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Abbreviations: ANOVA, analysis of variance; BALF, 
bronchoalveolar lavage fluids; BM, basement membrane; CNT, 
carbon nanotubes; ECM, extra cellular matrix; ET-1, endothelin-1; 
ETA, endothelin receptor subtype A; M, mitochondrion; Nu, nucleus; 
PE, post exposure; SEM, scanning electron microscopy; SWCNTs, 
single-walled carbon nanotubes; TEM, transmission electron 
microscopy; TNFR1, tumor necrosis factor receptor type 1

Introduction
Carbon has three allotropic forms; graphite, diamond and 

fullerenes.1,2 Kroto et al. discovered fullerenes1 followed by the 
discovery of carbon nanotubes (CNT) by Iijima et al.,3 in fullerene 
soot.2,4 Such tubes were formed as a product of the carbon-arc 
discharge method that is similar to the method used for fullerenes 
preparation. CNTs consist exclusively of carbon atoms arranged in 
a series of condensed benzene rings rolled-up into a tubular structure 
with diameters of few nanometers.

There are two classes of carbon nanotubes: single-walled 
(SWCNTs) and multi-walled (MWCNTs). SWCNTs consist of 
one layer of graphene cylinders while MWCNTs contain several 
concentric graphene sheets.2 Such nanotubes are 10,000 times 
thinner than a human hair, 10 times as strong as steel and 1.2 times 
as stiff as diamond.5,6 Because of their mechanical, electrical and 
thermal properties, SWCNTs have multiple potential applications 
that include chemical sensors, field emission materials, electronic 
devices, supercapacitors, for hydrogen storage and as nanoprobes in 
meteorology and biomedical industry.2,7,8

CNTs have a small size, a high aspect-ratio (length to diameter 
ratio up to 28000000:1), a fiber-like structure and a high surface area 

(up to 1000m2/g).9 Due to their morphological similarities to asbestos 
fibers, it has been suggested that CNTs may present a potential 
health hazard, particularly for workers and professional users. CNTs 
are biopersistent, as they are mainly made of graphite, and such 
persistence is a concern with regards to their possible toxicity and 
effects on humans and environment.10

In humans, one site where CNTs are likely to accumulate and 
cause injury is the lungs. Lung injury is often associated with damage 
to the structures of the alveolar wall. In response to such injury, 
there is an influx of inflammatory cells, release of mediators and 
turnover of the extracellular matrix (ECM).11 Apoptosis may also 
occur and is characterized by shrinkage of the cytoplasm, membrane 
blebbing, condensation of the nuclear chromatin, chromosomal 
DNA fragmentation, and the formation of apoptotic bodies, that are 
eventually phagocytosed by macrophages and other neighboring 
epithelial cells.12 If the inciting agent is persistent a chronic 
inflammatory reaction may develop. Such a chronic inflammatory 
reaction may lead to changes in the alveolar interstitium in part due to 
release of cell mediators.13

  Endothelin (ET-1) is a highly potent vasoconstrictor peptide 
synthesized and released predominantly from the vascular 
endothelium and an inflammatory mediator that was first identified 
by.14 ET-1 may play a role in diseases of the airways, pulmonary 
circulation, and in acute and chronic inflammatory lung diseases.11,15 
ET-1 levels in humans are also increased in acute lung injury, acute 
respiratory distress syndrome, and idiopathic pulmonary fibrosis. ET-1 
is synthesized in smooth muscle cells as well as kidney, lung, heart, 
brain, pancreas, spleen and parathyroid gland, with the highest levels 
being found in the lung. In the lung, it is secreted by endothelial cells, 
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Abstract

Single-walled carbon nanotubes (SWCNTs) have a broad range of applications; however, 
they may present a potential health hazard. The current study was undertaken to evaluate 
the effects of inhalation exposure of aerosolized SWCNTs on hamster lungs. Golden Syrian 
Hamsters were divided in to 2 groups: a control group that was exposed to an aerosol 
of distilled water, and a treated group exposed to aerosolized SWCNTs at concentrations 
of 1, 2 or 4mg/m3  for 2hrs/day for 4 consecutive days. Additional groups were used to 
investigate longer inhalation periods (8 and 14 days) with exposures of 4hrs/day to 2mg/
m3  SWCNTs. One day post exposure, hamsters were euthanized. Tissue sections were 
evaluated by TUNEL assay to determine apoptosis and tissue homogenates were used to 
measure endothelin-1 (ET-1) levels. Bronchoalveolar lavage fluid (BALF) was used to 
determine total leukocyte cell numbers, tumor necrosis factor receptor type 1 (TNFR1) 
counts and endothelin receptor subtypes A (ETA) levels on alveolar macrophages. Scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) were carried out 
on lung tissue sections. The current study demonstrates inhalation exposures to SWCNTs 
in hamster induce pulmonary inflammation. Results from histological analysis of tissue 
sections indicated increase in inflammatory cells predominantly macrophages in airways 
and hyperplasia of airway epithelial cells. SWCNTs treatment significantly increased 
total BAL leukocyte counts, TNFR1 and lung ET-1 levels. SWCNTs treatment caused 
an increase in ETA levels and evidence of lung toxicity was demonstrated by apoptosis. 
SWCNTs deposition in alveolar airspaces along with changes to alveolar epithelium was 
observed in tissue sections examined by TEM.

Keywords: single walled carbon nanotubes, inflammation, endothelin-1, inhalation, lung

Journal of Analytical & Pharmaceutical Research 

Review Article Open Access

https://crossmark.crossref.org/dialog/?doi=10.15406/japlr.2016.02.00021&domain=pdf


Pulmonary inflammation induced by single walled carbon nanotubes in golden syrian hamsters 91
Copyright:

©2016 Bijlani et al.

Citation: Bijlani KH, Sukhija HR, Cantor JO, et al. Pulmonary inflammation induced by single walled carbon nanotubes in golden syrian hamsters. J Anal Pharm 
Res. 2016;2(3):90‒97. DOI: 10.15406/japlr.2016.02.00021

epithelial cells, alveolar macrophages, polymorphonuclear leukocytes 
and fibroblasts.14,16-21 The inflammatory modulator functions of ET-1 
are primarily mediated by ETA receptor activity that in turn stimulates 
the release of important mediators of airway inflammation such 
prostaglandins and an array of cytokines.22

TNF-α is a pro-apoptotic cytokine that is an important mediator 
of inflammation predominantly produced by macrophages. The 
biologic activities of TNF are mediated by two receptors, p55 (TNF-α 
receptor 1 or TNFR1) and p75 (TNF-α receptor 2 or TNFR2), that 
belong to the TNFR gene family. Mice genetically deficient in either 
p55 or p75 show that most of the biological activities of TNF-α are 
mediated through TNFR1.23 There is limited information regarding in 
vivo effects of inhaled SWCNTs on the lung as most studies have used 
either pharyngeal aspiration or intra-tracheal instillation as the route 
of exposure. The major drawback of such methods of administration 
is that they deliver a bolus of particles to lungs. Such may lead to 
an overestimation of the effect of toxicity caused by exposure to 
SWCNTs. Inhalation is a more natural route of exposure and offers 
a useful method for investigating the possible harmful potential of 
SWCNTs to the lungs of exposed animals.

In the current investigation, Golden Syrian Hamsters were 
selected as the test species, as such animals have been used as models 
of lung diseases, i.e. toxicity induced pulmonary fibrosis, enzyme 
induced emphysema, etc.24-26 Hamsters were selected as they are less 
susceptible to pulmonary infections and due to the large available data 
base for these animals. The main objective of the current investigation 
was to evaluate the effects of SWCNTs on the lungs of hamsters via 
inhalation exposures.

Methods
Experimental design

Female Golden Syrian Hamsters weighing approximately 100gm 
(6-7 weeks old) were purchased from Harlan Laboratories (NJ, 
USA) and housed in the AAALAC accredited Animal Care Center 
of St John’s University. All animal experiments were conducted after 
approval of the Institutional Animal Care and Use Committee. Animals 
were supplied with food and water ad libitum and maintained under a 
12-hour light/dark cycle. Hamsters were divided into 2 groups, control 
and treated. Animals were placed in a chamber (28×19×15 inches) 
and exposed to an aerosol generated using Misty Ox Nebulizer and 
compressed air. SWCNTs manufactured by Catalytic Chemical Vapor 
Deposition were 1-2 nm in diameter, 5-30µm in length with a surface 
area of 400m2/gm were purchased from Nanostructured Amorphous 
Materials Inc. (TX, USA). Control groups were exposed to an 
aerosol of autoclaved distilled water. Treated groups were exposed 
to aerosolized SWCNTs at concentrations of 1mg/m3, 2mg/m3  and 
4mg/m3 for 2hrs/day for 4 consecutive days. Additional groups were 
used to investigate longer inhalation periods (8 days and 14 days) 
with exposures of 4hrs/day to 2mg/m3 SWCNTs. The hamsters were 
euthanized 1 day post-exposure to SWCNTs; lungs and BAL fluids 
were collected. Each group (control and treated) was composed of 20 
hamsters, 5 animals were used for bronchoalveolar lavage collection, 
5 animals for lung measurement and 5 animals for histopathological 
and immunohistochemical examination, with the final 5 animals being 
used for SEM and TEM.

Histopathological evaluation of lungs by light 
microscopy

The animals were euthanized and the lungs fixed in neutral 
buffered formalin, dehydrated in alcohol and embedded in Paraplasts 

Plus. Tissue sections (5µM) were cut and stained with hematoxylin 
and eosin. The sections were examined and photographed at X400 
using an Olympus Bright field microscope.

Scanning electron microscopy (SEM)

Following exposures to SWCNTs, animals were euthanized at 
the time points as described above. The lungs were fixed in situ with 
2.5% glutarldehyde prepared in 0.1M sodium cacodylate buffer (pH 
7.4) then cut into small blocks (2×2mm) and placed in fresh buffered 
fixative. Following fixation, the fixative was removed and replaced 
with 0.1M sodium cacodylate buffer and washed overnight. Samples 
were dehydrated in increasing concentrations of ethanol (30%, 60%, 
90% and 100%). Following dehydration, samples were dried by 
the critically point method using bone dry CO2 as a transition fluid. 
Samples were mounted on clean stubs; sputter coated with platinum 
and examined using a Hitachi S-530 Scanning Electron Microscope.

Total bronchoalveolar lavage (BAL) counts

Hamsters were euthanized with an overdose of pentobarbital 
sodium. Lungs were lavaged in situ 3 times with phosphate-buffered 
saline (PBS) (pH 7.4), using one aliquot of 3ml followed by two 
aliquots of 2ml each and all aliquots were pooled. The total leukocytes 
were determined by direct counting using a hemocytometer.

Immunocytichemical analysis of TNF-R1α

The local production of TNF-R1α on the surface of macrophages 
was evaluated immunocytochemically using an anti-TNF- R kit 
(Stressgen Bioreagents Corp, Canada; Vector Laboratories Inc, 
USA)27 according to the manufacturer’s protocol. The brown staining 
of cytoplasmic TNF-R1α in the macrophages was evaluated, and the 
results were expressed as the number of macrophages stained positive 
for TNF-R1α in 20 fields.

ET-1 ELISA assay: The lungs were collected and homogenized in 
extraction buffer (PBS in 1% triton-X) and used for ELISA assay as 
outlined in the manufacturer’s protocol (R&D Systems, MN). Relative 
light units (RLU) were determined using a luminometer.

Immunofluorescence microscopy for ET-A receptor

A cytospin preparation of BAL cells was rinsed with PBS and fixed 
in 2% paraformaldehyde. Samples were washed and permeabilized 
using 0.2% triton-X-100 in 1% BSA and samples blocked with 10% 
normal serum. Washed samples were incubated with rabbit polyclonal 
antibody to Endothelin A receptor (1: 200; in 1% BSA) for 1hr at 
room temperature. Following primary antibody treatment, cells were 
washed and incubated with goat polyclonal antibody prepared against 
rabbit IgG and labeled with FITC (1: 200; in 1% BSA) for 1hr, at 
room temperature. After the second incubation, cells were washed and 
stained with DAPI (1:7000) for 15 min, and examined using a Nikon 
Eclipse TE2000 microscope at X200.

TUNEL assay:  Apop Tag®  Plus Peroxidase  In Situ  Apoptosis 
Detection Kit (Chemicon International, MA) was used for TUNEL 
assay. Paraffin embedded sections were cleared and rehydrated 
to water and TUNEL assay was carried out as per manufacturer’s 
protocol. Specimens were examined and photographed at X400 using 
a SPOT camera attached to an Olympus Brightfield microscope.

Transmission electron microscopy (TEM)

Animals were euthanized at the time points as described above. 
The lungs were fixed  in situ  with 2.5% glutarldehyde prepared 
in 0.1M sodium cacodylate buffer (pH 7.4), cut into small pieces 
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(2×2mm) and placed in fresh buffered fixative. Following fixation, 
the blocks were washed with 0.1M sodium cacodylate buffer and 
then post-fixed 1 hour in 1% osmium tetroxide prepared in 0.1M 
sodium cacodylate buffer (pH 7.4) for 2 hrs. Following post fixation, 
specimens were washed with 0.1M sodium cacodylate buffer. Tissue 
blocks were stained with 1% uranyl magnesium acetate for 12 hrs 
and briefly washed with acidified distilled water. Stained blocks were 
dehydrated in a series of water/acetone mixtures to 100% acetone 
then infiltrated in sequentially increasing concentrations of acetone/
plastic mixture containing EM Bed 812, Araldite 6005 (Ted Pella Inc, 
CA; USA) to 100% plastic. Following infiltration the blocks were 
embedded in fresh plastic, and polymerized. Tissue sections were cut 
on an ultramicrotome, collected on 300 mesh copper grids and stained 
with uranyl acetate, followed by lead citrate. Tissues were examined 
using a Jeol JEM-1200EX electron microscope at 80 kV.

Statistical analysis

Data presented as ± SEM were plotted using Graph Pad Prism®, 
Graph Pad Software Inc. (San Diego, CA). Significance was tested 
among and between groups using one-way analysis of variance 
(ANOVA) followed by Neumann Keuls multiple comparison post-
hoc analysis. The criterion for significance was set at p< 0.05.

Results
Morphology: light microscopy

Light micrographs demonstrated that SWCNTs treatment induced 
lung injury and inflammation as shown in Figure 1A-1D. Animals 
exposed to SWCNTs treatment exhibited blebbing and hyperplasia of 
airway epithelial cells (Figure 1A) and an increase in the number of 
macrophages in airways and airspaces (Figure 1B). Animals exposed 
to SWCNTs for 8 days (Figure 1C) or 14 days (Figure 1D) also had 
similar pathology.

Figure 1(A-D)  Light micrographs of SWCNTs-treated hamster lungs. (A) 
Lungs of animals treated with 2 mg/m3  SWCNTs for 4 days, had increases 
in macrophages laden with carbon particles in the airways (thick arrows), 
hyperplasia and hypertrophy of the airway epithelial cells (thin arrows) and 
blebbing of airways (arrowheads) and thickening of the alveolar interstitium 
(asterisk). (B) 2mg/m3  SWCNTs treatment for 4 days, treated tissues 
demonstrate increase in macrophages in the airspaces (thick arrows). (C) 
2mg/m3 SWCNTs treatment for 8 days; treatment caused thickening of the 
alveolar septa and hyperplasia of the parenchymal cells (thin arrows). (D)2mg/
m3 SWCNTs treatment for 14 days; caused epithelial cell hyperplasia of the 
airway (thin arrows) (Original magnification X400).

Scanning electron microscopy (SEM)

SEM of 14 day control hamster lungs had normal alveolar structure 
and presence of few macrophages in the airspaces (Figure 2A). SEM 
of 14 day SWCNTs-treated hamster lungs demonstrated thickening of 
the alveolar septa and increase in the number of macrophages in the 
airspaces (Figure 2B), accompanied by deposition of agglomerates of 
SWCNTs (Figure 2C).

Figure 2(A-C)  Scanning electron micrographs of 14 day control and 
SWCNTs treated hamster lungs. (A) Control lung 14 day: normal alveolar 
structure and presence of few macrophages in the airspaces. (B) 14 days 
SWCNTs treated lungs: treated tissues demonstrate thickening of the alveolar 
septa (thin arrow) and increase in the number of macrophages in the airspaces 
(thick arrows). (C) 14 days SWCNTs treated lungs: treated tissues have 
deposits of SWCNTs along the alveolar walls (arrowheads).

Total bronchoalveolar lavage (BAL) counts

Hamsters were exposed to 1, 2 and 4mg/3 for 2hrs/day for 4 
consecutive days and were euthanized 1 day post exposure. Total BAL 
Leukocyte counts were determined using a hemocytometer (Figure 
3A). As shown in Figure 3A, the mean total leukocyte count for control 
group was 66.67×104  cells/ml, whereas 1 mg/m3  treated group had 
a mean total count of 138.17×104 cells/ml (p<0.05), 2mg/m3 treated 
group had a mean total count of 181.86×104 cells/ml (p<0.001), 4mg/
m3 treated group had a mean total count of 186×104 cells/ml (p<0.001). 
The data show that there was an increase in the number of cells with 
increasing concentrations of SWCNTs (Figure 3A). A prolong study 
was carried out in order to determine the effects of SWCNTs on the 
lungs by increasing the exposure time. 2mg/m3  concentration was 
selected for the prolong study of up to 14 days, as it had induced a 
significant increase in total BAL cell counts in the initial experiments. 
Figure 3B represents total BAL counts for 4 day, 8 day and 14 day 
groups. As compared to their respective control groups, SWCNTs 
treatment for 4 day, 8 day and 14 day induced a significant increase in 
the total leukocyte count (p<0.0001).

Immunocytochemistry for TNFR1

BAL cytospin preparations of hamsters treated up to 14 days with 
2 mg/m3of SWCNTs were analyzed using immunocytochemical 
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techniques for TNFR1 on surface of macrophages. Percent TNFR1 
positive cells per field were determined in twenty random fields (Figure 
4). Percent TNFR1 positive cells per field were significantly increased 
in the hamsters exposed to 2 mg/m3 of SWCNTs for 4 days, 8 days and 
14 days as compared to their respective control groups (p<0.0001). 
4 day treated group had an average of 73% TNFR1 positive cells as 
compared to 6.9% TNFR1 positive cells in the controls (p<0.0001). 
8 day treated group had an average of 78% TNFR1 positive cells as 
compared to 7.6 % TNFR1 positive cells in the controls (p<0.0001). 
14 day treated group had an average of 74% TNFR1 positive cells 
as compared to 7.5% TNFR1 positive cells in the control animals 
(p<0.0001).

Figure 3(A-B) (A) This is a histogram that represents total BALF leukocyte 
counts of hamsters exposed to 1, 2 and 4mg/m3 of SWCNTs. *= p < 0.05 as 
compared to control, **= p < 0.001 as compared to control. Data indicated 
an increase in the total number of cells with increasing concentrations of 
SWCNTs. (B) This histogram represents total BALF leukocyte counts of 
hamsters exposed to 2 mg/m3 SWCNTs for up to 14 days. ***= p < 0.0001 
as compared to control.

ET-1 ELISA assay

Lung ET-1 levels were measured using ET-1 ELISA ASSAY 
(Figures 5A & 5B). Treatments, 2 and 4 mg/m3 of SWCNTs caused 
a significant increase in lung ET-1 levels as compared to the control 
groups (p<0.0001) (Figure 5A). Exposures of 2mg/m3  SWCNTs 
treatment for up to 14 days significantly increased lung ET-1 levels as 
compared to control groups (p<0.0001) (Figure 5B). 4 day, 8 day and 
14 day treated groups had increased lung ET-1 levels as compared to 
their respective control groups (Figure 5B). ET-1 concentration in the 
lung tissues was plotted as percent control. Lung ET-1 concentration 
in 4 day treated group was 180% (p<0.001), in 8 day treated group 
was 207% (p<0.0001) and 14 day treated group was 236% (p<0.0001) 
as compared to their respective controls (Figure 5B).

Figure 4 This is a histogram that represents TNFR1 cell counts from BAL 
cytospins of 4, 8 and 14 day controls and SWCNTs-treated hamsters. The 
treated groups were exposed to 2mg/m3  of SWCNTs for 4, 8 or 14 days. 
Percentage of TNFR1 positive cells was obtained by counting positive cell and 
total cells present in twenty random fields. ***= p < 0.0001 as compared to 
control.

Figure 5(A-B) Lung ET-1 levels are presented in this histogram of control 
and SWCNTs-treated hamsters. (A) The treated groups were exposed to 1, 2 
and 4mg/m3 of SWCNTs (2hrs/day for 4 days). The animals were euthanized 1 
days post-exposure (p.e.) (B) The treated groups were exposed to 2 mg/m3 of 
SWCNTs for 4, 8 or 14 days. **= p < 0.001 as compared to control, ***= p < 
0.0001 as compared to control.
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Immunofluorescence microscopy for ETA receptor

The  presence of ETA receptor was assessed using 
immunofluorescence microscopy on cytospin preparation of BAL cells 
(Figures 6A & 6B). Cells were stained with DAPI for nuclear staining 
and the secondary antibody was FITC-labeled. The presence of ETA 
receptor is shown by green fluorescence stain. The control animals 
demonstrated low levels of ETA receptor (Figure 6A). In comparison 
to the control groups; animals treated for 8 days had increased ETA 
receptor levels (Figure 6B). Similar results were obtained for 4 day 
and 14 day treated animals (photos not shown).

TUNEL assay

Paraffin embedded tissue sections were used for TUNEL assay 
(Figures 7A & 7B). The control animals lacked TUNEL positive cells 
(Figure 7A), while, animals exposed to SWCNTs for 8 days had an 
increase in TUNEL positive cells (Figure7B). Such increases indicate 
that SWCNTs treatment induced apoptosis of alveolar parenchyma 
and macrophages as compared to the control groups (Figure 7B). 
Similar results were obtained for 4 day and 14 day treated animals 
(photos not shown).

Figure 6(A-B)  Fluorescence photomicrographs of control and SWCNTs-
treated BAL cells representing Immunofluorescence Assay for ETA receptor. 
The treated groups were exposed to 2mg/m3 of SWCNTs for 8 days. (A) BAL 
cells obtained from control animals had low levels of ETA receptor (arrows). 
(B) BAL cells from animals treated for 8 days had increased levels of ETA 
receptor (arrows). DAPI was used as nuclear stain and appears blue, secondary 
antibody is FITC labeled and appears green (Original magnification X200).

Transmission electron microscopy (TEM)

TEM was used to determine the extent of deposition of inhalation 
exposures of SWCNTs in the lungs and to investigate ultrastructural 

changes associated with SWCNTs exposure. Figure 8A, animals 
treated with 2 mg/m3  SWCNTs for 8 days exhibited presence of 
aggregates/ bundles of SWCNTs assembled in a mesh-like structure in 
the air spaces and cell processes that appear to be engulfing SWCNTs. 
The 14 day treated animals demonstrated that SWCNTs can penetrate 
into the alveolar interstitial cell as tubular structures arranged in a 
parallel fashion (Figure 8B). Such animals exhibited ultrastructural 
changes in the lung that were evident by thickening of the basement 
membrane (BM) and presence of ruffled and irregular lung surfaces 
(Figure 8B).

Figure 7(A-B)  Light photomicrographs of control and SWCNTs-treated 
lungs representing TUNEL assay. The treated groups were exposed to 2mg/
m3 of SWCNTs for 8 days. (A) Control lungs have a normal appearance with 
absence of TUNEL positive cells. (B) SWCNTs treatment groups had TUNEL 
positive cells in the parenchyma and macrophages (thick arrows) (Original 
magnification X400).

Discussion
The current study investigates the pulmonary effects of inhalation 

exposures of SWCNTs in hamsters. Inhalation was chosen as the 
method of administration, as it is a more normal route of exposure 
when compared to intratracheal instillation and pharyngeal aspiration 
that have been used in previous studies.10,28,29 SWCNTs have a high 
aspect ratio, are long fibers and are biopersistent similar to asbestos, 
such properties of carbon nanotubes may contribute to comparable 
toxicity to asbestos.30 As the knowledge of the biological effects of 
single-walled carbon nanotubes (SWCNTs) is very limited and the 
production of SWCNTs is expected to increase in the future, requiring 
a larger workforce with more workers being exposed to the lightweight 
CNTs, it is important to understand the impact of such fibers have on 
the lung.
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Figure 8(A-B)  Transmission electron micrograph of SWCNTs treated 
hamster lung. (A) Electron micrograph of lung tissue from animals exposed 
to 2mg/m3  of SWCNTs for 8 days. Note presence of aggregates/ bundles 
of SWCNTs assembled in a mesh-like structure in the air spaces and cell 
processes that may be engulfing SWCNTs (black arrows). (B) Hamster lungs 
exposed to 2mg/m3  of SWCNTs for 14 days. Note deposition of bundles/ 
aggregates of SWCNTs arranged as parallel rods in the alveolar interstitial cell 
(thick arrow). Thickening of the basement membrane (BM) and presence of 
lipid deposits were observed and surfaces appear ruffled and irregular in the 
treated group (black arrowheads).

The Occupational Safety and Health Administration’s (OSHA) 
current permissible limit (PEL) on synthetic graphite is 5 mg/
m3  for occupational exposures (NIOSH/ OSHA 1988).31 However, 
in comparison there are no standard limits for carbon nanotubes 
exposures. The current study has used lower concentrations, 1, 2 and 
4 mg/m3 of SWCNTs as the effects of such low levels of SWCNTs on 
the lung have not been previously examined.

The main finding of the current investigation is that inhalation of 
aerosolized SWCNTs induced pulmonary inflammation in hamsters. 
Animals exposed to 1, 2 and 4 mg/m3  aerosol concentrations of 
SWCNTs had a concentration-dependent increase in the total 
bronchoalveolar lavage (BAL) leukocyte cell counts as compared to 
the control animals. Inflammatory cells present were predominantly 
macrophages, suggesting a chronic inflammatory reaction that may 
be attributed to the inert nature of SWCNTs. SWCNTs treatment 
increased macrophages in the airspaces and airways, with epithelial 
hyperplasia of the bronchi accompanied by blebbing of bronchial 
epithelium. In the current study, scanning electron micrographs 
of lungs of SWCNT treated animals’ had thickened alveolar walls, 
increase in the number of macrophages in the airspaces along 
with deposition of carbon nanotubes. Very few studies have been 
carried out that have investigated the pulmonary effects of inhaled 
SWCNTs in vivo. Lam et al.,10 and Warheit et al.,28 were the first to 
evaluate the acute lung toxicity of intratracheally instilled SWCNTs in 
mice and rats respectively. Lam et al.,10 reported persistent and dose-

dependent epithelioid granulomas and interstitial inflammation in 
mice after a single treatment with 0.1 or 0.5 mg SWCNT per mouse. 
The investigators concluded that SWCNTs in the lungs were far more 
toxic than carbon black and even quartz that were used as controls 
in same study. Warheit et al.,28 reported that exposures to SWCNT 
produced a transient inflammation and a non–dose-dependent 
accumulation of multifocal granulomas. In comparison, data from the 
current study showed that inhalation of aerosolized SWCNTs up to 14 
days induced a chronic pulmonary inflammation in a concentration-
dependent fashion. Such differences in the results may be attributed to 
the use of different routes of exposure.

Shvedova et al.,29 carried out a study using C57CL/6 mice; the 
animals were given a single treatment of SWCNTs, carbon black or 
quartz at a dose of 0, 10, 20 or 40µg/mouse via pharyngeal aspiration. 
SWCNTs treated lungs showed an acute inflammation, early onset of 
granulomas and progressive fibrosis. SWCNTs-induced granulomas 
were mainly associated with hypertrophied epithelial cells, interstitial 
fibrosis and alveolar thickening. Recently, Shvedova et al.,32 carried 
out an inhalation study with 5mg/m3 of SWCNT in C57BL/6 mice. 
The investigators concluded that the inhalation exposure to SWCNT 
was even more effective than pharyngeal aspiration in causing 
inflammatory response, oxidative stress, collagen deposition and 
fibrosis in the mice. Our findings that SWCNTs have the potential to 
induce pulmonary injury are consistent with inhalation study carried 
out by Shvedova et al.32 The current study showed that inhalation 
of lower concentrations of SWCNT (i.e. <5 mg/m3) could induce a 
chronic inflammatory reaction in hamster lungs.

In the current study, we observed that ET-1 levels were significantly 
elevated in the lung of animals exposed to 2 and 4 mg/m3  aerosol 
concentrations of SWCNTs as compared to the control groups. ET-1 
is a pro-inflammatory cytokine known to play an important role in 
pathogenesis of many pulmonary diseases.22 The SWCNT exposed 
groups had an increase in ETA  receptor levels on BAL cells. Such 
results may indicate a role of ET-1 in SWCNTs induced pulmonary 
inflammation.

SWCNTs are tubular hydrophobic structures with diameters of 
0.6–3.5 nm, and are therefore much smaller than the nuclear pore. 
It is a concern that SWCNTs may also enter cells through the lipid 
bilayer and interact with organelles or even enter the nucleus.33-35 
Porter et al.,35 used human monocyte-derived macrophages (HMMs) 
as an  in vitro  model for studying the effects of SWCNTs on cells 
using TEM. The investigators reported that at 4 days exposures, 
SWCNTs had fused and aligned with their long axes parallel to the 
plasma membrane, in some regions these oriented bundles of SWCNT 
merged with lysosomes and fused with or crossed the lysosomal 
membrane, and translocated across the nuclear membrane localizing 
within the nucleus. The results from the current investigation show 
that the carbon nanotubes appeared as bundles of SWCNT arranged 
in a parallel fashion and were deposited in the interstitial cells as 
observed by transmission electron microscopy. Results from the 
current study show similar arrangement of carbon nanotubes and are 
supported by findings of Porter et al.35 An important finding of the 
current investigation is that inhalation exposures to carbon nanotubes 
lead to deposition of such particles deep in the respiratory airspaces as 
well as the lung interstitial cells. The lung surfaces of treated animals 
appeared ruffled with numerous cell processes engulfing carbon 
nanotubes that appeared as a mesh-like structure. The mechanism 
by which SWCNTs enter the cell is not fully understood and reports 
have indicated that they could either traverse the cellular membrane 
by means of endocytosis or they insert into and diffuse through the 
lipid bilayer.35 Uptake to these sites implies that SWCNTs have the 
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opportunity to interact with intracellular proteins, organelles and 
DNA, which would greatly enhance their toxic potential.35 SWCNTs 
have also been reported to fuse with the plasma membrane, where 
they have been shown to cause cell damage through lipid peroxidation 
and oxidative stress.35

The second objective was to investigate the pulmonary effects of 
SWCNTs by increasing exposure duration up to 14 days. Four day, 8 
day and 14 day treated groups had a significant increase in the total 
BAL leukocytes and increases in lung ET-1 levels as compared to 
their respective control groups. TNF-α has been proven as a central 
mediator in induction of pulmonary diseases.36 BAL cells of 4 day, 8 
day and 14 day SWCNTs treated hamsters had elevated numbers of 
TNFR1 positive cells as compared to the control groups, suggesting 
a role for this pro-inflammatory cytokine in SWCNTs induced 
pulmonary inflammation. Such findings are consistent with studies 
carried out by Muller et al.,37 in Sprague-Dawley rats exposed 
to MWCNTs intratracheally. CNTs stimulated the production of 
TNF-α in the lung of treated animals.  In vitro  studies have shown 
that MWCNTs induce overproduction of TNF-α by macrophages, 
and results suggest that CNTs may be potentially toxic to humans.37 
Data from the current study reported the localization of TNF-R1 in 
macrophages by immunocytochemistry and presence of apoptosis 
of alveolar parenchyma and macrophages by TUNEL assay 
with SWCNT treatment demonstrating that TNFR participate in 
SWCNTs induced pulmonary toxicity. The TUNEL positive cells 
were significantly increased with SWCNT treatment as compared to 
the control animals, suggesting lung injury by apoptosis. Similarly, 
Wang et al.,38 have shown SWCNTs induced cytotoxicity in PC12 
cells induced apoptosis via oxidative stress that may be associated 
with an increase in mitochondrial dysfunction. Porter et al.,35 reported 
decreases in cell viability with SWCNT treatment for 4 days in human 
monocyte-derived macrophages (HMMs).

In summary, this study demonstrates, inhalation exposures to 
SWCNTs in hamsters induce pulmonary inflammation. Such is evident 
by concentration dependent increase in the total BAL leukocyte 
counts, increase in inflammatory cells in the airspaces and presence 
of airway epithelial hyperplasia and blebbing. The treated groups had 
increases in pro-inflammatory cytokines such as ET-1, TNFR1 and 
lung toxicity was evident by apoptosis. SWCNTs deposited not only 
in the airways but also deep in the lung airspaces, and were engulfed 
by alveolar macrophages.39-41 SWCNTs caused ultrastructural changes 
in the surfaces of the lung cells that appeared ruffled and irregular. 
The current study demonstrates that inhalation exposures to low 
doses of SWCNTs can induce pulmonary inflammation indicating that 
protective measures should be taken to limit inhalation exposure to 
SWCNTs in occupational settings.
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