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Carbon Nanotube and Asbestos Exposures
Induce Overlapping but Distinct Profiles
of Lung Pathology in Non-Swiss Albino
CF-1 Mice

Evan A. Frank1, Vinicius S. Carreira1, M. Eileen Birch2, and Jagjit S. Yadav1

Abstract
Carbon nanotubes (CNTs) are emerging as important occupational and environmental toxicants owing to their increasing pre-
valence and potential to be inhaled as airborne particles. CNTs are a concern because of their similarities to asbestos, which include
fibrous morphology, high aspect ratio, and biopersistence. Limitations in research models have made it difficult to experimentally
ascertain the risk of CNT exposures to humans and whether these may lead to lung diseases classically associated with asbestos,
such as mesothelioma and fibrosis. In this study, we sought to comprehensively compare profiles of lung pathology in mice following
repeated exposures to multiwall CNTs or crocidolite asbestos (CA). We show that both exposures resulted in granulomatous
inflammation and increased interstitial collagen; CA exposures caused predominantly bronchoalveolar hyperplasia, whereas CNT
exposures caused alveolar hyperplasia of type II pneumocytes (T2Ps). T2Ps isolated from CNT-exposed lungs were found to have
upregulated proinflammatory genes, including interleukin 1ß (IL-1ß), in contrast to those from CA exposed. Immunostaining in
tissue showed that while both toxicants increased IL-1ß protein expression in lung cells, T2P-specific IL-1ß increases were greater
following CNT exposure. These results suggest related but distinct mechanisms of action by CNTs versus asbestos which may lead
to different outcomes in the 2 exposure types.
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Introduction

Lung diseases in humans and their associated public health

impacts are frequently linked to occupational and environmen-

tal exposures to inhaled particles (Donaldson et al. 2001; Pope

III et al. 1995; Rom et al. 1987). Insoluble fiber particles are

noted to be especially injurious due to their aspect ratio and

biopersistence (Jones et al. 1997), the most notorious historical

example being asbestos. Inhalational exposure to asbestos (par-

ticularly amphibole forms such as crocidolite) is known to

cause a constellation of pathological features in the lung

including granulomatous inflammation, alveolar septal fibro-

sis, epithelial hyperplasia, and carcinoma. Carbon nanotubes

(CNTs), another class of fibrous particles, have extensive util-

ity in developing modern technologies and applications (De

Volder et al. 2013). Due to their unique properties and wide

range of applications, it is widely forecasted that CNTs will

become ubiquitous in the coming years. This has led to dra-

matic increases in CNT manufacture and distribution, and the

forecasted volume of supply makes occupational and environ-

mental exposures likely. CNTs may become agitated into aero-

sols during manufacturing and sorting processes similarly to

asbestos (Dahm et al. 2012; Han et al. 2008). As these 2 mate-

rials share many properties, including high aspect ratio and bio-

persistence, it is speculated that they could act similarly as

occupational and environmental lung toxicants. Aspect ratio

and resistance to breakdown and clearance are known to be

determinants in the disease-promoting potential of asbestos

(Hesterberg et al. 1996; Miller et al. 1999). Toxicological stud-

ies of CNTs have increased in recent years (Bonner et al. 2013;

Porter et al. 2010; Sargent et al. 2014), but knowledge of their

toxicology and mechanisms remains underdeveloped and the

study of risk assessment of CNTs as lung toxicants comparable

to asbestos is far from complete. Isolated studies (Poland et al.
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2008; Takagi et al. 2008) have attempted to compare these

materials in vivo, but studies of this kind are few and are often

focused primarily on the possibility that CNTs may induce

pleural mesothelioma similarly to asbestos. In addition,

batch-to-batch variation of CNTs which frequently differ sig-

nificantly in their physiochemical characteristics (i.e., fiber

diameter, morphology, and manufacturing vestiges such as

metals) hampers consensus between independent projects and

highlights the need for further work in assessment of CNT

toxicology.

First-line pulmonary defenses in response to inhaled particle

irritants include clearance and breakdown. Abiotic, insoluble

particles that are resistant to breakdown are cleared by muco-

ciliary transport in the conducting airways and by alveolar

macrophages (AMs) in the bronchoalveolar regions (Oberdör-

ster 1988). Globular particulates such as dust and pollen are

efficiently cleared by AMs but fiber particles that deposit in the

distal airspaces are known to present a challenge to the clear-

ance processes of phagocytic uptake and subsequent AM loco-

motion to the mucociliary-equipped regions of the airway

(Lippman 1990). It is believed that the shape and aspect ratios

of biopersistent fibers such as crocidolite asbestos (CA) cause

harmful deformations of AMs attempting to take up the parti-

cles (Dörger et al. 2000; Nagai and Toyokuni 2012) while the

ends of fibers may puncture or damage cell membranes (fru-

strated phagocytosis). In addition to inducing mechanical

strain, fiber particles have large surface areas that may affect

cell and tissue environments with harmful surface reactivity

such as the generation of oxidative free radicals (Shukla

et al. 2003).

Lung responses to nonbiological particles that are not effi-

ciently cleared or irritate cells and surfaces include inflamma-

tion and remodeling of tissue (Oberdörster 1995). The alveolar

epithelium is functional in the role of gas exchange, which is

possible because of diffusion through thin, delicate walls lined

by type I pneumocytes (T1Ps). The alveolar epithelium is eas-

ily damaged due to the fragile nature of gas exchange areas,

resulting in acute phase inflammation. Leukocytes (chiefly

neutrophils and monocytes) infiltrate airspaces during acute

phase inflammation and may remain active beyond the resolu-

tion of exudative influx, if insulting particles persist in the

bronchoalveolar space. Acute inflammation gives way to fibro-

proliferative regeneration and reinforcing of alveolar structure

during which type II pneumocytes (T2Ps) proliferate and dif-

ferentiate into T1Ps to restore the integrity and functionality

of gas exchange areas (Fehrenbach 2001). In cases of persistent

insult such as uncleared fiber particles, infiltrating leukocytes

may aggregate into foci of granulomatous inflammation and

T2Ps and other epithelial cell types may undergo adaptive

changes to the detriment of the gas exchange capacity of alveo-

lar lining (Snyder et al. 1990). In addition, inappropriate

deposition of collagen may lead to fibrosis of the septal inter-

stitium and reduced compliance of the alveolus. Septal intersti-

tial fibrosis is one of the key clinical features in the diagnosis of

asbestosis caused by chronic exposure to asbestos fibers

(Wagner 1997). Although descriptive in vivo studies have

shown that CNT exposures may induce similar changes (Mer-

cer et al. 2011; Ryman-Rasmussen et al. 2009), detailed studies

comparing and contrasting subchronic parenchymal lung

responses in CNT and asbestos exposures are lacking. In the

present study, our objective is to compare profiles of lung

pathology induced by exposure to either CNTs or CA in a

mouse model of subchronic, repeated-dose exposure. We

sought to test the hypothesis that CNT and asbestos exposures

induce similar profiles of lung pathology, and that parallels in

effector cell recruitment and induction of molecular mediators

may account for this similarity. We tested the hypothesis by a

direct comparison of the histopathology observed in either

exposure group, including specific end points for granuloma-

tous inflammation, T2P hyperplasia, collagen deposition, and

expression of molecular mediators in effector cells and tissues.

Methods

Chemicals and Reagents

For routine work, phosphate-buffered saline (PBS), Roswell

Park Memorial Institute (RPMI) 1640 medium, formalin, and

histological alcohol were obtained through ThermoFisher

(Pittsburgh, PA). For humane animal sacrifice, Euthasol was

obtained from Butler-Schein (Dublin, OH). Fetal bovine serum

(FBS) used was from Atlanta Biologicals (Flowery Branch,

GA). Pluronic F127 was from Sigma (St.Louis, MO). Liberase

TL and DNaseI were from Roche Diagnostics (Indianapolis,

IN). Percoll was from Santa Cruz Biotech (Santa Cruz, CA).

All reagents (antibodies and bead-conjugated avidin) for

magnet-assisted cell sorting (MACS) were purchased from

Miltenyi Biotech (Auburn, CA). The following antibodies were

obtained from eBioscience (San Diego, CA): anti-CD16/32 and

anti-CD326-APC. The following antibodies were obtained

from BioLegend (San Diego, CA): anti-CD45-Alexa Fluor

700, anti-Ki67, anti-IL-1ß, anti-rabbit IgG-DyLight 488, anti-

hamster IgG-DyLight 594, and anti-rat IgG-DyLight 594.

Anti-pro-surfactant protein C (proSPC) was obtained from

Millipore (Billerica, MA). TRI reagent was from Molecular

Research Center (Cincinnati, OH). RNeasy columns were from

Qiagen (Valencia, CA). Quantitative real-time polymerase

chain reaction (qRT-PCR) was carried out using Brilliant III

SYBR Green Master Mix (Agilent, Santa Clara, CA), and pri-

mers were synthesized by Integrated DNA Technologies (Cor-

alville, IA).

Exposure Materials and Characterization

High-purity multiwall CNTs were obtained from Baytubes,

C150HP, lot E0006AAD08 (Leverkusen, Germany) as a dry

bulk powder form. CA was sourced from IITRI/NIOSH (Chi-

cago, IL). Materials were characterized using transmission

electron microscopy (TEM) and zeta potential. Briefly, either

CNTs or CA were prepared for delivery by sonication for 30-

min intervals on ice in PBS with 1% Pluronic F127 until

well-dispersed suspensions were obtained as confirmed by
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brightfield microscopy. CNT suspensions were centrifuged at

3200 relative centrifugal force (rcf) for 30 min to pellet remain-

ing aggregates. CA suspensions were not centrifuged (due to

the incomplete solubility of the particles) so weight/volume

of CA was matched to the measured concentration of centri-

fuged CNT stock suspension (as determined by weight and ele-

mental carbon content as measured previously [Birch 2004;

NMAM, 2003]). Zeta potential was measured in as delivered

suspensions using a Malvern Zetasizer Nano (Malvern, UK).

CNTs used were further characterized for metal content, sur-

face area, and thermogravimetric analysis as shown previously

(Frank, Birch, and Yadav 2015).

Animals and Exposure

Animals were approved for use in this study by the Univer-

sity of Cincinnati Institutional Animal Care and Use Commit-

tee. Six-week-old male non-Swiss Albino CF-1 mice were

obtained from Harlan Laboratories (Haslett, MI) and housed

for 1 week prior to exposure. Exposures were administered

by oropharyngeal aspiration (Rao et al. 2003) under isoflur-

ane anesthesia. Briefly, anesthetized animals were suspended

supine and the tongue was gently restrained. A 50-ml aliquot

was placed at the back of the tongue and the nostrils were

held until two full breaths were taken. Animals were exposed

to 33 mg/dose of CNT or CA in suspension. Exposures con-

sisted of 3 doses/week (Monday, Wednesday, and Friday) for

3 weeks for a total dose of 300 mg. The control group

received vehicle (PBS with 1% Pluronic F127) using the

same dosing schedule. Animals (n ¼ 8/treatment group)

rested for 5 weeks following exposure, allowing for a total

exposure time of 8 weeks.

Sample Preparation

Animals were euthanized by intraperitoneal Euthosol injection

and exsanguinated. For animals intended for histology (n ¼ 8),

the trachea was exposed and cannulated and the left lung was

inflated with 10% neutral buffered formalin. The left lungs

were then removed, placed into formalin, fixed for 24 hr, and

paraffin embedded, sectioned, and stained at the Pathology

Research Core at Cincinnati Children’s Hospital Medical Cen-

ter (CCHMC) in Cincinnati, OH. For animals intended for cell

isolation (n ¼ 3), the lungs were perfused with 10 ml of cold

PBS via the right ventricle.

Lung Digestions and Cell Isolation

Digestion medium was formulated as follows: RPMI 1640

medium was supplemented with 100 U/I of penicillin/strepto-

mycin (Thermo-Fisher), 500 mg/ml of DNaseI, and 250 mg/

ml of Liberase TL. Perfused lungs were inflated with 2 ml of

digestion medium. Then, 0.5 ml of molten 1% low-melting

agarose was immediately instilled and the chest cavity was

cooled by ice for 2 min. The lungs were excised, rinsed in PBS

incubated in digestion medium for 80 min at 37�C and 5% CO2,

and disrupted with 100 mm and 40 mm mesh. Digestions were

centrifuged for 20 min at 400 rcf through a discontinuous

20%/40%/70% Percoll gradient. The cells at the 20%/40%
interphase, consisting of intact, viable T2Ps, were taken for

MACS separations. Anti-CD45-biotin and anti-CD326(Ep-

Cam)-biotin primary antibodies were used to enrich for and

isolate, respectively, T2Ps using antibiotin microbeads on an

autoMACS Pro Separator in the Research Flow Cytometry

Core at CCHMC. Cells were 40 mm filtered immediately prior

to each separation. Purity of T2Ps was monitored by flow cyto-

metry using anti-CD45 (30-F11) and anti-CD326(EpCam,

clone G8.8). The isolated cells were immediately pelleted and

lysed in TRI reagent (Molecular Research Center, Cincinnati,

OH) and stored at �80�C.

RNA Isolation and qRT-PCR

Total RNA from samples in TRI reagent was isolated by phase

separation. The yields were cleaned up using RNeasy Plus col-

umns (Qiagen, Valencia, CA). One-step qRT-PCR was carried

out using Brilliant III SYBR Green Master Mix with 10 ng of

isolated RNA/reaction. Primers for IL-1ß, Cxcl1, Cxcl5, Ccl2,

RNA polymerase II (Rbp1), hypoxanthine ribosyltransferase

(Hprt), and glucuronidase ß (Gusß) were generated using

Primer BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast).

qRT-PCR was performed on an Applied Biosystems (ABI)

7500 real-time thermocycler with the following conditions:

reverse transcription (RT) reaction for 10 min at 50�C followed

by PCR amplification using 3 min at 95�C, 40� (5 sec at 95�C,

33 sec at 60�C). Raw cycle threshold (CT) values were normal-

ized using the geometric mean of 3 housekeeping genes (Rbp1,

Hprt, and Gusß). The DDCT method was used to arrive at the

quantification of target gene transcripts in exposed samples

relative to the vehicle control. The calculation for the method

used the following formula:

2-[CT(TG)-CT(HKG)]treatment

2-[CT(TG)-CT(HKG)]vehicle

¼ 2–DDCT ¼ fold change

where fold change (FC) is a positive number more, less, or

equal to 1, TG is the target gene, and HKG is the housekeeping

gene.

To represent relative increases or decreases, values of FC

were linearized by the following formula:

If FC � 1, relative change ¼ FC

If FC < 1, relative change ¼ �1/FC

Histology, Histochemistry, and Immunofluorescent
Histochemistry (IHC)

H&E and Masson’s trichrome stains were prepared at CCHMC

Pathology Research Core. Further sections for IHC were also

prepared by the Core. Slides were examined with a Zeiss Axio

Scope.A1 microscope equipped with an AxioCam ICm1 and
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Zeiss Zen lite 2011 software, v.1.0.0.0 software (Carl Zeiss

Microscopy, Thornwood, NY). Slides stained with H&E were

scored blind by a board-certified veterinary pathologist. Micro-

scopic findings were scored with a severity grade of 1–4 based

upon a characterization of minimal, mild, moderate, or marked,

respectively, and present (‘‘present’’ denotes the observation of

pigmented macrophages commonly observed in CNT-exposed

lungs). Samples received severity scores on specific morphol-

ogies including granulomatous inflammation, lymphoid tissue

hyperplasia, T2P hyperplasia, and bronchoalveolar (mixed

cell) hyperplasia. The slides stained with Masson’s trichrome

were analyzed by quantitative microscopy. Images were taken

using 40� objective at 5 regions of interest per lung. Five

adjacent, nonoverlapping images were captured at each region

of interest for a total of 25 images per sample. Areas of

high background collagen, such as conducting airways, were

avoided. Images were analyzed quantitatively in ImageJ

1.47v (http://rsbweb.nih.gov/ij/) using color thresholding.

Briefly, images were threshold-masked to only display the blue

collagen stain. Images were converted to 8-bit form for inten-

sity thresholding and the resulting images (representing high-

collagen areas) were measured in terms of pixel intensity.

Images were batch-analyzed (identically processed) in this way

and the results were analyzed for mean pixel intensity across

the whole image. Statistical analysis between groups used a

one-way analysis of variance (ANOVA) with Tukey post hoc

Figure 1. Morphology and size distribution of carbon nanotubes (CNTs) and crocidolite asbestos (CA) materials used in this study. Left side:
CNTs presented as loose tangled agglomerates with an average fiber diameter of 10.4 nm. Right side: CA was composed mostly of individual
fibers with average diameter of 269.2 nm.
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analysis. To obtain representative images from H&E and Mas-

son’s trichrome stained sections, slides were digitally scanned

by the CCHMC Pathology Research Core and images were

extracted using Aperio ImageScope software.

For quantitative assessment of T2P proliferation, IHC was

carried out using standard protocols for deparafinization, rehy-

dration, and sodium-citrate antigen retrieval. Sections were

blocked with 1% bovine serum albumin (BSA) in PBS and

stained with anti-proSPC for unambiguous identification of

T2Ps and Ki67 to indicate active proliferation. 4’,6-diami-

dino-2-phenylindole (DAPI) was used as a counterstain.

Appropriate secondary antibodies conjugated to DyLight 488

or DyLight 594 were used to visualize staining. All IHC slides

were imaged on a Nikon (Melville, NY) Eclipse 50i fluorescent

microscope equipped with an EXFO X-Cite 120 lamp (Lumen

Dynamics, Ontario, Canada) and Nikon DS-5 M camera sys-

tem. For fluorescent IHC, 3-color overlays were generated

using Adobe Photoshop CS2, version 9.0 (www.adobe.com)

and individual cells were scored as positive or negative for the

given stains. Cytoplasm of T2Ps exhibited robust staining

for proSPC and the number of proSPCþ cells was divided

by the number of alveoli in the field to measure the average

number of T2Ps per alveolus. A total of about 60 alveoli in

regions of interest were measured blind per sample. To

assess apoptosis in T2Ps, terminal deoxynucleotidyl trans-

ferase dUTP nick end labeling (TUNEL) assay was per-

formed by the CCHMC Pathology Core. TUNEL staining,

along with proSPC staining in serial sections to identify

T2P cells, was visualized using 3,30-diaminobenzidine.

In further IHC work, sections were costained as above with

anti-proSPC and anti-IL-1ß with DAPI counterstain. For count-

ing of IL-1ß-positive total cells and T2Ps, positives were nor-

malized to the number of DAPI-stained nuclei in the field.

Statistical significance of differences between vehicle, CNT-,

and CA-exposed groups in these analyses were evaluated using

one-way ANOVA with Tukey post hoc analysis.

Results

Physiochemical Characterization

CNTs prepared for instillation were present as tangled, loose

agglomerates (Figure 1) with occasional free single fibers. The

average diameter of CNTs was 10.4 nm, with a range of 4.4 to

21.9 nm. Entanglement prevented the accurate measurement of

length but most fibers appeared to be longer than 1 mm.

Agglomerates were roughly in the range of 200 to 400 nm

across. CA fibers were present as single fiber particles and

splintered fibers. The average CA fiber diameter was 269 nm

with a range of 116 to 627 nm. CA lengths ranged from 1.87

mm to 16.55 mm with an average of 6.48 mm. Zeta potentials

of suspensions were �0.17 + 0.6 for CNTs and �17.1 +
1.49 for CA. CNTs in this study exhibited negligible levels

of metal contamination. Further characterization for CNTs is

available as published previously (Frank, Birch, and Yadav

2015).

Clinical and Gross Findings

Animals administered either particle exposure did not show

any overt clinical symptoms during the exposure period. One

animal (from the CA-treated group) was euthanized during the

experiment due to injuries sustained from fighting, thus n ¼ 8

for CNT- and vehicle-treated groups and n ¼ 7 for CA-treated

for all histopathological analyses (except where noted).

Repeated administrations via oropharyngeal aspirations mod-

estly increased the prevalence of alveolar macrophages (AMs)

in the bronchoalveolar space. The distal regions of the lung tis-

sue exhibited more pronounced crowding of AMs in the

alveoli, which were characterized by abundant foamy cyto-

plasm in the vehicle-treated animals as well as particle-

exposed lungs. This finding is an expected alteration related

to administration of amphiphilic Pluronic surfactant used in the

vehicle suspension.

Histopathology

Pathology scores for observed histological features are pre-

sented in Figure 2 and are discussed below. The general extent

Figure 2. Carbon nanotubes (CNTs) and crocidolite asbestos (CA)
cause overlapping but distinct profiles of lung pathology. Vehicle-
treated lungs exhibited little or no microscopic alterations. Both
particle-treated groups showed granulomatous inflammation, com-
posed chiefly of macrophages mixed with lymphocytes and low num-
bers of neutrophils. CNT-exposed lungs predominantly showed
lymphoid tissue hyperplasia (interstitial and perivascular) and type II
pneumocyte hyperplasia, while crocidolite-treated lungs predomi-
nantly showed bronchoalveolar hyperplasia.
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and distribution of lung pathologies resulting from exposure

are shown at low magnification in Figures 3 and 4. Vehicle

treatments did not induce any widespread changes in lung

architecture or tissue appearance beyond accumulation of

foamy AMs. Limited (scores of ‘‘1’’) T2P hyperplasia (focal)

was noted in 3 of the 8 vehicle-treated animals. Animals

exposed to CNTs or CA both featured mild to moderate multi-

focal alveolar accumulations of AMs, lymphocytes, and lesser

numbers of neutrophils (granulomatous inflammatory foci),

with multifocal nodular aggregates of inflammatory cells

expanding the alveoli (microgranulomas). AMs in CNT- or

CA-treated animals contained variable amounts of coarse

pigmented material with the occasional presence of multi-

nucleated AMs.

CNT-exposed animals had marked locally extensive T2P

hyperplasia, characterized by plump epithelial cells lining the

alveolar walls in areas proximal to CNT-laden AMs aggregates

(Figure 5). CNT-exposed lungs also had interstitial and peri-

vascular foci of hyperplastic lymphoid tissue, comprising

mostly of small lymphocytes. These irregular lymphoid expan-

sions were observed both adjacent to airways (bronchial/ole

associated lymphoid tissue [BALT]) and proximal to the more

severe areas of epithelial hyperplasia.

In contrast, CA exposures induced significantly less severe

T2P hyperplasia and less lymphoid hyperplasia. Individual CA

fibers were visible in association with epithelium and AMs.

CA-exposed lungs featured bronchoalveolar hyperplasia predo-

minantly at terminal bifurcations and alveolar ducts, which was

Figure 3. Extent and distribution of crocidolite asbestos (CA)- or carbon nanotube (CNT)-induced lung lesions. H&E stains. Vehicle-treated lung,
(A) low and (B) higher magnification, (C) CA-exposed lung showed granulomatous inflammation and epithelial hyperplasia predominantly at ter-
minal airways and alveolar ducts, (C) low, and (D) higher magnification. CNT-exposed lung showed diffuse alveolar hyperplasia in addition to
granulomatous inflammation, (E) low and (F) higher magnification.
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minimal in CNT-exposed lungs. Neither CNT- nor CA-treated

lungs had any appreciable microscopic findings in the pleura.

Masson’s Trichrome Stain Analysis

Increased collagen staining was observed in either particle-

exposed lungs and was more predominant in areas of alveolar

inflammation and, especially, adjacent to epithelial hyperplas-

tic lesions (Figure 6). Quantitative microscopy analysis of sec-

tions stained with Masson’s trichrome and showed that both

CNT and CA exposures increased collagen staining to a similar

extent in lung tissue (the increases were statistically nonsigni-

ficant). One sample (CA treated) was omitted due to faulty

staining, thus n ¼ 6 for the CA-treated group in this analysis.

Additionally, either toxicant induced distinct patterns of inter-

stitial fibrosis, with CA inducing more extensive peribronchial

and perivascular foci and CNTs inducing nodular fibrotic foci

in alveolar regions.

Immunofluorescence Histochemistry for T2Ps

Both CNT and CA exposures significantly increased T2Ps/

alveolus compared to vehicle (Figure 7). CNT-exposed lungs

exhibited significantly increased T2Ps compared to CA-

exposed lungs. Characteristic hyperplastic epithelial lesions

induced by CNT exposures were confirmed to be composed

of T2Ps. Hyperplastic lesions associated with CA exposures

were shown to be comprised of proSPCþ and proSPC� cells.

No trends were observed in the number of alveoli/field. Nuclei

of actively proliferating cells within the BALT stained positive

for Ki67 and served as internal positive control. No Ki67þ stain-

ing was observed in T2Ps in any group. Collectively, the data

show that CNT exposures induce T2P hyperplasia by increasing

the number of T2Ps and do so to a significantly greater extent

than CA exposures. The absence of any observed Ki67 staining

indicates that proliferation of T2Ps may not be actively occur-

ring at the time of sampling. This suggests that, although active

proliferation of T2Ps may have ceased within the 5 weeks fol-

lowing cessation of exposure, hyperplastic T2Ps remain the pre-

dominant cell type lining the alveoli at this time point.

TUNEL Assay for Apoptosis in T2Ps

Serial sections stained for proSPC and TUNEL, respectively,

revealed minimal apoptosis in general (Figure 8). Enumeration

of apoptotic cells in 3 fields of T2P hyperplasia/sample showed

a marginally increased, nonsignificant prevalence of apoptotic

nuclei (not specific to cell type) in CNT- and CA-exposed

lungs. Apoptotic cells were also noted to be somewhat more

prevalent in regions of marked CA- or CNT-induced granulo-

matous lesions (not shown). No differences in the number of

apoptotic T2Ps were observed, although it was not possible

to confirm the identities of some apoptotic cells dependent

on the degree of correlation between contiguous serial sections

stained for either proSPC or TUNEL. The results here indicate

that CNT and CA do not differ considerably in their capacity to

induce apoptosis in T2Ps and suggest the differences in T2P

hyperplasia are not due to increased cell death in CA-

exposed T2Ps.

Gene Expression in T2Ps

Gene expression of Cxcl1, Cxcl5, Ccl2, and IL-1ß were mark-

edly increased in T2Ps isolated from CNT-exposed lungs

compared to vehicle-treated (Figure 9). CA exposures only

modestly increased Cxcl1, Ccl2, and IL-1ß expression and

modestly decreased Cxcl5 expression.

Figure 4. Regions of interest in crocidolite asbestos (CA)- or carbon
nanotube (CNT)-exposed lung. H&E stains. (A) Vehicle-treated lungs
showed no change in airway or alveolar structure. (B) CA exposures
caused hyperplasia of terminal bronchioles and alveolar ducts. (C)
CNT exposures caused hyperplasia of alveolar epithelium and bron-
chial/ole associated lymphoid tissue. CNT-laden macrophages are visi-
ble as darkly pigmented bodies.
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IHC for IL-1ß

Anti-IL-1ß and anti-proSPC antibodies were used to quantify

IL-1ßþ cells and coidentify these with T2Ps in costained sec-

tions (Figure 10). The cytoplasm of IL-1ß-expressing cells was

stained by anti-IL-1ß and counted manually. Total IL-1ßþ cells

were normalized to the number of total cells as enumerated by

DAPI-counterstained nuclei and increases were expressed as

FC over vehicle-treated. Three fields were counted blind per

sample. Exposures to CNTs or CA both increased the total

IL-1ßþ cells, with CNT exposures causing a significant differ-

ence and CA causing a less significant increase. The number of

total IL-1ßþ cells did not differ substantially between treat-

ments. In the same images, cells double-positive for proSPC

and IL-1ß were counted and expressed as average number of

IL-1ßþ T2Ps per field. No IL-1ßþ T2Ps were observed in the

vehicle group, while they appeared modestly increased follow-

ing CA exposure. Numbers of IL-1ßþ T2Ps were significantly

increased in CNT-exposed lung and substantially higher than

CA-exposed. This agrees with gene expression data showing

increased IL-1ß expression in T2Ps isolated from CNT-

exposed lungs. The data collectively show that while both

exposures tend to induce the mature IL-1ß protein in lung cells,

CNT exposures do so more specifically in T2Ps.

Figure 5. Crocidolite asbestos (CA)- or carbon nanotube (CNT)-induced lung epithelial hyperplasia. H&E stains. Vehicle-treated lungs showed
little or no type II pneumocyte (T2P) and bronchoalveolar hyperplasia (A and B, respectively). CA-exposed lung showed modest T2P hyperplasia
(C) but prominent bronchoalveolar hyperplasia (D). CNT-exposed lung showed more diffuse and severe T2P hyperplasia (E), while showing rel-
atively little bronchoalveolar hyperplasia and peribronchial changes (F) in contrast with what is seen in CA-exposed lung.

218 Toxicologic Pathology 44(2)

 at Stephen B. Thacker CDC Library on March 25, 2016tpx.sagepub.comDownloaded from 

http://tpx.sagepub.com/


Discussion

This study compares and contrasts profiles of lung toxicologic

pathology following exposures to multiwall CNTs or CA with

results showing that CNTs reproducibly elicit distinct lesions

relative to CA particularly with respect to alveolar T2Ps.

Although CNT- and asbestos-exposed lung pathology in rodent

models have been described individually, to our knowledge,

this is the first comparison study to focus on side-by-side

assessment of morphological and mechanistic end points. Our

Figure 6. Crocidolite asbestos (CA)- or carbon nanotube (CNT)-induced interstitial remodeling. Masson’s trichrome stain. Vehicle-treated lungs
showed no or minimal interstitial collagen staining (A). CA-exposed (B) and CNT-exposed (C) lungs showed increased interstitial collagen stain-
ing. Graph: Images of left lung sections stained with Masson’s trichrome were taken in bronchoalveolar regions (25 per slide). Collagen-specific
color was isolated using color thresholding in ImageJ and resulting images were measured by mean pixel intensity. Distinct patterns of interstitial
fibrosis following exposure were observed where (D) CA induced prominent perivascular and peribronchial fibrotic foci while, (E) CNTs induced
nodular fibrotic foci (arrows) in alveolar spaces following 8-week exposure to 300 mg of either material.
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findings are consistent with and build upon previously pub-

lished work using mice (Adamson et al. 1987; Bonner et al.

2013; Mercer et al. 2011). It is widely appreciated that the

shared characteristics between CNTs and asbestos warrant con-

cern and investigation into their toxicological similarities.

Because no history of human exposure to CNTs yet exists,

these investigations must use experimental models to gauge the

extent to which asbestos and CNTs overlap in their toxicologi-

cal actions. In vivo comparison studies of CNTs and asbestos

often focus on effects in the pleural tissue and mesothelial lin-

ing, with the explicit goal of assessing carcinogenic potential as

asbestos exposure is notoriously associated with mesothelioma

and lung cancer. Two prominent studies (Poland et al. 2008;

Takagi et al. 2008) compared the effects of asbestos and CNTs

in the pleural lining of the intraperitoneal cavity in mice, agree-

ing that hyperplastic and neoplastic changes suggest that CNTs

may induce preneoplastic lesions. However, such studies fre-

quently exclude comparisons of basic lung pathology caused

by either toxicant and appear focused on specific pleural end

points at the expense of more comprehensive hypothesis-

driven investigation of toxicologic pathology. Furthermore,

asbestos exposures also cause detrimental effects apart from

carcinogenesis, such as interstitial fibrosis and granulomatous

inflammation (Wagner 1997). These effects alone represent a

public health burden by directly impacting lung function and

complicating coexisting conditions.

Interpretations of experimental results intended to provide

information relevant to human health must consider limitations

in the ability to accurately model realistic exposure situations.

Although many studies take advantage of the lower back-

ground variability and specialized phenotypes offered by

inbred mouse strains, we opted to use an outbred mouse model

Figure 7. ProSPCþ type II pneumocytes (T2Ps) are increased in hyperplastic lesions induced by carbon nanotube (CNT) exposure. Green:
proSPC, Red: Ki-67, with DAPI. Pro-SPCþ cells were minimal in vehicle-treated lungs (A), increased in crocidolite asbestos-treated (B), and espe-
cially prevalent in CNT-treated (C). Graph: proSPCþ cells were counted manually in lung sections and divided by number of alveoli in the field.
CNT-exposed lungs had greatest numbers of type II cells/alveolus, with lesser increase seen with crocidolite exposure. Ki-67þ T2Ps were not
observed. **p < .01.
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for its more robust health and more realistic modeling of a het-

erogeneous human population. The most relevant route of

exposure to CNTs is expected to be inhalation, followed by

skin contact. To model inhalation, the current work used oro-

pharyngeal aspiration methods similar to those used in the

majority of existing toxicological studies of CNTs. Shvedova

et al. (2008) showed lung responses to inhaled doses of

single-walled CNTs in C57/Bl6 mice were more severe than

those following comparable aspirated doses, suggesting the

similar trend could be found for the case of multiwall CNTs.

Although inhalation-based studies are more environmentally

realistic in nature, they are technically challenging and not fea-

sible in many laboratories. Future studies should nonetheless

consider using inhalational exposures where feasible, particu-

larly where risk assessment and the derivation of safe exposure

limits are goals. A further consideration concerns how doses

given in animal models approximate the actual exposure bur-

dens expected in human occupational scenarios. The repeated

Figure 8. Prevalence of apoptotic T2Ps does not differ between carbon nanotube (CNT)- and crocidolite asbestos (CA)-induced hyperplastic
lesions. Left column: proSPC-stained sections, right column: terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-stained sec-
tions, 40� (Hematoxylin counterstain in both sets). Cytoplasm of T2Ps stained dark brown using 3,30-diaminobenzidine visualization of proSPC in
(A) vehicle-treated, (C) CA-exposed, and (E) CNT-exposed alveolar epithelial lesions. TUNEL staining resulted in purple apoptotic nuclei in serial
sections of the lesions (B, E, and F, respectively). In general, significant prevalence or increases of apoptotic cells were not observed in any group.
Serial sectioning allowed for TUNELþ nuclei to be coidentified (where possible) as proSPCþ cells (see arrows, C and D, which denote a TUNELþ/
proSPC� cell). TUNELþ T2P cells were uncommon and no trends were observed between exposure groups.
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doses of CNTs in this study reached a cumulative total of 300

mg/animal. Recent monitoring in modern CNT production

facilities reported a mean airborne CNT concentration of

42.6 mg/m3 (Kuijpers et al. 2014). Assuming a human light-

work breath volume of 1 L at 20 breaths a minute, we may pre-

dict an inhaled dose of 70mg/8 hr workday in a realistic sce-

nario using the multiple path particle dosimetry model as

utilized by Porter et al. (2010). Scaling from a mouse alveolar

epithelial surface area of .05 m2 (Stone et al. 1992) to a human

surface area of 102 m2, we may predict our model reflects an

occupational exposure dose which may be reached in 33.6

years given a 5-day workweek. The CNT exposure dose used

here, although high relative to the mouse, therefore approxi-

mates exposure burdens humans may feasibly accumulate

within a normal occupational lifetime. Nonetheless, as the

objective of this study was to compare the relative effects of

2 toxicants and not to model or assess risk in human exposures,

it should be noted that numerous uncertainty factors would

need to be considered in extrapolating these results to a realistic

occupational health context.

In this study, CA induced bronchoalveolar hyperplasia

which was most prominent in alveolar ducts and terminal bifur-

cations. This is consistent with published reports that amphi-

bole asbestos preferentially induces lesions in distal airways

and alveolar ducts in rodents (Manning et al. 2002; Shannahan

et al. 2012). Other exposures known to cause bronchoalveolar

hyperplasia include silicon carbide whiskers (Akiyama et al.

2007) and repeated ozone (Hassett, Mustafa, and Elashoff

1985). In contrast, CNT-induced hyperplastic changes were

prominent throughout the alveolar spaces and characterized

by T2P hyperplasia. T2Ps isolated from CNT-exposed lungs

displayed a proinflammatory phenotype compared to CA and

expressed IL-1ß. Several factors may contribute to the differ-

ences in toxicological pathology observed here, including scale

and fiber morphology differences. CNTs used in this study

were thin (mean diameter: 10.4 nm), nonrigid fibers forming

200 to 400 nm agglomerates, whereas CA fibers were rigid

fibers 269.2 nm in average diameter and up to 16 mm long. The

published work (Hesterberg et al. 1996; Lippmann 1990; Nagai

et al. 2011) robustly supports the role of size and morphology

as possible pathogenic determinants in fiber-induced injury,

thus different paradigms of fiber toxicology may be induced

by thin, agglomerated CNT fibers versus thick, rigid CA fibers.

It has been observed (Hirano, Kanno, and Furuyama 2008) that

multiwall CNTs in the diameter range of 60 to 80 nm are rigid

and exist as fibers comparable to CA as opposed to the fibrous

particulates formed by the thinner CNTs used in the current

study. T2Ps or T1Ps may be sensitive to CNTs based on these

differences in dimension. Furthermore, CNTs may preferen-

tially come to rest in alveoli in proximity to alveolar pneumo-

cytes as a result of their morphology and/or size, whereas CA

fibers may accumulate in distal airways and ducts without read-

ily contacting T1Ps and T2Ps. It was not possible to accurately

monitor the deposition of CNTs or CA with regard to localiza-

tion in this study.

Apart from size and morphology differences, CNTs and CA

differed in their metal content. CNTs had negligible metal con-

tamination and no detectable iron, whereas CA is known to

contain iron oxides (Gulumian et al. 1993). We expect the pres-

ence of iron may play a role in the differences seen in lung

pathology. On further note, CNTs in this study present a large

surface area of 193.6 m2/g (Frank, Birch, and Yadav 2015),

compared to the *8 m2/g normally observed in standard

(Union for International Cancer Control) crocidolite (Good-

glick et al. 1990; Gulumian et al. 1993). The high surface area

seen in CNTs may underpin qualitative differences in their

toxicity versus CA (Hubbs et al. 2011).

We show here that T2Ps are particularly more affected by

CNT exposures relative to CA. This was most evident in histo-

pathologically distinct T2P hyperplasia, increased T2P number

which cannot be explained by differences in apoptosis, and

expression of IL-1ß specific to T2Ps. T2P hyperplasia occurs

as a reparative response of the alveolar epithelium in an attempt

to reestablish alveolar wall integrity and function. In a classic

model of experimental lung fibrosis, bleomycin induces hyper-

plasia of and apoptosis in T2Ps (Wang et al. 2000) as well as

altered IL-1ß signaling and it is substantiated that these effects

underlie bleomycin-driven fibrosis in the lung (Gasse et al.

2007). Both toxicant exposures increased collagen staining in

the lung interstitium as assessed by Masson’s trichrome.

Although CA is a classical profibrotic agent, we did not

observe extensive fibrosis following exposure to either toxicant

despite using relatively high cumulative doses. We suggest that

extensive fibrotic foci were not seen due firstly to the duration

of exposure, as fibrotic responses may not be extensive at this

time of sampling and are expected to continue to develop based

on previous studies in rodents (Adamson et al. 1987; Cyphert

et al. 2012; Davis et al. 1978). Second, we note that extensive

fibrotic responses are commonly shown in inbred strains of

mice known to be susceptible to fibrosis (e.g., C57Bl/6),

whereas the outbred animals in this study may be relatively

Figure 9. Carbon nanotube (CNT) exposures more strongly induced
proinflammatory mediators in type II pneumocytes (T2Ps) compared
to crocidolite. RNA from isolated T2Ps was subjected to quantitative
real-time polymerase chain reaction. Values shown are the relative
change from vehicle-treated samples.
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resistant to pulmonary fibrosis (Schrier, Kunkel, and Phan

1983). In addition, inhalation routes may be more conducive

to inducing fibrotic reactions (Shvedova et al. 2008). The pres-

ent findings appear consistent with previous studies (Davis

et al. 1978; Kamp et al. 1995; Wagner et al. 1974) of amphibole

asbestos which used outbred rodent models of exposure.

Conclusion

In conclusion, we show that CNT toxicity appears to directly

affect alveolar pneumocytes and T2Ps to produce features of

lung pathology both common and distinct from asbestos. These

differences may precede or be associated with different long-

term outcomes in cases of CNT or asbestos exposure. Future

work should address the extent to which this observation is

true using CNTs of different size and morphology and what

role this may have in the mechanism of action of CNTs versus

asbestos in their respective exposure-related outcomes.

Although research interests in the mechanisms of asbestos

toxicity have historically been somewhat limited despite the

notoriety of this toxicant, the rise of CNT materials under-

scores a critical need to conduct comprehensive hypothesis-

based research into these materials both separately and in

comparison.
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