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Abstract: Numerous studies have demonstrated promising application of single-walled carbon
nanotubes (SWNTs) in drug delivery, diagnosis, and targeted therapy. However, the adverse
health effects resulting from intravenous injection of SWNTSs are not completely understood.
Studies have shown that levels of “pristine” or carboxylated carbon nanotubes are very high in
mouse lungs after intravenous injection. We hypothesized that long-term and repeated intrave-
nous administration of carboxylated SWNTSs (c-SWNTs) can result in persistent accumulation
and induce histopathologic changes in rat lungs. Here, c-SWNTs were administered repeatedly
to rats via tail-vein injection for 90 days. Long-term intravenous injection of c-SWNTs caused
sustained embolization in lung capillaries and granuloma formation. It also induced a persistent
inflammatory response that was regulated by the nuclear factor-kappa B signaling pathway, and
which resulted in pulmonary fibrogenesis. c-SWNTs trapped within lung capillaries traversed
capillary walls and injured alveolar epithelial cells, thereby stimulating production of pro-
inflammatory cytokines (tumor necrosis factor-alpha and interleukin-1 beta) and pro-fibrotic
growth factors (transforming growth factor-beta 1). Protein levels of type-I and type-I1I collagens,
matrix metalloproteinase-2, and the tissue inhibitor of metalloproteinase-2 were upregulated after
intravenous exposure to c-SWNTs as determined by immunohistochemical assays and Western
blotting, which suggested collagen deposition and remodeling of the extracellular matrix. These
data suggest that chronic and cumulative toxicity of nanomaterials to organs with abundant capil-
laries should be assessed if such nanomaterials are applied via intravenous administration.

Keywords: lung fibrosis, carbon nanotubes, capillary embolization, inflammation, NF-xB

Introduction

“Carbon nanotubes” (CNTs) are outstanding nanomaterials due to their unique
mechanical, optical, thermal, and electrical properties, which enable wide use in
several areas.? Moreover, they can be modified or functionalized readily by cova-
lent or non-covalent attachments. CNTs are promising candidates for biomedical
applications, such as delivery of therapeutic agents,** diagnosis using near-infrared
imaging, and photothermal treatment.>¢ Commercial products made from CNTs are
now part of daily life, and global production of CNTs has increased at least tenfold
since 2006 to >4.5 kilotons per year.” Large-scale production and research interest in
CNTs have raised concerns about their potential adverse effects on human health and
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the environment. Having fibrous shapes and biopersistence
(ie, the ability of a fiber to remain in the lungs) similar to
those of asbestos fibers, CNTs have been suggested to pose
an asbestos-like respiratory hazard. Also, numerous related
studies have been undertaken during the past decade. Intra-
tracheal instillation, pharyngeal aspiration, or inhalation of
CNTs in the lungs of rodent models has been shown to result
in oxidative stress,®’ inflammatory responses,'*!" granuloma
formation,''? and pulmonary fibrosis.'*!* The underlying
cellular and molecular mechanisms of CNT-induced pulmo-
nary fibrosis seem to be complicated, but some have been
uncovered. CNTs can induce fibroblast-to-myofibroblast dif-
ferentiation by stimulation of reactive oxygen species (ROS)
production and activation of nuclear factor-kappa B (NF-kB)
signaling.!® The transforming growth factor-beta (TGF-f3)
signaling cascade has been elaborated to be involved in CNT-
induced pulmonary inflammation, epithelial-to-mesenchymal
transition (EMT), and fibrogenesis.!’ 2!

Biomedical applications such as delivery of therapeutic
agents and imaging diagnosis based on CNTs are carried
out mainly via intravenous or subcutaneous routes. Hence,
the biocompatibility and safety of CNTs introduced directly
into the bloodstream or other biologic tissue should be
assessed.

Non-covalently and covalently pegylated single-walled
carbon nanotubes (SWNTs) have been shown to persist in the
liver and spleen of mice for 4 months without apparent toxic-
ity after single intravenous injection.”? However, it has been
observed that SWNTs dispersed in Tween® 80 aqueous solu-
tion remained in mice for 3 months after single intravenous
exposure and induced low toxicity (eg, serum biochemical
changes and slight pulmonary inflammation).”* Another study
suggested that multi-walled carbon nanotubes (MWNTs)
injected via the intravenous route could cause mitochondrial
destruction, spotty necrosis, and infiltration of inflammatory
cells in the mouse liver.? Furthermore, intravenous exposure
to high doses of CNTs might cause reproductive toxicity and
embryotoxicity.?>?¢ These controversial results are suggested
to be associated with varied physicochemical properties of
CNTs and exposure doses and time that may influence their
toxicity profile. For example, metallic SWNTs induced more
ROS generation than semiconducting SWNTSs in several
kinds of cells in vitro,?’*® and oxidized SWNTs caused a
higher percentage of early miscarriages and fetal malforma-
tions than pristine SWNTs in female mice.?’ Therefore, the
potential toxicity and adverse health effects resulting from
exposures to CNTs as drug-delivery systems or diagnostic
agents merit further investigation.

Studies have shown increased numbers of “pristine” or
carboxylated CNTs in the lungs induced slight inflammation
responses after intravenous injection in mice.**%3! Func-
tionalization of SWNTs (eg, pegylation) can promote faster
clearance from the reticuloendothelial system and reduce
toxicity in vivo.*'*2 However, chemical molecules/groups on
the surface of functionalized SWNTs can be biodegraded by
neutrophils and the liver in mice, leaving partially functional-
ized (eg, carboxylated) or pristine SWNTs.**34 As candidate
drug-delivery vehicles, functionalized SWNTs might be
administered repeatedly to the blood circulation system
for several weeks (or even several months). However, the
health risks resulting from long-term intravenous injection
of SWNTs are not known.

Here, we demonstrated that long-term and repeated intra-
venous administration of carboxylated SWNTs (c-SWNTs)
for =90 days resulted in accumulation of c-SWNTs in the
lungs and induced persistent inflammatory immune responses
regulated by the NF-xB signal pathway in rats. These phe-
nomena promoted fibrogenesis-related protein expression
and the pathologic changes of lung fibrosis. Many studies
have demonstrated that exposure of the respiratory tract to
CNTs can lead to fibrosis. However, we provide, for the first
time, evidence for pulmonary fibrosis induced by intravenous
administration of c-SWNTs.

Materials and methods

Preparation of short c-SWNTs

Purified c-SWNTs (individual length, 1-3 wm; carboxyl
content, 2.73 wt%) were purchased from Chengdu Organic
Chemicals (Chengdu, People’s Republic of China). These
c-SWNTs were oxidized using mixed concentrated acid (to
remove the remaining metal impurities and improve their
dispersity in water) followed by length reduction (by ultra-
sonication). Typically, 100.0 mg of purchased ¢c-SWNTs
was mixed with 60.00 mL of 98 wt% H,SO, solution and
20.00 mL of 65 wt% HNO, solution and stirred with a mag-
netic stirrer for 3 h at 65°C. The suspension obtained was
neutralized with NaOH solution and cut using an ultrasonic
processor (JY92-1IDN; Scientz, Beijing, People’s Republic of
China) for 1 h. Ions of impurities were removed by repeated
filtration through a 100-kDa molecular weight cutoff filter
(Merck Millipore, Billerica, MA, USA) and washing with
distilled water, which yielded a concentrated aqueous solu-
tion of short c-SWNTs. The concentrated c-SWNTs solution
prepared was sterilized by irradiation with ®°Co gamma rays
and used as a stock solution. Immediately before injection,
the stock solution was diluted with a medical-grade 5.00 wt%
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glucose solution to required concentration and sonicated
for =5 min in an ultrasonic bath, followed by centrifugation
at 4,900x g for 10 min to remove potential aggregates. The
concentration of c-SWNTs was determined using a Lambda
650 ultraviolet—visible spectrometer (PerkinElmer, Waltham,
MA, USA) at 253 nm with a weight concentration-based
extinction coefficient of 61.82 L-g™"-cm™.

Characterization of c-SWNTs

The particle morphology and size of prepared c-SWNTs
were determined by transmission electron microscopy
(TEM) using a transmission electron microscope (H7500;
Hitachi, Tokyo, Japan). Raman spectroscopy with a 785 nm
laser (LS-785 Raman spectrometer; Princeton Instruments,
Acton, MA, USA) was applied to characterize the structure
of c-SWNTs. And the zeta potential of the c-SWNTs dis-
persed in 5.00 wt% glucose solution was measured using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
The content of metal impurities was measured by inductively
coupled plasma-mass spectrometry (ICP-MS) using an
Elemental X7 system (Thermo Fisher Scientific, Waltham,
MA, USA).

Animals, treatment, and experimental
design

The care and treatment of the animals were in accordance
with the guidelines established by the Ministry of Science
and Technology of China on the Humane Care and Use
of Laboratory Animals and were approved by the Insti-
tutional Animal Care and Use Committee of Guangxi
Medical University (Guangxi, People’s Republic of China;
approval no 201310009).

Ninety-six specific pathogen-free Sprague Dawley rats
of either sex (8 weeks; 200-250 g) were obtained from the
Experimental Animal Center of Guangxi Medical University.
They were housed in plastic cages and maintained under
controlled temperature (22°C), relative humidity (55%t5%),
and a 12-h light—dark cycle. They received water that had
undergone ultrafiltration and pelleted food ab libitum.

After acclimatization to their surroundings for 1 week,
rats were divided randomly into two groups of 48 each:
control and c-SWNTs. They were weighed before injection.
Those in the c-SWNTs group were administered c-SWNTs
glucose solution (2.0 mg of c-SWNTs/kg body weight),
whereas those in the control groups received 5.00 wt%
glucose solution (1 mL/kg body weight), both by tail-vein
injection per day. Six time periods (1, 7, 30, 60, 90, and
120 days) were set, and the rats in the “1-day” group were

injected once and those in the “120-day” group were referred
to 90-day injections followed by 30-day withdrawal of injec-
tions. At the end of each period, eight rats (four males and
four females) were selected randomly from each group and
killed after anesthesia (pentobarbital sodium, intraperitoneal
injection). The lungs, livers, and kidneys were photographed,
dissected, and washed with cold physiologic (0.9%) saline
(toxicity data on livers and kidneys will be published in the
future). One part of the lung sample was stored immediately
at —80°C for analyses by Western blotting (1, 7, and 30
days) and an enzyme-linked immunosorbent assay (ELISA;
30, 60, 90, and 120 days). The remaining portion was col-
lected for TEM observation (30 days) and histopathologic
and immunohistochemical (IHC) analyses (30, 60, 90, and
120 days).

Histopathologic analyses

Fresh lung tissues were fixed in 10% phosphate-buffered
formalin for 24-72 h, followed by dehydration, embed-
ding in paraffin, cutting into slices (thickness, 5 um), and
routine staining (hematoxylin and eosin, H&E). Sections
were examined to detect morphologic changes under a light
microscope (CX41; Olympus, Tokyo, Japan) at 100x and
400x magnifications by a pathologist blinded to the experi-
mental protocol.

TEM of lung tissues

To examine ultrastructural changes in lung tissues, fresh
lungs of the rats in 30-day group were cut into small pieces,
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer,
post-fixed with 1% osmium tetroxide, dehydrated, and
resin-embedded using an embedding apparatus (ZB-J0010;
Zhongxing Bairui, Beijing, People’s Republic of China).
Ultrathin (60 nm) sections of tissue were cut using an ultra-
microtome (EM UC7; Leica, Wetzlar, Germany), collected
on grids, and observed by TEM using a H7500 microscope
(Hitachi) operated at 80 kV. Images were acquired with a
charge-coupled device camera.

IHC analyses

Slices for IHC analyses were deparaffinized with xylene.
Endogenous peroxidase was blocked with 0.3% H,O, for
20 min. Sections were treated with blocking goat serum for
20 min at 37°C. Then, sections were incubated overnight at
4°C with antibodies against type-I collagen (Col I), type-III
collagen (Col III), matrix metalloproteinase (MMP)-2,
tissue inhibitor of metalloproteinase (TIMP)-2, TGF-B1, and
alpha smooth-muscle actin (0t-SMA) (1:50 dilution; Boster,
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Wuhan, People’s Republic of China), followed by incuba-
tion with biotin-linked secondary antibody (ZSGB-BIO,
Beijing, People’s Republic of China) for 10 min at 37°C
and then with peroxidase-labeled streptavidin for 10 min at
37°C. Finally, sections were incubated with diaminobenzi-
dine substrate chromogen solution (ZSGB-BIO) for 3 min
and counterstained with hematoxylin. Slices were analyzed
under a microscope (CX31; Olympus).

Western blotting

Liquid nitrogen was added to lung tissues, followed by
homogenization to a fine powder using a mortar and pestle.
After resuspension of powdered tissues, cytoplasmic extracts
from lung tissues were obtained using a cytoplasmic protein
extraction kit (Beyotime, Shanghai, People’s Republic of
China) according to manufacturer instructions. An equal
amount of proteins from both groups at 1, 7, and 30 days
was resolved under denaturing conditions by 8%—12%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and transferred onto nitrocellulose membranes (0.22 um).
The proteins were blocked for 10 min in 5% bovine serum
albumin in Tris buffered saline-Tween 20 (TBST; 25 mM
Tris—HCI, pH 7.4, 125 mM sodium chloride, 0.05%
Tween 20) and incubated with antibodies against Col III
(1:1,000 dilution; Novus Biologicals, Littleton, CO, USA),
NF-xB/p65 and inhibitor of kappa B alpha (IxBa) (1:1,000
dilution; Cell Signaling Technology, Danvers, MA, USA),
tubulin (1:5,000 dilution; EarthOX Life Sciences, Millbrae,
CA, USA), and glyceraldehyde 3-phosphate dehydroge-
nase (1:5,000 dilution; Multisciences, Hangzhou, People’s
Republic of China) overnight at 4°C. Membranes were
washed thrice with TBST for 5 min and incubated with
IRDye® 680LT goat (polyclonal) anti-rabbit (or anti-mouse)
IgG (H+L) secondary antibodies (LI-COR Biosciences,
Lincoln, NE, USA) for 1 h at room temperature. Images
were captured using an Odyssey Infrared Imaging System
v3.0.16 (LI-COR Biosciences).

Measurement of expression of pro-

inflammatory cytokines

Levels of tumor necrosis factor alpha (TNFa) and
interleukin-1 beta (IL-1B) in lung tissues were measured
by an ELISA. ELISA kits for TNFo. and IL-1f3 were used
according to manufacturer instructions (Neobioscience,
Shenzhen, People’s Republic of China). The optical density
was determined at 450 nm by a microplate reader (Spectra-
Max Plus384; Molecular Devices, Sunnyvale, CA, USA),

and results are expressed as pg/mg protein. Sensitivities for
TNFo and IL-1P were 11 and 30 pg/mL, respectively.

Statistical analyses

For each set of results, independent determinations were
repeated at least thrice, and data are described as the mean +
standard deviation. Differences among mean values were
tested by the independent #-test using SPSS v20.0 (IBM,
Armonk, NY, USA). Comparisons were considered signifi-
cant at P<0.05, P<0.01, or P<<0.001.

Results and discussion
Physicochemical properties of c-SWNTs

Physicochemical properties (length, diameter, surface func-
tionalization, agglomeration, dispersity, residue of metal
catalysts, and structural defect) have been reported to affect
CNTs toxicity and should be characterized before carrying
out biologic tests.’!*>* Therefore, we employed a wide range
of analytical methods to characterize c-SWNTs used for
animal tests, and the results are shown in Figure 1.
Transmission electron micrographs revealed the outer
diameters of c-SWNTs with few agglomerations rang-
ing from 6 to 15 nm. The lengths of most nanotubes
were =200 nm, and those of a minority were >1 um. The
ratio of Raman intensity between G band and D band (/1)
can be used to estimate the structural defects and carbona-
ceous impurity content of SWNTs. Here, Raman spectra
measured using 785 nm excitation showed the characteristic
D-band and G-band Raman peaks of SWNTs at 1,312 cm™!
and 1,588 cm™, respectively. And the 7 /I ratio of c-SWNTs
was 5.50, indicating the structural defects resulting from car-
boxyl groups on the nanotube framework. The zeta potential
of the c-SWNTs glucose solution was —44.1 mV, suggesting
a high negative surface charge derived from carboxyl func-
tionalization of nanotubes as well as provision of electrostatic
repulsion that can overwhelm the van der Waals attractions
between nanotubes to make them more hydrophilic. How-
ever, addition of electrolytes can produce cations that are
attracted by the negative surface of carboxylated nanotubes
and which can reduce aqueous dispersion of nanotubes.
Consequently, to protect against coagulation of c-SWNTs,
medical-grade 5.00 wt% glucose solution was employed
instead of 0.9% saline solution to disperse c-SWNTs.
SWNTs were synthesized by chemical vapor deposition
based on cobalt-catalyzed pyrolysis of methane and oxidized
by a mixture of KMnO, and concentrated H,SO, solution.
Hence, residues of metal catalysts as well as other metal
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Abbreviations: TEM, transmission electron microscopy; I, Raman intensity of G band; I, Raman intensity of D band; c-SWNTs, carboxylated single-walled carbon

nanotubes.

impurities could have remained in the c-SWNTs prepared.
ICP-MS data suggested very low contents of various metal
residues (Al, Fe, Ti, Cr, Co, Ni, Mn, and Cu) that might
have been introduced from metal catalysts and the probe
tip component materials of the ultrasonic processor during
sonication; particularly, the contents of Mn and Cu metal
residues were too low to be detected. Hence, these metal
residues had no influence on toxicity assessment.

Long-term intravenous exposure to
c-SWNTs induces capillary embolization,
persistent inflammation, and fibrogensis

in rat lungs

At necropsy, rats in the c-SWNTs group at different periods
had considerable amounts of distinctive and dense SWNT
aggregates (black patches) distributed uniformly throughout

all lung lobes, whereas control rats had no evident morpho-
logic changes in lung tissues (Figure 2). This appearance was
different from that of SWNTs instilled within the trachea,
which were distributed mainly in pulmonary bronchi or
bronchioles.'? The density of these black patches increased
with increasing time, and decreased 30 days after withdrawal
from injections (Figure 2B4), suggesting that chronic injec-
tion of c-SWNTs resulted in persistent accumulation and
slow clearance of SWNTs in the lungs. Histopathologic
examination of lung tissues stained with H&E revealed that,
in general, granular aggregates of brown-black SWNTSs were
trapped in alveolar capillaries and perivascular interstitium
(Figure 3). Pathologic changes increased progressively with
administration periods: capillary embolization and angiot-
electasis along with hemorrhage, degeneration and edema
of the smooth muscle of blood vessels, interstitial inflam-
mation, thickening of alveolar septa, granuloma formation;
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Control

c-SWNTs

Figure 2 The dissected lungs from rats after long-term intravenous injection of c-SWNTs.
Notes: The rat lungs were dissected at the end of the setting periods (30, 60, 90, and 120 days) in the two groups: the control group (Al-A4, 5.00 wt% glucose solution,
I mL per rat) and the c-SWNTs group (B1-B4, 2.0 mg of c-SWNTs/kg body weight per injection per rat).

Abbreviation: c-SWNTs, carboxylated single-walled carbon nanotubes.

partial destruction of alveoli structure, and deposition of
collagen fibers.

Water-soluble SWNTs have been observed to “follow”
oxygen-poor blood to the lungs several seconds after
intravenous injection.*! When traversing through the dense
capillary network within alveolar septa, some SWNT aggre-
gates were trapped within capillaries whose inner diameters
were too small to allow only a single red blood cell to pass
through. Alveolar capillaries were blocked by c-SWNT
aggregates after 30-day injection (Figure 31, B1), and the
embolization in capillaries was increased at 60 and 90 days
(Figure 31, B2 and B3), respectively. However, the number
of c-SWNT aggregates within capillaries decreased obvi-
ously 30 days after stopping administration (Figure 31, B4),
suggesting that capillaries could reverse c-SWNTs emboliza-
tion slowly. c-SWNTs were not observed within alveolar
spaces or bronchioles. This finding is in accordance with
the appearance of the pulmonary lobes shown in Figure 2,
but different from the situation of SWNTs instilled within
the trachea, which were found in the alveoli, alveolar wall,
or bronchioles of rats.!?*> Moreover, only a few nanoparticle
aggregates blocked pulmonary capillaries after a single
injection.”® At necropsy, only black patches were identified
in the pulmonary lobes of rats that had received injections
for >30 days (Figure 2B1), and black patches were not seen
in rats that had received injections for <7 days (images not
shown). Also, clearance of SWNTs given via the intravenous

route was faster than that of instilled SWNTs (which were
retained in rat lungs for >754 days)."?

The embolization caused by retained c-SWNTsaccumulated
in alveolar capillaries led to infiltration of inflammatory cells.
At 30 days, compared with one of the rats in the control
group, the alveolar walls of c-SWNTs-injected rats became
thicker, and the alveolar space was compressed to become
narrower (Figure 311, B1). Deposition of collagen fibers was
found around the pulmonary capillaries filled with c-SWNT
aggregates when the administration period was increased to
90 days (Figure 311, B3), and was seen 30 days after stopping
injections (Figure 311, B4). These results suggest that chronic
administration of SWNTs via the intravenous route may
cause pulmonary fibrogenesis. It has been reported that intra-
venous injection of MWNTs twice per week together with
consumption of a high-fat diet each day for 16 weeks causes
pneumorrhagia, thickening of alveolar walls, granulomas,
and fibrosis.** Nevertheless, the evidence of pulmonary
fibrosis is not sufficient, and the related mechanism of action
is not clear.

Here, we provide histopathologic evidence of pulmonary
fibrosis induced by intravenous injection of c-SWNTs.
At 30 days, infiltration of inflammatory cells occurred
around SWNT aggregates without granuloma formation
(Figure 31II, C1). When administration was prolonged to
60 days, granulomas were seen around SWNT aggregates
loaded with increased numbers of inflammatory cells
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Figure 3 Long-term intravenous exposure to c-SWNTs induces capillary embolization, persistent inflammation, and fibrogensis in rat lungs.

Notes: Representative histopathology of H&E-stained lung sections from the rats at the end of the setting periods (30, 60, 90, and 120 days) after persistent intravenous
injection with 5.00 wt% glucose solution (control) or 2.0 mg of c-SWNTs/kg body weight per injection (c-SWNTs). (I) The control group (A1-A4); The c-SWNTs group
(B1-B4). Agglomerates of c-SWNTs accumulate in the pulmonary capillary lumen, leading to embolization (magnification: 100x). (I) No fibrosis in the control group
(A1-A4); Colllagen deposition and fibrogenesis in the c-SWNTs group (B1-B4); Infiltration of inflammatory cells within the embolized capillaries, inducing granuloma

formation in the c-SWNTs groups (C1-C4) (magnification: 400x).

Abbreviations: c-SWNTs, carboxylated single-walled carbon nanotubes; H&E, hematoxylin and eosin.

(Figure 311, C2). At 90 days, granulomas were very large,
and alveolar structures were destroyed (Figure 311, C3).
Stopping injections and feeding rats with a normal diet led
to smaller granulomas with less dark aggregates and fewer
inflammatory cells (Figure 311, C4). However, the severity
of fibrogenesis was not alleviated.

SWNTs traverse the alveolar interstitium
and induce ultrastructural alterations

in alveolar epithelial cells (AECs)
To clarify further the effect of c-SWNTs injected via the
intravenous route on rat lungs, we employed TEM to observe

ultrastructural changes in pulmonary morphologies at 30 days.
The lungs of rats treated with c-SWNTSs showed clear differ-
ences in the pulmonary ultrastructure compared with those of
control rats (Figure 4). Generally, the number of lamellar bod-
ies increased dramatically, and their sizes reduced (Figure 4C
and D) after exposure to SWNTs. Collagen fibers (white
arrows in Figure 4E) were formed and traversed within the
pulmonary interstitium. Many c-SWNTs were incorporated
into the alveolar interstitium and trapped within vacuoles or
phagolysosomes (red arrows in Figure 4G).

Lamellar bodies are the characteristic organelles in
AECs type-1I (AECs-II). They can receive, store, and
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secrete pulmonary surfactants (including lipids and pro-
teins). These surfactants can lower the surface tension at
the blood—air interface to prevent the lungs from collapsing
at exhalation and have important roles in the immune and
inflammatory responses of the lungs because they can bind
to surface receptors on immune cells and modulate produc-
tion of inflammatory components.**® The cells shown in
Figure 4 are AECs-1I evident from their typical ultrastructure
of lamellar bodies. Intracellular lamellar bodies increased in
number and decreased in size after exposure to c-SWNTs,
a finding that is similar to a report in which AECs-1I were
exposed to c-SWNTs* or gold nanoparticles* in vitro. The
increase in the number of lamellar bodies is thought to pro-
mote surfactant production as a defense mechanism against
external agents.*

By combining histopathologic and TEM observations,
we hypothesize that c-SWNTs that could traverse capillary
walls and distribute in the pulmonary interstitium were

Control

c-SWNTs

1 pm

recognized by AECs-II and triggered a series of immune
responses.

Long-term intravenous exposure to
c-SWNTs promotes collagen deposition
and extracellular matrix (ECM)

remodeling by upregulation of expression
of MMP-2 and TIMP-2

Histopathologic and TEM observations suggested pulmonary
fibrogenesis after rats had received repeated intravenous
injection of c-SWNTs for =30 days. To confirm this result
further, we carried out IHC staining to examine expression
of ECM proteins (Col I, Col III) and the level of ECM
proteases MMP-2 and its inhibitor TIMP-2 in rat lungs. We
also employed Western blotting to determine the protein level
of Col III in the lungs of rats receiving intravenous admin-
istration of c-SWNTs for 1, 7, and 30 days. Accumulation

Figure 4 c-SWNTs traverse alveolar interstitium and induce ultrastructural alteration in AECs-Il.

Notes: Representative TEM images of the lung sections from the rats after 30-day intravenous injection with 5.00 wt% glucose solution (control) or 2.0 mg of c-SWNTs/kg body
weight per injection (c-SWNTs). Control lungs (A) and (B), wherein (B) is an enlarged image of the boxed region in (A), present normal ultrastructure of AECs-Il. Exposed
lungs (C)—(G), wherein (D) and (G) are enlarged images of the boxed regions in (C) and (F), respectively, show increasing lamellar bodies with decreasing sizes in AECs-Il and
c-SWNTs (red arrows) incorporated into the alveolar interstitium and trapped inside the vacuoles or the phagolysosomes, as well as fibril formation (E), (white arrows).
Abbreviations: c-SWNTs, carboxylated single-walled carbon nanotubes; AECs-Il, alveolar epithelial cells type-Il; TEM, transmission electron microscopy.
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and remodeling of the ECM (including collagens, elastin,
proteoglycans, fibronectin, laminin) has been considered
to be a hallmark of fibrogenesis.’*® Col I and Col III form
fibrils and are the essential components of the interstitial
matrix (which makes up the bulk of the ECM).>? Col 1
and Col III are associated closely with pulmonary fibrosis,
which involves abnormal formation, degradation, and
turnover of the ECM.

According to IHC staining, exposure to c-SWNTs
for =30 days led to aberrant deposition of Col I and Col III,
and was identified readily around granulomas laden with
c-SWNT aggregates (Figure 5A). The synthesis of Col I
and Col III was augmented sequentially with an increase in
exposure time, and continued to increase 30 days after stop-
ping administration (Figure 5B). Col III has been correlated
with the “extensibility” of fibrils. To examine formation
of collagen fibrils after short-term exposure to c-SWNTs,
we analyzed expression of Col IIT at 1, 7, and 30 days
by immunoblotting. Not until rats had received repeated
administrations for 30 days did the level of Col III in the
treatment group increase compared with that of the control
group (Figure 6A). It has been reported that single intrave-
nous injection of SWNTSs to mice causes accumulation in
the lungs, elevation of lung indices, and slight inflammation,
but not formation of granulomas or fibrosis.” Based on our
study, we propose that the pulmonary fibrogenesis induced
by intravenous injection of SWNTs is a chronic process
involving long-term and repetitive exposure that results in
persistent injury to the lungs.

As discussed in this study, the central event in fibrosis
is uncontrolled remodeling of the ECM, which refers to
the imbalance between ECM-degrading enzymes and their
endogenous inhibitors (eg, MMPs and TIMPs).>>* MMP-2
is produced by structural cells in tissue such as fibro-
blasts, epithelial cells, and endothelial cells. Specifically,
it cleaves the basement membrane (the ECM underlying
the epithelium and endothelium of parenchymal tissues).>
Protein levels of MMP-2 and TIMP-2 are upregulated
during pulmonary fibrosis and can be used to characterize
fibrogenesis.>>¢

MMP-2- and TIMP-2-positive cells (Figure SA) were
observed clearly in the lung sections of rats treated with
c-SWNTs, whereas cells in the control group were almost
all negative. Simultaneous upregulation of expression of
MMP-2 and its antagonist TIMP-2 suggested that the pul-
monary fibrosis induced by chronic exposure to SWNTs
was not merely an accumulation of ECM proteins, but a
dynamic condition with persistent turnover of the ECM,

including increasing production and degradation of proteins.
Moreover, MMP-2 is important for migration of AECs
during repair after lung injury.> It has been demonstrated
that chronic exposure of human pleural mesothelial cells
to SWNTs and MWNTSs in vitro for =4 months promotes
MMP-2 expression and increases the invasion and migra-
tion of cells.’” Hence, our data suggest that the constantly
increasing level of MMP-2 derived from chronic exposure
to SWNTs given via the intravenous route is responsible
for the abnormal remodeling of the ECM in the lungs and
the resulting fibrosis.

SWNTs stimulate production of pro-
inflammatory and pro-fibrotic cytokines

in rat lungs after intravenous exposure
Pulmonary fibrosis is primarily an aberrant response to
persistent injury rather than a single injury to the lungs.
Immune responses (including inflammation and secretion
of a diverse range of cytokines) are stimulated to heal the
wound. However, if a chronic inflammatory response is
established, wound repair can become dysregulated, and
excessive ECM accumulates at the injury site, resulting in
formation of fibrotic tissue. Thus, to elucidate the pulmo-
nary inflammation elicited by chronic exposure to SWNTs
given via the intravenous route and its role in progressive
fibrosis, we examined expression of pro-inflammatory and
pro-fibrotic cytokines (TNFa, IL-13, and TGF-B1) in rat
lungs after such exposure.

ELISA showed levels of TNFa and IL-1p in the lung
tissues of treated rats to be significantly higher than those
of control rats at identical times except for the IL-1J level
at 30 days (Figure 7A). TNFo and IL-1§ are major pro-
inflammatory cytokines strongly associated with pulmonary
fibrosis. Overexpression of TNFot or IL-1f in rodent lungs
can trigger spontaneous pulmonary fibrosis.’®* Exposure
of mice to CNTs through the airways increases expression
of TNFo and IL-1f at protein/mRNA levels significantly,
and induces collagen deposition.!”* Intravenous exposure
to carboxylated MWNTs also upregulates expression of
TNFo and IL-1J3 in mouse lungs.*' TGF-1 is a pro-fibrotic
growth factor that has a critical role in pulmonary fibrosis
via stimulation of the EMT as characterized by upregula-
tion of a-SMA expression and excessive production of
ECM proteins. TNFo. and IL-1f8 have been reported to
accentuate TGF-B1-driven EMT and fibrogenesis.®' There-
fore, we analyzed expression of TGF-f1 and its induction
of a-SMA by IHC analyses. We found that intravenous
exposure to c-SWNTs clearly increased the numbers of
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Figure 5 Long-term intravenous exposure to c-SWNTs promotes deposition of collagens and ECM remodeling by upregulating both MMP-2 and TIMP-2.
Notes: Immunohistochemical examination of Col | and Col Ill, MMP-2, and TIMP-2 (A) in the rat lungs after intravenous injection at indicated periods (positive signal: brown;
c-SWNT aggregations: red arrows; magnification: 100x). Mean optical density of Col |, Col lll, MMP-2, and TIMP-2 (B) based on immunohistochemical assay. Data represent

mean + SEM. *P<<0.05, **P<<0.01, and ***P<<0.001 vs control.

Abbreviations: c-SWNTs, carboxylated single-walled carbon nanotubes; ECM, extracellular matrix; MMP-2, matrix metalloproteinase-2; TIMP-2, tissue inhibitor of
metalloproteinase-2; Col |, type-| collagen; Col lll, type-lll collagen; SEM, standard error of the mean.

TGF-B1-positive and a-SMA-positive cells at the test peri-
ods (Figure 7B). Moreover, positive cells were distributed
mainly around the brown-black SWNT aggregates. Expres-
sion of pro-inflammatory and pro-fibrotic cytokines did

not decrease 30 days after stopping injections. Increased
expression of TGF-B1 secreted by alveolar macrophages
can stimulate mothers against decapentaplegic homolog
(Smad)2 phosphorylation in rat lungs after intratracheal
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Figure 6 SWNTs stimulate the synthesis of collagen and activate NF-kB signaling in rat lungs.
Notes: Western blotting analysis of total level of Col lll (A) and cytoplasmic levels of NF-kB/p65 and IxBo. (B) after intravenous injection for |, 7, and 30 days.
Abbreviations: SWNTs, single-walled carbon nanotubes; NF-xB, nuclear factor-kappa B; Col lll, type-lll collagen; IkBo, inhibitor of kappa B alpha; c-SWNTs,

carboxylated SWNTSs.

instillation of MWNTSs.!® Subsequently, the phosphorylated
Smad2 heterodimerizes with Smad4 to form Smad2/4
complexes that translocate to the nucleus and bind to the
promoter regions of pro-fibrotic genes such as collagen
and o-SMA.%

Taken together, our data suggest that long-term intrave-
nous exposure to c-SWNTs causes a persistent inflammatory
response in rat lungs, which develops gradually into pulmo-
nary fibrosis.

The inflammatory response induced

by ¢c-SWNTs is modulated through
NF-xB signaling

NF-xB modulates expression of genes influencing a wide
range of biologic processes: inflammation, stress responses,
and metabolism.®® Typically, in an unstimulated state,
NF-xB/p65 proteins are bound and inhibited by IxBo pro-
teins. Cytokines and growth factors such as TNFa, IL-1,
and TGF-B1 activate different signaling cascades that lead
to successive phosphorylation, ubiquitination, and degrada-
tion of IkBa, allowing “liberated” phosphorylated p65 to
translocate to the nucleus and trigger a “signal-amplification
loop” for expression of inflammatory genes.*

To understand the role of the NF-kB signaling pathway
in the inflammatory responses and fibrogenesis induced by
c-SWNTs, we undertook immunoblotting to detect protein
levels of IxkBo and p65 in cytoplasmic extracts of lung tis-
sues after rats had been treated with repeated intravenous
injection for 1, 7, and 30 days.

Exposure to c-SWNTs decreased levels of IkBo and p65
in the cytoplasm at 7 and 30 days (Figure 6B), suggesting
IkBa degradation and translocation of p65 proteins to the

nucleus. Studies have demonstrated that MWNTSs degrade
IkBa and activate the NF-kB signaling pathway in mac-
rophages to increase secretion of pro-inflammatory cytok-
ines (eg, TNFa, IL-1f3) and pro-fibrogenic growth factors
(eg, TGF-B1, platelet-derived growth factor).!®3! Uptake
of SWNTSs into macrophages also activates NF-kB and
activator protein-1, leading to large-scale production of pro-
inflammatory cytokines and pro-fibrogenic chemokines.® It
has been validated that CNTs are able to promote expression
of pro-inflammatory cytokines in vitro through ROS- and
NF-xB-dependent pathways in human pulmonary epithe-
lial cells and monocytes, which can be selectively inhibited
by antioxidants and NF-xB inhibitor.%” These cytokines
and growth factors, in turn, amplify further NF-xB cas-
cades through TGF-B-activated kinase-1 by regulation of
positive feedback.®®%® Taken together, the persistent lung
inflammation, including the infiltration of inflammatory
cells and the augment of pro-inflammatory cytokines, is
modulated by the NF-kB signaling pathway activated after
long-term intravenous administration of c-SWNTs, resulting
in pulmonary fibrogenesis.

Consequently, we propose a scheme (Figure 8) for the
mechanisms of pulmonary fibrosis induced by long-term
intravenous exposure to c-SWNTs. Injected c-SWNTs
become trapped within pulmonary capillaries, which
results in persistent embolization and angiotelectasis. The
c-SWNTs traversing into the alveolar interstitium induce
injury and ultrastructural alterations to AECs-II and trigger
the inflammatory response. By binding to corresponding
membrane receptors, increased levels of TNFo, IL-10, and
TGF-B1 synchronously activate NF-kB/p65 signaling to
strengthen the inflammatory response. The latter stimulates
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Figure 7 SWNTs stimulate production of pro-inflammatory and pro-fibrotic cytokines in rat lungs after intravenous exposure.

Notes: ELISA determination of TNFo and IL- 13 levels (A) in the lung tissue of the rats after intravenous injection at indicated periods. Immunohistochemical examination of
TGF-B1 and 0.-SMA, as well as the corresponding mean optical density (B) in the rat lungs after intravenous injection at indicated periods (positive signal: brown; c-SWNT
aggregations: red arrows; magnification: 100x). Data represent mean + SEM. *P<<0.05, **P<<0.01, and ***P<<0.001 vs control.

Abbreviations: SWNTs, single-walled carbon nanotubes; ELISA, enzyme-linked immunosorbent assay; TNFo, tumor necrosis factor alpha; IL-18, interleukin-1 beta;
TGF-B1, transforming growth factor-beta |; 0-SMA, alpha smooth muscle actin; c-SWNTs, carboxylated SWNTSs; SEM, standard error of the mean.

EMT of AECs-II, thereby promoting collagen synthesis and
ECM deposition.

Conclusion

Long-term and repeated administration of c-SWNTs to rats
via tail-vein injection caused sustained embolization in lung
capillaries and induced pulmonary fibrosis resulting from
chronic inflammation regulated by the NF-xB signaling
pathway. Persistent injury to AECs by trapped c-SWNTs

was responsible for an upregulation in expression of pro-
inflammatory cytokines and pro-fibrotic growth factors.
TGF-B1 had important roles in modulation of NF-kB signal-
ing and fibrogenesis. Nevertheless, further investigations are
required to elucidate the cross talk between NF-xB signaling
and TGF-P signaling during regulation of CNT-induced
inflammation and fibrosis.

CNTs are promising nanomaterial candidates applied
in drug delivery, diagnosis, and targeted therapy. Our findings
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Figure 8 Schematic representation of mechanisms of pulmonary fibrosis induced by long-term intravenous exposure to c-SWNTs.
Notes: Long-term intravenous injection induces persistent accumulation of c-SWNTs in rat lung, embolization in alveolar capillary, and inflammation regulated by NF-xB

pathway, resulting in EMT of AECs-Il and ECM deposition.

Abbreviations: c-SWNTs, carboxylated single-walled carbon nanotubes; NF-xB, nuclear factor-kappa B; EMT, epithelial-to-mesenchymal transition; AEC-II, alveolar
epithelial cell type-II; ECM, extracellular matrix; AEC-I, alveolar epithelial cell type-I; RBC, red blood cell; EC, endothelial cell; IL- B, interleukin-1 beta; TNFo., tumor necrosis
factor alpha; TGF-B1, transforming growth factor-beta I; IkBa, inhibitor of kappa B alpha; p-p65, phosphorylated pé5.

suggest that the chronic and cumulative toxicity of nanopar-
ticles to organs with abundant capillaries should be assessed
if such nanoparticles are to be applied by intravenous
administration.
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