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Engineered multi-walled carbon nanotubes (MWCNT) represent
a possible health risk for pulmonary fibrosis due to their fiber-like
shape and potential for persistence in the lung. We postulated that
bacterial lipopolysaccharide (LPS), a ubiquitous agent in the environ-
ment that causes lung inflammation, would enhance fibrosis caused
by MWCNT. Rats were exposed to LPS and then intratracheally
instilled with MWCNT or carbon black (CB) nanoparticles 24 hours
later. Pulmonary fibrosis was observed 21 days after MWCNT expo-
sure, but not with CB. LPS alone caused no fibrosis but enhanced
MWCNT-induced fibrosis. LPS plus CB did not significantly increase
fibrosis. MWCNT increased platelet-derived growth factor-AA (PDGF-
AA), a major mediator of fibrosis. PDGF-AA production in response to
MWOCNT, but not CB, was synergistically enhanced by LPS. Immunos-
taining showed PDGF-AA in bronchiolar epithelial cells and macro-
phages. Since macrophages engulfed MWCNT, were positive for
PDGF-AA, and mediate fibroblast responses, experiments were per-
formed with rat lung macrophages (NR8383 cells) and rat lung
fibroblasts in vitro. LPS exposure increased PDGF-A mRNA levels in
NR8383 cells and enhanced MWCNT-induced PDGF-A mRNA levels.
Moreover, LPS increased MWCNT- or CB-induced PDGF receptor-«
(PDGF-Ra) mRNA in fibroblasts. Our data suggest that LPS exacer-
bates MWCNT-induced lung fibrosis by amplifying production of
PDGF-AA in macrophages and epithelial cells, and by increasing
PDGF-Ra on pulmonary fibroblasts. Our findings also suggest that
individuals with pre-existing pulmonary inflammation are at greater
risk for the potential adverse effects of MWCNT.
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Carbon nanotubes (CNT) are engineered graphene tubes with
unique properties that are anticipated to revolutionize the fields of
electronics, structural engineering, and medicine (1-3). The in-
creasing production of single-walled CNT (SWCNT) and multi-
walled CNT (MWCNT) is also accompanied by an increase in the
potential for human exposure, mainly in occupational settings, but
conceivably in the general population as well (4, 5). Unfortunately,
some of the physical properties of MWCNT that make them
desirable for electronics, engineering, and medicine may augment
their toxic potential relative to larger particles or even other types
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CLINICAL RELEVANCE

The findings reported in this article have important impli-
cations for understanding the health risks of inhaled carbon
nanotubes. Our research suggests that individuals with pre-
existing lung inflammation caused by bacterial lipopoly-
saccharide are susceptible to pulmonary fibrosis caused by
carbon nanotube inhalation exposure.

of nanoparticles. Some of these properties include altered surface
chemistry compared with larger particles of the same material,
a high surface area to volume ratio, a high length to width aspect
ratio, and a high degree of biopersistence (4).

A number of studies have addressed the potential of CNTs
to cause pulmonary fibrosis, the scarring of lung tissue caused by
an increase in fibroblasts and their collagen deposits (6). For
example, SWCNT or MWCNT administered by intratracheal
instillation or pharyngeal aspiration in mice or rats induce pul-
monary granulomas and interstitial lung fibrosis (7-10). Fibrotic
reactions in the lungs of mice exposed to SWCNT were associated
with increased levels of TGF-B1, a primary mediator of collagen
deposition during fibrogenesis (10). We previously reported that
SWCNT administered into the lungs of rats by pharyngeal aspir-
ation caused interstitial lung fibrosis that was associated with
increased levels of platelet-derived growth factor-AA (PDGF-
AA) (11). Most recently we reported increased airway fibrosis
and elevated PDGF-AA in the lungs of mice that inhaled
MWCNT with ovalbumin allergen challenge (12).

PDGF is a potent mitogen and chemoattractant for fibro-
blasts and is thought to play a pivotal role in the progression of
fibrotic diseases (13). There are four PDGF genes, designated
A-D, that encode four homodimeric protein isoforms (PDGF-
AA, -BB, -CC, and -DD) and one heterodimeric isoform
(PDGF-AB). There are also two PDGF receptors, PDGF-Ra
and PDGF-RB, that dimerize upon ligand binding, forming three
isoforms (PDGF-Raa, -Raf, and -RBB). PDGF-AA binds
exclusively to PDGF-Ra. The cell-surface PDGF-Ra is an
inducible receptor that regulates fibroblast mitogenic and che-
motactic responses to secreted PDGF after particle or fiber
exposure (14). During lung fibrogenesis in rats, PDGF-Ra levels
become markedly up-regulated during the fibroblast proliferative
stage of the disease (15).

Bacterial lipopolysaccharide (LPS), a component of gram-
negative bacterial cell walls, is a potent exogenous inducer of
increased fibroblast levels of PDGF-Ra in the lungs of rats (16).
LPS is ubiquitous in the environment and has been implicated in
anumber of occupational lung diseases in humans, most of which
are associated with organic dust exposure (17). In experimental
animal models, LPS causes airway inflammation with acute
exposures and airway remodeling and hyperreactivity with sub-
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chronic exposures. The effects of subchronic pulmonary exposure
to LPS are similar to chronic bronchitis, and so subchronic
treatment of rodents with LPS is used to model this disease (18,
19). The lung levels of a variety of secreted pro-inflammatory
mediators or their cognate receptors are increased by LPS
through activation of Toll-like receptor-4 (TLR4) (20). For
example, LPS stimulates the release of a number of inflammatory
mediators from alveolar macrophages, including tumor necrosis
factor (TNF)-a, interleukin (IL)-1p3, IL-6, and IL-8 (21, 22). LPS
also up-regulates the expression of both PDGF-A and PDGF-B
genes in alveolar macrophages (22). These studies suggest that
LPS could exacerbate pulmonary fibrosis by “priming” pulmo-
nary macrophages and fibroblasts for enhanced production of
cytokines, growth factors, and their receptors.

Little is known regarding the pulmonary fibrotic response to
CNTs in the context of pre-existing inflammation. This is an
important issue since individuals with bronchitis, chronic ob-
structive pulmonary disease, asthma, or exposure to high levels of
environmental LPS could be particularly sensitive to the adverse
effects of CNTs. The purpose of this study was to determine
whether pre-exposure to LPS would exacerbate the fibrotic
response to MWCNT by amplifying expression of the PDGF-
AA and PDGF-Ra genes in the lungs of rats.

MATERIALS AND METHODS

Animals

Six- to eight-week-old male, pathogen-free Sprague-Dawley rats were
purchased from Charles River Breeding Laboratories (Kingston, NY)
and housed in an Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC)-accredited facility that was
humidity and temperature controlled. Rats were housed in microisolator
cages on Alphadri cellulose bedding and supplied water and cereal-based
diet NIHO7 (Zeigler Brothers, Gardners, PA) ad libitum. The animal
studies were approved by The Hamner Institutes for Health Research
Institutional Animal Care and Use Committee.

General Experimental Design

Animals were randomly assigned to six treatment groups of five rats each
and acclimated for 1 week before exposure. Rats from three of the
treatment groups were exposed to 2.5 mg/kg LPS from Escherichia coli
(Serotype 026:B6; Sigma-Aldrich, St. Louis, MO) by nasal aspiration, and
the rats from the other three treatment groups were exposed to Ca?*- and
Mg?*-free phosphate-buffered saline (PBS). Twenty-four hours later, rats
were exposed to 4 mg/kg of CB or MWCNT by intratracheal instillation.
Negative control animals were treated with PBS. Animals were killed at
1 and 20 days after particle exposure. The lungs were lavaged with PBS
and the right lung lobes were minced and placed in RNALater
solution (Qiagen, Valencia, CA). Lungs were stored at —20°C and used
for RNA isolation. The left lung lobe was collected for histopathology.

Characterization of Bulk CNT

MWCNT were purchased from Helix Material Solutions, Inc.
(Richardson, TX). These MWCNT were synthesized by carbon vapor
deposition (CVD) with nickel and lanthanum catalysts. Characteriza-
tion of the size, purity, surface area, and elemental composition of the
MWCNT provided by the manufacturer and verified by independent
analysis (Millennium Research Laboratories, Inc., Woburn, MA) have
been previously reported by our laboratory (12). Size was characterized
by transmission electron microscopy (TEM), purity was determined by
thermogravimetric analysis (TGA), elemental analysis was performed
by energy dispersive X-ray analysis (EDX) and inductively coupled
plasma auger electron spectroscopy (ICP-AES), and the specific
surface area was determined by BET analysis.

Assay for LPS Contamination

Endotoxin (LPS) was measured by a Limulus amebocyte lysate (LAL)
assay kit according to manufacturer’s specifications (Associates of

Cape Cod, East Falmouth, MA). MWCNT were sonicated in vehicle
(0.1% Pluronic surfactant in PBS) for 60 minutes at room temperature
before performing LAL. The maximum sensitivity of this assay is 0.005
EU/ml. MWCNT suspensions were negative for endotoxin within this
detection limit.

Preparation and Instillation of LPS and Nanoparticles

Rats were administered E. coli LPS by intranasal aspiration and particles
by intratracheal instillation. In brief, animals were anesthetized with
isoflurane and approximately 50 pl volume LPS (dose concentration
equivalent of 2.5 mg of LPS per kg of bodyweight) or PBS (for control
animals) was pipetted into the antrum of the nasal cavity. Twenty-four
hours later, the animals were again anesthetized with isoflurane and
approximately 100 pl volume of either CB or MWCNT (dose concen-
tration equivalent of 4 mg of particles per kg of body weight) was instilled
into the trachea using an 18-gauge catheter attached to a 1.0-ml syringe.
The MWCNT suspensions were prepared by first milling the dry particles
in a Retsch Mixer Mill (Retsch, Inc., Newtown, PA) for 5 minutes at 30
cycles per second. Just before instillation, the milled nanoparticles were
suspended in 1% Pluronic F68 (BASF Corp., Florham Park, NJ), a
biocompatible, nonionic surfactant, in PBS and wet milled for an addi-
tional 5 minutes, then further diluted with PBS to achieve the desired
final dosing concentration suspended in 0.1% Pluronic F68. Carbon
black (CB) nanoparticles (Raven 5000 Ultra II) were obtained from
Columbian Chemicals Co. (Marietta, GA) and treated in an identical
manner to MWCNT for all experiments. All particles were sterilized
before instillation. Control rats were administered PBS with 0.1%
Pluronic F68 surfactant (vehicle).

Bronchoalveolar Lavage

Rats were killed by pentobarbital overdose and exsanguination via the
abdominal aorta, and lungs were lavaged three times with 5-ml
volumes of PBS. Bronchoalveolar lavage fluid (BALF) collected from
the second and third lavages was pooled (the fluid from the first lavage
was kept separate) and all BALF was placed on ice. BAL cells
collected by centrifugation were resuspended in culture medium and
enumerated using an automated cell counter (Model ZM; Coulter,
Marietta, GA). Cytospins were prepared with 25,000 cells per slide.
Differential cell counts were performed on HEMA-3 (Fisher Scientific,
Pittsburgh, PA)-stained cytocentrifuge slide preparations. Cell num-
bers were quantified by light microscopy using the X40 objective, and
500 cells per animal were counted. Total protein and LDH in cell-free
BALF from the first two pooled lavages were analyzed spectrophoto-
metrically using a COBAS FARA 1II (Roche Diagnostic Systems, Inc.,
Montclair, NJ) and assay kits for LDH (LD Liquid Reagent; Pointe
Scientific, Canton, MI) and total protein (Coomassie Plus Protein Assay
Reagent; Thermo Scientific, Rockford, IL).

Lung Fixation and Histopathology

One hour before they were killed, rats received a single intraperitoneal
injection of 50 mg/kg body weight of bromodeoxyuridine (BrdU;
Sigma-Aldrich). At necropsy, the left lungs were pressure-infused
intratracheally at 30 cm H,O with 10% neutral-buffered formalin.
Lungs were fixed for approximately 48 hours and then transferred to
70% ethanol. Three cross-sectional portions of the left lung were
embedded in paraffin, sectioned at 5 wm, and stained with hematoxylin
and eosin (H&E), Masson’s trichrome, or immunostained for BrdU by
established methods.

Pathology Scoring of Lungs

Three sections of lung (one each from the cranial, middle, and caudal
portions of the left lung lobe) from each rat were evaluated in
a blinded fashion. Those from the 24-hour time point were scored for
inflammation and those from the 21-day time point for inflammation
and fibrosis. The inflammation scores reflect the averages of the
scores for the number of polymorphonuclear cells, the number and
size of intra-alveolar macrophage aggregates (these macrophages
were typically laden with nanoparticles), and alveolar wall thicken-
ing. Only the lungs from the 21-day time point were scored for
fibrosis. The lungs were scored for the amount of collagen present
(based on Masson’s trichrome-stained sections), the thickness of the
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alveolar walls, and the number of fibroblast-like cells associated
with the particle-associated lesions. All scores were relative scores on
a scale from 0-4, with zero representing the levels of these param-
eters in the PBS control group, 1 representing minimal change, 2
representing mild change, 3 representing moderate change, and 4
representing marked change.

Immunohistochemistry for PDGF-A

Formalin-fixed, paraffin-embedded rat tissue sections were deparaffi-
nized in xylene and rehydrated through graded ethanols. Endogenous
peroxidase was blocked with 3% hydrogen peroxide. Antigen retrieval
was performed with the Decloaker pressure cooker and 6.0 M citrate
buffer (Biocare Medical, Concord, CA). Protein blocking was performed
with 10% normal donkey serum (Jackson Immunoresearch Laborato-
ries, Inc., West Grove, PA) for 20 minutes, followed by the Avidin-Biotin
Blocking Kit (Vector Laboratories, Burlingame, CA). Primary antibody,
PDGF-A (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), was applied
at a 1:25 dilution for 60 minutes at room temperature. For negative
controls, the primary antibody was replaced with rabbit nonimmune IgG
serum diluted to match the antibody protein concentration and applied at
1:25, also. The slides were incubated in donkey anti-rabbit secondary
antibody (Jackson Immunoresearch Laboratories) for 30 minutes at
a1:500 dilution. Label incubation was performed for 30 minutes using the
Vectastain Standard Elite Kit (Vector Laboratories). Slides were de-
veloped with DAB, counterstained with hematoxylin, dehydrated,
cleared, and cover-slipped.

In Vitro Experiments with Cultured Lung Macrophages
and Fibroblasts

Primary rat lung fibroblasts (RLFs) were isolated from rats by
established methods and cryopreserved (11). Thawed cells were grown
in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal
bovine serum (FBS), 100 units/ml penicillin G, 100 pg/ml streptomycin,
and 0.25 pg/ml amphotericin B in a humidified atmosphere with 5%
CO, at 37°C. NR8383 cells (Cat. No. CRL-2192; ATCC, Manassas,
VA) were grown in F-12K nutrient mixture supplemented with 15% FBS,
100 units/ml penicillin G, 100 wg/ml streptomycin, and 0.25 pg/ml
amphotericin B in a humidified atmosphere with 5% CO, at 37°C.
Upon reaching confluence, 1 pg/ml LPS was added to the culture
medium. Twenty-four hours later, the LPS/serum-containing medium
was replaced with serum-free medium (F-12 nutrient mixture supple-
mented with 0.25% bovine serum albumin [BSA], 1 ml Insulin/Trans-
ferrin/Selenium [Bio-Whittaker, Walkersville, MD], 100 units/ml
penicillin G, 100 pg/ml streptomycin, and 0.25 pg/ml amphotericin
B) containing 1 pg/ml LPS. Twenty-four hours later, the medium was
removed and the cells were rinsed with warm PBS and treated with 10
pg/cm?> MWCNT or CB in serum-free medium for 1 h. The medium
was then removed, the cells rinsed with warm PBS, and the medium
was replaced with fresh serum-free medium. After 4 or 24 hours, the
cells were collected and stored at —80°C for later RNA isolation using
the Qiagen RNeasy Mini kit.

Tagman Real-Time Quantitative RT-PCR

The lungs were removed from the RNALater solution, blotted dry, and
homogenized in buffer RLT (from Qiagen RNeasy Mini kit) with 10 pl/ml
B-mercaptoethanol added. Total RNA from right anterior lungs or
from cultured cell pellets was isolated using the Qiagen RNeasy Mini
kit and converted to cDNA with the High Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA). Thirty nanograms of cDNA was
amplified using Tagman Gene Expression Assays specific for B-actin
(Rn_00667869), PDGF-A (Rn_00709363), PDGF-C (Rn_00579958),
PDGF-Ra (Rn_01399472), TGF-B1 (Rn_00572010), and Type 1 pro-
collagen (COL1A2) (Rn_00584426) on the Applied Biosystems 7900
Prism Sequence Detection System. The PCR conditions and data
analysis were performed according to the manufacturer’s protocol
described in User Bulletin No.2, Applied Biosystems Prism 7900
Sequence Detection System. Gene expression was measured by the
quantitation of cDNA converted from mRNA corresponding to the
target genes relative to the vehicle-treated control groups and normal-
ized to B-actin reference endogenous control. Relative quantitation
values (272ACT) were expressed as fold-change over controls.

Enzyme-Linked Immunosorbent Assays

Quantikine enzyme-linked immunosorbent assay (ELISA) kits (R&D
Systems, Minneapolis, MN) were used to assay BALF for total TGF-B1
(active and inactive forms) 24 hours after particle exposure and PDGF-
AA 24 hours and 21 days after particle exposure. Duplicate samples
using 50 wl BALF were used for each animal. Assays were performed
according to kit instructions and absorbances were read on a Multiskan
EX microplate spectrophotometer (ThermoFisher Scientific) micro-
plate reader. Values were normalized relative to total protein in BALF
and expressed as pg/ml.

Data and Statistical Analysis

All graphs were constructed and statistical analysis performed using
GraphPad Prism software v. 5.00 (GraphPad Software, Inc., San Diego,
CA). A one-way ANOVA with a post hoc Tukey test, Bonferroni test,
or Dunnett’s test was used to identify significant differences among
treatment groups. Significance was set at P < 0.05 unless otherwise
stated.

RESULTS
Characterization of MWCNT

We have previously reported the physical and chemical
properties of the MWCNT used in this study (12). Data from
the manufacturer was verified and compared with data from
a contracted independent analysis. Residual nickel and lanthi-
num, catalysts used in the MWCNT manufacturing process,
were detected by independent analysis using ICP-AES at
0.34% and 0.03%, respectively. EDX was also used to measure
these metals and yielded value of 0.12% for nickel but not
detectable levels of lanthanum. MWCNT purity measured by
thermogravimetric analysis was greater than 94%, the specific
surface area measured by BET analysis was 109 m?/g, and size
ranges of the MWCNT measured by TEM were 10-30 nm
width and 0.3-50 pm length. Representative TEM images of
the MWCNT along with a typical EDX elemental analysis are
shown in Figure 1.

LPS Enhances MWCNT-Induced Pulmonary
Interstitial Fibrosis

In this study, LPS was delivered 24 hours before the intratracheal
instillation of MWCNT, CB nanoparticle, or vehicle (saline/0.1%
Pluronic F68). The lungs of rats receiving intranasal saline then
intratracheal saline vehicle, or intranasal LPS then vehicle had no
significant lesions at 21 days after exposure (Figures 2A and 2B).
MWCNT caused significant fibrosis in the interstitium associated
with nanoparticle-induced fibroproliferative lesions in the lungs
of rats at 21 days, whereas CB did not (Figures 2C and 2D). These
lesions were present in all rats exposed to nanoparticles (CB or
MWCNT) with or without LPS and were often present near
bronchiolar/alveolar duct junctions, though some appeared to be
more distally located. They were more numerous in MWCNT-
exposed rats than CB-exposed rats. In rats pre-exposed to LPS,
the lesions were larger and more fibrotic. The lesions were char-
acterized by thickening of the alveolar and alveolar duct walls
by spindloid cells, macrophages laden with nanoparticles, and
extracellular matrix, some of which was identified as collagen
upon examination of Masson’s trichrome-stained sections. Some
of these lesions, particularly in the MWCNT- and MWCNT/LPS-
exposed groups, though to a lesser extent in the LPS/CB-exposed
rats as well, also exhibited minimal hyperplasia of the epithelium
of the terminal bronchioles. Both MWCNT and CB had similar
spatial deposition patterns and were localized to the centroacinar
region of the lung. Nanoparticles were found both within the
cytoplasm of alveolar macrophages and free in the proximal
alveolar ducts and adjacent alveoli at 24 hours, and nearly all the
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Figure 1. Transmission electron microscopic (TEM) char-
acterization of bulk multi-walled carbon nanotubes
(MWCNT). (A) Low magnification photomicrograph of

MWCNT (bar = 2 pum). (B) Intermediate magpnification
TEM image of MWCNT (bar = 2 pm). (C) High-
magnification TEM photomicrograph of MWCNT (bar =
20 nm). (D) Energy dispersive X-ray (EDX) analysis of
MWCNT.

nanoparticles were found within alveolar macrophages at21 days.
MWCNT or CB exposure, with or without LPS pre-exposure,
caused a significant increase in neutrophils retrieved by BAL
(Table 1). LPS pre-exposure significantly enhanced interstitial
fibrosis associated with MWCNT-induced lesions (Figures 2F and
2H). The combination of LPS and CB caused a mild but not
significant fibroproliferative response (Figures 2E and 2G), and
CB alone or LPS alone caused no fibrosis. Quantitative pathology
scoring showed that only the combination of LPS and MWCNT
caused a significant increase in the mean fibrosis score at 21 days
after exposure (Figure 3).

LPS Enhances MWCNT-Induced LDH and Total Lung
Protein Levels

The level of lactate dehydrogenase (LDH), a marker of cellular
injury, in the BALF from the lungs of rats was increased by
MWCNT or CB approximately 2-fold compared with vehicle at
24 hours after exposure (Figure 4A). LPS exposure alone did
not increase LDH levels compared with vehicle control. How-
ever, LPS pre-exposure enhanced MWCNT-induced LDH
levels in BALF to a level that was statistically different from
vehicle controls. The LDH levels for CB-exposed, CB-exposed/
LPS pre-exposed, and MWCNT-exposed rats were elevated
compared with controls, but were not statistically different from
vehicle controls.

Similar to LDH levels, the total protein level in BALF, a mar-
ker of lung injury and inflammation, was increased by MWCNT
or CB exposure (Figure 4B). LPS did not increase total protein
above vehicle control. MWCNT or CB elevated total protein
levels nearly 2-fold above vehicle. LPS pre-exposure enhanced
MWCNT-induced total protein to a level that was statistically
different from vehicle, but did not enhance CB-induced total
protein levels.

LPS Enhances MWCNT-Induced PDGF-AA Secretion
in the Lungs of Rats

We next evaluated whether PDGF-AA, a potent chemoattrac-
tant and stimulator of fibroblast replication that plays a major
role in pulmonary fibrosis, would be elevated in the lungs of rats
exposed to MWCNT with or without LPS. PDGF-AA protein
levels were measured in BALF samples by ELISA. MWCNT or
LPS increased PDGF-AA levels 3- to 4-fold at 24 hours, but
levels returned to baseline by 21 days after exposure (Figure 5).
LPS pre-exposure synergistically enhanced MWCNT-induced
PDGF-AA levels in BAL fluid at 24 hours, but this effect was
not observed at 21 days after exposure. In contrast, CB
exposure did not increase PDGF-AA levels above control,
nor did the combination of LPS and CB increase PDGF-AA.
In addition to PDGF-AA, we also measured BALF levels of
TGF-B1, which is the key regulator of collagen production during
fibrogenesis. TGF-B1 was detectable only in rats pre-exposed to
LPS and then exposed to MWCNT, and relatively low levels (5 to
10 pg/ml TGF-B1) were measured (data not shown).

PDGF Immunostaining in the Lungs of Rats Exposed to LPS
and MWCNT

Immunohistochemistry was performed using an antibody selec-
tive for PDGF-AA. In control animals, PDGF-AA immunore-
activity was most prominent in the airway epithelial cells and
alveolar macrophages (Figures 6 and 7). There was less prom-
inent immunostaining in endothelial cells, perivascular cardiac
muscle cells, mast cell granules, and some peribronchial and
perivascular smooth muscle cells (particularly around larger
vessels). In the airways, PDGF-AA immunoreactivity was spe-
cific to ciliated epithelial cells; Clara cells, goblet cells, and other
nonciliated epithelial cell types were negative. At 1 day after
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TABLE 1. DIFFERENTIAL COUNTS OF INFLAMMATORY CELLS IN BRONCHOALVEOLAR LAVAGE FLUID
COLLECTED FROM RATS 24 h AFTER EXPOSURE TO MWCNT OR CB NANOPARTICLES, WITH OR

WITHOUT A 24-h LPS PRE-EXPOSURE

Macrophages Neutrophils Lymphocytes Total BAL Cells
(% of total cells) (% of total cells) (% of total cells) (X103)
Control 92.44 = 1.94 4.72 = 1.23 2.84 = 0.8 997 + 58
CB 48.07 = 1.80* 49.07 = 1.62* 2.87 £ 0.41 3,210 + 653
MWCNT 51.33 = 2.01* 45.87 = 2.03* 2.80 = 0.12 1,054 + 258
LPS 93.25 £ 2.05 4.30 = 1.88 245 £ 0.21 1,729 + 281
LPS/CB 47.70 = 0.71* 49.90 = 1.14* 2.40 = 0.80 12,906 * 3,391*
LPS/MWCNT 42.95 + 4.00f 53.40 + 4.511 3.65 * 0.90 947 =173

Definition of abbreviations: BAL, bronchoalveolar lavage; CB, carbon black; LPS, lipopolysaccharide; MWCNT, multi-walled

carbon nanotubes.

Data shown are the percent of total cells retrieved from bronchoalveolar lavage along with the total cell number and expressed

as the mean = SE.

* P < 0.001 compared to control as determined by one-way ANOVA with post Tukey’s test.
TP < 0.01 compared to control as determined by one-way ANOVA with post Tukey’s test.

exposure, additional PDGF-AA immunostaining was observed
in the lungs of rats exposed to the combination of LPS and
MWCNT in occasional fibroblast-like cells (elongated, spindle-
shaped cells) in thickened alveolar septa and occasional epithelial
cells at alveolar duct bifurcations in areas associated with
MWCNT-induced inflammation (Figure 6). Similarly, at 21 days

Figure 2. Lung histopathology in rats 21 days after exposure (blue
staining indicates collagen). (A) Saline control. (B) Lipopolysaccharide
(LPS) alone. (C) Carbon black (CB) nanoparticle alone. (D) CB nano-
particles with LPS pre-exposure. () MWCNT alone. (F) MWCNT with
LPS pre-exposure. (G) Higher magnification of inset from E. (H) Higher
magnification of inset from F. Original magnification: X10 for all panels
(except G and H, original magnification X40).

after exposure, additional PDGF-A A immunostaining was noted
in the hyperplastic epithelium of the terminal bronchioles in
animals exposed to MWCNT or to the combination of CB and
MWCNT and LPS (Figure 7). Though nanoparticles obscured
PDGF-AA immunostaining in many alveolar and interstitial
macrophages, positive immunoreactivity could be detected in
macrophages that contained fewer nanoparticles. The increased
numbers of macrophages in treated groups are the most likely
source of increased PDGF-AA, but fibroblasts and airway epi-
thelium, including hyperplastic terminal bronchiolar epithelium,
may have contributed to PDGF-AA levels in the lungs of these
animals.

LPS Enhances MWCNT-Induced PDGF-A Chain and PDGF-Ra
mRNA Expression in Cultured Lung Macrophages and
Fibroblasts In Vitro

Since macrophages engulfed the majority of MWCNT in the lung
and because they are a major source of PDGF, we investigated
the effect of LPS and MWCNT on PDGF and PDGF receptor
(PDGF-Ra) mRNA expression levels in a rat lung macrophage
cell line (NR8383). Tagman quantitative real-time RT-PCR was
used to evaluate mRNA levels for PDGF and PDGF-Ra.
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Figure 3. Lung pathology scoring in rats 21 days after exposure. The
lungs were scored for the amount of collagen present (based on
Masson’s trichrome-stained sections), the thickness of the alveolar
walls, and the number of fibroblasts associated with the particle-
associated lesions. These average scores were then divided by the
relative scores for the amount of nanoparticles present in the lungs to
give an adjusted average score (see MATERIALS AND METHODS). *P < 0.05 or
**P < 0.01 compared with control or LPS as determined by one-way
ANOVA with post Dunnett’s multiple comparison test.



Cesta, Ryman-Rasmussen, Wallace, et al.: LPS Enhances Lung Fibrosis by Carbon Nanotubes 147

A) 250 —
—~ 200
= 150
g 1001
|
ZnlAlAls
0 T i
> 0 L L2 0 &
L <+ hd "O\®
N

B) 500 =

Protein (mg/ml)
= N W A
883

[ H
1 H
L H
[ H

Figure 4. Markers of lung injury. (A) Lactate dehydrogenase (LDH) and
(B) total protein in the lungs of rats 24 hours after exposure to MWCNT
or CB nanoparticles, with or without a 24-hour LPS pre-exposure. *P <
0.05 or **P < 0.01 compared with control or LPS as determined by
one-way ANOVA with post Tukey’s test or Bonferroni’s test.

MWCNT and CB treatment (10 pg/cm?) stimulated a marginal,
albeit not statistically significant approximately 2-fold increase in
PDGF-A and PDGF-Ra mRNA levels in NR8383 macrophages
at 4 hours that returned to vehicle control levels by 24 hours
(Figures 8A and 8B). LPS alone stimulated 7- to 10-fold increase
in PDGF-A mRNA at 4 and 24 hours, and increased PDGF-Ra
mRNA approximately 5-fold at 4 hours and returned to control
levels by 24 hours. LPS pre-exposure synergistically increased
MWCNT or CB-induced PDGF-A and PDGF-Ra mRNA levels
(Figures 8A and 8B). We also evaluated the effect of LPS and
MWCNT on PDGF and PDGF-Ra mRNA levels in primary
passage RLFs, since these cells are the central target cell type that
proliferate to PDGF signals and produce collagen during fibro-
genesis. MWCNT or CB, with or without LPS, did not affect
PDGF-A mRNA levels in RLFs (Figure 9A). MWCNT or CB
also did not increase PDGF-Ra mRNA levels in RLFs, but LPS
caused a statistically significant increase in PDGF-Ra mRNA,
yet this increase was not further increased by MWCNT or CB
(Figure 9B).

DISCUSSION

MWCNT have been reported to cause lung fibrosis in mice or rats
(9,23), yet little is known about the effect of pre-existing inflam-
mation on the fibrogenic activity of MWCNT. This is an impor-
tant issue, since the most susceptible individuals at greatest risk
for environmental or occupational exposure to CNT would likely
be those with pre-existing respiratory disease. In this study we
investigated whether pre-existing lung inflammation caused by
bacterial LPS (i.e., endotoxin), a ubiquitous environmental con-
taminant, would enhance interstitial lung fibrosis caused by
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Figure 5. PDGF-AA protein levels in bronchoalveolar lavage (BAL) fluid
collected from rats 1 day or 21 days after exposure to 4 mg/kg MWCNT
or CB nanoparticles, with or without a 24-hour LPS pre-exposure.
PDGF-AA was measured by ELISA. *P < 0.05 or ***P < 0.001 compared
with control as determined by one-way ANOVA with post Tukey’s test
or Bonferroni’s test.

MWCNT exposure. LPS pre-exposure enhanced MWCNT-
induced lung fibrosis, increased MWCNT-induced lung injury
as measured by LDH release and total protein levels, and
synergistically elevated MWOCNT-induced production of
PDGF-AA, a central mediator of fibrosis (13). Therefore, the
data presented here support our hypothesis that pre-existing
respiratory inflammation resulting from LPS pre-exposure exac-
erbates the lung fibrotic response to CNT.

LPS is a well-established stimulus of the lung inflammatory
response and promotes acute inflammation characterized by the
infiltration of circulating neutrophils into the lung, which play
a critical role the development of LPS-induced airway disease in
chronic exposures (19, 24). In the current study, we did not see
an increase in PMNs in the BAL fluid of rats 48 hours after
exposure to LPS alone, though there was a slight increase in the
total cell numbers. This can be attributed to the short duration
of the effects of a single exposure to LPS, which have been
shown to resolve completely within 48 hours of exposure (25).
Many environmental and occupational lung diseases are caused
by LPS that adheres to inhaled particles or fibers. For example,
grain dust and cotton worker’s lung disease are largely attributed
to LPS (26). Also, many ambient air pollution particles cause
lung inflammation due to the presence of LPS, which contrib-
utes to a complex mixture of organic and inorganic components
that comprise these particles (15, 27). Pristine CNT contain
little to no LPS, since they are synthesized at very high
temperatures. We were unable to detect LPS in our nanotube
stock by a commercially available endotoxin assay, but the
possibility exists that MWCNT could become contaminated with
LPS after the manufacturing process depending upon storage and
use conditions. This is because LPS is nearly ubiquitous in the
environment and therefore is a common factor that could exa-
cerbate respiratory challenges from other inhaled substances.

The mechanism whereby LPS exacerbates the lung fibrotic
response to CNT is not yet known, but our findings suggest that
amplification of PDGF-AA and its receptor could play a role in
this interactive process. It is well-established that LPS mediates
pro-inflammatory effects by binding and activating the trans-
membrane TLR4, which then signals intracellular signaling path-
ways that culminate in the production of cytokines such as TNF-a
and IL-1, -6, and -8 (28). In addition, LPS docking to the cell
surface and coordinated binding to TLR4 is facilitated by the
membrane CD14 receptor. We previously reported that LPS,
acting through a CD14-dependent mechanism, increased the
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Figure 6. Immunohistochemistry for PDGF-AA at 24 hours after
exposure. Brown staining indicates PDGF-AA protein. Open arrows
indicate PDGF-positive epithelium. Solid arrows indicate PDGF-positive
macrophages, some containing CB or MWCNT. (A) Saline control. (B)
LPS alone. (C) CB nanoparticle alone. (D) CB nanoparticles with LPS
pre-exposure. (E) MWCNT alone. (F) MWCNT with LPS pre-exposure.
(G) Higher magnification of inset from E. (H) Higher magnification of
inset from F. Hematoxylin counterstain (light blue). Original magnifica-
tion: X20 for all panels (except G and H, original magnification X40).
Bars = 100 um.

numbers of cell-surface PDGF receptors on rat lung fibroblasts
(16). Up-regulation of PDGF receptor levels increases the growth
and chemotactic responses of fibroblasts to PDGF-AA secreted
by macrophages and other lung cell types (13). In the present
study, we found that LPS exposure to the lungs of rats increased
PDGF-AA protein levels in BAL fluid at 1 day after exposure,
but not at 21 days after exposure. However, we detected PDGF-
AA protein by immunohistochemistry at both 1 and 21 days. The
reason for our inability to detect an increase in secreted PDGF-
AA proteinin BAL fluid at 21 days in mice treated with MWCNT
and/or LPS is unclear. Since the PDGF-AA detected by immu-
nohistochemistry most likely represents a membrane-tethered
form and the PDGF-AA detected in BAL fluid by ELISA most
likely represents PDGF-AA that has been cleaved from the cell
membrane by proteolytic activity, it is conceivable that at 21 days
the amount of the cleaved form was decreased to a level below our
detection limits, reflecting a decrease in PDGF-AA activity at 21
days after exposure. We also showed that LPS increased PDGF-

Figure 7. Immunohistochemistry for PDGF-AA at 21 days after expo-
sure. Brown staining indicates PDGF-AA protein. Open arrows indicate
PDGF-positive epithelium. Solid arrows indicate PDGF-positive macro-
phages, some containing CB or MWCNT. (A) Saline control. (B) LPS
alone. (C) CB nanoparticle alone. (D) CB nanoparticles with LPS pre-
exposure. (E) MWCNT alone. (F) MWCNT with LPS pre-exposure. (G)
Higher magnification of inset from E. (H) Higher magpnification of inset
from F. Hematoxylin counterstain (light blue). Original magnification:
X20 for all panels (except G and H, original magnification X40). Bars =
100 pm.

Ra mRNA levels in primary rat lung fibroblasts and NR8383
cells, a rat lung macrophage cell line. MWCNT exposure to the
lungs of rats in vivo or to cultured NR8383 cells in vitro weakly
stimulated PDGF-AA production, but this effect was synergisti-
cally amplified by LPS pre-exposure. Therefore, our data show
that LPS could enhance MWCNT-induced lung fibrosis by
amplifying MWCNT-induced PDGF-AA production in macro-
phages and epithelial cells and by increasing PDGF receptor levels
on fibroblasts, which respond to macrophage- and epithelial-
derived PDGF-AA.

Other investigations have shown that bacteria or bacterial-
derived products modify the toxicity of CNT. For example, the
pharyngeal aspiration of SWCNT into the lungs of mice followed
by bacterial infection with Listeria monocytogenes 3 day later
amplified lung inflammation and collagen formation, and de-
creased phagocytosis of bacteria by macrophages and bacterial
clearance from the lungs of mice (29). This study suggested
that enhanced acute inflammation and pulmonary injury with
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Figure 8. (A) PDGF-A and (B) PDGF-Ra mRNA levels in rat alveolar
macrophages (NR8383 cells) exposed to MWCNT for 4 or 24 hours
with or without 1 hour of LPS pre-exposure. Nonadherent cultures of
NR8383 cells were grown to near confluence in 10% fetal bovine
serum-Dulbecco’s Modified Eagle’s Medium, then washed and ren-
dered quiescent in serum-free defined medium, and treated with
10 pg/cm? MWCNT or CB for 4 or 24 hours before collecting RNA.
PDGF-A and PDGF-Ra mRNA levels were measured by real-time RT-PCR
as described in MATERIALS AND METHODS. *P < 0.05, **P < 0.01, or ***P <
0.001 compared with control as determined by one-way ANOVA with
post Tukey’s test or Bonferroni’s test.

delayed bacterial clearance after SWCNT exposure may lead to
increased susceptibility to lung infection in exposed populations.
In another study, mice that were exposed to SWCNT or MWCNT
by intratracheal instillation at the same dose used in our present
study (4 mg/kg) developed lung inflammation within 24 hours that
was enhanced with LPS co-exposure (30). Moreover, CNT
tended to enhance expression of proinflammatory cytokines
(TNF-q, IL-1B) in the lung and circulation in the presence of
LPS, as well as in cultured mononuclear cells. These results
suggested that LPS can facilitate CNT-induced systemic inflam-
mation and possibly affect coagulation, at least in part, via the
activation of mononuclear cells.

We recently reported that pre-existing allergic lung inflam-
mation caused by ovalbumin challenge enhanced airway fibrosis
in the lungs of C57BL6 mice exposed to MWCNT by inhalation
(12). That study also showed that inhaled MWCNT (the same
source used in the present study) caused increased production of
PDGF-AA in the lungs of mice but MWCNT alone did not cause
airway fibrosis. Likewise, ovalbumin allergen challenge alone did
not cause airway fibrosis but significantly increased the level of
lung TGF-B1. However, the combination of ovalbumin allergen
pre-exposure and MWCNT inhalation caused significant airway
fibrosis and was accompanied by increases in both PDGF-AA
and TGF-B1 (12). These findings support the idea that both
PDGF-AA (a stimulator of fibroblast replication) and TGF-1
(the primary stimulator of fibroblast collagen synthesis) are
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Figure 9. (A) PDGF-A and (B) PDGF-Ra mRNA levels in early passage
rat lung fibroblasts (RLF) exposed to MWCNT for 4 or 24 hours with or
without 1 hour of LPS pre-exposure. Confluent, quiescent cultures of
RLF were treated with 10 ng/cm? MWCNT or CB for 4 or 24 hours
before collecting RNA. PDGF-A and PDGF-Ra mRNA levels were
measured by Tagman quantitative real-time RT-PCR as described in
MATERIALS AND METHODS. **P < 0.01, or ***P < 0.001 compared with
control as determined by one-way ANOVA with post Tukey’s test or
Bonferroni’s test.

required and sufficient for airway fibrosis. Moreover, since the
mouse ovalbumin model is a well-established model of allergic
airway disease, this study suggested that individuals with asthma
might be at greater risk for the development of chronic airway
disease if exposed to CNT.

The dose and administration methodology used to assess
CNT toxicity and to determine the potential of CNT to cause
disease are important considerations. Initial studies of CNT on
rats and mice used intratracheal instillation or pharyngeal
aspiration techniques to deliver a bolus of material to the lung
(7-11). The doses administered in these studies ranged from 1
to 4 mg/kg CNT. The dose of 4 mg/kg used in the present study
is therefore consistent with these earlier studies. The concern
with instillation or aspiration methodologies is that they do not
produce deposition patterns similar to inhaled particles (12, 30).
However, others have shown that inhalation exposure to
SWCNT produce very similar fibrogenic effects to those seen
after a pharyngeal exposure route (31). While our methodology
in the present studies achieved a well-dispersed dose of
MWCNT in the lungs of rats, further study should address the
effect LPS pre-exposure on inhaled MWCNT.

Our findings with MWCNT in the absence of LPS in the
present study share some similarities and differences to a pre-
vious study in which we intratracheally instilled SWCNT into
rats (11), which provides a comparison of the pulmonary effects
of MWCNT and SWCNT. In our previous study, rats exposed to
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SWCNT also developed interstitial fibrotic lesions in the same
anatomic regions of the lung (terminal bronchiolar and alveolar
regions) and had increased PDGF-AA (11). The fibrotic lesions
were relatively diffuse and localized to areas of CNT deposition,
and therefore we did not detect a significant increase in total
lung collagen content. For this reason, in the present study we
did not measure total lung collagen by hydroxyproline or Sircol
assay, but instead used a histopathologic scoring method. The
trace metal content of MWCNT (nickel and lanthanum) differed
from the trace metal content of SWCNT (cobalt and molybde-
num). The lengths of both the SWCNT and MWCNT exceeded
10 wm; however, the MWCNT were 30 to 50 nm in width,
whereas the SWCNT were 1 to 3 nm in width. Most importantly,
SWCNT caused the formation of many unique bridge structures
between alveolar macrophages in the lungs of rats (11), whereas
no such bridge structures were observed in the lungs of rats that
were exposed to MWCNT.

The mechanism through which MWCNT or SWCNT in-
creased PDGF-AA production is unknown. CNT have some
features in common with asbestos fibers (e.g., high aspect ratio,
residual metals), which are also known to increase PDGF by
macrophages and fibroblasts (32, 33). However, metals in asbes-
tos fibers (e.g., iron, magnesium) are naturally occurring, whereas
CNT are manufactured using metal catalysts such as iron, nickel,
and cobalt. Nickel was a catalyst present in the MWCNT used in
the present study, and nickel has been reported to increase PDGF
production by human macrophages (34) and cause pulmonary
fibrosis in experimental animals and in humans exposed occupa-
tionally (35). Therefore, we speculate that the fibrogenic poten-
tial of MWCNT is due at least in part to residual nickel catalyst.

In our hands, SWCNT or MWCNT are weak inducers of TGF-
B1 production in the lung. Our previous work with SWCNT
showed no significant increase in lung TGF-f1 mRNA in rats
exposed by pharyngeal aspiration (11). In contrast, other work
has shown that SWCNT increased TGF-B1 levels in the lungs of
mice (10). TGF-B1 levels in BAL fluid peaked at 7 days after
exposure in these mice and then returned to near baseline levels
by 28 days after exposure. Therefore, it is possible that in our
studies with rats, which were evaluated either 1 or 21 days after
exposure to SWCNT (11) or MWCNT in the present study, we
simply missed the window of TGF-B1 expression. We did observe
low levels of TGF-B1 protein in the BAL fluid from rats exposed
to LPS and MWCNT, which indicates that this important
stimulator of collagen production is expressed under conditions
that result in maximal fibrosis. A caveatis that we measured TGF-
B1 by ELISA and such colorimetric assays are prone to some
interference of protein binding and/or enzymatic activity by
carbonaceous particles. While we were able to measure
MWCNT-induced increases in the level of PDGF by ELISA,
we cannot rule out some interference of nanoparticles in ELISA
assays for measuring growth factor levels.

In summary, we report that pre-exposure to bacterial LPS
enhances the fibrogenic effect of MWCNT delivered to the
lungs of rats. Exacerbation of MWCNT-induced fibrosis by LPS
is accompanied by enhanced production of PDGF-AA and its
receptor in the lungs of rats, as well as in cultured rat lung
macrophages and fibroblasts. Given the importance of the
PDGEF system in fibrotic diseases, our data indicate a possible
mechanism of action whereby LPS increases MWCNT-induced
fibrosis in two ways. First, LPS synergistically elevates macro-
phage production of PDGF-AA by MWCNT. Second, LPS up-
regulates the receptor to which PDGF-AA binds on fibroblasts,
thereby amplifying growth and chemotactic responses. In
general, our data support the hypothesis that pre-existing
inflammation exacerbates the fibrogenic response of the lungs
to CNT.
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