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Acute Pulmonary Toxicity Caused by Single Intratracheal
Instillation of Various Doses of Colloidal Silver Nanoparticles
in Mice: Pathological Changes, Particle Bioaccumulation and

Metallothionien Protein Expression

Theerayuth Kaewamatawong 1* Wijit Banlunara! Pattwat Maneewattanapinyo?

Chuchaat Thammacharoen? Sanong Ekgasit?

Abstract

To study acute lung toxicity of various doses of colloidal silver nanoparticles (Ag-NPs), mice were
intratracheally instilled with 0, 10, 100, 1000 or 10,000 ppm of Ag-NPs. Histopathology, autometallography (AMG)
and immunohistochemistry were determined at 1, 3, 7 and 15 days post-exposure.Instillation of 100, 1,000 and 10,000
ppm Ag-NPs produced moderate to severe necrotizing bronchitis and alveolitiswith hypertrophy and hyperplasia of
alveolar epithelial cells. The severity of the pulmonary inflammation and damage increased in a dose-dependent
manner. Concomitant lamininimmunohistochemical findings generally correlated with pulmonary lesions.
Interleukin 1- beta (IL-1P) and tumor necrotic factor-alpha (TNF-a) positive immunostaining were found in the
inflammatory lesions in lungs of treated animals. Superoxide dismutase (SOD) and metallothionine (MT) expression
occurred in particle laden AMs and lung epithelial cells, which correlated with inflammatory sites and particle
aggregated areas. AMG gains were found inparticle laden AMs, alveolar epithelial cells and macrophages in
hilarlymph nodes. These findings suggest that instillation of AgNPs causes acute lung inflammation and tissue
damage in a concentration-dependent manner. IL-1p and TNF-a may involve in the pathogenesis of the acute lung
toxicity. Oxidative stress may underlie the lung tissue injury. Moreover, the expression of MT in tissues responded to
AgNPs accumulation.
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NPs in the lung and systemic organs including liver,
kidney, spleen, brain, and heart with rapid clearance
from the organs then enter systemic pathway

Introduction

Silver nanoparticles (Ag-NPs) have been
known to have inhibitory and bactericidal effects as
well as to be effective in retarding growth of mold,
harmful spores and germs. Ag-NPs are used and
applied in a wide range of applications, especially in
health applications and textile industry (Chen and
Schluesener, 2008). In vitro studies reveal cytotoxic
effects of Ag-NPs including reducing cell viability,
damaging cell membrane and interrupting the
biological effects of theepithelial and mesenchymal
cells. These toxic effects were related to generation of
reactive oxygen species (ROS) that affects
mitochondrial function (Medina et al., 2007).There are
few studies of in vivo pulmonary toxicity of Ag-NPs.
These reports demonstrated the distribution of Ag-

(Takenaka et al., 2001). For pathological effects, there
were no significant health impacts of acute inhalation
exposure to Ag-NPs. However, subacute exposure to
Ag-NPs showed slight pulmonary inflammation and
cytotoxicity (Stebounova et al., 2011).The underlying
causes and pathogenesis of Ag-NPs toxicity are still
largely unclear.

IL-1B and TNF-a, major proinflammatory
cytokines involved in acute inflammation and tissue
injury, often act synergistically in complex regulation
on signaling molecules or protein expression in
animal or human diseases (Kolb et al., 2001). Several
studies have described important roles of IL-1p and
TNF-a in lung injury caused by exposure to ambient
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particles. Alveolar macrophages that exposed
particulate particles release TNF-a and IL-1, which
induce expression of proinflammatory mediators such
as nuclear factor kappa-l (NF-xB) and activator
protein 1 (AP-1). Both proinflammatory mediators
activate binding of transcription factors to the
enhancers of the mediator genes that is important to
inflammatory =~ process  (Ishii et al, 2004;
Mukhopadhyay et al., 2006).

Nanoparticles have been reported to cause
oxidative stress as a result of the generation of ROS in
a number of in vivo and in vitro studies (Dick et al.,
2003; Donaldson and Stone, 2003; Kaewamatawong et
al., 2006). In vivo study of nanosilver also revealed the
cytotoxicity of particles that were related to the
generation of ROS (Choi et al., 2010; Miura and
Shinohara, 2009).

Metallothionein (MT), a low molecular
weight and cystein-rich protein, can regulate essential
metals such as Zn and plays an important role in
detoxification of non-essential metal ions such as Ag,
Cd, Pb and Hg (Nordberg and Nordberg, 2009).
Several laboratory and field studies noted that
metallothionein (MT) played an important role in
heavy metal homeostasis and detoxification in
animals. Expression of MT in tissues responded heavy
metal exposure has been reported in various kinds of
organisms and animals (Alvarado et al., 2006;
Kaewamatawong et al., 2012). The protective role of
MT to silver nanomaterials is still unknown. There is
no report of MT expression in in vivo study caused by
exposure to Ag-NPs.

To demonstrate pulmonary basement
membrane damage caused by exposure to AgNPs,
expression of laminin was used as representative by
immunostaining. Laminin is an intrinsic component
of all basement membranes and plays a central role in
the formation, architecture, and stability of basement
membranes as well as the control of cellular
interactions. It can be used as a marker of pulmonary
basement membrane injury because it is present along
the alveoli throughout the lung (Aumailley and
Smyte, 1998).

To study the deposition of our Ag-NPs,
autometallography (AMG) was performed. Several
toxicity studies of heavy metal used AMG technique
to detect small amount of the metal in the cells of
various kinds of animals (Danscherand Stoltenberg,
2006). In this study, we tried to use this technique to
detect in situ AgNPs in lung and lymph node
parenchyma.

The purpose of this study was to elucidate
the potential toxic effects associated with single
intratracheal instillation of Ag-NPs using mouse
model for pulmonary histopathological changes
during acute stage. The pathogenesis of pulmonary
toxicity of Ag-NPs relating to the proinflammatory
cytokines and reactive oxygen species, and the
protective role of metallothionein were elucidated
using  immunohistochemistry. ~ Moreover,  the
distribution and accumulation of Ag-NPs were
investigated by histochemical autometallography.

Materials and Methods

Experimental animal: Seven to eight week-old male
ICR mice were purchased from National Laboratory
Animal Centre, Mahidol University, Thailand. The
animals were kept in an animal facility that of which
the light/dark cycle was control under 12:12 hr,
temperature of 25+19C and relative humidity of
55+10%. The mice were fed mouse chow and given
filtered tap water ad libitum throughout the
experiment. All protocols of animal experiments were
approved by the ethics committee of Chulalongkorn
University Animal Care and Use Committee (CU-
ACUCG; Approval No. 12310080).

Particles: Colloidal silver nanoparticles were acquired
from Sensor Research Unit, Department of Chemistry,
Faculty of Science, Chulalongkorn University,
Thailand. Preparation protocol of AgNPs was
described in our previous study (Maneewattanapinyo
et al.,, 2011). Briefly, a 0.094 M aqueous solution of
silver nitrate (AgNO3; Merck) was added dropwise to
an aqueous solution of 0.07 M sodium borohydride
(NaBHy; Merck) under a vigorous stir. Soluble starch
(Merck) was used as stabilizer and solvent in the
mixing processes. Purification of the AgNPs was
precipitated using centrifugation. Percentage of purity
of the AgNPs measured by macro- and
microelectrode was 99.96%. Ag ions concentraion in
Ag-NPs was less than 0.04%. The Ag-NPs had a
spherical configuration with a relatively uniform size
distribution approximately 10-20 nm on average. To
obtain various concentrations of AgNPs, the Ag-NPs
were suspended in distilled water prior to use.

Experimental design: Sixty male ICR mice were singly
intratracheally instilled with 50 pl aqueous
suspensions of 10, 100, 1000 or 10,000 ppm of Ag-NPs
suspensions. The control group of mice was instilled
with 50 pl of distilled water. One, 3, 7 and 15 days
after instillation, the animals in each group were
sacrificed. Lungs and hilar lymph nodes were
collected in 10% buffered neutral formalin forroutine
histopathological evaluations and
immunohistochemistry.

Immunohistochemistry protocol: Tissue samples from
lungs and lymph nodes of the control and treated
animals were immunostained to detect pulmonary
basement membranes (laminin), proinflammatory
cytokines (TNF-a, IL-1B), antioxidant enzymes
(Cu/Zn SOD), and MT. After deparaffinization, the
sections were treated with proteinase K for 30 min at
390C (for detection of laminin) or with citrate buffer
solution (pH = 5.4-6.0; for detection of TNF-a, IL-1pB,
Cu/Zn SOD and MT) for 20 min at 121°C by
autoclave and microwave heat at 700 W for 5 min in
the process of antigen retrieval. The sections were
incubated with 3% H;O; in methanol to quench
endogenous peroxidase for 30 min at room
temperature.The slides were then blocked with 10%
normal goat serum (laminin, TNF-a and Cu/Zn SOD)
for 5 min in microwave oven at 250 W or 1% bovine
serum albumin (IL-1p and MT) for 30 min at 37°C.
Thereafter, the sample and positive control sections
were incubated overnight at 49C with primary
antibodies (monoclonal rabbit anti- laminin Ab, 1 : 200
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dilution; polyclonal rabbit anti TNF-a Ab, Monosan,
Uden, the Netherlands, 1 : 15 dilution; polyclonal
rabbit anti-IL-1p Ab, Santa Cruz Biotechnology, Santa
Cruz, CA, 1 :00 dilution; polyclonal rabbit anti-Cu-Zn
SOD Ab, Stressgen Bioreagents, Victoria, Canada, 1 :
200 dilution; and monoclonal mouse anti-MT Ab,
Dako®, Glostrup, 1 : 50 dilution). For the negative
control sections, they were incubated with phosphate
buffered saline. The biotinylated anti-mouse IgG
antibody and EnVision polymer (DakoREALTM
EnVision™ detection system, Dako®, Denmark) was
applied to the sections as a secondary antibody.
Brown  staining with the substrate 3,3'-
diaminobenzidine tetrahydrochloride (DAB) was
determined as positive result and the sections were
counterstained with Mayer’s hematoxylin for 30 sec.

Autometallography staining: Lung and hilar lymph
nodes from the control and treated mice were
investigated for the presence of Ag-NPs distribution
and accumulation. After deparaffinization, the
sections were incubated with 1% potassium cyanide
for 2 hours to eliminate other metal residues and then
rinsed well with tap water and distilled water (DW).
For silver amplification, physical developer (50%
Arabic gum, 50% citrate buffer, 5.6% hydroquinone
and 17% AgNOs) was applied to the sections 1 hr in
automatic shaker at 260C. Thereafter, the sections
were reacted with 10% sodium thiosulfate and
Farmer’s solution (20% sodium thiosulfate and 7.5%
potassium ferric cyanide) to eliminate silver residues.
The sections were rinsed in tap water and
counterstained with Mayer’s hematoxylin. Positive
reactions resulted in yellow-brown to black silver
grains.

Results

Clinical and gross findings: In the control group and
the 10 and 100 ppm of Ag-NPs treated groups, there
were no exposure related clinical signs in any time.
Forty percent of the mice in the 1,000 and 10,000 ppm
treated groups showed a sign of dyspnea shortly after
instillation. However, this sign recovered 6 hours
post-exposure. Grossly, the instillation of 10 and 100
ppm Ag-NPs caused mild congestion and edema in
the lungs. In both 1,000 and 10,000 ppm Ag-NPs
treated animals, tiny pin-head sized to patchy black

brown foci scattered in the lung lobes throughout the
experiment (Fig 1). The degree of lesions described
above in 10,000 ppm treated group was more severe
than 1,000 ppm treated group.

Histopathology: One day after the instillation,
accumulation of free aggregated particles was found
in the alveoli and bronchiolar lumens of all treated
groups. Some of the aggregated particles were present
within alveolar macrophages, and occasionally
present within alveolar epithelial cells with increasing
number of cells in alveolar wall (Fig 2A). The animal
instilled with 1,000 and 10,000 ppm Ag-NPs had
severe accumulation of neutrophils, active alveolar
macrophages (AMs) and Ag-NPs laden AMs in
aggregated areas (Fig 2B). Three days after the
instillation, the lungs from 1,000 and 10,000 ppm Ag-
NPs treated groups revealed severe multifocal
alveolitis characterized by accumulation of numerous
active AMs, particle-laden AMs, and neutrophils with
some necrotic cells. Proliferation of alveolar type II
epithelial cells were also noted in the affected areas
(Fig 2C). the 100 ppm Ag-NPs treated group showed
similar lesions but less severe pulmonary lesions.

Figure 1 Lung from 10,000 ppm Ag-NPs treated animals at 1
day post-exposure shows patchy black brown foci
(Bold arrow) scattered in lung lobes. (Bar = 1 cm)
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Figure 2 Lung sections from various doses of Ag-NPs treated groups at various time points, H&E stain. (A) Distributions of DEPs in
AMs (arrowheads) and alveolar epithelium (arrowheads); 1.000 ppm treated group at 1 day post-exposure, Bar = 600 pm. (B)
Influx of neutrophils and accumulation of particle laden AMs in Ag-NPs (arrowheads) aggregated areas; 10,000 ppm treated
group at 1 day post-exposure, Bar = 250 pm. (C) Focal necrotizing alveolitis with hyperplasia of alveolar type II epithelial
cells; 10,000 ppm treated group at 3 day post-exposure, Bar = 700 pm
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Moderate congestion with particle laden AMs and
alveolar epithelium were seen in the lungs of the 10
ppm Ag-NPs treated groups. Seven days after the
instillation of Ag-NPs, severe loss of lung architecture,
cellular necrosis, neutrophil infiltration, and alveolar
type Il proliferation were noted in the lungs of the
1,000 and 10,000 ppm treated groups. Aggregated
particles and particle laden AMs were also seen in
some areas of lung parenchyma. The 100 ppm Ag-
NPs treated groups induced similar histopathological
patterns, but the lesions were milder and occupied a
small area of the lung specimens. Mild congestion
was observed in the lungs from 10 ppm Ag-NPs
treated groups. The lungs of mice killed at 15 days
post-exposure had similar appearances and severity
of lesions to those observed at 7 days post-exposure.
The lesions of adjacent lymph nodes were also
elucidated. The hilar lymph nodes of treated animals
at 1 and 3 days post-exposure were slightly enlarged
with mild to moderate particle laden macrophages
and neutrophil infiltration in subcapsular and
medullary sinus. At 7 days post-exposure, multifocal
necrosis of lymphoid cells and mild to moderate
histiocytic infiltration were noted with mild to
moderate particle laden macrophage infiltration. The
lungs from the 15 day post-exposure groups showed
similar but greater severe lesions than those from the
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7 day post-exposure groups.

Immunohistological evaluation

Laminin: Thin lines of intense brown positive laminin
stains were observed along the basement membranes
of alveolar septa, bronchus, bronchioles, blood vessels
and bronchial glands in the control mice (Fig 3A).
Lung tissues from Ag-NPs treated mice showed
extensive patchy areas of nonstain or weak positive
reaction and discontinuous pattern of the alveolar
basement membranes in site of the inflammatory foci
(Fig 3B). The interruption and weak positive
immunoreactivity were also seen in the alveoli
enclosing to the Ag-NPs aggregation or particle laden
AMs accumulation. The severity and distribution of
the lesions were in dose dependent manner and
showed no different intensity during the exposure
dates.

Inflammatory cytokine: IL-1 and TNF

IL-1B: The expression of IL-1p was occasionally
observed in some alveolar macrophages in the control
group. However, the IL-1p expression was mainly in
the cytoplasm of particle laden AMs and active AMs,
and
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Figure 3 Laminin immunohistochemistry in lungs of control and Ag-NPs-treated mice sacrificed at 3 days post-exposure. (A) Brown

thin string-like positive staining along alveolar basement

membranes (arrows) in control animals, Bar = 300 pm (B)

Weak and discontinuous positive patterns of alveolar basement membrane at focal alveolitis in Ag-NPs-treated mice, Bar =
600 pm.

Figure 4 Intense brown positive immunostaining of IL1-f
appears in a large number ofparticle laden AMs
(arrows) in lungs of 10,000 ppm group killed at 7
days post-exposure, Bar = 600 pm.

Figure 5 Prominent brown positive immunostaining of TNEF-
a is found mainly in particle laden AMs (arrows) and
occasionally in  bronchiolar  epithelial  cell
(arrowheads) associated with inflammatory nodules
(N) in lungs of 10,000 ppm group killed at 3 days
post-exposure, Bar =600 pm.
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occasionally in bronchiolar epithelium of the lungs
from the mice exposed to Ag-NPs at 1 to 15 days post-
exposure (Fig 4).

TNF-a: In the control group, the expression of TNF-a
was barely detectable in both airway epithelium and
lung parenchyma. In contrast, in the Ag-NPs-treated
mice at 1-15 days post-exposure, positive staining for
TNF-a appeared in a large number of cells associated
with pulmonary inflammation. TNF-a was expressed
mainly in the cytoplasm of particle laden AMs and
active AMs, and occasionally in bronchiolar
epithelium that associated with inflammatory nodules
and necrotic areas (Fig 5).

SOD: The expression of SOD was seen in small
number of AMs in the control animals. After 1-15
days, SOD expression was observed chiefly in particle
laden and activated AMs, and moderately in
bronchiolar epithelial cells that associated with the
inflammatory sites and particle aggregated areas but
minimally in alveolar epithelial cells (Fig 6).

Metallothionine(MT-1 and MT-2): In the Ag-NPs-
treated mice at 1 to 15 days post-exposure, positive
staining for MT appeared in a large number of cells
associated with aggregated nodules and areas that
enclose to particle laden AMs. MT was expressed
mainly in the cytoplasm of particle laden and active
AMs and occasionally detectable in bronchiolar and
alveolar epithelial cells (Fig 7). In contrast, the
immunohistochemical staining of MT was barely
detectable in the cytoplasm of airway epithelium in
the control animals.

Autometallography: The deposition of Ag-NPs
characterized by black positive silver grains were
observed in the cytoplasm of particle laden AMs and
alveolar epithelium (Fig 8). The large number of
positive cells and clump of free black grains appeared
in the area of inflammatory nodules. Degrees and
distribution of Ag-NPs positive staining showed a
trend toward increasing in a dose-dependent manner,
but not different among the exposure days. On the
other hand, no evidence of positive silver grains was
found in the lungs from the control group.

Discussion

The purpose of this study was to determine
the pathological effects of intratracheal instillation of
various doses of Ag-NPs on the lungs of mice in terms
of dose response during the acute stage. Possible
mechanisms for the pulmonary injury involving
inflammatory changes and tissue damage were
discussed. In addition, the distribution of the Ag-NPs
in lung tissues and the protective role of MT were also
elucidated.

Subacute inhalation study of 1 ppm
commercial Ag-NPs revealed no pathologic changes
including  alveolitis,  perivasculitis,  lymphoid
agglomerates, epithelial damage, granulomas, giant
cells or fibrosis (Stebounova et al., 2011). In our pilot
study, we also found that the single instillation of 1
ppm Ag-NPs revealed no significant pathological
lesions in all observation times.

# Tk ¥

Figure 6 Intense positive labeling of SOD is expressed in
cytoplasm particle laden AMs (arrows) located at
inflammatory nodules in lung of 1,000 ppm group
killed at 15 days post-exposure, Bar =700 pm.

Figure 7 Immunohistochemical localization of MT in lungs
of 1,000 ppm group sacrificed at 7 days post-
exposure, brown positive staining was observed in
particle laden AMs (arrows) and active AMs
(arrowheads), Bar = 600 pm.

-.'—;t'i‘ga ;
Figure 8 Black positive silver grains in lungs of 10,000 ppm
group sacrificed at 1 day post-exposure were
observed in cytoplasm of particle laden AMs (arrow)
and clump of Ag-NPs appeared in the area of
inflammatory nodules (Bold arrow), Bar = 600 pm.



Kaewamatawong T. et al. / Thai | Vet Med. 2013. 43(3): 383-390. 389

The adverse effects of nanoparticles on the
pulmonary basement membranes were reported in
nanotoxicity murine models (Kaewamatawong et al.,
2005; Shimada et al., 2006). In mice exposed to Ag-
NPs in this study, we showed the direct effects of Ag-
NPs on the basement membranes as evidence of weak
and discontinuous positive stainings of laminins
along the alveoli that refer to the aggregation of Ag-
NPs. The disturbance of the equilibrium between the
synthesis and degradation changes of pulmonary
extracellular matrix (ECM) including laminin may
result in pulmonary fibrosis (Dunsmore and Rannels,
1996). The accelerated degradation of the ECM as
present in the weakened positive immunolabeling for
laminin in the acute inflammatory lesions may
develop into fibrosis in the chronic stages.

Many kinds of nanoparticles can induce the
production of IL-1p and TNF-a that are responsible
for the induction and modulation of chemokines in
the lungs (Pryhuber et al., 2003). Many types of
pulmonary cell, mainly alveolar macrophages and
airway epithelial cells, can release these two
cytokines. In the current study, IL-1p and TNF-a were
shown to be present in the inflammatory lesions in
both alveolar macrophages and airway epithelial cells
of the treated mice’s lungs, suggesting that these
cytokines may be involved in the pathogenesis the
acute lung toxicity induced by Ag-NPs.

To prevent oxidative harmful reaction, cells
develop free-radical scavenging process by various
kinds of antioxidant enzymes including superoxide
dismutase = (SOD), catalase and glutathione
peroxidase. Superoxide dismutase (SOD) are primary
antioxidant enzymes that scavenges the ROS by
catalyzing the dismutation reaction of the superoxide
anion to hydrogen peroxide. Several in vitro
nanotoxicity ~studies have been revealed the
association between the free-radical generation and
SOD scavenging activity. Dey et al. (2008)
demonstrated increases in manganese superoxide
dismutase (MnSOD) protein levels induced by
nanosized alumina in mouse skin epithelial cells.
Decrease in SOD and glutathione (GSH) level that is
associated with generation of peroxy radicals after
Ag-NPs exposure to human fibrosarcoma (HT-1080)
and human skin/carcinoma (A431) cells was reported
(Arora et al., 2008). In our study, the results of the
positive Cu/Zn SOD immunoreactivity mainly in
particle laden and activated AMs associated with the
inflammatory sites and some free particle aggregated
areas indicate a pulmonary response to oxidant stress
generated by Ag-NPs in either direct effect of particles
themselves or indirect effect of inflammatory reaction.

In vitro cytotoxicity study of astrocytes
exposure to Ag-NPs showed upregulation of MT via
activation of metal regulatory transcription factor 1
(MTF-1)(Luther et al., 2012). Certain mechanisms
associated with the MT responses to Ag-NPs exposure
remains unclear. Silver (Ag) can directly stimulate the
production of MT via the initiation of thionien in the
cells (Kim et al, 2009). In another mechanism,
enhancement of MT induction is associated with their
antioxidant role that response to an increase in

oxyradicals (Haq et al., 2003). In the present study,
MT immuno-expression was detected in the
macrophages or airway epithelium that were
associated with Ag-NPs aggregated nodules and
areas adjacent to particle laden AMs. We, therefore,
suggest that MT might have a protective role to Ag-
NPs at acute stage. The underlying mechanism of the
induction of MT caused by exposure to Ag-NPs
should be elucidated.

Several inhalation studies demonstrated the
translocation of Ag-NPs by inductively coupled
plasma mass spectrometry (ICPMS) analysis. The
silver was detected mainly in the lungs and adjacent
lymph nodes, but minimally in the olfactory bulb,
liver, kidney, spleen, brain, heart and blood
(Takenaka et al., 2001). In our study, we used AMG
histochemical techniques to demonstrate the in situ
deposition and distribution of Ag-NPs in the lungs
and hilar lymph nodes. To our knowledge, this is the
1st report to use this kind of technique to detect the
nano metal particles. The positive AMG gains were
found markedly in the cytoplasm of the particle laden
AMs as well as the macrophages in the adjacent
lymph nodes, and occasionally in the alveolar
epithelial cells. These results indicated that the major
clearance mechanism of instilled Ag-NPs might be via
phagocytosis by alveolar macrophages and lymphatic
circulation. Moreover, the evidence of Ag-NPs
entering the alveolar epithelium might be another
clearance path and also a possible way to gain access
to the blood circulation.

In summary, this study demonstrated the
pulmonary pathological responses after intratracheal
instillation of various doses of Ag-NPs in mice during
the acute stage. Ag-NPs produced the severity of
pulmonary lesions in the treated animals in a
concentration-dependent manner. IL-1p and TNF-a
were proinflammatory cytokines involved in the
pathogenesis of the acute lung toxicity induced by
Ag-NPs. We also found pulmonary response to
oxidative stress in the Ag-NPs treated animals, which
may be one of the underlying causes of the lung tissue
injury. Furthermore, our current study found that Ag-
NPs could induce the expression of MT that might be
one of the protective mechanisms of lung against
nanoparticles.
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