /rat (245 microg Cd) was shown to represent a good
model of human interstitial lung disease [39]. Based on the procedure
carried out for the SiNPs-Cd preparation (NP model), SiO, was
dispersed in concentration ratios which produces a sample containing
40% Cd by weight, thus 600 microg was the nominal content of SiO,
in 1 mg of instilled dose of SiNP-Cd sample. The two different type of
NPs, namely SiNPs and SiNPs-Cd, contained a comparable amount of
silica, i.e. 600 microg.

The findings clearly demonstrated that SiNPs-Cd produce
undesirable effects on several lung parameters involved in the above
biological pathways. Specifically, both CdCl, and SiNPs-Cd i.t. instilled
caused oxidative stress: elevated levels of F,-IsoPs and pulmonary over-
expression of SOD1 and COX-2, extensively spread out in bronchiolar
and alveolar cells, as well as in the vascular component, were detected
as overt signs of toxic response. Parallely, the apoptotic phenomena
enhanced as following, SiNPs-Cd>CdCl>SiNPs. A strong stromal
fibrotic response was also observed in a delayed manner, starting to
be manifest at 7 days post i.t., particularly after SiNPs-Cd, as clearly
demonstrated by interstitial type I collagen over-expression, mainly
detected in the juxta-bronchiolar area and within the alveolar wall.

Furthermore, at plasma level, the F,-IsoPs levels were significantly
modified by both SiNPs-Cd and CdCl,.

In SiNPs-Cd-treated rats, the pattern of changes in isoprostane
levels was organ- and time-dependent: in lung, changes were not
apparent until 4 weeks after dosing; in plasma, F,-IsoPs levels were
already increased at day 7 and were still enhanced 30 days after
treatment. Similarly, elevated plasma F2-IsoPs levels were found
in rats 7 and 30 days after CdCL, instillation. These results indicated
comparable oxidative stress response in lung tissues after administration
of cadmium as inorganic metal or Cd-nanoparticles. Pulmonary
changes were delayed in onset and were preceded by marked increase
in F,-IsoPs levels in plasma suggesting that peripheral plasma may be a
sensitive target for Cd-induced lipid peroxidation and that plasma F.-
IsoPs may be early predictive indicators of later pulmonary oxidative
insult.

In clinical practice, F,-IsoPs measurements in plasma or urine have
recently been applied as biomarkers to assess the severity of respiratory
disorders including acute lung injury, chronic obstructive pulmonary
disease, allergicasthma, adult respiratory distress syndrome, pulmonary
arterial hypertension, interstitial lung disease, and cystic fibrosis. These
biomarkers have also been investigated in non-respiratory disease
states such as alcoholic liver disease, hepatorenal syndrome, acute
cholestasis, ischemia/reperfusion injury, and diabetes [18,20,41,42].
Elevated F,-IsoPs levels were reported in individuals exposed to
environmental respiratory toxicants such as ozone, cigarette smoke,
and allergens [20,42]. In addition to their importance as indicator of
oxidative damage, F,-IsoPs can also exert intrinsic biological effects by
interacting with tissue receptors involved in constriction of pulmonary
vessels and airways [42,43]. Several reports suggest that F -IsoPs also
exert biological action on platelets inducing shape changes thus altering
the formation of thromboxane or irreversible aggregation in response
to platelet agonist [17,44]. They can also cause vasoconstriction of
renal arterioles, stimulation of DNA synthesis and cell proliferation on
muscle vascular cells [45] and endothelial cells [46]. F -IsoPs seem also
to mediate the increased production of transforming growth factor-p1
(TGF-B1) in kidney mesangial and glomerular cells exposed to high
ambient glucose such as that produced by streptozotocin-induced
diabetes [47].

With regard to our investigation, it is likely that F,-IsoPs level that
we determined in our model, may have contributed to the observed lung
insult. We could assume a chain mechanism in which the nanomaterial
induced production of ROS, with subsequent production of F,-IsoPs,
which in turn amplified the responses of cellular adaptation. It is also
to be considered that the half-life of F,-IsoPs is of few minutes [48],
and that plasma F,-IsoPs levels normalize when the oxidative insult
finish [48,49]. Concerning to the present study, the nanomaterial is
probably not completely cleared; it is kept into the cells, representing
a continuous stimulus to the production of F,-IsoPs. Therefore, in this
particular condition, it is very difficult to discriminate the role of the
nanomaterial or F,-IsoPs to the final phenotype. Presently, little is
known about the time-course of lung tissue isoprostane accumulation
in disease states and the correlation between changes in isoprostane
levels and the onset/progression/regression of specific symptoms
[20,50].

In our study, the increased expression of SOD], critically involved
in cellular protection against oxidative stress, was detected in lung
tissues after both SiNPs-Cd and CdCl2 with a similar extent, starting at
7 days after treatment and still observable at day 30, mainly localized
at bronchiolar and alveolar levels, e.g. in activated macrophages.
Based on the notion that Cd tends to induce metallothionein, increase
cellular glutathione levels, and activate antioxidant transcription
factor Nrf2 [35], we can assume that SODI over-expression may
represent a possible adaptive cellular defence mechanism in response
to Cd-induced pro-oxidative insult. Similarly to SOD1, COX2, highly
expressed at day 7 until day 30 in lungs of both SiNPs-Cd- and
CdCl,-treated animals, was found to be over-expressed particularly
in vascular and bronchiolar epithelia, accompanied by an evident
alveolar collapsed status. COX2, critically involved in pathogenesis of
lung diseases [51], is usually expressed at minimal levels under normal
conditions [52], while is elevated during inflammation catalyzing
prostaglandin synthesis (i.e. PGE2). Particularly, COX2, also induced
by NF-kB-mediated oxidative stress (Nuclear Factor-KappaB) [53],
was shown to up-regulate different pulmonary cell types including
endothelial and inflammatory cells [54,55]. Several in vitro and in vivo
findings have shown a specific rise in COX2 expressions after exposure
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to Cd [56,57], as well as in different models of oxidative stress in vivo
[58,59]. Many studies associate oxidative stress with inflammation, a
relationship that has also been described for Cd-induced pulmonary
inflammation [60,61].

Moreover, oxidative stress and inflammatory injury to airways
are distinctive processes associated with high-level exposure to NPs
[8,9,62,63]. In some instances, the primary respiratory effect of inhaled
NPs was shown to extend to extra-pulmonary sites (i.e., blood, vascular
endothelium, secondary target organs) due to migration of the NPs
from lung to the systemic circulation or to secondary organ changes
caused by circulating inflammatory factors (e.g., IL-6, IP-10 and
TGEF-£31) released from lung following local insult [64,65].

Accordingly, our recent in vivo investigation indicated that not
only CdCl, but even SiNPs-Cd cause lung damage characterized
by morphoarchitectural alterations as well as the occurrence of
inflammation, in terms of expression changes of several molecules, e.g.
different cytokines/chemokines and metabolic factors (IL-6, IP-10, and
TGF£1). These effects were observed acutely (24 h after i.t.) and lasted
until the 30th day, with the SiNPs-Cd treatment producing a more
marked effect compared to SiNPs and CdCl, [27].

In the present study, we also reported a diffuse fibrotic response,
characterized by a gradual increased production and deposition
of extracellular matrix in a time-dependent manner (starting to be
manifest at 7 days post i.t.), underlying the role of interstitial type I
collagen overexpression in creating abnormal spatial organization of
the alveolar septa at different temporal stages.

Furthermore, we demonstrated an enhanced apoptotic phenomena
induced by both CdCI, and SiNPs-Cd exposure for which an oxidative
stress response was also detected. These findings are in line with
previous literature data documenting the inflammation-mediated
oxidative damage following NP exposure also remarking that oxidative
stress may act as a critical mechanism that links inflammation, excessive
extracellular matrix deposition and lung cell apoptosis, also altering the
cytokine microenvironment balance [8,62,66-68].

Regarding to the toxic potential of Cd-containing NPs compared
to Cd salt and the effect of silica NPs absorbed alone, comparable
oxidative stress responses occurred after administration of CdCL, or
Cd-nanoparticles. In lung and plasma, F,-IsoPs levels were similarly
modulated in the two types of treatment, and the pulmonary expression
of SODI, physiologically involved in oxidative stress protection,
and COX2, critically implicated in lung disease pathology, were also
similarly increased by both SiNPs-Cd and CdCl,, with changes seen
at the day 7 and still observable 30 days post-exposure. On the other
hand, toxicogenomic studies on oxidative stress pathways indicated
remarkable differences in the gene expression profiles in rat lung and
kidney after administration of SiNPs-Cd or equivalent amount of
CdCl, [64,69].

SiNPs are generally considered to be non-toxic and are largely
investigated as potential drug delivery systems [70]. However,
experiments in cell cultures or animal models have indicated dose-
dependent cytotoxicity, increased reactive oxygen species, and
reversible lung inflammation after exposure to SiNPs [24,67,71].
In the present study, the response to SiNPs differed from that
observed with SiNPs-Cd as the latter but not SiNPs were effective in
modifying pulmonary SOD1 and COX2 expression and tissue levels of
isoprostanes. Diversely, the effect of SiNPs absorbed alone was evident
in terms of enhanced apoptosis and moderate fibrotic response.

In summary, delayed occurrence of pulmonary oxidative stress was
observed after i.t. instillation of SiNPs-Cd in rats. The effects SiNPs-
Cd on tissue isoprostanes and pulmonary SOD1 and COX2 were
comparable to the effects caused by CdCl,. No changes involving these
markers were observed in animals treated with SiNPs. These findings
would suggest a primary role of the cadmium moiety in the biological
response to SiNPs-Cd. However, it seems unlikely that the changes
produced by SiNPs-Cd merely reflected the action of cadmium ions
released from NPs. Preliminary chemical assays with SiNPs-Cd have
indicated limited release of cadmium ions from the NPs dispersed
in physiological solution, the maximum metal release being ca.
15% over a 10-day period. Furthermore, DLS experiments with the
NPs dispersed in physiological solution showed agglomeration and
aggregation of SiNPs-Cd to extent greater than that found with SiNPs.
The more pronounced tendency of SiNPs-Cd to form aggregates and
agglomerates may offer an additional mechanistic explanation of our
experimental findings. For instance, the presence and agglomeration
state of these two types of NPs were not investigated at pulmonary
tissue or subcellular levels in rat. On the other hand, our previous
studies evidenced that both SiNPs-Cd and SiNPs affected inflammatory
pathways and fibrosis in lung tissues [27] further stressing the higher
reactivity of SiNPs-Cd (regardless of whether form type is present:
original, agglomerate, or with sorbed material at NP surface) compared
to SiNPs. Moreover, transcriptomics study indicated that in lung,
most of the genes modulated by SiNPs-Cd were different than those
modulated by CdCl, at 30 days [64]. The overall genomic data showed
a complex regulation induced by SiNPs-Cd, only partially overlapping
with those of CdCL,.

The results provided an example on how measurements of F. -
IsoPs levels in plasma may be valuable as a predictive indicator of
NP-induced oxidative lung damage. Such molecular-level biomarkers
of NP exposure can provide a mechanistic basis for NP induced
changes in biological structure and function. At the present time, few
biomarkers have been identified, however. The present finding may
give an important contribute in the field of biomarkers of effects in
which methods of detecting sub-lethal changes in biological structure
and function in response to nanomaterial exposures are still in their
infancy.

Acknowledgements

Work was supported by Grants from European Commission, Italian Ministries
of Health, Research and Education, and CARIPLO Foundation (rif. 2009-2440).
The authors wish to acknowledge Mr. Davide Acerbi for his excellent technical
assistance.

References

1. Marano F, Hussain S, Rodrigues-Lima F, Baeza-Squiban A, Boland S (2011)
Nanoparticles: molecular targets and cell signalling. Arch Toxicol 85: 733-741.

2. Maynard AD, Aitken RJ, Butz T, Colvin V, Donaldson K, et al. (2006) Safe
handling of nanotechnology. Nature 444: 267-269.

3. Nel A, Xia T, Madler L, Li N (2006) Toxic potential of materials at the nanolevel.
Science 311: 622-627.

4. Beck-Speier |, Dayal N, Karg E, Maier KL, Schumann G, et al. (2005) Oxidative
stress and lipid mediators induced in alveolar macrophages by ultrafine
particles. Free Radic Biol Med 38: 1080-1092.

5. Li N, Sioutas C, Cho A, Schmitz D, Misra C, et al. (2003) Ultrafine particulate
pollutants induceoxidative stress and mitochondrial damage. Environ Health
Perspect 111: 455-460.

6. Ayres JG, Borm P, Cassee FR, Castranova V, Donaldson K, et al. (2008)
Evaluating the toxicity of airborne particulate matter and nanoparticles by
measuring oxidative stress potential--a workshop report and consensus
statement. Inhal Toxicol 20: 75-99.

J Mol Biomark Diagn

Biomarkers: Toxicology

ISSN:2155-9929 JMBD an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/20502881
http://www.ncbi.nlm.nih.gov/pubmed/20502881
http://www.ncbi.nlm.nih.gov/pubmed/17108940
http://www.ncbi.nlm.nih.gov/pubmed/17108940
http://www.ncbi.nlm.nih.gov/pubmed/16456071
http://www.ncbi.nlm.nih.gov/pubmed/16456071
http://www.ncbi.nlm.nih.gov/pubmed/15780766
http://www.ncbi.nlm.nih.gov/pubmed/15780766
http://www.ncbi.nlm.nih.gov/pubmed/15780766
http://www.ncbi.nlm.nih.gov/pubmed/12676598
http://www.ncbi.nlm.nih.gov/pubmed/12676598
http://www.ncbi.nlm.nih.gov/pubmed/12676598
http://www.ncbi.nlm.nih.gov/pubmed/18236225
http://www.ncbi.nlm.nih.gov/pubmed/18236225
http://www.ncbi.nlm.nih.gov/pubmed/18236225
http://www.ncbi.nlm.nih.gov/pubmed/18236225

Citation: Coccini T, Signorini C, Roda E (2013) Biomarkers for Pulmonary Effects Induced by /n vivo Exposure to Cadmium-Doped Silica Nanoparticles.

J Mol Biomark Diagn S1: 001. doi:10.4172/2155-9929.51-001

Page 8 of 9

20.

2

=

22.

23.

24,

2

[}

26.

27.

2

oo

2

[{e]

3

o

3

=

Xia T, Kovochich M, Brant J, Hotze M, Sempf J, et al. (2006) Comparison of the
abilities of ambient and manufactured nanoparticles to induce cellular toxicity
according to an oxidative stress paradigm. Nano Lett 6: 1794-1807.

Stone V, Johnston H, Clift MJ (2007) Air pollution, ultrafine and nanoparticle
toxicology: cellular and molecular interactions. IEEE Trans Nanobioscience 6:
331-340.

Simké M, Gazsoé A, Fiedeler U, Nentwich M (2011) Nanoparticles, free radicals
and oxidative stress. NanoTrust-Dossier No. 012en.

. Donaldson K, Stone V, Seaton A, MacNee W (2001) Ambient particle inhalation

and the cardiovascular system: potential mechanisms. Environ Health Perspect
109 Suppl 4: 523-527.

. Oberdodrster G, Oberdorster E, Oberdérster J (2005) Nanotoxicology: an

emerging discipline evolving from studies of ultrafine particles. Environ Health
Perspect 113: 823-839.

.Borm PJ, Robbins D, Haubold S, Kuhlbusch T, Fissan H, et al. (2006) The

potential risks of nanomaterials: a review carried out for ECETOC. Part Fibre
Toxicol 3: 11.

. Stern ST, McNeil SE (2008) Nanotechnology safety concerns revisited. Toxicol

Sci 101: 4-21.

.Hubbs AF, Mercer RR, Benkovic SA, Harkema J, Sriram K, et al. (2011)

Nanotoxicology--a pathologist’s perspective. Toxicol Pathol 39: 301-324.

. Liou S-H, Tsou T-C, Wang S-L, Li L-A, Chiang H-C, et al. (2012) Epidemiological

study of health hazards among workers handling engineered nanomaterials. J
Nanopart Res 14: 878.

.Barnes PJ (2004) Mediators of chronic obstructive pulmonary disease.

Pharmacol Rev 56: 515-548.

.Milne GL, Yin H, Hardy KD, Davies SS, Roberts LJ 2nd (2011) Isoprostane

generation and function. Chem Rev 111: 5973-5996.

. Halliwell B, Lee CY (2010) Using isoprostanes as biomarkers of oxidative

stress: some rarely considered issues. Antioxid Redox Signal 13: 145-156.

.Basu S (2010) Bioactive eicosanoids: role of prostaglandin F(2a) and F2-

isoprostanesin inflammation and oxidative stress related pathology. Mol Cells
30: 383-391.

Janssen LJ (2008) Isoprostanes and lung vascular pathology. Am J Respir Cell
Mol Biol 39: 383-389.

. Milatovic D, Montine TJ, Aschner M (2011) Measurement of isoprostanes as

markers of oxidative stress. Methods Mol Biol 758: 195-204.

Rzigalinski BA, Strobl JS (2009) Cadmium-containing nanoparticles:
perspectives on pharmacology and toxicology of quantum dots. Toxicol Appl
Pharmacol 238: 280-288.

Vivero-Escoto JL, Slowing Il, Trewyn BG, Lin VS (2010) Mesoporous silica
nanoparticles for intracellular controlled drug delivery. Small 6: 1952-1967.

Napierska D, Thomassen LC, Lison D, Martens JA, Hoet PH (2010) The
nanosilica hazard: another variable entity. Part Fibre Toxicol 7: 39.

. Oberdorster G, Cherian MG, Baggs RB (1994) Correlation between cadmium-

induced pulmonary carcinogenicity, metallothionein expression, and
inflammatory processes: a species comparison. Environ Health Perspect 102
Suppl 3: 257-263.

IARC (International Agency for Research on Cancer) (1993) Cadmium and
cadmium compounds. IARC MonogrEvalCarcinog Risk Hum 58: 119-237.

Coccini T, Barni S, Vaccarone R, Mustarelli P, Manzo L, Roda E (2013)
Pulmonary Toxicity of Instilled Cadmium-Doped Silica Nanoparticles During
Acute and Subacute stages in Rats. Histol Histopathol Cell Mol Biol 28: 195-
209.

. De Felice C, Ciccoli L, Leoncini S, Signorini C, Rossi M, et al. (2009) Systemic

oxidative stress in classic Rett syndrome. Free RadicBiol Med 47: 440-448.

. Signorini C, Comporti M, Giorgi G (2003) lon trap tandem mass spectrometric

determination of F2-isoprostanes. J Mass Spectrom 38: 1067-1074.

. Signorini C, Perrone S, Sgherri C, Ciccoli L, Buonocore G, et al. (2008) Plasma

esterified F2-isoprostanes and oxidative stress in newborns: role of nonprotein-
bound iron. Pediatr Res 63: 287-291.

. Signorini C, Ciccoli L, Leoncini S, Carloni S, Perrone S, et al. (2009) Free

32.

3

w

34

35.

36.

3

by

38.

3

©

40.

4

-

42.

43.

44,

45.

46.

47

48.

49.

50.

51.

52.

.Weibel ER (1979) Stereological methods. Vol. 1:

iron, total F-isoprostanes and total F-neuroprostanes in a model of neonatal
hypoxic-ischemic encephalopathy: neuroprotective effect of melatonin. J Pineal
Res 46: 148-154.

Soffler C, Campbell VL, Hassel DM (2010) Measurement of urinary F2-
isoprostanes as markers of in vivo lipid peroxidation: a comparison of enzyme
immunoassays with gas chromatography-mass spectrometry in domestic
animal species. J Vet Diagn Invest 22: 200-209.

Practical methods for
biological morphometry. Academic Press Inc. London.

. Thannickal VJ, Fanburg BL (2000) Reactive oxygen species in cell signaling.

Am J Physiol Lung Cell Mol Physiol 279: L1005-1028.

Liu J, Qu W, Kadiiska MB (2009) Role of oxidative stress in cadmium toxicity
and carcinogenesis. Toxicol Appl Pharmacol 238: 209-214.

Galazyn-Sidorczuk M, Brzéska MM, Rogalska J, Roszczenko A, Jurczuk M
(2012) Effect of zinc supplementation on glutathione peroxidase activity and
selenium concentration in the serum, liver and kidney of rats chronically
exposed to cadmium. J Trace Elem MedBiol 26: 46-52.

.Rogalska J, Brzéska MM, Roszczenko A, Moniuszko-Jakoniuk J (2009)

Enhanced zinc consumption prevents cadmium-induced alterations in lipid
metabolism in male rats. Chem Biol Interact 177: 142-152.

ATSDR (Agency for Toxic Substances and Disease Registry) (2008)
Toxicological profile for Cadmium (Draft for Public Comment). Atlanta, GA: U.S.
Department of Health and Human Services, Public Health Service.

.Damiano VV, Cherian PV, Frankel FR, Steeger JR, Sohn M, et al. (1990)

Intraluminal fibrosis induced unilaterally by lobar instillation of CdCI2 into the
rat lung. Am J Pathol 137: 883-894.

Driscoll KE, Maurer JK, Poynter J, Higgins J, Asquith T, et al. (1992) Stimulation
of rat alveolar macrophage fibronectin release in a cadmium chloride model of
lung injury and fibrosis. Toxicol Appl Pharmacol 116: 30-37.

. Basu S (2008) F2-isoprostanes in human health and diseases: from molecular

mechanisms to clinical implications. Antioxid Redox Signal 10: 1405-1434.

Comporti M, Signorini C, Arezzini B, Vecchio D, Monaco B, et al. (2008)
Isoprostanes and hepatic fibrosis. Mol Aspects Med 29: 43-49.

Kang KH, Morrow JD, Roberts LJ 2nd, Newman JH, Banerjee M (1993) Airway
and vascular effects of 8-epi-prostaglandin F2 alpha in isolated perfused rat
lung. J Appl Physiol 74: 460-465.

Ting HJ, Khasawneh FT (2010) Platelet function and Isoprostane biology.
Should isoprostanes be the newest member of the orphan-ligand family? J
Biomed Sci 17: 24.

Fukunaga M, Makita N, Roberts LJ 2nd, Morrow JD, Takahashi K, et al. (1993)
Evidence for the existence of F2-isoprostane receptors on rat vascular smooth
muscle cells. Am J Physiol 264: C1619-1624.

Yura T, Fukunaga M, Khan R, Nassar GN, Badr KF, et al. (1999) Free-
radical-generated F2-isoprostane stimulates cell proliferation and endothelin-1
expression on endothelial cells. Kidney Int 56: 471-478.

. Montero A, Munger KA, Khan RZ, Valdivielso JM, Morrow JD, et al. (2000)

F(2)-isoprostanes mediate high glucose-induced TGF-beta synthesis and
glomerular proteinuria in experimental type | diabetes. Kidney Int 58: 1963-
1972.

Morrow JD, Awad JA, Kato T, Takahashi K, Badr KF, et al. (1992) Formation
of novel non-cyclooxygenase-derived prostanoids (F2-isoprostanes) in carbon
tetrachloride hepatotoxicity. An animal model of lipid peroxidation. J Clin Invest
90: 2502-2507.

Comporti M, Arezzini B, Signorini C, Sgherri C, Monaco B, et al. (2005) F2-
isoprostanes stimulate collagen synthesis in activated hepatic stellate cells: a
link with liver fibrosis? Lab Invest 8 5:1381-1391.

Lakshminrusimha S, Russell JA, Wedgwood S, Gugino SF, Kazzaz JA, et al.
(2006) Superoxide dismutase improves oxygenation and reduces oxidation in
neonatal pulmonary hypertension. Am J Respir Crit Care Med 174: 1370-1377.

Park GY, Christman JW (2006) Involvement of cyclooxygenase-2 and
prostaglandins in the molecular pathogenesis of inflammatory lung diseases.
Am J Physiol Lung Cell Mol Physiol 290: L797-805.

Radi ZA, Meyerholz DK, Ackermann MR (2010) Pulmonary Cyclooxygenase-1
(COX-1)and COX-2 cellular expression and distribution after respiratorysyncytial
virus and parainfluenza virus infection. Viral Immunol 23: 43-48.

J Mol Biomark Diagn

Biomarkers: Toxicology

ISSN:2155-9929 JMBD an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/16895376
http://www.ncbi.nlm.nih.gov/pubmed/16895376
http://www.ncbi.nlm.nih.gov/pubmed/16895376
http://www.ncbi.nlm.nih.gov/pubmed/18217626
http://www.ncbi.nlm.nih.gov/pubmed/18217626
http://www.ncbi.nlm.nih.gov/pubmed/18217626
http://epub.oeaw.ac.at/ita/nanotrust-dossiers/dossier012en.pdf
http://epub.oeaw.ac.at/ita/nanotrust-dossiers/dossier012en.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11544157
http://www.ncbi.nlm.nih.gov/pubmed/11544157
http://www.ncbi.nlm.nih.gov/pubmed/11544157
http://www.ncbi.nlm.nih.gov/pubmed/16002369
http://www.ncbi.nlm.nih.gov/pubmed/16002369
http://www.ncbi.nlm.nih.gov/pubmed/16002369
http://www.ncbi.nlm.nih.gov/pubmed/16907977
http://www.ncbi.nlm.nih.gov/pubmed/16907977
http://www.ncbi.nlm.nih.gov/pubmed/16907977
http://www.ncbi.nlm.nih.gov/pubmed/17602205
http://www.ncbi.nlm.nih.gov/pubmed/17602205
http://www.ncbi.nlm.nih.gov/pubmed/21422259
http://www.ncbi.nlm.nih.gov/pubmed/21422259
http://link.springer.com/article/10.1007%2Fs11051-012-0878-5?LI=true
http://link.springer.com/article/10.1007%2Fs11051-012-0878-5?LI=true
http://link.springer.com/article/10.1007%2Fs11051-012-0878-5?LI=true
http://www.ncbi.nlm.nih.gov/pubmed/15602009
http://www.ncbi.nlm.nih.gov/pubmed/15602009
http://www.ncbi.nlm.nih.gov/pubmed/21848345
http://www.ncbi.nlm.nih.gov/pubmed/21848345
http://www.ncbi.nlm.nih.gov/pubmed/20001743
http://www.ncbi.nlm.nih.gov/pubmed/20001743
http://www.ncbi.nlm.nih.gov/pubmed/21113821
http://www.ncbi.nlm.nih.gov/pubmed/21113821
http://www.ncbi.nlm.nih.gov/pubmed/21113821
http://www.ncbi.nlm.nih.gov/pubmed/18441279
http://www.ncbi.nlm.nih.gov/pubmed/18441279
http://www.ncbi.nlm.nih.gov/pubmed/21815067
http://www.ncbi.nlm.nih.gov/pubmed/21815067
http://www.ncbi.nlm.nih.gov/pubmed/19379767
http://www.ncbi.nlm.nih.gov/pubmed/19379767
http://www.ncbi.nlm.nih.gov/pubmed/19379767
http://www.ncbi.nlm.nih.gov/pubmed/20690133
http://www.ncbi.nlm.nih.gov/pubmed/20690133
http://www.ncbi.nlm.nih.gov/pubmed/21126379
http://www.ncbi.nlm.nih.gov/pubmed/21126379
http://www.ncbi.nlm.nih.gov/pubmed/7843109
http://www.ncbi.nlm.nih.gov/pubmed/7843109
http://www.ncbi.nlm.nih.gov/pubmed/7843109
http://www.ncbi.nlm.nih.gov/pubmed/7843109
http://www.ncbi.nlm.nih.gov/pubmed/23275303
http://www.ncbi.nlm.nih.gov/pubmed/23275303
http://www.ncbi.nlm.nih.gov/pubmed/23275303
http://www.ncbi.nlm.nih.gov/pubmed/23275303
http://www.ncbi.nlm.nih.gov/pubmed/19464363
http://www.ncbi.nlm.nih.gov/pubmed/19464363
http://www.ncbi.nlm.nih.gov/pubmed/14595856
http://www.ncbi.nlm.nih.gov/pubmed/14595856
http://www.ncbi.nlm.nih.gov/pubmed/18287967
http://www.ncbi.nlm.nih.gov/pubmed/18287967
http://www.ncbi.nlm.nih.gov/pubmed/18287967
http://www.ncbi.nlm.nih.gov/pubmed/19141088
http://www.ncbi.nlm.nih.gov/pubmed/19141088
http://www.ncbi.nlm.nih.gov/pubmed/19141088
http://www.ncbi.nlm.nih.gov/pubmed/19141088
http://www.ncbi.nlm.nih.gov/pubmed/20224077
http://www.ncbi.nlm.nih.gov/pubmed/20224077
http://www.ncbi.nlm.nih.gov/pubmed/20224077
http://www.ncbi.nlm.nih.gov/pubmed/20224077
http://www.ncbi.nlm.nih.gov/pubmed/11076791
http://www.ncbi.nlm.nih.gov/pubmed/11076791
http://www.ncbi.nlm.nih.gov/pubmed/19236887
http://www.ncbi.nlm.nih.gov/pubmed/19236887
http://www.ncbi.nlm.nih.gov/pubmed/22100499
http://www.ncbi.nlm.nih.gov/pubmed/22100499
http://www.ncbi.nlm.nih.gov/pubmed/22100499
http://www.ncbi.nlm.nih.gov/pubmed/22100499
http://www.ncbi.nlm.nih.gov/pubmed/18848534
http://www.ncbi.nlm.nih.gov/pubmed/18848534
http://www.ncbi.nlm.nih.gov/pubmed/18848534
http://www.ncbi.nlm.nih.gov/pubmed/2221017
http://www.ncbi.nlm.nih.gov/pubmed/2221017
http://www.ncbi.nlm.nih.gov/pubmed/2221017
http://www.ncbi.nlm.nih.gov/pubmed/1529450
http://www.ncbi.nlm.nih.gov/pubmed/1529450
http://www.ncbi.nlm.nih.gov/pubmed/1529450
http://www.ncbi.nlm.nih.gov/pubmed/18522490
http://www.ncbi.nlm.nih.gov/pubmed/18522490
http://www.ncbi.nlm.nih.gov/pubmed/18061254
http://www.ncbi.nlm.nih.gov/pubmed/18061254
http://www.ncbi.nlm.nih.gov/pubmed/8444728
http://www.ncbi.nlm.nih.gov/pubmed/8444728
http://www.ncbi.nlm.nih.gov/pubmed/8444728
http://www.ncbi.nlm.nih.gov/pubmed/20370921
http://www.ncbi.nlm.nih.gov/pubmed/20370921
http://www.ncbi.nlm.nih.gov/pubmed/20370921
http://www.ncbi.nlm.nih.gov/pubmed/8333509
http://www.ncbi.nlm.nih.gov/pubmed/8333509
http://www.ncbi.nlm.nih.gov/pubmed/8333509
http://www.ncbi.nlm.nih.gov/pubmed/10432385
http://www.ncbi.nlm.nih.gov/pubmed/10432385
http://www.ncbi.nlm.nih.gov/pubmed/10432385
http://www.ncbi.nlm.nih.gov/pubmed/11044216
http://www.ncbi.nlm.nih.gov/pubmed/11044216
http://www.ncbi.nlm.nih.gov/pubmed/11044216
http://www.ncbi.nlm.nih.gov/pubmed/11044216
http://www.ncbi.nlm.nih.gov/pubmed/1469101
http://www.ncbi.nlm.nih.gov/pubmed/1469101
http://www.ncbi.nlm.nih.gov/pubmed/1469101
http://www.ncbi.nlm.nih.gov/pubmed/1469101
http://www.ncbi.nlm.nih.gov/pubmed/16127424
http://www.ncbi.nlm.nih.gov/pubmed/16127424
http://www.ncbi.nlm.nih.gov/pubmed/16127424
http://www.ncbi.nlm.nih.gov/pubmed/17008638
http://www.ncbi.nlm.nih.gov/pubmed/17008638
http://www.ncbi.nlm.nih.gov/pubmed/17008638
http://www.ncbi.nlm.nih.gov/pubmed/16603593
http://www.ncbi.nlm.nih.gov/pubmed/16603593
http://www.ncbi.nlm.nih.gov/pubmed/16603593
http://www.ncbi.nlm.nih.gov/pubmed/20121401
http://www.ncbi.nlm.nih.gov/pubmed/20121401
http://www.ncbi.nlm.nih.gov/pubmed/20121401

Citation: Coccini T, Signorini C, Roda E (2013) Biomarkers for Pulmonary Effects Induced by /n vivo Exposure to Cadmium-Doped Silica Nanoparticles.

J Mol Biomark Diagn S1: 001. doi:10.4172/2155-9929.51-001

Page 9 of 9

53.

54.

55.

56.

57.

5

oo

59.

6

o

6

=

62.

Lee YS, Song YS, Giffard RG, Chan PH (2006) Biphasic role of nuclear factor-
kappa B on cell survival and COX-2 expression in SOD1 Tg astrocytes after
oxygen glucose deprivation. J Cereb Blood Flow Metab 26: 1076-1088.

DuBois RN, Abramson SB, Crofford L, Gupta RA, Simon LS, et al. (1998)
Cyclooxygenase in biology and disease. FASEB J 12: 1063-1073.

Kundu S, Sengupta S, Chatterjee S, Mitra S, Bhattacharyya A (2009) Cadmium
induces lung inflammation independent of lung cell proliferation: a molecular
approach. J Inflamm 6: 19.

Morales Al, Vicente-Sanchez C, Jerkic M, Santiago JM, Sanchez-Gonzalez PD,
et al. (2006) Effect of quercetin on metallothionein, nitric oxide synthases and
cyclooxygenase-2 expression on experimental chronic cadmium nephrotoxicity
in rats. Toxicol Appl Pharmacol 210: 128-135.

Park CS, Kim OS, Yun S-M, Jo SA, Jo |, Koh YH ( 2008) Presenilin 1/gamma-
secretase is associated with cadmium-induced E-cadherin cleavage and COX-
2 gene expression in T47D breast cancer cells. ToxicolSci 106: 413-422.

. Swierkosz TA, Mitchell JA, Warner TD, Botting RM, Vane JR (1995) Co-

induction of nitric oxide synthase and cyclo-oxygenase: interactions between
nitric oxide and prostanoids. Br J Pharmacol 114: 1335-1342.

Vane JR, Mitchell JA, Appleton I, Tomlinson A, Bishop-Bailey D, et al. (1994)
Inducible isoforms of cyclooxygenase and nitric-oxide synthase in inflammation.
Proc Natl Acad Sci U S A 91: 2046-2050.

. Kirschvink N, Martin N, Fievez L, Smith N, Marlin D, et al. (2006) Airway

inflammation in cadmium-exposed rats is associated with pulmonary oxidative
stress and emphysema. Free Radic Res 40: 241-250.

. Stosic J, Mirkov 1, Belij S, Nikolic M, Popov A, et al. (2010) Gender differences

in pulmonary inflammation following systemic cadmium administration in rats.
Biomed Environ Sci 23: 293-299.

Li N, Xia T, Nel AE (2008) The role of oxidative stress in ambient particulate

This article was originally published in a special issue, Biomarkers: Toxicology
handled by Editor(s). Dr. James V. Rogers, Wright State University, USA; Dr.
Jagijit S. Yadav, University of Cincinnati, USA; Dr. Huixiao Hong, National
Center for Toxicological Research, USA

63.

64.

65.

66.

67.

68.

6!

©

70.

7

N

matter-induced lung diseases and its implications in the toxicity of engineered
nanoparticles. Free Radic Biol Med 44: 1689-1699.

Shvedova AA, Pietroiusti A, Fadeel B, Kagan VE (2012) Mechanisms of carbon
nanotube-induced toxicity: focus on oxidative stress. Toxicol Appl Pharmacol
261: 121-133.

Coccini T, Fabbri M, Roda E, Sacco MG, Manzo L, et al. (2011) Gene
expression analysis in rat lung after intratracheal exposure to nanoparticles
doped with cadmium. J Physics ConfSeries 304.

Reddy AR, Krishna DR, Reddy YN, Himabindu V (2010) Translocation and
extra pulmonary toxicities of multi wall carbon nanotubes in rats. Toxicol Mech
Methods 20: 267-272.

Donaldson K, Tran L, Jimenez LA, Duffin R, Newby DE, et al. (2005)
Combustion-derived nanoparticles: a review of their toxicologyfollowing
inhalation exposure. Part Fibre Toxicol 21: 2-10.

Coccini T, Roda E, Fabbri M, Sacco MG, Gribaldo L, et al. (2012) Gene
expression profiling in rat kidney after intra-tracheal exposure to cadmium-
doped nanoparticles. J Nanopart Res 14: 925.

Park EJ, Park K (2009) Oxidative stress and pro-inflammatory responses
induced by silica nanoparticles in vivo and in vitro. Toxicol Lett 184: 18-25.

. Petrache |, Medler TR, Richter AT, Kamocki K, Chukwueke U, et al. (2008)

Superoxide dismutase protects against apoptosis and alveolar enlargement
induced by ceramide. Am J Physiol Lung Cell Mol Physiol 295: L44-53.

Mamaeva V, Sahigren C, Lindén M (2012) Mesoporous silica nanoparticles in
medicine-Recent advances. Adv Drug Deliv Rev.

.Panas A, Marquardt C, Nalcaci O, Bockhorn W, Baumann W, et al. (2012)

Screening of different metal oxide nanoparticles reveals selective toxicity
and inflammatory potential of silica nanoparticles in lung epithelial cells and
macrophages. Nanotoxicology 1-15.

J Mol Biomark Diagn

Biomarkers: Toxicology

ISSN:2155-9929 JMBD an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/16395278
http://www.ncbi.nlm.nih.gov/pubmed/16395278
http://www.ncbi.nlm.nih.gov/pubmed/16395278
http://www.ncbi.nlm.nih.gov/pubmed/9737710
http://www.ncbi.nlm.nih.gov/pubmed/9737710
http://www.ncbi.nlm.nih.gov/pubmed/19523218
http://www.ncbi.nlm.nih.gov/pubmed/19523218
http://www.ncbi.nlm.nih.gov/pubmed/19523218
http://www.ncbi.nlm.nih.gov/pubmed/16226777
http://www.ncbi.nlm.nih.gov/pubmed/16226777
http://www.ncbi.nlm.nih.gov/pubmed/16226777
http://www.ncbi.nlm.nih.gov/pubmed/16226777
http://www.ncbi.nlm.nih.gov/pubmed/18791180
http://www.ncbi.nlm.nih.gov/pubmed/18791180
http://www.ncbi.nlm.nih.gov/pubmed/18791180
http://www.ncbi.nlm.nih.gov/pubmed/7541688
http://www.ncbi.nlm.nih.gov/pubmed/7541688
http://www.ncbi.nlm.nih.gov/pubmed/7541688
http://www.ncbi.nlm.nih.gov/pubmed/7510883
http://www.ncbi.nlm.nih.gov/pubmed/7510883
http://www.ncbi.nlm.nih.gov/pubmed/7510883
http://www.ncbi.nlm.nih.gov/pubmed/16484040
http://www.ncbi.nlm.nih.gov/pubmed/16484040
http://www.ncbi.nlm.nih.gov/pubmed/16484040
http://www.ncbi.nlm.nih.gov/pubmed/20934117
http://www.ncbi.nlm.nih.gov/pubmed/20934117
http://www.ncbi.nlm.nih.gov/pubmed/20934117
http://www.ncbi.nlm.nih.gov/pubmed/18313407
http://www.ncbi.nlm.nih.gov/pubmed/18313407
http://www.ncbi.nlm.nih.gov/pubmed/18313407
http://www.ncbi.nlm.nih.gov/pubmed/22513272
http://www.ncbi.nlm.nih.gov/pubmed/22513272
http://www.ncbi.nlm.nih.gov/pubmed/22513272
http://iopscience.iop.org/1742-6596/304/1/012025
http://iopscience.iop.org/1742-6596/304/1/012025
http://iopscience.iop.org/1742-6596/304/1/012025
http://www.ncbi.nlm.nih.gov/pubmed/20482408
http://www.ncbi.nlm.nih.gov/pubmed/20482408
http://www.ncbi.nlm.nih.gov/pubmed/20482408
http://www.ncbi.nlm.nih.gov/pubmed/16242040
http://www.ncbi.nlm.nih.gov/pubmed/16242040
http://www.ncbi.nlm.nih.gov/pubmed/16242040
http://link.springer.com/article/10.1007%2Fs11051-012-0925-2?LI=true
http://link.springer.com/article/10.1007%2Fs11051-012-0925-2?LI=true
http://link.springer.com/article/10.1007%2Fs11051-012-0925-2?LI=true
http://www.ncbi.nlm.nih.gov/pubmed/19022359
http://www.ncbi.nlm.nih.gov/pubmed/19022359
http://www.ncbi.nlm.nih.gov/pubmed/18441093
http://www.ncbi.nlm.nih.gov/pubmed/18441093
http://www.ncbi.nlm.nih.gov/pubmed/18441093
http://www.reade.com/component/content/article/153-nanotechnology-rss-news-fe/11359-screening-of-different-metal-oxide-nanoparticles-reveals-selective-toxicity-and-inflammatory-potential-of-silica-nanoparticles-in-lung-epithelial-cells-and-macrophages?q=me
http://www.reade.com/component/content/article/153-nanotechnology-rss-news-fe/11359-screening-of-different-metal-oxide-nanoparticles-reveals-selective-toxicity-and-inflammatory-potential-of-silica-nanoparticles-in-lung-epithelial-cells-and-macrophages?q=me
http://www.reade.com/component/content/article/153-nanotechnology-rss-news-fe/11359-screening-of-different-metal-oxide-nanoparticles-reveals-selective-toxicity-and-inflammatory-potential-of-silica-nanoparticles-in-lung-epithelial-cells-and-macrophages?q=me
http://www.reade.com/component/content/article/153-nanotechnology-rss-news-fe/11359-screening-of-different-metal-oxide-nanoparticles-reveals-selective-toxicity-and-inflammatory-potential-of-silica-nanoparticles-in-lung-epithelial-cells-and-macrophages?q=me

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	NP model: Silica nanoparticle (SiNPs) doped with cadmium (SiNPs-Cd) 
	In vivo study  
	Evaluation of oxidative stress, pro-inflammatory effects and fibrosis  
	SOD1, COX2, collagen in lung: 
	Statistical analysis 

	Results
	Lung and plasma F2-Isoprostanes 
	Pulmonary SOD1 and COX2 
	Type I Collagen  
	Apoptosis

	Discussion
	Acknowledgements
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	References

