
 

© Copyright 2015 

Megan Cartwright 

  



 

The Modulation of Multi-walled Carbon Nanotube-induced Acute Lung Pathology by Mouse Strain, 

Glutathione Status, and Nanotube Characteristics 

 

Megan Cartwright 

 

 

A dissertation 

submitted in partial fulfillment of the 

requirements for the degree of 

 

Doctor of Philosophy 

 

 

University of Washington 

2015 

 

 

Reading Committee: 

Terrance Kavanagh, Chair 

William Altemeier 

Edward Kelly 

 

 

Program Authorized to Offer Degree: 

School of Public Health 

Environmental and Occupational Health Sciences  



 

University of Washington 

 

Abstract 

 

The Modulation of Multi-walled Carbon Nanotube-induced Acute Lung Pathology by Mouse Strain, 

Glutathione Status, and Nanotube Characteristics 

 

Megan Cartwright 

 

Chair of the Supervisory Committee: 

Professor Terrance Kavanagh 

Department of Environmental and Occupational Health Sciences 

 

 

 Multi-walled carbon nanotubes (MWCNTs) are concentric cylinders of graphene with useful 

industrial properties and possible human toxicities due to their high aspect ratio, reactive surface 

chemistry, and respirable size.  Worldwide manufacturing capacity of carbon nanotubes (CNTs) increased 

ten-fold from 2006 to 2011, reflecting manufacturing improvements and increased demand.  However, 

this dramatic expansion has outpaced animal testing for toxicity—thereby presenting a potential 

occupational health hazard to workers at risk for inhaling MWCNTs during manufacturing and handling.   

 While several human studies into the effects of occupational exposure have been published, 

current understanding of MWCNT-induced lung pathology largely derives from in vitro cell culture studies 

and in vivo animal studies.  However, the literature frequently contradicts itself on the consequences of 

MWCNT introduction into the rodent lung: CNTs have been reported as highly inflammogenic, pro-fibrotic, 

damaging to cellular and lung barrier integrity, and capable of engendering severe oxidative stress.  

CNTs have also been reported as non-inflammogenic, non-fibrotic, non-cytotoxic, and capable of 

scavenging reactive oxygen species.  These contradictions may derive from significant interlaboratory 



 

differences in MWCNT preparation and rodent exposures, as well as from the incredible diversity in 

physicochemical properties of various manufactured MWCNTs. 

 These contradictory data impede effective risk assessments and regulations to reduce the risk of 

lung exposure in workers.  Furthermore, the majority of studies only examined MWCNT-induced 

pathology in a narrow selection of rodent strains, predominantly the C57BL/6 mouse.  This narrow 

approach likely fails to capture important variations in genetic susceptibility to lung pathology within a 

workforce growing 14% annually in the United States. 

 To improve understanding of the associations between MWCNT-induced lung inflammation and 

specific physicochemical characteristics, along with genetic differences in susceptibility, I have developed 

the following aims: 

Aim 1:  To elucidate which physicochemical characteristics of nine well-characterized MWCNTs 

are associated with acute lung inflammation in A/J mice. 

Aim 2:  To determine if there is a differential response to MWCNT-induced acute lung 

inflammation across ten isogenic mouse strains. 

Aim 3:  To investigate how a genetically-induced deficiency in the cellular antioxidant glutathione 

modulates susceptibility to MWCNT-induced acute lung inflammation in a gender-dependent 

manner in C57BL/6 mice.
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Chapter 1 : Introduction 

1.1.   Multi-walled carbon nanotube synthesis and industrial uses. 

Multi-walled carbon nanotubes (MWCNTs) are concentric cylinders of graphene sheets which are 

typically under 100 nm in diameter, but which can reach hundreds of microns in length (De Volder et al., 

2013).  With their fiber-like aspect ratios and reactive surface chemistry, they are frequently compared to 

much-larger asbestos fibers (Poland et al., 2008; Ma-Hock et al., 2009; Nagai et al., 2011; Nymark et al., 

2014).  Unlike asbestos, MWCNTs were only first discovered and characterized in 1991 (Iijima, 1991).  

However, they were quickly embraced by the burgeoning nanotechnology sector: Since 2006, worldwide 

carbon nanotube (CNT) production capacity has grown approximately ten-fold, reaching an estimated 

four million kilograms per year in 2011 (Dahm et al., 2012; De Volder et al., 2013). 

The increasing popularity of MWCNTs is unsurprising, given that these nanomaterials possess 

characteristics useful to the materials, electronic, and biomedical industries.  CNTs are predominantly 

manufactured for making composite materials, such as those used in sporting goods, car parts, and 

aeronautics, which take advantage of their light weight and high tensile strength (Liu et al., 2010; De 

Volder et al., 2013).  Due to CNTs' electrical and semiconducting properties, they are also used in 

rechargeable batteries and transistors (De Volder et al., 2013; Shulaker et al., 2013).  Furthermore, 

MWCNTs are under development for use in biology and medicine as biological sensors, carriers for drug 

molecules, probes for atomic force microscopy, and ultrasound contrast agents (Delogu et al., 2012; Jain, 

2012).  Presently, a clinical trial is underway comparing the efficacy of a standard tissue imaging 

technique to a CNT X-ray-based imaging device for evaluating breast lesions (NIH, 2015). 

This rapid expansion in CNT production has been enabled by continued developments in 

manufacturing processes, notably chemical vapor deposition.  In chemical vapor deposition, MWCNTs 

are grown from metal catalysts (e.g., iron and nickel) in contained reactors enabling the uniform diffusion 

of heat and carbon-based gases.  With improvements to the chemical vapor deposition process, purified 

MWCNTs are sold for approximately $100/kg—making them approximately ten times more expensive 

than carbon fiber (De Volder et al., 2013).   

Unlike single-walled CNTs (SWCNTs), MWCNTs can be produced without these metal catalysts, 

although this method requires more energy and often produces poorly-aligned CNTs (Lam et al., 2006).  
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In contrast, chemical vapor deposition efficiently produces MWCNTs, although this process can 

significantly contaminate MWCNTs with metal catalysts and non-graphene carbonaceous materials.  

Consequently, MWCNTs require post-synthesis treatments involving heat and/or acid to remove these 

contaminants, and subsequently to anneal defects introduced into the graphene structure (De Volder et 

al., 2013; Kim et al., 2014).  Unfortunately, this post-synthesis handling—as well as related activities, 

such as grinding and sonication—increases the opportunities for workers to be exposed to MWCNTs (Lee 

et al., 2015a). 

 

1.2.   Occupational and environmental exposures to multi-walled carbon nanotubes. 

During manufacture and handling, MWCNTs can be released into ambient air, where they 

aggregate into complex bundles of nanotubes and contaminants up to 4 µm in diameter (Han et al., 2008; 

Lee et al., 2010; Dahm et al., 2012) and constitute a significant fraction of ambient elemental carbon 

(Dahm et al., 2012).  While dermal exposure is possible (Maynard et al., 2004), the principal exposure 

route of concern is via inhalation of airborne MWCNTs (NIOSH, 2013).  Among American CNT 

manufacturers, inhalable elemental carbon has been measured at 7.86 µg/m3, corresponding to 

approximately 1 CNT/cc (Dahm et al., 2012); among American research laboratories, this level reached 

as high as 53 µg/m3 (Maynard et al., 2004).  Studies of Korean manufacturers have reported air 

concentrations of 1.6 – 2.3 µg/m3 (Lee et al., 2015b), 0.3 – 2.5 µg/m3 (Lee et al., 2015a), and even an 

astonishing 430 µg/m3, which corresponded to 193.6 MWCNT/cc (Han et al., 2008).  This concentration 

was significantly higher than current threshold limit values for other fibers, such as asbestos (0.1/cc), 

refractory ceramic fiber (0.1/cc), and rock wool (1/cc) (Han et al., 2008). 

While workers involved in manufacturing and handling are the most likely to be exposed, 

MWCNTs have also been detected in the environment and even in the general population.  MWCNTs can 

be unintentionally produced during combustion; consequently, they have been recovered from propane 

and natural gas kitchen stoves, and from outdoor particulate matter collected in Texas (Lam et al., 2006).  

The combustion of jet fuel during the 2001 World Trade Center terrorist attacks was the likely source for 

the CNT-like structures recovered from the lung biopsies acquired in 2006 – 2007 from four first 

responders with respiratory disorders; indeed, the CNT tissue burdens among these first responders 
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reached as high as 230,000 CNT/g of lung tissue (Wu et al., 2010).  Similarly, traffic pollution is the likely 

source for the MWCNT-like structures recently observed in alveolar macrophages and bronchoalveolar 

lavage fluid (BALF) extracts of 66 Parisian children with asthma (Kolosnjaj-Tabi et al., 2015) 

Although it is difficult to conclusively prove that these CNT-like structures recovered from first 

responders and Parisian children are CNTs, these reports do confirm that carbonaceous nanomaterials 

comparable in size to MWCNTs are capable of entering and being retained by the human lung. 

 

1.3.   Potential effects of respiratory exposure to multi-walled carbon nanotubes. 

Once in the lung, the same characteristics which make MWCNTs so useful—their fiber-like 

aspect ratio, reactive surface chemistry, and structural stability—may also render them harmful (Ma-Hock 

et al., 2009).   

At the present time, there are few published studies investigating the effects of CNT exposure on 

humans.  The largest and best-controlled epidemiological study to date compared 124 Taiwanese 

workers and 77 controls at baseline and then six months later to identify potential exposure biomarkers 

(Liao et al., 2014).  When adjusted for confounders (e.g., age, gender, smoking status), exposure to 

nanomaterials was associated with lung dysfunction, elevated serum levels of the lung damage marker 

CC16, and significant decreases in the activity of the antioxidant enzymes superoxide dismutase and 

glutathione peroxidase in serum.  Exposure to CNTs specifically was associated with lung dysfunction 

and a decrease in serum glutathione peroxidase activity.  Similarly, a case series comparing 9 workers 

and 4 controls in the largest Korean MWCNT manufacturing firm found that workers had significantly 

higher levels of the oxidative stress markers malondialdehyde, n-hexanal, and 4-HHE (an oxidized 

polyunsaturated fatty acid) in breath condensate.  However, this case series found no pulmonary 

dysfunction, nor any abnormalities in hematology and blood biochemistry, in workers (Lee et al., 2015b). 

In the absence of human data conclusively linking CNT exposure to human disease (Bonner et 

al., 2013), researchers and risk assessors rely on data from in vivo animal and in vitro cell culture models 

to investigate pathologies associated with CNT exposure.  Data from these models suggest that the 

introduction of CNTs into the lung may be associated with lung inflammation, oxidative stress, fibrosis, 

gross cellular damage and toxicity, asthma, cancer, and extrapulmonary systemic effects. 
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Lung inflammation.  The introduction of MWCNTs into the lungs of rats and mice has been 

associated with an innate immune response characterized by the influx and activation of macrophages 

and neutrophils (Ma-Hock et al., 2009; Pauluhn, 2010b; Tabet et al., 2011; Muhlfeld et al., 2012; Bonner 

et al., 2013).  This neutrophilia is often accompanied by an increase in pro-inflammatory signaling 

detectable in lung mRNA expression and BALF levels of pro-inflammatory cytokines TNF-α (Tabet et al., 

2011; Tkach et al., 2011; Muhlfeld et al., 2012; Pothmann et al., 2015) and IL-1β (Muller et al., 2005; 

Muller et al., 2008; Tkach et al., 2011).  While increased levels of eosinophils (Fenoglio et al., 2012; 

Poulsen et al., 2015b) and lymphocytes (Fenoglio et al., 2012; Pothmann et al., 2015) have also been 

reported, neutrophilia is the most consistent response across numerous studies with different MWCNTs, 

doses, exposure routes, and rodent models.  

In general, this neutrophilia peaked within 24 h of a single exposure—typically via oropharyngeal 

aspiration (OPA) or intratracheal instillation (ITI)—and diminished within 1 – 4 weeks (Tkach et al., 2011; 

Bonner et al., 2013; Poulsen et al., 2015b).  However, neutrophilia was reported to persist up to 3 weeks 

after the end of a 90-d inhalation exposure in Wistar rats (Ma-Hock et al., 2009), and up to 4 weeks 

following an acute dose of 100 µg/mouse delivered by ITI (Tabet et al., 2011).  This chronic 

inflammation—with its persistently activated macrophages and neutrophils, which release reactive oxygen 

species (Bhattacharya et al., 2013)—may engender oxidative stress and, potentially, lead to further tissue 

damage, genotoxicity, and cancer (Bauer et al., 2004; Rondini et al., 2010; Sargent et al., 2014; 

Pothmann et al., 2015). 

Oxidative stress.  MWCNTs have been reported to both induce oxidative stress and to reduce it 

by quenching the formation of reactive oxygen species.  MWCNTs may induce oxidative stress either 

directly through the generation of reactive oxygen species, or indirectly through the activation of 

neutrophils and NADPH oxidase activation in macrophages experiencing frustrated phagocytosis of 

MWCNT fibers (Nymark et al., 2014). 

Supportive evidence for the ability of MWCNTs to engender oxidative stress comes from multiple 

studies in vivo.  In mice, exposure to MWCNTs was associated with a 40 – 50% decrease in lung tissue 

levels of the major cellular tripeptide antioxidant glutathione (GSH) (Shvedova et al., 2008; Ravichandran 

et al., 2011; Luyts et al., 2014).  Exposure was also associated in vivo with increased mRNA expression 
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of the redox-sensitive genes Hmox1 and Sod2 (Tabet et al., 2011).  Similarly, MWCNT exposure in 

murine macrophages was observed to decrease GSH levels (Fenoglio et al., 2012), and to increase 

mRNA expression of Hmox1 and Sod2 (Bussy et al., 2012). 

Nonetheless, there is conflicting evidence about the ability of MWCNTs to either directly generate 

or quench reactive oxygen species.  The iron catalysts contaminating MWCNTs from the manufacturing 

process may enable MWCNTs to generate acellular radicals through Fenton reactions (Fenoglio et al., 

2008; Madl et al., 2014).  This would be similar to iron-rich asbestos, which can generate hydroxyl 

radicals (Nymark et al., 2014).  In support of this, MWCNTs have been reported to generate acellular 

radicals detectable in electron spin resonance (ESR) spectra (Fenoglio et al., 2008; Nymark et al., 2014) 

or by the fluorescence reporter assay DCFDA (Fenoglio et al., 2012; Poulsen et al., 2015b).  The latter 

assay is potentially unreliable, however, as MWCNTs have been observed to interfere with fluorescence-

based assays (Xia et al., 2013). 

In contrast, MWCNTs have been observed to quench acellular radical generation—although this 

appeared to be contingent on the surface characteristics of the MWCNTs, and the components of the 

medium for resuspending the MWCNTs (Nymark et al., 2014).  While MWCNTs with intact graphene 

surfaces were observed to produce ESR spectra characteristic of hydroxyl radical generation, MWCNTs 

with defective surfaces (e.g., broken carbon-carbon bonds) actually produced no such spectra, perhaps 

indicating that these MWCNTs were capable of scavenging free radicals (Fenoglio et al., 2008).  Similarly, 

MWCNTs which had previously been observed to generate hydroxyl radicals in one medium with bovine 

serum albumin, were observed to no longer generate radicals in medium without bovine serum albumin 

(Nymark et al., 2014). 

Overall, the capacity for MWCNTs to induce oxidative stress may thus depend on both innate 

characteristics of the MWCNTs themselves, and the local conditions of the lung where they deposit. 

Fibrosis.  Lung fibrosis has been observed in vivo following MWCNT exposure, and was 

consequently used by the National Institute for Occupational Safety and Health (NIOSH) as the principal 

pathological endpoint for developing an inhalation-based recommended exposure limit in 2013 (NIOSH, 

2013).  As a pathological end stage of tissue repair, lung fibrosis involves the excessive deposition of 

collagen and extracellular matrix in the pulmonary interstitium, thereby impairing normal gas exchange 
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(Walkin et al., 2013).  Fibrosis is linked to both lung inflammation and oxidative stress, as leukocyte 

recruitment into the lungs may result in increased levels of cytokines and oxidants that promote fibrosis 

and epithelial cell hyperplasia (Muller et al., 2005).  Given that lung fibrosis is a debilitating disease 

associated with high mortality typically within 2 – 5 years of diagnosis (Walkin et al., 2013), it is 

concerning that MWCNTs may be capable of inducing this pathological state. 

Conflicting evidence for the association between MWCNT exposure and lung fibrosis comes from 

multiple studies in rats and several studies in mice.  While Ma-Hock et al. observed no signs of pulmonary 

fibrosis or alveolar septal thickening in Wistar rats following a 90-d subchronic inhalation exposure of up 

to 2.5 mg/m3 (Ma-Hock et al., 2009), Pauluhn et al. reported an increase in soluble collagen, 

histopathological lesions, and pulmonary fibrosis in Wistar rats similarly exposed for 90 d to ≥ 0.4 mg/m3 

(Pauluhn, 2010b).  The difference in outcomes between these two comparable studies may be due to the 

type of MWCNTs used (Nanocyl vs. Baytubes), or even Pauluhn's use of collagen-sensitive Sirius Red 

stain to evaluate fibrosis in histopathological samples (Pauluhn, 2010b). 

While Pauluhn's study suggested that air concentrations comparable to those reported in a 

Korean manufacturer (Han et al., 2008) may cause fibrosis, other studies in rats suggest that fibrosis may 

only be associated with acute exposures.  Wistar and Sprague-Dawley rats exposed via ITI to extremely 

high acute doses (2 – 5 mg/rat) exhibited significantly greater lung levels of hydroxyproline and Type I 

collagen 60 d post-exposure (Muller et al., 2005; Muller et al., 2008).  While there was a trend for lower 

doses also increasing hydroxyproline and collagen levels, these levels were only significant at the highest 

doses examined—suggesting that low-concentration exposures in the workplace may not lead to lung 

fibrosis after all. 

In contrast to the conflicting data in rats, fibrosis has been observed in mice exposed to much 

lower doses of MWCNTs.  Within 3 d of exposure via OPA to 18 – 162 µg of MWCNTs, C57BL/6 mice 

demonstrated perturbations in fibrosis pathways, notably in genes associated with exposure to other pro-

fibrotic agents (bleomycin and chrysotile asbestos), as well as pathways regulated by TGFβ1 (Poulsen et 

al., 2015b).  TGFβ1 is a key mediator in promoting fibrosis, as it is involved in fibroblast to myofibroblast 

conversion and the epithelial-mesenchymal transition; both lead to more myofibroblasts and more 

collagen deposition (Walkin et al., 2013; Poulsen et al., 2015b).  Similarly, C57BL/6 mice exposed via 
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OPA to 10 – 80 µg MWCNTs developed fibrosis detectable histopathologically within 7 d of exposure 

(Porter et al., 2010).  In another report, C57BL/6 mice exposed via OPA to 10 µg of short—but not long—

MWCNTs had developed alveolar septal fibrosis and a thickened interstitium within 28 d of exposure.  

This difference was attributed to shorter MWCNTs being able to penetrate the interstitium, enter interstitial 

macrophages, and stimulate release of pro-fibrotic signaling molecules such as PDGF or TGFβ1 

(Muhlfeld et al., 2012). 

Altogether, these data suggest that at least some individuals may be susceptible to lung fibrosis 

following MWCNT exposure, although this may depend on the dose and duration of that exposure, as 

well as physicochemical characteristics of the MWCNTs. 

Gross cellular damage and toxicity.  MWCNT-induced toxicity may derive from MWCNTs 

associating with cell membranes and consequent malfunction and damage; MWCNT-protein interactions 

which may inhibit enzymes; and the induction of oxidative stress (Nymark et al., 2014).  In general, gross 

cellular damage and toxicity in vivo has only been associated with acute exposure to MWCNTs. 

Among rats, direct cellular damage—indicated by an increase in BALF levels of lactate 

dehydrogenase—has been observed following a 90-d subchronic inhalation exposure to 5.0 mg/m3 

(Pothmann et al., 2015) or a single bolus dose of 2 mg via ITI (Muller et al., 2008; Fenoglio et al., 2012).  

In vitro, cytotoxicity has been reported in mesothelial cells directly penetrated by thin, rigid MWCNTs 

(Nagai et al., 2011) and in murine alveolar macrophages (Fenoglio et al., 2012). 

In contrast, no evidence for increased BALF levels of lactate dehydrogenase or total protein—an 

indicator of alveolar/capillary barrier disruption—has been found in most studies.  No evidence for toxicity 

or barrier disruption was found in mice exposed subacutely to 1 mg/m3 (Mitchell et al., 2009), rats 

exposed subchronically to concentrations under 5 mg/m3 (Ma-Hock et al., 2009; Pothmann et al., 2015), 

or mice exposed once via OPA (Muhlfeld et al., 2012).  Among in vitro models, minimal cytotoxicity was 

detected in either exposed primary mouse macrophages (Hamilton et al., 2013), RLE-6TN rat alveolar 

epithelial cells, BEAS-2B human bronchial epithelial cells, or THP-1 human monocytes/macrophages (Xia 

et al., 2013).  No cytotoxicity was observed in exposed A549 human lung epithelial cells, although in the 

latter there was a dose-response trend for apoptosis detectable by Hoechst staining (Ursini et al., 2012). 



8 

While these results indicate that exposure to MWCNTs can be associated with gross damage to 

lung cells, it is likely that the damage is a non-specific consequence of acute exposures at high 

concentrations. 

Asthma.  In allergic asthma, common environmental antigens such as particulate matter trigger 

an aberrant immune response involving airway narrowing, eosinophilia, mucous hypersecretion, and 

fibrosis (Inoue et al., 2009; Ronzani et al., 2014).  Data from in vivo and ex vivo experiments indicate that 

MWCNT exposure may exert different effects in humans with allergic asthma, compared to non-asthmatic 

populations. 

Multiple experiments in mice sensitized to either ovalbumin or house dust mite extract, and then 

exposed to MWCNTs, have suggested that MWCNT exposure exacerbates the asthmatic pathology via 

increased airway fibrosis and eosinophilia.  Similarly, pre-existing asthma was observed to exacerbate 

MWCNT-induced neutrophilia (Inoue et al., 2009; Ryman-Rasmussen et al., 2009; Ronzani et al., 2014).  

Consistent with these in vivo observations, when human peripheral blood mononuclear cells (PBMCs) 

collected from volunteers with and without mite allergies were exposed ex vivo to MWCNTs, the allergic-

derived PBMCs demonstrated a dose-dependent increase in lipopolysaccharide-stimulated release of 

TNF-α, IL-6, and IL-12 (Laverny et al., 2013). 

In the absence of ovalbumin or house dust mite sensitization, however, eosinophilia was not 

observed following MWCNT exposure in vivo (Inoue et al., 2009; Ryman-Rasmussen et al., 2009; Bonner 

et al., 2013; Ronzani et al., 2014). 

These reports indicate that workers with allergic asthma or a family history of asthma (Bauer et 

al., 2004) may be at risk for an exacerbation of allergic symptoms following MWCNT exposure, and that 

asthma may enhance the lung's inflammatory response to MWCNTs.  

Cancer.  In 2014, the well-studied Mitsui-7 MWCNTs were classified as possibly carcinogenic to 

humans (Group 2B) by the International Agency for Research on Cancer (IARC).  Although IARC found 

that there was inadequate evidence to classify other MWCNTs or all SWCNTs (Group 3), it concluded 

that there was sufficient evidence that Mitsui-7 MWCNTs caused peritoneal mesothelioma in rats and 

male p53+/- mice, and promoted bronchioloalveolar adenoma and carcinoma in male mice following 

inhalation (Grosse et al., 2014). 
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Nonetheless, the carcinogenicity of MWCNTs—and the mechanisms by which they may be 

carcinogenic—remains under investigation.  Inflammation induced by MWCNT exposure may lead to 

angiogenesis promoted by macrophage-released factors, or via oxidative stress secondary to 

macrophage and neutrophil activation (Bauer et al., 2004; Muller et al., 2005; Nagai et al., 2011; Sargent 

et al., 2014).  Oxidative stress may also result from the direct acellular generation of radical species by 

MWCNTs, perhaps through Fenton reactions involving residual metal catalysts (Madl et al., 2014).  These 

oxidants may then lead to carcinogenesis via DNA damage, notably through mutations affecting Kras and 

the tumor suppressor Cdkn2a (Bauer et al., 2004). 

There is conflicting evidence regarding the association between MWCNT exposure and 

genotoxicity.  Supportive evidence comes from several in vivo and in vitro studies: Notably, C57BL/6 mice 

exposed via OPA developed DNA damage detectable by comet assays performed on lung tissue within 1 

d of exposure to 18 µg MWCNT (Poulsen et al., 2015b).  Similarly, rats exposed via intraperitoneal 

injection of MWCNTs developed an aggressive and malignant mesothelioma, where the majority of 

tumors contained homozygous deletions of the tumor suppressor Cdkn2a/2b (Nagai et al., 2011).  DNA 

damage (e.g., micronucleus formation) was also detected in vitro following MWCNT exposure in A549 

human alveolar carcinoma epithelial cells (Yamashita et al., 2010; Ursini et al., 2012), immortalized rat 

lung epithelial cells (Muller et al., 2008), BEAS-2B human respiratory epithelial cells, and primary human 

small airway epithelial cells (SAECs) (Siegrist et al., 2014).   

Intriguingly, this genotoxicity may be due to mechanisms other than oxidant damage.  In the 

BEAS-2B cells, MWCNTs were observed to localize to the nucleus, and to directly associate with DNA 

and centrosomes (Siegrist et al., 2014).  MWCNTs may also act by modulating cellular processes: 

C57BL/6 mice sacrificed 6 months after an acute dose of 100 µg MWCNT via ITI had increased lung 

markers of cell proliferation, vascularization, invasion, and autophagy, as well as histopathological 

indications of tumorigenesis (e.g., adenocarcinoma nodules, hyperplasia) (Yu et al., 2013). 

There is also evidence that MWCNTs may be incomplete carcinogens capable of tumor 

promotion. In support of this, B6C3F1 mice, sacrificed 17 months after a subacute inhalation exposure to 

5 mg/m3, only developed bronchioalveolar adenocarcinomas and adenocarcinomas when given the tumor 

initiator methylcholanthrene (Sargent et al., 2014). 
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In contrast to these data supportive of carcinogenesis, Wistar rats exposed for 90 d via inhalation 

to 0.05 – 5 mg/m3 Graphistrength C100 MWCNTs had negative results for lung and systemic DNA 

damage (Pothmann et al., 2015).  Similarly, a 2-year carcinogenicity study following a single 

intraperitoneal injection of MWCNTs into Wistar rats was negative for mesothelioma (Muller et al., 2009). 

While the best evidence indicates that MWCNTs may act more as tumor promoters than as 

complete carcinogens in the lung, this capability may increase the risk for lung cancer among workers 

exposed to common environmental initiators such as cigarette smoke and radon (Sargent et al., 2014). 

Extrapulmonary and systemic effects.  While respiratory exposure to MWCNTs has been 

associated with numerous lung pathologies, there is some evidence for extrapulmonary effects principally 

involving the cardiovascular system, spleen, and immune function. 

 MWCNT exposure has been associated in vivo with an increase in cardiovascular disease 

markers, cholesterol dysregulation, and atherosclerosis.  Among spontaneously hypertensive rats—a 

model of human hypertension used to study cardiovascular disease—an acute MWCNT exposure 

induced systemic inflammation and a significant increase in blood levels of fibrinogen and angiotensin-

converting enzyme (Chen et al., 2015).  Similarly, C57BL/6 mice exposed via ITI to 18 – 162 µg MWCNT 

developed persistently elevated serum amyloid A protein levels.  These levels correlated strongly with 

mRNA levels in the lung, but not the liver, thereby indicating a pulmonary origin for this risk marker.  

Given that serum amyloid A can affect blood lipid homeostasis and the regulation of cholesterol 

biosynthesis, it was unsurprising that the highest MWCNT exposure was associated with a significant 

increase in total cholesterol (Poulsen et al., 2015a).  Furthermore, among C57BL/6 mice deficient for 

ApoE, MWCNT exposure in conjunction with a high-fat diet significantly accelerated plaque progression, 

which was likely mediated through pulmonary and systemic inflammation and oxidative stress (Cao et al., 

2014). 

Both the spleen and the immune system may be affected by respiratory exposure to MWCNTs.  

Although tracer experiments with MWCNTs injected intravenously into BALB/c mice indicated that 

MWCNTs distributed within 24 h to the lungs, liver, and spleen (Gao et al., 2011), no spleen deposition 

was observed in C57BL/6 mice exposed via inhalation (Mitchell et al., 2009).  However, lung exposure 

was reported to exert systemic effects that modulated the immune response in the spleen.  Among 
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C57BL/6 mice exposed subacutely via inhalation to 0.3 – 1.0 mg/m3, there was no overt lung toxicity, but 

the spleen had increased expression of the prostaglandin-producing enzymes COX-2 and PTGES2.  

Furthermore, there was a dose-dependent decrease in the ex vivo T-cell-dependent antibody response to 

sheep erythrocytes among splenic T cells recovered from exposed mice (Mitchell et al., 2009).  

Immunosuppression was also observed in BALB/c mice exposed via OPA to 40 – 120 µg SWCNTs, with 

T cell proliferation suppressed in the spleen (Tkach et al., 2011).  While the latter study proposed that the 

lung's activated dendritic cells had migrated to lymphoid tissues and presented SWCNTs—thereby 

affecting splenic T cells (Tkach et al., 2011)—the former study suggested that alveolar macrophages 

phagocytizing MWCNTs secreted TGF-β, which entered systemic circulation and had anti-inflammatory 

effects on the spleen (Mitchell et al., 2009). 

In contrast to these reports, other studies in animal models and even humans found no such 

systemic effects.  In a case series involving 9 workers directly handling MWCNTs and 4 controls, no 

differences in hematology and blood biochemistry were observed (Lee et al., 2015b).  Similarly, neither 

systemic toxicity nor histopathological lesions in the spleen were observed in rats exposed for 90 d via 

inhalation of MWCNTs (Ma-Hock et al., 2009; Pauluhn, 2010b).  However, these studies were not 

explicitly investigating immune function, and may have thus missed the immunosuppressive effects 

observed in mice. 

 

1.4.   Knowledge gaps in understanding MWCNT-induced lung toxicity. 

Role of physicochemical characteristics.  The rapid and continuing development of heterogeneous 

MWCNTs exceeds current abilities to perform animal safety testing (Xia et al., 2013), and even impaired 

the ability of the IARC working group in 2014 to classify MWCNTs as a group as carcinogenic (Grosse et 

al., 2014).  Given that MWCNTs encompass huge variation in aspect ratio, surface functionalization, and 

contamination with metals and carbonaceous materials, there is a pressing need to identify key MWCNT 

characteristics associated with lung toxicity (Muller et al., 2005; Johnston et al., 2010; Bhattacharya et al., 

2013; Kim et al., 2014; Poulsen et al., 2015b).  To date, while extensive evidence indicates that the lung's 

pathological response varies with MWCNT characteristics, there is conflicting evidence about the 
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pathological association with specific characteristics, notably MWCNT length, diameter, surface 

functionalization, and surface defects 

One such disagreement concerns the conflicting reports about the toxicity of longer compared to 

shorter MWCNTs.  Evidence from research into asbestos fibers supports a "long fiber paradigm" of 

toxicity, where the mesothelium was observed to be more sensitive to longer asbestos fibers (Poland et 

al., 2008), and that the most carcinogenic fibers were more than 5 µm long (Nagai et al., 2011; Sargent et 

al., 2014). 

In support of this long fiber paradigm for MWCNTs, C57BL/6 mice exposed via ITI to short (0.8 

µm) and long (4 µm) MWCNTs developed comparable neutrophilia, but the long MWCNTs induced DNA 

damage more quickly and at lower doses.  Furthermore, the long MWCNTs altered the expression of 

more genes and pathways associated with fibrosis, and were associated with worse fibrosis 

histopathologically (Poulsen et al., 2015b).  Additional supportive evidence for the long fiber paradigm 

comes from multiple studies involving direct injection of MWCNTs into the pleural or peritoneal cavities.  

Among C57BL/6 mice injected into the pleural cavity with long or short MWCNTs, only the mice exposed 

to long MWCNTs developed significant neutrophilia and increases in the protein levels of pleural lavage 

fluid (Murphy et al., 2011).  Similar results were reported for C57BL/6 mice exposed by intraperitoneal 

injection (Poland et al., 2008).  Furthermore, C57BL/6 mice injected intraperitoneally with long MWCNTs 

(5 – 15 µm) had significantly greater cell influx into the peritoneal cavity compared to shorter (< 2 µm) 

MWCNTs, with exposures to these same tubes in vitro showing that the long induced the most DNA 

damage in A549 human alveolar carcinoma epithelial cells (Yamashita et al., 2010).   

The enhanced toxicity of longer MWCNTs has been attributed to their increased persistence 

observed in multiple studies (Muller et al., 2005; Hamilton et al., 2013), perhaps as a consequence of 

frustrated phagocytosis in macrophages and/or of impaired clearance to the lymph nodes (Johnston et 

al., 2010; Murphy et al., 2011; Muhlfeld et al., 2012).  However, the observed toxicity of longer MWCNTs 

in the peritoneal or pleural cavities may reflect tissue-specific differences between those cavities and the 

lungs. 

In contrast to this long fiber paradigm, other reports support the argument that shorter MWCNTs 

may be more toxic to the lung.  Among C57BL/6 mice exposed to a panel of MWCNTs, the mice 
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developed significant neutrophilia following exposure to short but not long MWCNTs (Hamilton et al., 

2013).  A separate set of investigators found that C57BL/6 mice exposed to short MWCNTs developed 

significantly more neutrophilia, as well as increased alveolar septal fibrosis and thickened interstitium 

(Muhlfeld et al., 2012).  Similar results were observed in Sprague-Dawley rats exposed by ITI to acute 

doses of short or long MWCNTs, where exposure to the short MWCNTs was associated with persistently 

elevated levels of TNF-α and increased levels of hydroxyproline and Type I collagen (Muller et al., 2005).   

Shorter MWCNTs may thus be able to disperse better throughout the lung parenchyma (Muller et 

al., 2005), more effectively penetrate the interstitium to induce fibrosis (Muhlfeld et al., 2012), and better 

induce inflammasome activation in macrophages by more effectively permeabilizing the phagolysosome 

(Hamilton et al., 2013). 

Similar to the debate over the association between MWCNT length and toxicity, there is 

conflicting evidence about the role of MWCNT diameter.  On the one hand, thicker MWCNTs may be 

more rigid and therefore more capable of disrupting the phagolysosome membrane following 

phagocytosis, thereby activating the inflammasome (Hamilton et al., 2013).  Consistent with this, 

MWCNTs with the thickest diameter (30 – 50 nm) provoked more neutrophilia in C57BL/6 mice exposed 

via OPA to 50 µg, when compared to MWCNTs with a similar length but narrower diameter (10 – 20 nm).  

These thicker MWCNTs were also retained to a greater extent in the lung than the thinner MWCNTs, 

indicating that their larger size may impede macrophage clearance (Hamilton et al., 2013). 

On the other hand, there is more evidence for thinner MWCNTs inducing inflammation both in 

vivo and in vitro.  Only thin MWCNTs (9 nm) induced significant neutrophilia, eosinophilia, and lung 

toxicity indicated by elevated BALF lactate dehydrogenase levels when given at 2 mg/rat via OPA to 

Wistar rats, compared to thick MWCNTs (70 nm).  These same thin MWCNTs were more cytotoxic and 

depleted more total GSH in vitro in murine alveolar macrophages (Fenoglio et al., 2012).  Similarly, 

MWCNT diameter was inversely related to cytotoxicity in mesothelial cells in vitro, with the thin, rigid 

MWCNTs best able to penetrate cells independent of active internalization processes (Nagai et al., 2011). 

Pathology may also be influenced by MWCNT surface characteristics.  Surface functionalization 

may influence agglomeration and interactions with cells and cellular receptors, which may alter pathology 

(Bonner et al., 2013) and clearance from the body.  Common surface functionalizations include hydroxyl, 
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carboxyl, and ammonium groups, as well as much larger moieties (e.g., proteins, drugs) which can be 

attached to the CNT surface via these smaller groups (Johnston et al., 2010).  Unsurprisingly, the 

pathological effects of these functionalization groups varies. 

There are conflicting reports about the effect of hydroxylation and carboxylation on MWCNT 

toxicity.  Carboxylated MWCNTs were observed to be non-inflammogenic in THP-1 cells in vitro (Xia et 

al., 2013), and in primary mouse alveolar macrophages ex vivo (Hamilton et al., 2013), when compared to 

MWCNTs which had not been functionalized or to MWCNTs which had been acid-purified post-synthesis.  

In contrast, oxidation may shorten MWCNTs and improve the dispersion of MWCNTs throughout the lung 

(Johnston et al., 2010), which are both characteristics associated with more inflammogenic MWCNTs 

(Muller et al., 2005; Muhlfeld et al., 2012).  Similarly, oxidized MWCNTs were more genotoxic in vitro than 

pristine MWCNTs (Ursini et al., 2012). 

Other types of surface groups can modulate toxicity in vivo.  In a comparison of uncoated, acid-

based polymer-coated, and polystyrene-based polymer-coated Graphistrength MWCNTs in BALB/c mice 

exposed by ITI to 10 – 100 µg, while all three induced significant neutrophilia, only the polystyrene-based 

coating was associated with increased markers of oxidative stress and fibrosis.  These effects may have 

been mediated by coating-dependent differences in macrophage phagocytosis (Tabet et al., 2011).  In a 

separate study of mice exposed intravenously, ammonium-functionalized MWCNTs accumulated less in 

the lungs, kidneys, spleen, and liver, indicating improved solubility and excretion from the body (Johnston 

et al., 2010). 

These disagreements within the scientific literature about the roles of MWCNT physicochemical 

characteristics are likely exacerbated by significant interlaboratory confounders (Bonner et al., 2013).  To 

control for such confounders, we will examine how lung inflammation and oxidative stress are associated 

with MWCNT length, diameter, surface carboxylation, and acid purification in a panel of systematically 

different MWCNTs.  Aim 1 will therefore elucidate which physicochemical characteristics of nine 

well-characterized MWCNTs are associated with acute lung pathology in A/J mice. 

 

Role of genetic variability and context of C57BL/6 mouse response.  Numerous investigations into 

MWCNT-associated lung pathology have used the ubiquitous C57BL/6 strain (Shvedova et al., 2007; 
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Poland et al., 2008; Shvedova et al., 2008; Mitchell et al., 2009; Ryman-Rasmussen et al., 2009; Porter et 

al., 2010; Yamashita et al., 2010; Murphy et al., 2011; Pacurari et al., 2011; Wang et al., 2011; Muhlfeld 

et al., 2012; Shvedova et al., 2012a; Bonner et al., 2013; Hamilton et al., 2013; Yu et al., 2013; Cao et al., 

2014; Sargent et al., 2014; Poulsen et al., 2015a; Sun et al., 2015).  By relying exclusively upon the 

C57BL/6 strain to model respiratory pathology, MWCNT toxicity studies may be biased by this strain's 

particular combination of susceptibilities and resistances.  The C57BL/6 mouse's immune response is 

skewed towards a pro-inflammatory, Th1 response; this strain is less susceptible to tumors; and this 

strain fails to recapitulate human asthma-like airway hyperreactivity following ovalbumin exposure (Rivera 

and Tessarollo, 2008).  Thus, the use of predominantly C57BL/6 mice may underestimate potential 

pathologies associated with MWCNT exposure, including eosinophilic Th2 responses, asthma, and lung 

carcinogenesis. 

While using the isogenic C57BL/6 strain improves study reproducibility, limits cost, and offers 

experimental advantages in mechanistic studies (King-Herbert and Thayer, 2006), previous investigations 

have demonstrated that the choice of strain significantly modulates the respiratory pathology observed.  

Furthermore, strains can demonstrate differential susceptibility across studies and toxicants.  For 

example, while A/J mice resisted lung neutrophilia induced by ozone (Vancza et al., 2009) and zinc oxide 

(Wesselkamper et al., 2001b), they were sensitive to neutrophilia induced by vanadium pentoxide 

(Rondini et al., 2010) and quantum dots (Scoville et al., 2015).  Similarly, 129 mice resisted lung 

inflammation induced by asbestos (Jun et al., 2011) but not zinc oxide (Wesselkamper et al., 2001b).   

Furthermore, susceptibility to one form of pathology does not automatically confer susceptibility to 

others.  While C57BL/6 mice were highly susceptible to fibrosis induced by bleomycin (Walkin et al., 

2013) and asbestos (Jun et al., 2011), they resisted inflammation and lung toxicity induced by ozone 

(Vancza et al., 2009) and quantum dots (Scoville et al., 2015). 

Evaluating the effects of a toxicant in multiple strains imparts a number of advantages.  First, 

multi-strain studies can identify mouse models with pathological characteristics and susceptibilities which 

recapitulate human diseases, particularly subpopulations of patients (Montagutelli, 2000).  Second, the 

use of multiple strains can better capture the range of potential pathological responses in a genetically 

heterogeneous human population, thereby improving risk assessments (King-Herbert and Thayer, 2006; 
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Rivera and Tessarollo, 2008).  And third, multi-strain studies can provide data to identify genetic 

polymorphisms underlying the differential response to environmental toxicants in humans (King-Herbert 

and Thayer, 2006). 

These differences in strain susceptibility and genetics have been exploited for quantitative trait 

loci (QTL) analyses, which can identify genetic regions accounting for differences in phenotype 

(Montagutelli, 2000; Bauer et al., 2004).  QTL analyses have identified the locus for susceptibility to 

ozone inflammation on mouse chromosome 17, which contains the genes for the major histocompatibility 

complexes and Tnfα. This region is homologous to human chromosomes 6 and 21.  Furthermore, 

susceptibility to toxicant-induced inflammation and tumor promotion has been identified on mouse 

chromosome 18, while susceptibility to bleomycin-induced fibrosis has been localized to mouse 

chromosome 11 (Bauer et al., 2004).  QTL analyses—which require multiple strains—can thus be used to 

identify genes to be further studied in knockout experiments, or to corroborate knockout experiments 

conducted with toxicants similar to MWCNTs (e.g., asbestos, carbon black). 

In Aim 2 we will determine if there is a differential response to MWCNT-induced acute lung 

inflammation across ten isogenic mouse strains.  This aim will identify mouse models best suited for 

further investigations into different forms of MWCNT-induced pathology; for understanding the potential 

range of responses in a genetically heterogeneous worker population; and to select strains with the most 

disparate responses for use in future QTL studies to identify loci associated with respiratory susceptibility 

to MWCNTs. 

 

Role of glutathione status and gender.  Glutathione (GSH), a major cellular antioxidant composed of 

glutamic acid, cysteine, and glycine, is involved in regulation of the cell's redox state, cell signaling, and 

the immune response (Townsend et al., 2003; Ghezzi, 2011).  Numerous lung diseases are associated 

with GSH deficiency in lung tissue and epithelial lining fluid (ELF), including chronic bronchitis, chronic 

obstructive pulmonary disease, and idiopathic pulmonary fibrosis (Ghezzi, 2011).  Exposure to MWCNTs 

may in turn lead to oxidative stress and GSH deficiency as a consequence of either the direct generation 

of oxidative radicals from Fenton reactions (Madl et al., 2014) or through immune activation (Rondini et 

al., 2010). 
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MWCNT exposure in humans has been reported to induce oxidative stress, and even to alter 

GSH-associated enzymes.  In a case series of workers from the largest Korean MWCNT manufacturing 

firm, workers who handled MWCNTs had increased levels of oxidative stress markers (malondialdehyde, 

n-hexanal, and 4-HHE) in exhaled breath condensate (Lee et al., 2015b).  In one of the first 

epidemiological studies of MWCNT workers, an increased risk for exposure was associated with lung 

dysfunction and a decrease in glutathione peroxidase activity (Liao et al., 2014).  While preliminary, these 

studies suggest that oxidative stress—and potentially GSH depletion—may accompany occupational 

exposure to MWCNTs. 

Multiple studies in vitro and in vivo have established that MWCNT exposure induces oxidative 

stress and alters GSH levels.  When murine alveolar macrophages were exposed to narrow, short 

MWCNTs, they were observed to lose total GSH reserves (Fenoglio et al., 2012).  Similarly, total GSH 

was decreased by 40 – 50% in mice exposed to CNTs (Shvedova et al., 2008; Ravichandran et al., 2011; 

Luyts et al., 2014). 

Given that MWCNT depletes GSH levels, other studies have investigated the effects of increasing 

GSH levels through N-acetylcysteine supplementation.  In mice, N-acetylcysteine supplementation 

increased their GSH levels and protected the animals against MWCNT-induced fibrosis and neutrophilia 

(Sun et al., 2015).  Similarly, N-acetylcysteine administration ameliorated the effects of MWCNT exposure 

in murine macrophages (Bussy et al., 2012). 

While these studies suggest that GSH is affected by MWCNT exposure—and that increasing 

GSH may mitigate the consequences of exposure—none have examined the effects of pre-existing 

alterations to GSH levels on susceptibility to MWCNT exposure. 

GSH levels can be perturbed through multiple means, from genetic polymorphisms in related 

enzymes to nutritional status impacting cysteine reserves.  GSH can either be regenerated from oxidized 

GSH (GSSG) by glutathione reductase, or synthesized de novo in a two-step reaction.  The first step is 

the rate-limiting synthesis of γ-glutamylcysteine by glutamate cysteine ligase (GCL), a heterodimer 

composed of a catalytic (GCLC) and modifier (GCLM) subunits.  The second step is the addition of 

glycine to γ-glutamylcysteine to form reduced GSH, which is carried out by glutathione synthetase 

(Townsend et al., 2003; McConnachie et al., 2007).  Multiple factors influence cellular GSH levels, from 
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nutrition to oxidative stress arising from toxicant exposure or health disorders.  Oxidative stress can 

trigger increased GSH production by, for example, depleting GSH levels—which induces increased 

production by itself—and by activating the transcription factor Nrf2, which increases GCL subunit 

transcription (Townsend et al., 2003).  For experimental purposes, GSH can also be depleted through 

treatment with the GCL inhibitor buthionine sulfoximine or by genetic manipulation of either Gclc (Dalton 

et al., 2000) or Gclm (McConnachie et al., 2007; Johansson et al., 2010). 

Mice deficient for the Gclm subunit are greatly impaired in their ability to synthesize GSH; Gclm 

knockouts thus have approximately 5 – 17% of the lung's total GSH compared to Gclm wild-types.  Gclm 

heterozygous mice have approximately 77 – 90% of the lung's total GSH compared to wild-types (Weldy 

et al., 2011; McConnachie et al., 2013). 

Unsurprisingly, Gclm genetic status in mice influences the pathological response to multiple 

respiratory toxicants.  For example, following nasal instillation of diesel particles, male Gclm heterozygous 

mice had significantly greater lung neutrophilia and levels of pro-inflammatory cytokines compared to 

wild-type and knockouts (Weldy et al., 2011).  Nasal instillation of quantum dot nanoparticles significantly 

increased neutrophilia and TNF-α levels in male Gclm wild-type and heterozygotes compared to 

knockouts (McConnachie et al., 2013).  Similarly, ozone provoked lung inflammation in Gclm wild-type 

and knockout mice, although the knockouts generally had less neutrophilia.  This ameliorated 

inflammation was attributed to compensatory upregulation of radical scavengers (e.g., metallothionein, α-

tocopherol transporter protein, sodium-dependent vitamin C transporter) (Johansson et al., 2010). 

Intriguingly, the influence of GSH levels may differ by gender.  Male mice overexpressing the 

GCL enzyme were better protected against acetaminophen-induced liver injury, compared to wild-type 

males and females overexpressing the GCL enzyme (Botta et al., 2006).  While this study would suggest 

that female mice are less dependent on GSH, it was also reported that female Gclm heterozygotes and 

knockouts were more susceptible to acetaminophen-induced liver injury (McConnachie et al., 2007)—

suggesting that GSH deficiency has greater negative effects on females than males. 

Given the importance of GSH and related enzymes in regulating oxidative stress and 

inflammation within the lung, as well as the potential modifying factor of gender, it is the goal of Aim 3 to 

investigate how Gclm status modulates susceptibility to MWCNT-induced acute lung pathology in 
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male and female mice.  By investigating susceptibility in Gclm heterozygote mice, we will gain 

information about the vulnerability of human subpopulations with moderate GSH deficiencies due to 

health conditions and genetic polymorphisms.  By comparing susceptibility in Gclm wild-type to knockout 

mice, we will gain further mechanistic understanding of GSH's role in the acute inflammatory and toxic 

response to MWCNT exposure. 
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Chapter 2 : Aim 1 

2.1.   Introduction  

The rapid expansion of carbon nanotube (CNT) research and development poses a health risk to 

the growing population of workers manufacturing and handling CNTs (Han et al., 2008; Lee et al., 2010; 

Dahm et al., 2012).  Data on the effects of multi-walled carbon nanotube (MWCNT) exposure in vivo and 

in human studies indicate that workers may be at risk for lung inflammation, oxidative stress, fibrosis, and 

dysfunction (Shvedova et al., 2008; Ma-Hock et al., 2009; Pauluhn, 2010b; Liao et al., 2014; Lee et al., 

2015b).  Recently, an International Agency for Research on Cancer working group classified one well-

studied MWCNT, Mitsui-7, as possibly carcinogenic to humans (Group 2B).  However, the working group 

designated all other CNTs as not classifiable (Group 3), because the lack of coherent evidence across 

different types of CNTs impeded generalization (Grosse et al., 2014).   

This lack of coherent evidence is unsurprising in light of the diversity of CNTs.  MWCNTs vary in 

physical dimension, surface functionalization, graphene bonding defects, and the degree of contamination 

with metals and carbonaceous materials leftover from manufacturing.  This diversity impedes risk 

assessments, as it is uncertain if a pathological response to one MWCNT can be extrapolated to other, 

dissimilar MWCNTs (Poulsen et al., 2015b).  Because not every MWCNT can be tested for toxicity, there 

is a pressing need to identify which physicochemical characteristics are most associated with lung 

pathology (Kim et al., 2014; Nymark et al., 2014).  Nonetheless, there is disagreement over the 

pathological roles that specific characteristics play. 

One disagreement concerns whether shorter or longer MWCNTs are more toxic.  Several head-

to-head comparisons of shorter (≤ 5 µm) to longer MWCNTs in vivo suggest that shorter MWCNTs may 

exacerbate cellular toxicity, neutrophil influx, and fibrosis (Muller et al., 2005; Muhlfeld et al., 2012; 

Hamilton et al., 2013).  However, these data contradict the "long fiber" paradigm drawn from asbestos 

research (Poland et al., 2008).  In support of this paradigm, longer MWCNTs have been reported to 

induce lung eosinophilia and exacerbate fibrosis (Poulsen et al., 2015b).  Further support comes from 

studies directly injecting MWCNTs into the pleural or peritoneal cavities; these found that longer (≥ 5 µm) 

MWCNTs induced greater cell influx (Yamashita et al., 2010), neutrophil influx, and cell toxicity (Poland et 

al., 2008; Murphy et al., 2011). 
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Length is unlikely to be the sole determinant of toxicity, however, given existing data about 

surface functionalization and contamination.  Carboxylated MWCNTs have been observed to induce 

greater cytotoxicity (Jain, 2012) and pro-inflammatory cytokine production in vitro, potentially because 

they interacted with the mannose receptor—which can promote inflammation—as well as with scavenger 

receptors during macrophage internalization processes (Gao et al., 2011).  However, oxidized MWCNTs 

were reported to induce less IL-1β production than non-oxidized MWCNTs in vitro (Xia et al., 2013) and in 

vivo (Bonner et al., 2013), although these results were confounded by nickel contamination.  In contrast to 

the disagreements about length and functionalization, most studies have found that contamination with 

transition metals (e.g., iron) enabled MWCNTs to generate more reactive oxygen species, provoke more 

inflammation, and promote fibrosis (Bussy et al., 2012; Muhlfeld et al., 2012; Bonner et al., 2013; Xia et 

al., 2013).  

 Given that these disagreements are likely exacerbated by interlaboratory confounders (Bonner et 

al., 2013; Xia et al., 2013), it is this aim's goal to control for these confounders while determining which 

physicochemical characteristics are associated with acute lung toxicity in a mouse model of respiratory 

exposure.  By comparing nine MWCNTs that systematically differ in length, diameter, surface 

carboxylation, and post-synthesis acid treatment, it will be possible to identify the pathological role of 

these characteristics. 

 For this aim, I hypothesize that (1.1) within each of the three aspect ratios examined, the 

unpurified (stock), non-carboxylated class of MWCNTs will the most pro-inflammatory and toxic; and (1.2) 

within each of the three chemical classes examined, the MWCNT series #12, which has the shortest 

length and narrowest width, will be the most pro-inflammatory and toxic. 

 

2.2.   Materials and Methods 

Reagents. 

 All reagents were obtained from Sigma-Aldrich (St. Louis, MO), unless otherwise indicated. 

MWCNT source and generation. 
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 To reduce the risk of MWCNT exposure to personnel, we followed the National Research 

Council's recommendations for personal protective equipment and engineering controls when handling 

nanomaterials (NRC, 2011b). 

 For these experiments, we used MWCNTs manufactured via catalytic chemical vapor deposition 

by Cheap Tubes, Inc., and purchased for use by the National Institute of Environmental Health Sciences 

(NIEHS) Centers for Nanotechnology Health Implications Research Consortium (NCNHIRC).  The 

manufacturer supplied three MWCNTs with different aspect ratios: #12 (outer diameter, 10-20 nm; length, 

0.5-2.0 µm); #13 (outer diameter, 30-50 nm; length, 0.5-2.0 µm); and #14 (outer diameter, 10-20 nm; 

length, 10-30 µm) (NCI, 2012).   

For each of these MWCNTs, three chemical classes were derived, thereby giving us a panel of 

nine total MWCNTs.  Stock samples were received as-is from the manufacturer, and presumably 

contained residual metal catalysts from manufacture as well as non-graphene carbonaceous materials.  

Carboxylated samples were generated from each stock sample by NCNHIRC collaborators at the New 

Jersey Institute of Technology.  In brief, the stock sample was incubated with a solution of 1:1 

concentrated H2SO4 and HNO3 at 140°C for 20 min, cooled to room temperature, vacuum filtered (pore 

size 10 µm), and washed with deionized water until the wash water was a neutral pH.  This carboxylated, 

washed sample was dried in a vacuum oven at 70°C.   

Purified samples were also generated from each stock sample by NCNHIRC collaborators at the 

New Jersey Institute of Technology.  Purification presumably would remove residual metal catalysts and 

non-graphene carbonaceous materials leftover from manufacture.  The stock sample was incubated with 

HNO3 (1 M) at 100°C for 10 min, cooled to room temperature, vacuum filtered (pore size 10 µm), and 

washed with deionized water until the wash water was a neutral pH.  This purified, washed sample was 

dried in a vacuum oven at 65°C (NCI, 2012).   

MWCNT characterization. 

The physicochemical properties of these nine MWCNTs have been extensively characterized 

(NCI, 2012; Hamilton et al., 2013; Xia et al., 2013).  In addition to the work reported by other 

investigators, we have also characterized properties of these MWCNTs when in liquid suspension, and 

captured images of the dry #12 stock and #12 purified MWCNTs using helium ion microscopy.   
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In brief, the Nanotechnology Characterization Laboratory (Frederick National Laboratory for 

Cancer Research, Frederick, MD) was tasked by NIEHS to conduct physicochemical characterizations.  

These characterizations included analyses of elemental composition by inductively coupled plasma mass 

spectrometry (ICP-MS) for 6/9 MWCNTs, and energy dispersive x-ray spectroscopy (EDS) for all nine 

MWCNTs, as well as analyses of endotoxin contamination for 3/9 MWCNTs through a kinetic turbidity 

Limulus Amoebocyte Lysate assay (NCI, 2012).  Hamilton et al. similarly examined elemental composition 

through EDS, and also used scanning electron microscopy (SEM) to determine the average lengths and 

outer diameters for 6/9 MWCNTs (Hamilton et al., 2013).  

To characterize the aggregative properties of these nine MWCNTs in solution, we resuspended 

each sample to a concentration of 0.5 mg/ml in either distilled water or dispersion medium dosing vehicle 

[phosphate buffered saline (PBS) + 0.6 mg/ml mouse serum albumin + 10 µg/ml 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine surfactant in ethanol (0.1% v/v)] (Bonner et al., 2013), sonicated the solution 

for 19 seconds in a Branson 2510 bath sonicator, and vortexed the solution for 1 second.  We then 

measured the sample's equivalent hydrodynamic radii and zeta potentials via dynamic light scattering 

with a Zetasizer (Malvern Instruments Ltd., Malvern, UK). 

To image the #12 stock and #12 purified MWCNTs, we resuspended the dry powder to 0.5 mg/ml 

in distilled water, sonicated the solution for 19 s in a Branson 2510 bath sonicator, and vortexed the 

solution for 1 second.  The MWCNT solution was then drop-cast onto a transmission electron microscopy 

grid, and the images captured with a Helium Ion Microscope (ZEISS, Oberkochen, Germany). 

Mice. 

All animal experiments were conducted according to the guidelines provided in the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals (NRC, 2011a), and with the 

approval of the University of Washington Institutional Animal Care and Use Committee.  We made all 

efforts to minimize animal distress and suffering. 

For these studies, we used 8-week-old male A/J mice obtained from The Jackson Laboratory.  

Mice were group housed in a modified specific pathogen free vivarium on a 12-hour light/dark cycle with 

nesting materials and access to water and chow provided ad libitum. 

Experimental design. 
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To determine how the physicochemical characteristics of MWCNTs may influence lung pathology, 

we randomly assigned the A/J mice to receive 50 µl dispersion medium dosing vehicle only, or 50 µl 

vehicle containing 40 µg MWCNT, by oropharyngeal aspiration (n ≥ 3 mice/group, for a total of 39 mice).  

By comparison, a 10 µg MWCNT/mouse bolus dose was reported to approximate human lung deposition 

after one month of light work in an environment with an ambient MWCNT concentration of 400 µg/m3, a 

level reported in Korean manufacturing settings (Han et al., 2008; Porter et al., 2010).  Thus, our dose 

approximates four times the human lung deposition experienced under these conditions. 

Thirty minutes prior to exposing the mice, we prepared fresh dispersion medium dosing vehicle 

(described under MWCNT characterization), and resuspended the MWCNTs to 0.5 mg/ml in this fresh 

vehicle.  Both the vehicle control and MWCNT solutions were sonicated for 19 seconds in a Branson 

2510 bath sonicator, and then vortexed for 1 second. 

Immediately before exposure, each mouse was weighed and anesthetized with 4% Isoflurane.  

The mouse was exposed via oropharyngeal aspiration (OPA) of 50 µl dispersion medium only, or 50 µl 

dispersion medium containing 40 µg MWCNTs, as previously described (Bonner et al., 2013).  OPA was 

selected as the means of exposure because it is quick, the dose is well-controlled, and the dose 

distributes well throughout the lung; furthermore, OPA reduces risk to personnel compared with inhalation 

exposure regimes (Poulsen et al., 2015b). 

Following OPA, we monitored the mice until they recovered from anesthesia, and then for any 

signs of distress (e.g., weight loss, huddling, unkempt fur) over the next 24 h.  We observed neither 

distress nor mortality associated with treatment and handling. 

Twenty-four h after exposure, each mouse was weighed to determine its post-treatment weight, 

and then humanely euthanized through CO2 narcosis followed by cervical dislocation.  We performed 

bronchoalveolar lavage (BAL) with two serial lavages of sterile PBS (1.2 ml, 0.6 ml), using previously 

described methods (McConnachie et al., 2013).  From the first lavage, we removed aliquots for 

cytospin/differential staining of the recovered cells, and for fluorescent labeling of the recovered cells for 

flow cytometry.  The remainder was centrifuged and the acellular supernatant (bronchoalveolar lavage 

fluid, BALF) was saved for future measurements of total protein concentration and lactate dehydrogenase 

concentration. 
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Along with BALF, we collected blood via cardiac puncture for serum isolation via serum separator 

tubes (Becton, Dickinson and Company, Franklin Lakes, NJ).  We removed a lung tissue sample from the 

right caudal lobe and immersed this sample in RNAlater® Stabilization Solution (Ambion via Thermo 

Fisher Scientific Inc., Waltham, MA) for 24 h at 4 °C.  The stabilized sample was then frozen at -80 °C for 

later RNA extraction.  The remainder of the right lung was snap-frozen in liquid nitrogen and stored at -80 

°C for future measurements of glutathione (GSH) content and total protein. 

Differential staining of cytospin slides to assess lung neutrophilia. 

 To quantify the percentage of neutrophils among cells recovered through BAL, we performed 

differential scoring of the cells recovered in the first BAL.  We centrifuged the cells onto cytospin slides, 

and then differentially stained them using the Hema 3™ system (Thermo Fisher Scientific, Waltham, MA), 

which is a derivative of the Wright-Giemsa staining method.  We determined the percentage of specific 

inflammatory cell types (eosinophils, lymphocytes, macrophages/monocytes, and neutrophils) by counting 

at least 500 cells per slide. 

Flow cytometry assessment of lung neutrophilia. 

To quantify the percentage of neutrophils among cells recovered through BAL, we performed flow 

cytometry using a Cytopeia Influx flow cytometer (BD Biosciences, San Jose, CA) as previously described 

(McConnachie et al., 2013).  In brief, we stained BAL cells with an anti-F4/80 antibody conjugated to 

Alexa Fluor 488 (eBioscience, San Diego, CA), which stains murine macrophages, and an anti-CD11b 

antibody conjugated to phycoerythrin (eBioscience), which preferentially stains murine neutrophils.  After 

gating to exclude small particles (e.g., the membranes of lysed erythrocytes), we identified neutrophils as 

having high CD11b expression and low F4/80 expression.  Macrophages were identified as having 

intermediate CD11b expression and high F4/80 expression.  We gated cytograms to exclude cells with 

low-intermediate staining, and therefore ambiguous, phenotypes.  The flow cytometry data were further 

analyzed using FlowJo software (FlowJo, LLC, Ashland, OR). 

Assessment of MWCNT internalization by alveolar macrophages. 

To evaluate how MWCNT physicochemical characteristics may affect uptake and retention by 

macrophages, we scored macrophages for visible MWCNT inclusions under a light microscope (20x), as 

previously described (Silva et al., 2014).  We counted at least 500 macrophages for each sample. 
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Measurement of total glutathione in lung tissue. 

 We evaluated the association between severe oxidative stress and MWCNT physicochemical 

characteristics by measuring levels of the major cellular antioxidant glutathione in lung tissue.  In the lung 

tissue, we quantified the total glutathione (reduced and oxidized glutathione) content of clarified lung 

homogenates using methods described previously (McConnachie et al., 2013).  The total GSH content 

was normalized to the total protein concentration of the lung homogenates, which we determined using a 

commercial Bradford protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). 

Quantification of mRNA levels for genes associated with early pathological responses through 

quantitative real-time PCR. 

 Using methods previously described, the University of Washington's Center for Ecogenetics and 

Environmental Health Functional Genomics and Proteomics Core measured the mRNA levels of ten 

target genes and one normalizing gene using fluorogenic 5' nuclease-based assays (McConnachie et al., 

2013).  In brief, we extracted total RNA from the RNAlater®-stabilized lung sample with the miRNeasy 

Mini Kit (Qiagen, Venlo, The Netherlands), and then generated cDNA from 1 µg total RNA using the 

SuperScript® III First-Strand Synthesis System (Life Technologies, Carlsbad, CA).  This PCR reaction 

mix contained TaqMan Gene Expression Master Mix (Applied Biosystems, Inc., Foster City, CA), primers, 

and dual-labeled probes for each gene.  The primers and probes were designed using ABI Primer 

Express v1.5 (Applied Biosystems), and the targets amplified and detected on an ABI PRISM 7900 

system (Applied Biosystems) using a previously published reaction profile (McConnachie et al., 2013).  

The mRNA levels were calculated using a linear regression formula derived from Gapdh amplification 

plots with serial dilutions of an established reference. 

 We analyzed the following mRNAs: cystic fibrosis transmembrane regulator (Cftr), glutamate 

cysteine ligase catalytic subunit (Gclc), glutamate cysteine ligase modifier subunit (Gclm), granulocyte-

macrophage colony stimulating factor (Gmcsf), heme oxygenase-1 (Hmox1), interleukin-1β (Il1β), 

Cxcl1/keratinocyte-derived cytokine, (Kc), monocyte chemotactic protein-1 (Mcp1), transforming growth 

factor-β 1 (Tgfb1), and tumor necrosis factor-α (Tnfα).  We used Gapdh mRNA levels to normalize the 

expression of these ten genes. 

Evaluation of lung toxicity using bronchoalveolar lavage fluid. 
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 We evaluated the association between MWCNT physicochemical characteristics and lung toxicity 

by measuring BALF concentrations of total protein and acellular lactate dehydrogenase in the first BAL.  

These respectively reflect disruption of the alveolar/capillary barrier's integrity, and cellular death 

(Wesselkamper et al., 2001a).   

 To measure the concentration of total protein, we used a commercial Bradford protein assay kit 

(Bio-Rad Laboratories).  To measure the concentration of lactate dehydrogenase, we used the enzyme 

activity CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega Corporation, Madison, WI). 

Generation of heatmap summarizing pathological responses to MWCNT panel. 

 To summarize and compare all pathological responses to each of the nine MWVNTs, we created 

a heatmap of the log(fold-change) value for each endpoint.  The fold-change compares the mean for each 

MWCNT-exposed group to the mean of the control group.  The heatmap was created using the 

heatmap.2() function available in the R package, gplots, with the clustering options disabled.  

Statistical analyses. 

 We analyzed the data using a one- or two-way analysis of variance (ANOVA) and, when these 

tests indicated significant associations, performed post-hoc analyses using unpaired, two-tailed t-tests.  

The resulting p-values were adjusted with Bonferroni corrections for multiple comparisons.  When 

determining the correlation between variables, we calculated Pearson's correlation coefficients and report 

the two-tailed p-values for significance.  Significance was set at α = 0.05.  Data were managed in Excel 

2013 (Microsoft, Redmond, WA), and analyzed in Prism 5 for Windows, v.5.02 (GraphPad Software, Inc., 

La Jolla, CA). 

 

2.3.   Results 

Characterization of physicochemical and aggregative characteristics of MWCNT panel. 

 For these experiments, we used a panel of nine MWCNTs (Table 2.1) developed from three 

unmodified MWCNTs with different aspect ratios.  These original three MWCNTs were provided to 

NCNHIRC by Cheap Tubes, Inc. (Cambridgeport, VT).  For each aspect ratio, an NCNHIRC collaborator 

(Dr. Somenath Mitra, New Jersey Institute of Technology) derived three different chemical classes: a 

stock sample (unmodified); a carboxylated sample (outer surface functionalized with carboxyl groups); 
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and a purified sample (acid-treated to remove residual metals and non-graphene carbonaceous 

materials).  Thus, our panel consists of the thin/short #12 series (#12 stock, #12 carboxylated, #12 

purified); a wide/short #13 series (#13 stock, #13 carboxylated, #13 purified); and a thin/long #14 series 

(#14 stock, #14 carboxylated, #14 purified).   

 On behalf of the NCNHIRC, the Nanotechnology Characterization Laboratory characterized the 

physicochemical traits of these nine MWCNTs (Table 2.2).  Imaging via SEM confirmed that all nine 

samples consisted of CNTs of varying lengths and diameters (NCI, 2012).  We verified this observation by 

capturing images via helium ion microscopy of the #12 stock and #12 purified MWCNTs (Figure 2.1) with 

collaborators at the Environmental Molecular Sciences Laboratory in the Pacific Northwest National 

Laboratory (PNNL).  Hamilton et al. quantified the dimensions of the #12 and #13 series through SEM, 

but did not collect data on the dimensions of the #14 series due to its excessive tangling (Hamilton et al., 

2013).  These measurements for all three stock samples fell within the dimensions specified by Cheap 

Tubes, Inc. (Table 2.1).  These results also suggested that surface carboxylation had increased the outer 

diameter of the MWCNTs in each series (Table 2.2). 

In addition to imaging, the Nanotechnology Characterization Laboratory examined the elemental 

composition of all nine MWCNTs using SEM EDS.  Four elements were quantified: carbon, oxygen, 

nickel, and iron (Table 2.2).  Unsurprisingly, carbon constituted the vast majority of the elements (88.6 – 

95.9% by weight), followed by oxygen (2.9 – 8.0%), nickel (0.2 – 2.3%), and iron (0.3 – 0.9%).  Within 

each series, the carboxylated MWCNT had more oxygen than the stock or purified MWCNTs, consistent 

with successful surface carboxylation.  However, acid purification had not reduced the residual metals, 

nickel and iron, contaminating the stock samples (NCI, 2012). 

The Nanotechnology Characterization Laboratory also attempted to quantify endotoxin 

contamination of the #12 series using the kinetic turbidity Limulus Amoebocyte Lysate assay (Table 2.2).  

However, spike-and-recovery experiments suggested that endotoxin binds to the MWCNTs.  Instead of 

direct measurements, the #12 series were resuspended to 1 mg/ml in distilled water, centrifuged, and the 

supernatant recovered for performing the assay (NCI, 2012).  Using this indirect approach, it was 

determined that the #12 carboxylated MWCNT was significantly contaminated with 11.7 EU/mg of 

endotoxin.  This was likely introduced during the carboxylation procedure, and endotoxin may similarly 
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contaminate the #13 and #14 carboxylate MWCNTs; by comparison, #12 stock only had 0.06 EU/mg, 

which was reduced 12-fold by the acid purification to 0.005 EU/mg in the #12 purified MWCNT. 

Our collaborators at PNNL used Raman spectroscopy to examine surface defects and the 

presence of non-graphene carbonaceous material in the #12 stock and purified samples.  Acid 

purification did not introduce significant surface defects, based on the intensity ratio—a ratio of the 

intensity of the signature peak corresponding to defective bonding, ID, to the signature peak 

corresponding to intact graphene, IG.  Indeed, the ID/IG ratios were comparable between the samples: The 

#12 stock ID/IG was 0.7596, and the #12 purified ID/IG was 0.7869.  However, Raman spectroscopy did 

detect a more intense G-band signal in the #12 purified MWCNT (23.778 arbitrary units) compared to the 

#12 stock MWCNT (21.842 arbitrary units).  This suggested that the #12 purified contains slightly fewer 

non-nanotube carbonaceous impurities (Miyata et al., 2011). 

Along with our collaborators in the University of Washington's Chemical Engineering department, 

we characterized the aggregative properties of all nine MWCNTs when resuspended in distilled water or 

dispersion medium vehicle (Table 2.3).  Using the Zetasizer (Malvern Instruments Ltd., Malvern, UK), we 

performed dynamic light scattering to measure the equivalent hydrodynamic radii of the aggregates 

formed by these MWCNTs in liquid suspension.  When resuspended in distilled water, the MWCNTs 

formed aggregates with equivalent hydrodynamic diameters from 202.8 – 340.3 nm.  MWCNT aggregates 

in dispersion medium tended to have larger diameters, which ranged from 425.4 – 1,206.0 nm.  By 

comparison, MWNCTs in manufacturing settings form complex bundles of nanotubes, metal catalysts, 

and other carbonaceous material (Maynard et al., 2004) which reach sizes of 400 – 2,000 nm in diameter 

(Lam et al., 2006); similar sizes of 1,000 – 3,000 have been reported from a rodent inhalation study 

(Pauluhn, 2010b). 

We also measured each MWCNT's zeta potential, which reflects a particle's propensity to 

aggregate in solution; particles with zeta potentials from -30 to 30 mV tend to aggregate, while particles 

with zeta potentials outside of this range tend to form stable colloidal suspensions (Heurtault et al., 2003).  

Consistent with our observations of MWCNTs forming aggregates with smaller equivalent diameters in 

water, we observed that the zeta potentials of all MWCNTs in water ranged from -52.7 to -36.1 mV—

values consistent with less aggregative behavior, and therefore smaller aggregates.  In contrast, the 
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MWCNTs formed larger aggregates in dispersion medium, and we correspondingly observed that the 

zeta potentials ranged from -15.4 to -9.2 mV—values consistent with pro-aggregative behavior.  However, 

we observed no significant correlation between the zeta potentials and equivalent diameters in either 

water (Pearson's r = 0.5583, p = 0.1182) or dispersion medium (r = -0.2981, p = 0.4359), suggesting that 

other variables more significantly influence aggregation within these different media. 

Lung neutrophilia. 

To examine the association between the innate inflammatory response and MWCNT 

physicochemical characteristics, we quantified the proportion of neutrophils among cells recovered 

through BAL 24 h post-exposure using two methods: cytospins and flow cytometry (Figure 2.2 and Figure 

2.3).  These two methods produced results that were significantly correlated (Figure 2.2, B; Pearson's r = 

0.9409, p < 0.0001).  Thus, we are only presenting the cytospin data (Figure 2.2, A). 

For the #12 and #13 series, the stock MWCNTs provoked the most neutrophilia, followed by the 

carboxylated and then the purified samples.  Within the #14 series, the stock and carboxylated provoked 

comparable neutrophilia, followed by the purified sample.  When comparing the same chemical class 

across the different series, the #13 stock and carboxylated MWCNTs provoked the most neutrophilia, 

followed by the #12 and then the #14 series.  This trend was reversed for the purified samples, where the 

#14 purified provoked more neutrophilia than the #12 purified or #13 purified MWCNT.   

Overall, when comparing the mean neutrophilia values for each aspect ratio across its three 

chemical classes, the #13 series had the greatest neutrophilia (16.10%), followed by the #12 series 

(10.50%) and then the #14 series (7.59%).  When the nine MWCNTs were ranked from most 

inflammogenic to most inert based on neutrophilia, they ranked as follows: #13 stock > #12 stock > #13 

carboxylated > #12 carboxylated > #14 carboxylated > #14 stock > #14 purified > #12 purified > #13 

purified. 

These results partially support hypothesis 1.1, because within two out of three aspect ratios, the 

stock MWCNT was the most inflammogenic.  However, these results do not fully support hypothesis 1.2, 

because the #13 series—the short/wide MWCNT with the lowest aspect ratio—provoked the most 

neutrophilia overall. 

Correlation between lung neutrophilia and bulk nickel content of MWCNTs. 
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 Nickel contamination of carbonaceous particulate matter has been associated with increased 

cardiovascular- and respiratory-associated hospitalizations (Bell et al., 2009), perhaps related to 

cardiopulmonary inflammation associated with increased NADPH oxidase activity (Cuevas et al., 2015).  

Furthermore, nickel contamination of MWCNTs was associated with increased NLRP3 inflammasome 

activation in vitro, as well as worse lung pathology scores for C57BL/6 mice exposed to acute doses of 

nickel-contaminated MWCNTs (Hamilton et al., 2012).  Thus, we examined the association between lung 

neutrophilia and the dose of bulk nickel administered with the MWCNTs.  Bulk nickel data were available 

for the #13 and #14 series, but due to concerns about endotoxin contamination, we omitted the #13 and 

#14 carboxylated MWCNTs from the analysis. 

  Lung neutrophilia was significantly correlated with the dose of bulk nickel administered to 

individual mice (Figure 2.4; Pearson's r = 0.8358, p = 0.0007).  The dose-response slope was very steep, 

covering approximately a 40-ng difference in bulk nickel dose between the purified vs. the stock #13 and 

#14 MWCNTs.  While these results suggest that greater contamination with bulk nickel may be one of the 

factors contributing to the stock MWCNTs inducing greater neutrophilia, these results cannot address 

either hypothesis 1.1 or 1.2, because the data were not stratified by aspect ratio or chemical class. 

MWCNT internalization by alveolar macrophages. 

To examine how MWCNT physicochemical characteristics may affect alveolar macrophage 

uptake and retention, we quantified the proportion of macrophages with visible MWCNT inclusions on 

cytospin slides (Figure 2.5 and Figure 2.6).   

Both MWCNT aspect ratio and chemistry were significantly associated with the extent of MWCNT 

internalization by macrophages (two-way ANOVA aspect ratio p = 0.0002, chemistry p = 0.0006).  Post-

hoc analyses further indicated that within the stock chemical class, the mice exposed to the #12 and #13 

MWCNTs had a significantly greater proportion of macrophages with internalized MWCNTs than the mice 

exposed to the #14 stock MWCNT.  Similarly, mice exposed to the #13 carboxylated MWCNT had a 

significantly greater proportion of macrophages with internalized MWCNTs than did those exposed to the 

#14 carboxylated MWCNT; mice exposed to #12 also had a greater proportion than those exposed to 

#14, although this was statistically non-significant.  Within mice exposed to the #12 and #13 series, there 
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was a non-significant trend of the stock and carboxylated MWCNT having a greater proportion of MWCNT 

with internalized MWCNTs than the purified MWCNT.   

We further observed that across all nine MWCNTs, the proportion of macrophages with 

internalized MWCNTs significantly correlated with lung neutrophilia (Pearson's r = 0.6161, p < 0.0001). 

These results indicate that the degree of MWCNT uptake and retention by alveolar macrophages 

is significantly associated with the physicochemical characteristics of the MWCNT.  The most influential 

characteristic appears to be aspect ratio, as the #14 thin/long series had the lowest proportion of MWCNT 

internalization for all three of its chemical classes.  MWCNT length, therefore, may play the most 

significant role in determining the extent of MWCNT internalization.  As more MWCNT internalization 

correlated significantly with greater neutrophilia, this suggests that shorter MWCNT may induce greater 

inflammation.   

These results support hypothesis 1.2, but not hypothesis 1.1, because we did not observe 

significant differences between chemical classes within the same aspect ratio. 

Quantification of mRNA levels of chemoattractant and pro-inflammatory genes. 

We determined how the exposure to MWCNTs with different physicochemical characteristics 

altered the expression of genes associated with immune cell recruitment and pro-inflammatory signaling.  

To do this, we measured the mRNA levels of genes associated with granulocyte production (granulocyte-

macrophage colony stimulating factor, Gmcsf), neutrophil chemoattraction (Cxcl1/keratinocyte-derived 

cytokine, Kc), monocyte recruitment (monocyte chemotactic protein-1, Mcp1), and pro-inflammatory 

signaling (interleukin-1β, Il1β; tumor necrosis factor-α, Tnfα). 

Exposure to any of the nine MWCNTs was only associated with a change in the mRNA levels of 

Gmcsf 24 h post-exposure (Table 2.4).  The mRNA levels of Gmcsf were significantly increased among 

the groups exposed to the #13 carboxylated, #13 purified, #14 stock, and #14 purified MWCNTs.  The 

expression of no other gene was significantly associated with MWNCT exposure. 

Altogether, these results do not support hypothesis 1.1, because the expression of only one pro-

inflammatory gene, Gmcsf, was associated with only one stock MWCNT.  These results also do not 

support hypothesis 1.2, because the expression of most genes was unaltered.  Furthermore, Gmcsf 

expression significantly increased for the #13 and #14 series, not the #12 series. 
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Total glutathione content in lung tissue. 

 To evaluate how oxidative stress may be associated with different MWCNT physicochemical 

characteristics, we measured the total glutathione content in lung tissue 24 h after exposing the mice to 

MWCNTs.  We observed no significant differences between the three aspect ratios or between the three 

chemical classes of MWCNTs (Table 2.5).  Therefore, these negative results do not support either 

hypothesis 1.1 or 1.2; instead, these results indicate that none of the nine MWCNTs evaluated induced 

severe oxidative stress measurable within 24 h of exposure.  

mRNA expression of oxidative stress- and fibrosis-associated genes. 

 In addition to evaluating how different MWCNT characteristics may induce severe oxidative 

stress, we also examined how these characteristics may more subtly alter the expression of redox-

sensitive and pro-fibrotic genes.  Using qRT-PCR, we measured the mRNA levels of genes associated 

with glutathione synthesis (glutamate cysteine ligase catalytic subunit, Gclc; glutamate cysteine ligase 

modifier subunit, Gclm), oxidative stress (heme oxygenase-1, Hmox1), glutathione transport into lung 

epithelial lining fluid (cystic fibrosis transmembrane regulator protein, Cftr), and fibrosis (transforming 

growth factor-β 1, Tgfb1). 

 Exposure to any of the nine MWCNTs examined was not associated with a change in the mRNA 

levels of these genes 24 h after exposure (Table 2.6).  When we examined the correlations between lung 

total glutathione levels and the mRNA levels of the redox-sensitive genes, we found that Gclc expression 

was significantly correlated with lung total glutathione (Pearson's r = 0.3738, p = 0.0321), consistent with 

GCLC's critical role in de novo glutathione synthesis (Franklin et al., 2009).  

Altogether, these results do not support either hypothesis 1.1 or 1.2, as there were no observed 

differences in the expression levels of genes associated with oxidative stress and fibrosis.  Instead, these 

results indicate that at 24 h post-exposure, none of the MWCNTs was inducing subtle changes in the 

cell's redox status that would alter expression of redox-sensitive genes.  These results also indicate that 

none of the physicochemical characteristics examined promoted early perturbations in TGFβ1-associated 

fibrosis pathways, such as the conversion of fibroblasts to myofibroblasts, or the epithelial-mesenchymal 

transition (Poulsen et al., 2015b). 

Lung toxicity. 
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 Along with subtler forms of pathology, we also examined how MWCNT characteristics may be 

associated with gross lung toxicity and cellular damage.  To evaluate the integrity of the lung's 

alveolar/capillary barrier and the extent of cell death, we measured BALF total protein levels and BALF 

acellular lactate dehydrogenase levels, respectively (Table 2.5). 

 We found that an interaction between MWCNT aspect ratio and chemistry was significantly 

associated with BALF total protein levels (two-way ANOVA p = 0.0274).  When we further compared the 

three MWCNTs in each aspect ratio to the control group, our one-way ANOVA analyses were all non-

significant.  However, within each aspect ratio the stock MWCNT tended to have the highest levels of 

BALF total protein. 

 We similarly found that an interaction between MWCNT aspect ratio and chemistry was 

significantly associated with BALF lactate dehydrogenase levels (two-way ANOVA p = 0.0015).  When we 

further compared each series to the control group using one-way ANOVA, only the results for the #14 

series were significant (p = 0.0013).  Post-hoc analyses indicated that lactate dehydrogenase levels were 

significantly higher for the #14 stock sample compared to the control group (t-test p = 0.0054).  Within the 

other two aspect ratios, the stock MWCNT also tended to have generally higher lactate dehydrogenase 

levels.  This trend in increased lactate dehydrogenase levels may account for the corresponding trend of 

increased BALF total protein levels, as these variables were significantly correlated (Pearson's r = 0.5893, 

p < 0.0001). 

 These results overall support hypothesis 1.1, because the stock samples for each aspect ratio 

generally had the highest lactate dehydrogenase and total protein levels, consistent with greater toxicity.  

However, these results do not support hypothesis 1.2, because the #14 series had the highest levels of 

lactate dehydrogenase and total protein. 

Heatmap summarizing pathological responses to MWCNT panel. 

 To compare the pathological responses observed for each MWCNT, we created a heatmap of the 

log(fold-change) values for each endpoint (Figure 2.7).  The fold-change compares the mean for each 

MWCNT-exposed group to the control group. 

 These data show that an innate inflammatory response was the most common pathological 

outcome following exposure to MWCNTs with different physicochemical properties.  This innate 
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inflammatory response consists of a significant increase in neutrophilia for 4/9 MWCNTs, and a significant 

increase in mRNA levels of Gmcsf for 4/9 MWCNTs, although these endpoints were significantly 

increased together for only 2/9 MWCNTs.  All three stock MWCNTs, 2/3 of carboxylated MWCNTs, and 

none of the purified MWCNTs significantly increased neutrophilia, although 2/3 of the purified MWCNTs 

did significantly increase Gmcsf expression. 

 We found no evidence for perturbations in redox-sensitive gene expression or the induction of 

severe oxidative stress associated with exposure to any of these MWCNTs.  With the exception of the 

#14 stock MWCNT, which significantly increased BALF levels of lactate dehydrogenase, we observed no 

evidence for exposure to these MWCNTs being associated with lung toxicity. 

 Overall, our data indicate that all aspect ratios of MWCNTs are capable of inducing an acute 

inflammatory response, and that the stock and carboxylated classes of MWCNTs are more inflammogenic 

than the purified class. 

 

2.4.   Discussion 

 In this aim, we examined the association between specific physicochemical characteristics of 

MWCNTs and acute lung pathology in a mouse model of human respiratory exposure.  Towards this end, 

we exposed adult male A/J mice via OPA to 40 µg of one of nine MWCNTs which differed in aspect ratio, 

surface carboxylation, and post-synthesis acid treatment.  We sacrificed the mice 24 h later to evaluate 

the innate inflammatory response, oxidative stress, gross toxicity, and perturbations in related gene 

expression.  We hypothesized that (1.1) within each of the three aspect ratios in our panel, the unpurified 

(stock), non-carboxylated class of MWCNT would be the most pro-inflammatory and toxic; and (1.2) 

within each of the three chemical classes (stock, carboxylated, acid-purified), the MWCNT with the 

shortest length would be the most pro-inflammatory and toxic. 

 Our results from examining the innate inflammatory response partially support hypotheses 1.1 

and 1.2.  Using both differential staining of cytospin slides and flow cytometry to analyze the types of cells 

recovered through BAL, we found that 4/9 MWCNTs significantly increased the percentage of neutrophils 

above that of the control group.  Consistent with hypothesis 1.1, the #12 and #13 stock samples provoked 

the most neutrophilia in their series, followed by their carboxylated samples.  The #14 stock provoked 
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neutrophilia comparable to the #14 carboxylated MWCNT.  In contrast to hypothesis 1.2, the short/wide 

series #13 provoked the most neutrophlia overall, followed by #12 and then #14.  Overall, these results 

indicate that the most inflammogenic MWCNTs are short and wide—characteristics which may make 

them stiffer and more needle-like—and have not been treated post-synthesis to remove metal or 

carbonaceous contaminats. 

 Our results suggest that bulk nickel contamination may influence MWCNT-induced inflammation.  

Without adjusting for aspect ratio or chemical class, we found that lung neutrophilia significantly and 

positively correlated with increasing amounts of bulk nickel administered along with MWCNTs.  These 

results are consistent with previous observations that nickel exacerbates cardiopulmonary inflammation in 

vivo (Cuevas et al., 2015), and that greater nickel contamination in particulate matter are associated with 

increased hospitalizations (Bell et al., 2009).  Indeed, in vitro and in vivo data suggest that increasing 

amounts of nickel contamination in MWCNTs may promote greater lung pathology, potentially by 

disrupting macrophage phagolysosomes and promoting inflammasome activation (Hamilton et al., 2012).  

However, it is possible that this correlation may be spurious: the majority of bulk nickel may be embedded 

within the inner lumen of MWCNTs, and therefore biologically unavailable.  Furthermore, because we 

pooled our data to examine this correlation, our results may have been confounded by other MWCNT 

physicochemical characteristics. 

 Our results do not support the long fiber paradigm of toxicity originating from asbestos research 

(Poland et al., 2008).  Instead, they are consistent with previous reports that shorter MWCNTs induce 

more lung neutrophilia than longer MWCNTs in mice (Muhlfeld et al., 2012; Hamilton et al., 2013).  This 

inflammogenicity may relate to how size affects the extent of MWCNT internalization by alveolar 

macrophages.  We found that shorter MWCNTs (#12 and #13) were internalized by a greater proportion 

of alveolar macrophages than the longer MWCNT (#14). This is consistent with a previous report that only 

MWCNTs up to 3 µm were recovered from rat alveolar macrophages (Pauluhn, 2010b).  Indeed, the 

proportion of macrophages with internalized MWCNTs correlated significantly with the degree of lung 

neutrophilia in our study.  This implies that these macrophages may have greater inflammasome 

activation with concommitant pro-inflammatory signaling (Bhattacharya et al., 2013), resulting in 

increased neutrophil influx. 
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 However, we observed no change in mRNA levels of pro-inflammatory and chemotactic genes for 

#12 or #13.  Indeed, our gene expression results support neither hypothesis 1.1 or 1.2.  Of the five 

inflammation-related genes we examined (Gmcsf, Il1β, Kc, Mcp1, Tnfα), only Gmcsf expression was 

increased in 2/3 chemical classes for the #13 and #14 series.  It is possible that, by examining gene 

expression 24 h after exposure, we may have not captured the time period during which expression 

would be perturbed.  In support of this, it was previously reported that the exposure of murine 

macrophages in vitro to shorter MWCNTs induced a significant increase in mRNA levels of Tnfα and 

Mip2α within 6 h of exposure, but that this increase had disappeared by 24 h (Bussy et al., 2012).  Similar 

observations have been made in in vitro and ex vivo models.  Murine bone marrow-derived macrophages 

achieved peak mRNA expression of Kc and Il6 with 4 h of exposure to quantum dot nanoparticles, but 

these mRNA levels had diminished to baseline by 24 h post-exposure—even though elevated KC protein 

was detected 24 h post-exposure (Lee et al., 2015c).  Similarly, in human whole blood, exposure ex vivo 

to lipopolysaccharide stimulated a peak in Tnfα and Il6 mRNA levels within 2 – 4 hours, while the protein 

levels of these cytokines increased and stabilized within 4 – 6 hours of exposure (DeForge and Remick, 

1991).  Exposure to diesel exhaust particules in mice was also associated with a transient increase in Kc 

and Il6 mRNA levels within 1 h of exposure, which had returned to baseline by 3 h post-exposure (Saber 

et al., 2006).      

Our results examining the oxidative stress response did not support hypothesis 1.1 or 1.2.  

Surprisingly, when we measured the total glutathione content in lung tissue and the mRNA levels of 

redox-sensitive genes, we found no evidence for either severe oxidative stress or subtler perturbations in 

redox status induced by any of the nine MWCNTs. 

 In studies in vivo where pathological endpoints were examined 24 h after CNT exposure, lung 

glutathione levels have been variably reported to decrease (Ravichandran et al., 2011; Luyts et al., 2014), 

to significantly increase (Wang et al., 2010), and to not change (Shvedova et al., 2008).  Comparison 

between these reports is limited by numerous interlaboratory confounders (e.g., different CNTs, doses, 

strains of mice, age of mice, gender of mice).  When these interlaboratory confounders were eliminated in 

our study, we found no evidence for significant alterations in total glutathione levels associated with any 

of our nine MWCNTs.   
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Furthermore, we found no alterations in the expression of redox-sensitive genes (Gclc, Gclm, 

Hmox1) or a gene associated with glutathione transport into the lung's epithelial lining fluid (Cftr), 

indicating that none of these MWCNTs subtly perturbed the lung's GSH redox state.  This is surprising 

because MWCNT exposure in vitro was reported to increase the expression of redox-sensitive genes 

Hmox1, Sod2, and Gpx1 within 24 h of exposure (Bussy et al., 2012).  Moreover, a case series of 

workers in the largest Korean MWCNT manufacturing firm found that workers directly handling MWCNT 

had increased levels of oxidative stress markers (e.g., malondialdehyde) in breath condensate, compared 

to office workers (Lee et al., 2015b).  The discrepancy between our results and these observations may 

arise from obvious differences between mouse models, in vitro cultures, and humans.  In support of this, 

Hmox1 mRNA levels were only reported to increase in mice exposed to acute bolus doses of ≥ 52 µg 

MWCNT (Poulsen et al., 2015b).  Oxidative stress associated with MWCNT exposure may only emerge 

with chronic exposure, or may require at least seven days to measurably deplete lung total glutathione in 

mouse models following a single exposure (Shvedova et al., 2008). 

 The lack of oxidative stress may also stem from the low levels of transition metals contaminating 

our nine MWCNTs.  Transition metals such as iron can generate acellular reactive oxygen species 

through Fenton reactions (Bussy et al., 2012).  Acellular radical formation has been reported to be highly 

sensitive to iron concentration; Muhlfeld et al. reported that MWCNTs contaminated with 0.34% (w/w) iron 

did not generate radicals, while MWCNTs with 1.76% did generate radicals (Muhlfeld et al., 2012). Given 

that none of our MWCNTs had more than 0.9% iron, they may therefore have been less capable of 

generating radical species that could induce oxidative stress in the lung within 24 h of exposure.  

 Our results on gross lung and cellular toxicity support hypothesis 1.1, but do not support 

hypothesis 1.2.  To assess lung toxicity, we examined the integrity of the alveolar/capillary barrier by 

measuring BALF total protein levels, and we evaluated the extent of cell death by measuring BALF 

lactate dehydrogenase levels.  In support of hypothesis 1.1, we observed a general trend of increased 

lactate dehydrogenase levels in the stock samples for each aspect ratio, which reached statistical 

significance for only #14 stock.  While this observation supported hypothesis 1.1, it contradicted 

hypothesis 1.2, as the long/thin #14 stock sample was the most toxic.  Intriguingly, this toxicity did not 

correlate with either lung neutrophilia or oxidative stress, potentially because lung toxicity was reported 
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only at very high exposure levels (5.0 mg/m3) in rats exposed via inhalation to MWCNT (Pothmann et al., 

2015).  Gross toxicity of MWCNTs may be a non-specific response unrelated to the physicochemical 

characteristics of MWCNTs. 

 There are several limitations to our study.  First, we used a relatively high dose of MWCNTs (40 

µg/mouse), and exposed the mice via OPA.  While OPA is an artificial and experimental method of 

human inhalation exposure, the pathology induced by OPA of CNTs in mice was previously reported to 

be comparable to that induced by inhalation exposure (Shvedova et al., 2008; Silva et al., 2014).  We 

elected to use OPA because it is a safe substitute for inhalation exposures, in that it reduces risk to 

personnel and allows for a rapid, well-controlled means of exposure (Poulsen et al., 2015b).  A second 

limitation to our study is the use of male A/J mice; we may have missed important gender differences in 

susceptibility to MWCNTs by failing to examine female mice.  And third, while a previous study in our 

laboratory found that A/J mice were more susceptible to quantum dot-induced lung toxicity than C57BL/6 

mice (Scoville et al., 2015), the use of the A/J strain limits comparison between our study's results and 

other studies using the more common C57BL/6 mice. 

 In conclusion, we found that the physicochemical characteristics of MWCNT were associated with 

different degrees of lung neutrophilia, but not oxidative stress.  Consistent with hypothesis 1.1, we found 

that the unpurified, stock MWCNTs were the most inflammogenic and most toxic to the lung.  However, 

our results did not support hypothesis 1.2, in that it was the wide/short #13 series which was the most 

inflammogenic, while the long/thin #14 series was the most toxic.  Altogether, these results indicate that 

protective measures and risk assessments should prioritize reducing worker exposure while handling 

unpurified MWCNTs.  
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2.5.   Figures 

 

Figure 2.1.  Representative Helium Ion Microscope images of MWCNTs.  

Images depict #12 stock (upper panels) and #12 purified (lower panels).  Scale bars indicate 

500 nm (left panels), 200 nm (middle), and 100 nm (right).  
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Figure 2.2.  Lung neutrophilia.   

(A) Percentage of neutrophils on cytospins of cells recovered through bronchoalveolar lavage of male A/J 

mice, 24 h after aspiration of dispersion medium vehicle (DM) or 40 µg MWCNT.  Results are means and 

SEM (n ≥ 3 mice/group).  (B) Linear correlation between neutrophilia determined by flow cytometry and 

cytospins.  * p < 0.05, ** p < 0.01, *** p < 0.001 compared to DM group.  # p < 0.05, ### p < 0.001 

compared to same-MWCNT stock.  & p < 0.05 compared to #12 stock.  ^ p < 0.05 compared to #13 stock.   
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Figure 2.3.  Representative images of lung neutrophilia.   

The right column consists of cytospin images (20x) and the left column contains the corresponding flow 

cytometry analyses of individual mice treated with (C) DM, (D) #12 stock, (E) #13 stock, and (F) #14 

stock.  Abbreviations: DM, dispersion medium vehicle; E, erythrocyte; M, macrophage; N, neutrophil. 
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Figure 2.4.  Correlation between bulk nickel content and neutrophilia. 

Percentage of neutrophils correlated to the amount of contaminant bulk nickel administered with each 40 

µg dose of MWCNTs.  The percentage of neutrophils was determined by counting cells recovered 

through bronchoalveolar lavage 24 h post-exposure.  Bulk nickel content was determined by inductively-

coupled plasma mass spectrometry for the #13 and #14 series of MWCNTs; the #13 and #14 

carboxylated MWCNTs were excluded due to concerns over confounding by endotoxin.  Each symbol 

represents an individual mouse. 
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Figure 2.5.  MWNCT internalization by alveolar macrophages.   

Percentage of macrophages with internalize MWCNTs visible under light microscopy (40x) examination of 

cytospins.  Cells were recovered through bronchoalveolar lavage of male A/J mice, 24 h after aspiration 

of dispersion medium vehicle (DM) or 40 µg MWCNT.  Results are means and SEM (n ≥ 3 mice/group).  

# p < 0.05 compared to #14 stock.  & p < 0.05 compared to #14 carboxylated.  Abbreviation: MWCNT, 

multi-walled carbon nanotube. 
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Figure 2.6.  Representative images of MWCNT internalization by alveolar macrophages.   

Images captured of cytospins (20x) of individual mice treated with (A) DM, (B) #12 stock, (C) #12 

carboxylated, and (D) #12 purified.  Abbreviations: DM, dispersion medium vehicle; M+, macrophage with 

internalized multi-walled carbon nanotubes. 
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Figure 2.7.  Heatmap of MWCNT panel with pathological endpoints.  

The log(fold-change) compares the fold-change for each endpoint's MWCNT-exposed mean value to its 

control (DM) mean value.  * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the DM group.  

Abbreviations: BALF, bronchoalveolar lavage fluid; C, carboxylated; GSH, glutathione; LDH, lactate 

dehydrogenase; MWCNT, multi-walled carbon nanotube; P, purified; S, stock. 
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2.6.   Tables 

Table 2.1 

Manufacturer's Specifications of MWCNT Physical Dimensions. 
 

MWCNT  Length (µm)  OD* (nm)  Aspect Ratio 
#12 (Thin/Short)     
   Stock   0.5 - 2.0  10 - 20   25 - 200 
   Carboxylated  0.5 - 2.0  10 - 20   25 - 200 
   Purified  0.5 - 2.0  10 - 20   25 - 200 
#13 (Wide/Short)     
   Stock   0.5 - 2.0  30 - 50   17 - 67 
   Carboxylated  0.5 - 2.0  30 - 50   17 - 67 
   Purified  0.5 - 2.0  30 - 50   17 - 67 
#14 (Thin/Long)     
   Stock   10 - 30   10 - 20   500 - 3,000 
   Carboxylated  10 - 30   10 - 20   500 - 3,000 
   Purified  10 - 30   10 - 20   500 - 3,000 
_____________________________________________________________________ 
*OD = outer diameter. 
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Table 2.2 

Measured Physicochemical Characteristics of MWCNT Panel. 
           

   Lengtha ODa  Endotoxinb   Elemental Compositionb (%)    
MWCNT  (µm)  (nm)  (EU/mg)  Carbon  Oxygen Nickel  Iron  
#12 (Thin/Short)           
   Stock   1.108  17.8    0.060   94.1  4.7  0.8  0.4 
   Carboxylated  0.898  24.5  11.700   92.2  6.7  0.7  0.4 
   Purified  1.007  18.9    0.005   93.5  4.6  1.4  0.5 
#13 (Wide/Short)           
   Stock   1.199  31.2       nd   94.1  4.5  1.1  0.3 
   Carboxylated  0.761  32.5       nd   88.6  8.0  2.3  0.9 
   Purified  0.811  30.2       nd   94.9  3.3  1.2  0.7 
#14 (Thin/Long)           
   Stock      nd  15.5       nd   95.8  3.4  0.5  0.3 
   Carboxylated     nd  22.7       nd   91.8  7.4  0.5  0.3 
   Purified     nd  16.7       nd   95.9  2.9  0.2  0.3 
______________________________________________________________________________________________________________ 
Data presented as means.  Abbreviations: DM, dispersion medium; EU, endotoxin units; nd, not done; OD, outer diameter. 
aData published in a separate report (Hamilton et al., 2013). 
bData collected by the Nanotechnology Characterization Laboratory on behalf of the NCNHIRC (NCI, 2012).
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Table 2.3 

Aggregative Characteristics of MWCNT Panel. 
  
   Hydrodynamic   Zeta Potential  

Diameter (nm)   (mV)    
MWCNT  Water  DM*  Water  DM  
#12 (Thin/Short)          
   Stock   294.5    425.4  -44.6  -12.4   
   Carboxylated  221.0    461.9  -52.7  -14.7   
   Purified  309.6    544.0  -45.8    -9.9     
#13 (Wide/Short)          
   Stock   340.3    567.2  -40.7    -9.2       
   Carboxylated  247.6  1206.0  -50.3  -15.4   
   Purified  320.7    907.3  -40.8  -10.5       
#14 (Thin/Long)          
   Stock   261.0    910.3  -36.1  -13.9   
   Carboxylated  202.8    591.3  -47.3  -14.7   
   Purified  275.8    727.5  -43.1  -11.3   
_________________________________________________________________ 
Data presented as means. *DM = dispersion medium. 
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Table 2.4 

Effects of MWCNT Exposure on mRNA Expression of Chemoattractant and Pro-Inflammatory 
Genes. 

 
MWCNT  Gmcsf  Kc  Il1β  Mcp1  Tnfα   
Control   0.22 (0.06) 0.21 (0.07) 0.76 (0.12) 0.11 (0.02) 0.41 (0.05) 
#12 (Thin/Short)       
   Stock   0.29 (0.08) 0.17 (0.04) 0.66 (0.08) 0.15 (0.04) 0.62 (0.13) 
   Carboxylated  0.38 (0.12) 0.22 (0.08) 0.74 (0.20) 0.21 (0.13) 0.53 (0.18) 
   Purified  0.36 (0.10) 0.27 (0.09) 0.51 (0.09) 0.10 (0.02) 0.47 (0.13) 
#13 (Wide/Short)       
   Stock   0.48 (0.12) 0.26 (0.11) 0.54 (0.10) 0.11 (0.04) 0.34 (0.06) 
   Carboxylated  0.70 (0.08)** 0.26 (0.06) 0.53 (0.08) 0.14 (0.02) 0.43 (0.08) 
   Purified  0.64 (0.05)* 0.27 (0.03) 0.52 (0.10) 0.13 (0.03) 0.43 (0.06) 
#14 (Thin/Long)       
   Stock   0.63 (0.04)* 0.15 (0.02) 0.53 (0.00) 0.11 (0.03) 0.45 (0.11) 
   Carboxylated  0.41 (0.08) 0.14 (0.04) 0.54 (0.10) 0.17 (0.02) 0.57 (0.15) 
   Purified  0.61 (0.08)* 0.18 (0.03) 0.46 (0.07) 0.11 (0.02) 0.36 (0.04) 
____________________________________________________________________________________ 
Data presented as mean (SEM).  All gene expression levels (x 103) normalized to expression of 
housekeeping gene Gapdh.  * p < 0.05, ** p < 0.01 compared to control mice.   
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Table 2.5 

Effects of MWCNT Exposure on Lung Injury and Oxidative Stress. 
 
   BALF [Protein]  BALF [LDH]  Lung GSH 
MWCNT  (mg/ml)  (ng/ml)   (nmol/mg protein) 
Control   0.306 (0.071)  160.8 (31.1)  12.9 (1.3) 
#12 (Thin/Short)     
   Stock   0.207 (0.044)  179.4 (29.6)  11.6 (1.8) 
   Carboxylated  0.174 (0.035)  218.7 (9.6)  10.6 (1.1) 
   Purified  0.131 (0.006)  135.4 (11.4)  11.4 (2.0) 
#13 (Wide/Short)     
   Stock   0.433 (0.028)  276.2 (54.5)  11.6 (1.9) 
   Carboxylated  0.220 (0.055)  147.9 (9.2)  12.2 (0.0) 
   Purified  0.162 (0.001)  133.4 (13.8)  12.4 (2.2) 
#14 (Thin/Long)     
   Stock   0.508 (0.107)  453.1 (79.3)**  14.4 (2.0) 
   Carboxylated  0.180 (0.017)  164.1 (30.1)  12.4 (0.4) 
   Purified  0.178 (0.005)  136.4 (5.5)    9.5 (0.9) 
__________________________________________________________________________ 
Data presented as mean (SEM).  ** p < 0.01 compared to control mice. 
Abbreviations: BALF, bronchoalveolar lavage fluid; GSH, glutathione; LDH, lactate dehydrogenase
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Table 2.6 

Effects of MWCNT Exposure on mRNA Expression of Oxidative Stress- and Fibrosis-Associated 
Genes. 

 
MWCNT  Cftr  Gclc  Gclm  Hmox1  Tgfb1   
Control   1.98 (0.48) 11.62 (1.36) 2.71 (0.36) 6.13 (0.88)   8.43 (0.92) 
#12 (Thin/Short)       
   Stock   2.66 (0.62) 11.37 (0.83) 3.12 (0.48) 6.21 (0.43) 10.84 (2.14) 
   Carboxylated  2.54 (0.68) 11.34 (0.15) 3.09 (0.30) 6.78 (0.94)   7.49 (1.72) 
   Purified  1.58 (0.31)   9.95 (0.80) 2.74 (0.34) 6.16 (0.16)   7.90 (0.82) 
#13 (Wide/Short)       
   Stock   1.11 (0.46) 13.02 (0.45) 3.01 (0.07) 7.60 (0.01)   6.60 (0.73) 
   Carboxylated  1.95 (0.42)   9.46 (0.19) 2.59 (0.22) 6.47 (0.11)   6.96 (0.45) 
   Purified  2.65 (0.33) 10.76 (1.48) 3.30 (0.41) 8.17 (1.38)   6.79 (0.73) 
#14 (Thin/Long)       
   Stock   3.09 (0.51) 13.80 (1.87) 3.64 (0.28) 7.71 (1.10)   6.96 (0.40) 
   Carboxylated  1.81 (0.91)   8.88 (0.19) 3.01 (0.53) 7.00 (0.30)   8.79 (1.79) 
   Purified  1.85 (0.43) 11.54 (1.60) 3.03 (0.25) 7.94 (0.86)   7.85 (0.93) 
____________________________________________________________________________________ 
Data presented as mean (SEM).  All gene expression levels (x 103) normalized to expression of 
housekeeping gene Gapdh.   
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Chapter 3 : Aim 2 

3.1.   Introduction 

 While carbon nanotube-like nanoparticles have been recovered from the lungs of first responders 

to the World Trade Center terrorist attacks (Wu et al., 2010) and more recently from asthmatic French 

children (Kolosnjaj-Tabi et al., 2015), no human disease has been conclusively linked to multi-walled 

carbon nanotube (MWCNT) exposure (Bonner et al., 2013).  Risk assessments for recommending 

inhalation-based occupational exposure limits have thus relied on in vivo animal data (Pauluhn, 2010a; 

Kuempel et al., 2012; NIOSH, 2013).  Data from rodent models indicate that inhaled CNTs may induce 

neutrophilic inflammation, oxidative stress, and fibrosis in the lungs.  However, these CNT-associated 

pathologies have been predominantly examined in C57BL/6 inbred mice, a common laboratory strain 

(Shvedova et al., 2008; Porter et al., 2010; Muhlfeld et al., 2012; Shvedova et al., 2012b; Bonner et al., 

2013).   

Even though using the isogenic C57BL/6 strain improves study reproducibility, limits cost, and 

offers experimental advantages in mechanistic studies (King-Herbert and Thayer, 2006), previous 

investigations with other respiratory toxicants have demonstrated that the choice of mouse strain 

significantly affects the lung pathology observed.  Multi-strain studies into lung pathologies induced by 

ozone (Vancza et al., 2009), zinc oxide (Wesselkamper et al., 2001a), and cigarette smoke (Gordon and 

Bosland, 2009) all found that heritable genetic factors significantly modulate pathology.  It is highly 

probable that strain and genetic factors will similarly affect the observed pathology induced by MWCNT. 

However, these studies suggested that strain sensitivity does not necessarily extrapolate across 

toxicants.  Indeed, the range of the pathological response—and the relative sensitivities of the examined 

strains—significantly differed between toxicants.  For example, isogenic A/J mice were resistant to zinc 

oxide-induced lung neutrophilia (Wesselkamper et al., 2001a), but were susceptible to ozone (Vancza et 

al., 2009) or quantum dot induced lung neutrophilia (Scoville et al., 2015).  By contrast, C57BL/6 mice 

were sensitive to neutrophilia induced by zinc oxide exposure (Wesselkamper et al., 2001a) and ozone 

(Vancza et al., 2009), but were resistant to quantum dot-induced neutrophilia (Scoville et al., 2015).   

The reliance on isogenic C57BL/6 mice may therefore fail to adequately capture the variety and 

extent of pathological responses possible among an outbred population of human workers (Festing, 1995; 
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Rusyn et al., 2010).  To our knowledge, there have been no studies examining the role that genetic 

variability among mouse strains plays in modulating the form and extent of MWCNT-induced toxicity.  

Therefore, the goal of this aim is to examine early lung pathological responses (inflammation, oxidative 

stress, gene expression, and cytokine expression) in ten inbred mouse strains exposed via oropharyngeal 

aspiration (OPA) to a chemically unmodified, unpurified MWCNT sample. 

By examining the pathological responses of multiple inbred mouse strains, we will improve 

understanding of the range of pathological responses in a genetically variable population, which can then 

better inform risk assessors setting occupational exposure limits.  Furthermore, comparing multiple strains 

for susceptibility will enable better understanding of the results from toxicity studies in C57BL/6 mice by 

placing this strain's responsiveness in the context of other strains.  Finally, evaluating multiple strains will 

allow for identification of a highly resistant and a highly susceptible strain.  These differentially-susceptible 

strains may then be crossed, and their offspring used for performing linkage analyses to identify 

susceptibility loci associated with the disparate responses between the strains (Wesselkamper et al., 

2001a; Rusyn et al., 2010). 

For this aim, I hypothesize that (2.1) there is a strain-dependent differential response in acute 

lung pathology to the #12 stock MWCNT, and given previous work done in our lab with other 

nanoparticles, that (2.2) A/J mice will be the strain most susceptible to inflammation and oxidative stress. 

 

3.2.   Materials and Methods 

Reagents. 

 Unless otherwise noted, we purchased all reagents from Sigma-Aldrich (St. Louis, MO). 

MWCNT characterization. 

 For comprehensive characterization of this MWCNT (#12 stock), please see Aim 1: Materials 

and Methods → MWCNT characterization.   

Mice. 

We performed all animal experiments in accordance with the National Institutes of Health Guide 

for the Use and Care of Laboratory Animals (NRC, 2011a) and with the approval of the University of 

Washington Institutional Animal Care and Use Committee.  We made all efforts to minimize animal 
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distress and suffering.  No mortality or distress (e.g., weight loss, huddling, unkempt fur) was observed in 

our experimental animals. 

For our experiments, we purchased 7-week-old male mice from ten inbred strains from The 

Jackson Laboratory.  This work was conducted as a collaboration between our laboratory and that of Dr. 

Terry Gordon (Department of Environmental Medicine, New York University School of Medicine). Both the 

Gordon and Kavanagh laboratories worked with the 129S1/SvImJ (129), A/J (AJ), and C57BL/6J (C57) 

strains.  Only the Gordon laboratory worked with the AKR/J (AKR), C3H/HeJ (C3H), DBA/2J (DBA), and 

FVB/NJ (FVB) strains.  Only the Kavanagh laboratory worked with the NOD/ShiLtJ (NOD), NZO/HiLtJ 

(NZO), and WSB/EiJ (WSB) strains. 

 Mice were housed in a modified specific pathogen free (SPF) vivarium on a 12-hour light/dark 

cycle with nesting materials and access to food and water ad libitum.  Except for the wild-derived WSB 

mice, which were singly housed to reduce the chance for escape during routine care, all other strains 

were group housed. 

  All mice were acclimated for 5 – 7 days to the vivarium, and were 8 weeks old at the time of 

MWCNT exposure. 

Experimental design. 

 To assess how mouse strain modulates the lung’s pathological response to MWCNT exposure, 

we randomly assigned mice from ten strains to receive either 50 µl/mouse dosing vehicle or 50 µl vehicle 

+ 25 μg/mouse MWCNT by oropharyngeal aspiration (minimum n = 3 mice/exposure/strain, for a total of 

122 mice).  In the context of human workplace exposures, a 10 μg/mouse bolus of MWCNT approximates 

human lung deposition after one month of full-time work with an ambient environmental MWCNT 

concentration of 400 μg/m3, a concentration detected in Korean manufacturing environments (Han et al., 

2008; Porter et al., 2010).   

Thirty minutes prior to exposing the mice, we prepared fresh dispersion medium (DM) dosing 

vehicle [PBS + 0.6 mg/ml mouse serum albumin + 10 μg/ml DPPC (1,2-dipalmitoyl-sn-glycero-3-

phosphocholine) surfactant in ethanol (0.1% v/v)] (Bonner et al., 2013), and resuspended the MWCNT to 

0.5 mg/ml in DM.  For the Kavanagh laboratory exposures, both control and MWCNT solutions were 

sonicated for 19 seconds in a Branson 2510 bath sonicator, and vortexed for 1 second. 
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 For exposures performed in the Kavanagh laboratory, we weighed each mouse and anesthetized 

it with 4% Isoflurane.  The mouse was exposed via OPA of 50 μl dispersion medium only for the controls, 

or 50 μl dispersion medium + 25 μg MWCNT, using previously described methods (Bonner et al., 2013).  

The mice were monitored for recovery from anesthesia and for signs of distress over the next 24 hours.  

We did not observe exposure-associated distress or mortality. 

 Twenty-four hours after exposure, we weighed each mouse to determine its post-exposure weight 

and then humanely euthanized it through CO2 narcosis and cervical dislocation.  We performed 

bronchoalveolar lavage (BAL) with two sequential lavages of sterile PBS (1.2, 0.6 ml) using previously 

described methods (McConnachie et al., 2013).  From the first lavage, we removed 100 μl for differential 

staining of cells, and centrifuged the remaining lavage.  The acellular bronchoalveolar lavage fluid (BALF) 

was saved for future measurements of cytokines, glutathione (GSH) content of epithelial lining fluid (ELF), 

total protein concentration, and urea concentration.  We also collected blood via cardiac puncture for 

serum isolation using serum separator tubes (Becton, Dickinson and Company, Franklin Lakes, NJ).  The 

right lung was snap-frozen in liquid nitrogen and stored at -80°C until processing to measure GSH content 

and total protein.  For the mice used in the Gordon laboratory, a sample of this snap-frozen right lung was 

used for later RNA extraction.  For the mice used in the Kavanagh laboratory, a sample of the right lung’s 

caudal lobe was removed at necropsy and immersed in RNAlater® Stabilization Solution 

(Ambion/Thermo Fisher Scientific Inc., Waltham, MA) for at least 24 hours at 4 °C, and then frozen at -80 

°C for later RNA extraction. 

Measurement of lung inflammation through cell differentials. 

 To determine each strain’s inflammatory response to MWCNT aspiration, we differentially scored 

the immune cells recovered from the first of two BALs.  The lavaged cells in a 100-µl aliquot were 

centrifuged onto a microscopy slide (Cytospin 3, Shandon Life Sciences International Ltd., Cheshire, 

England) and differentially stained using the Hema 3™ system (Thermo Fisher Scientific, Waltham, MA), 

a commercial modification of the Wright-Giemsa method.  The percentage of neutrophils among the 

recovered immune cells was determined by counting at least 100 cells from each mouse.   



 

58 

Because of significant interlaboratory variability in the number of total cells recovered even with 

standardized lavage techniques (Bonner et al., 2013), we report the percentage of neutrophils rather than 

the total number of neutrophils. 

Measurement of total protein in bronchoalveolar lavage fluid to assess lung injury. 

 To assess the extent of each strain’s susceptibility to MWCNT-induced damage to the 

alveolar/capillary barrier of the lung, we measured the concentration of total protein in BALF 

(Wesselkamper et al., 2001a).  We centrifuged the first of two BALs (500 g, 10 min, 4°C), and determined 

the total protein concentration in this acellular BALF using a commercial protein assay (Bio-Rad 

Laboratories, Inc., Hercules, CA) derived from Bradford’s method (Bradford, 1976). 

Measurement of total glutathione in lung tissue and epithelial lining fluid. 

 To evaluate strain differences in vulnerability to MWCNT-induced oxidative stress, we measured 

the major antioxidant glutathione (GSH) in lung tissue and ELF.  In the tissue, we measured total 

glutathione (reduced glutathione + oxidized glutathione) content as previously reported (McConnachie et 

al., 2013).  In brief, in clarified lung homogenates we reduced the oxidized glutathione using tris-

carboxyethyl phosphine, and then derivatized the reduced glutathione using napthelene-2,3-

dicarboxyaldehyde.  We then measured the relative fluorescence intensity of this derivatized product and 

calculated total GSH levels by interpolating from a standard curve [0.01 – 0.75 mM].  The amount of total 

GSH was normalized to the total protein content of the lung homogenate as noted above for BALF, with 

appropriate dilutions. We determined both the total GSH and protein levels using triplicate homogenate 

samples. 

We similarly determined the concentration of ELF GSH in BALF, but with interpolation from a 

less-concentrated standard curve [0.25 – 5 μM].  To adjust for the dilution of ELF in BALF, we calculated 

a dilution factor by measuring urea in BALF and serum with the QuantiChrom™ Urea Assay Kit (BioAssay 

Systems, Hayward, CA), as previously described (Gould et al., 2010). 

Measurement of cytokines in bronchoalveolar lavage fluid. 

The University of Washington’s Center for Ecogenetics and Environmental Health Functional 

Genomics and Proteomics Core (CEEH FGPC) measured cytokine levels in AJ and C57 BALF samples 

using the V-PLEX Proinflammatory Panel 1 Mouse Kit (Meso Scale Discovery, Rockville, MD), a multiplex 
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sandwich immunoassay.  The samples were analyzed following manufacturer’s specifications for a subset 

of analytes: CXCL1 (KC), IL-1β, IL-6, and TNF-α.  For this assay (lot #K0080292-166134), the dynamic 

range for KC was 0.408 – 1670 pg/ml; for IL-1β, 0.339 – 1390 pg/ml; for IL-6, 1.04 – 4260 pg/ml; and for 

TNF-α, 0.127 – 522 pg/ml.  None of the samples were outside the range for KC and TNF-α.  For IL-1β 

and IL-6, more than 90% of BAL samples were below the limit of detection (LOD); these cytokines were 

omitted from further analysis. 

RNA extraction and Real-time PCR measurement of mRNA levels for genes associated with 

inflammation, oxidative stress, and fibrosis.  

In order to measure mRNA expression, we first extracted total RNA from a sample of the right 

lung using the miRNeasy Mini Kit (Qiagen, Venlo, The Netherlands), and generated cDNA from 1 μg of 

total RNA using the SuperScript® III First-Strand Synthesis System (Life Technologies, Carlsbad, CA).  

Using this cDNA, the University of Washington’s CEEH FGPC quantified mRNA expression of specific 

genes using fluorogenic 5’ nuclease-based assays as previously described (McConnachie et al., 2013).  

In brief, the mix for each PCR reaction contained TaqMan Gene Expression Master Mix (Applied 

Biosystems Inc., Foster City, CA) and primers and dual-labeled probes for each gene target, designed 

using ABI Primer Express v.1.5 software (Applied Biosystems).  We then amplified and detected the 

targets using the ABI PRISM 7900 system (Applied Biosystems) with the following reaction profile: 1 cycle 

at 95°C for 10 minutes; 40 cycles at 95°C for 30 seconds; 1 cycle at 62°C for 1 minute.  To calculate 

mRNA expression, we derived a linear regression formula from Gapdh amplification plots using serial 

dilutions of an established reference sample. 

 The analyzed mRNAs consisted of cystic fibrosis transmembrane regulator, Cftr; glutamate 

cysteine ligase catalytic subunit, Gclc; glutamate cysteine ligase modifier subunit, Gclm; granulocyte-

macrophage colony stimulating factor, Gmcsf; heme oxygenase-1, Hmox1; interleukin-1β, Il1β; 

Cxcl1/keratinocyte-derived cytokine, Kc; monocyte chemotactic protein-1, Mcp1; transforming growth 

factor- β 1, Tgfβ1; and tumor necrosis factor-α, Tnfα.  Expression for each target was normalized to 

Gapdh expression.  The primer and probe sequences for these genes were previously published 

(McConnachie et al., 2013). 
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Semi-quantitative Western immunoblotting for redox-sensitive protein expression and protein 

nitration. 

 To evaluate redox-sensitive protein expression and protein nitration in homogenates of the right 

lung in the six strains examined in the Kavanagh laboratory, we used SDS-PAGE and Western 

immunoblot analyses as previously described (Thompson et al., 1999).  We detected the expression of 

GCLC and GCLM using rabbit polyclonal anti-GCLC and -GCLM peptide antisera (Thompson et al., 

1999); the expression of HMOX1 using rabbit polyclonal Heme Oxygenase 1 Antibody (Santa Cruz 

Biotechnology, Dallas, TX); and nitrotyrosine modifications using anti-3-nitrotyrosine antibody (Takakusa 

et al., 2012).  We detected β-actin as the loading control using β-actin Rabbit Antibody (Cell Signaling 

Technology, Danvers, MA).  To evaluate the extent of protein nitration, we ran on each SDS-PAGE gel a 

positive control (untreated lung homogenate incubated for 1 minute at room temperature in 1.0 mM 

peroxynitrite (Takakusa et al., 2012)) and negative control (untreated lung homogenate incubated in an 

equivalent volume of distilled water).  For each Western blot, we detected the bound secondary Goat 

Anti-Rabbit IgG Antibody, HRP-conjugate (EMD Millipore, Billerica, MA), using an enhanced 

chemiluminescence system (GE Healthcare UK, Buckinghamshire, UK) with X-ray film exposure.  The 

optical densities of the appropriate-sized bands were then analyzed using NIH Image J software v1.48 

(National Institutes of Health, Bethesda, MD). The optical density of each band was adjusted to the 

density of the β-actin band, and the fold-change expression for each sample was calculated compared to 

the mean value for the dispersion medium vehicle-exposed control mice. 

Creation of heatmap summarizing each strain's response to all pathological endpoints. 

 To summarize each strain's responsiveness to all of the above pathological endpoints, we 

generated a heatmap of the log(fold-change) values.  The fold-change compares the mean for each 

strain's MWCNT-exposed group to the mean of its control group.   

 The heatmap was created using the heatmap.2() function available in the R package, gplots, with 

the clustering options disabled.  Our R code is publicly available at 

https://gist.github.com/mcartwri/16b8119016cac3471ca1#file-cartwright-heatmap-r.  

Normalization of data for interlaboratory variability. 
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 It has been previously demonstrated that significant interlaboratory variation exists in lung 

pathology endpoints, even with standardization of protocols, MWCNT, dose, and animal strain (Bonner et 

al., 2013).  To adjust for this interlaboratory variability, we calculated a unique normalization factor for 

each endpoint, so that the data across our two laboratories could be pooled for analysis. 

To calculate this endpoint-unique normalization factor, we used the mean values from the control 

and exposed groups of the three strains of mice (129, A/J, and C57) common to both laboratories.  For 

each endpoint, we performed linear regression with the intercept set to 0 on these six mean values (2 

exposure groups x 3 strains), where for each data point the Gordon laboratory mean value provided the 

y-coordinate and the Kavanagh laboratory the x-coordinate.  The resulting linear regression equation y = 

mx yielded an endpoint-unique normalization factor, m.  Perfect agreement with no interlaboratory 

variability would therefore yield a linear regression equation of y = x.   

We applied this normalization factor m to the Kavanagh laboratory data to normalize it to the 

Gordon laboratory data.  After normalizing the data, we analyzed the pooled data.   

Statistical analyses. 

 To analyze the normalized data, we used two-way analysis of variance (ANOVA) for exposure, 

strain, and interactions.  When the two-way ANOVA results indicated significant associations, we 

performed post-hoc analyses using unpaired, two-tailed t-tests, and adjusted the resulting p-values for 

multiple comparisons using Bonferroni corrections.  For determining correlations, we calculated Pearson’s 

correlation coefficients and report two-tailed p-values for significance.  Data were managed in Excel 2013, 

part of Microsoft Office Professional Plus 2013 (Microsoft, Redmond, WA), and analyzed in Prism 5 for 

Windows, v.5.02 (GraphPad Software, Inc., La Jolla, CA). 

 

3.3.   Results 

Lung inflammation and injury. 

 To investigate strain-dependent susceptibility to lung inflammation, we determined the 

percentage of neutrophils relative to other types of cells (macrophages/monocytes, eosinophils, and 

lymphocytes) recovered through BAL 24 hours after the mice aspirated 50 µl of dispersion medium 

vehicle (control) or 25 μg MWCNT in 50 µl vehicle (Figure 3.1).   
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MWCNT exposure induced neutrophilia in an exposure- and strain-dependent manner (two-way 

ANOVA p < 0.0001 for exposure, p = 0.0019 for strain).  For all strains, the control groups had a 

percentage of neutrophils below 6%, indicating low inflammogenic potential for the dispersion medium 

vehicle (Figure 3.1).  The overall mean for all controls was 1.89%; the strain closest to this overall mean 

was AJ, followed by C3H.  For the exposed groups, the percentage of neutrophils ranged from 7.49 – 

43.04%, a five-fold difference potentially attributable to genetic differences between the ten isogenic 

strains.  The exposed mice had an overall mean of 23.52%; the strain closest to this overall mean was 

NOD, followed by AJ.    

Compared to each strain’s control group, MWCNT exposure significantly increased the proportion 

of neutrophils for 8/10 of the inbred strains.  When ordered from highest to lowest by each strain's mean 

percentage of neutrophils in its exposed group, the strains ranked as follows: 129 (p = 0.0045, compared 

to control); C3H (p < 0.0001); AKR (p < 0.0001); DBA (p = 0.0002); NOD (p = 0.3121); AJ (p < 0.0001); 

FVB (p = 0.0001); NZO (p = 0.2049); C57 (p = 0.0479); and WSB (p = 0.0114).  Despite their 

intermediate rankings, the NZO and NOD strains did not have significant differences between their control 

and exposed groups.  The lack of significance may be due to high variability in individual animal response 

to MWCNT exposure for these two strains; furthermore, the NOD control group had a relatively high mean 

percentage of neutrophils (4.1%). 

 While this MWCNT induced significant neutrophilia in most strains, we found no evidence for its 

capacity to severely injure the lung and disrupt the integrity of the alveolar/capillary barrier (Table 3.1).  

Protein concentration in BAL fluid was not significantly associated with either MWCNT exposure or strain.  

However, there was a small but statistically significant correlation between the percentage of neutrophils 

and the concentration of protein in BAL fluid across all strains and exposure groups (Pearson’s r = 

0.1821, p = 0.0456).   

 Altogether, our data indicate that susceptibility to MWCNT-induced neutrophilia is significantly 

associated with mouse strain.  These data also show that MWCNTs can induce inflammation in the 

absence of significant lung injury and barrier disruption.  Furthermore, the strain closest to the overall 

mean percentage of neutrophils for both control and exposed groups is AJ, rather than the commonly-

used C57BL/6. 
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 These data support hypothesis 2.1, in that they show a strain-dependent differential response in 

acute lung inflammation.  However, these data do not support hypothesis 2.2; rather than being the most 

susceptible strain, the AJ mice were actually the strain with neutrophilia values closest to the overall 

mean for both the control and MWCNT-exposed groups. 

Total glutathione content in lung tissue and epithelial lining fluid. 

 CNTs can engender severe oxidative stress within in vitro and in vivo models of respiratory 

exposure (Inoue et al., 2010; Shvedova et al., 2012b; Moller et al., 2014).  This oxidative stress is 

reported to significantly alter levels of the major antioxidant GSH (Shvedova et al., 2007; Wang et al., 

2010; Ravichandran et al., 2011).  Thus, we investigated strain-dependent susceptibility to oxidative 

stress, as reflected by the levels of total GSH measured in clarified lung homogenates and total GSH in 

lung ELF of control and MWCNT-exposed mice (Table 3.1).   

The total GSH content of lung tissue was significantly associated with an interaction between 

exposure and strain (two-way ANOVA p = 0.0330 for interaction, p = 0.3853 for exposure, p < 0.0001 for 

strain).  An example of this interaction is the contrasting trends for the FVB strain compared with the NOD 

and NZO strains.  The FVB strain had a significant decrease (p = 0.0300), while the NOD and NZO 

strains had non-significant increases in total GSH.   

When we examined total GSH levels in the lungs of all strains' control groups, we observed 

significant strain differences (one-way ANOVA p < 0.0001).  These baseline GSH levels ranged from a 

low in the NOD strain (mean 8.13 nmol GSH/mg protein) to a high in the FVB strain (24.39 nmol/mg 

protein), with an overall mean of 12.04 nmol/mg protein.  The strain closest to this overall mean was AJ, 

followed by C3H.  

 In contrast to total GSH in lung tissue, we observed that GSH content in ELF was not associated 

with MWCNT exposure or strain.  Across all strains and exposure groups, the levels of total GSH in ELF 

and lung tissue did not correlate (Pearson’s r = 0.07283, p = 0.4273). 

 Taken together, these data indicate that the response to MWCNT-induced oxidative stress varies 

across strains, as indicated by the total GSH content in lung tissue.  This may be associated with baseline 

variation in strain differences, as reflected in total GSH levels in the control groups.  However, these data 

also indicate that this MWCNT did not generate sufficient oxidative stress within 24 h of exposure to 
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significantly alter GSH levels in either lung tissue or ELF for most strains.  Therefore, while these data 

indicate strain differences in the lung's total GSH levels and therefore support hypothesis 2.1, they do not 

support hypothesis 2.2, as the AJ mice did not have the most significant change in response to MWCNT 

exposure.           

Real-time PCR measurement of mRNA levels of inflammation-, oxidative stress-, and fibrosis-

associated genes. 

 We evaluated strain differences in the early pathological response to MWCNT exposure by 

measuring the mRNA levels of genes associated with inflammation, oxidative stress, and fibrosis.  

Inflammation genes include those associated with inflammasome activation (interleukin-1β, Il1β), pro-

inflammatory signaling (tumor necrosis factor-α, Tnfα), granulocyte production (granulocyte-macrophage 

colony stimulating factor, Gmcsf), neutrophil chemoattraction (keratinocyte-derived cytokine, Kc), and 

monocyte recruitment (monocyte chemotactic protein-1, Mcp1).   

Except for Il1β, the mRNA levels of these inflammation-associated genes were all significantly 

associated with both MWCNT exposure and strain (two-way ANOVA p < 0.05 for exposure, p < 0.05 

strain) (Table 3.2).  Post-hoc analyses indicated that, compared to each strain’s respective control, 

MWCNT exposure significantly increased mRNA levels of Tnfα in 2/10 strains (AKR, FVB); of Gmcsf in 

1/10 strains (DBA); of Kc in 2/10 strains (C3H, DBA); and of Mcp1 in 1/10 strains (FVB).  Overall, the 

percentage of neutrophils across all strains and exposure groups was significantly correlated with the 

mRNA levels of three of these genes: Il1β (Pearson’s r = 0.3740, p < 0.0001); Kc (r = 0.2755, p = 0.0022); 

and Tnfα (r = 0.1964, p = 0.0308). 

 We also examined MWCNT-induced changes in mRNA levels of genes associated with GSH 

transport into lung ELF (cystic fibrosis transmembrane regulator protein, Cftr), GSH synthesis (glutamate 

cysteine ligase catalytic subunit, Gclc; glutamate cysteine ligase modifier subunit, Gclm), oxidative stress 

(heme oxygenase-1, Hmox1), and fibrosis (transforming growth factor-β 1, Tgfβ1).  The mRNA levels of 

these five genes were not associated with either MWCNT exposure or strain (Table 3.3).  However, 

across all strains and exposure groups, the GSH levels in lung tissue significantly correlated with Gclm 

(Pearson’s r = 0.2725, p = 0.0024), consistent with its role in de novo GSH synthesis. 
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 Altogether, these data indicate that 24 h after exposure to MWCNT, we can detect significant 

strain differences in the mRNA levels of genes related to an innate inflammatory response closely tied 

with neutrophil recruitment.  The negative data on the mRNA levels of redox-sensitive genes is consistent 

with our data on total GSH, indicating that this MWCNT does not engender oxidative stress 24 h post-

exposure.  Consistent with our previous results on neutrophilia and total GSH, these data support 

hypothesis 2.1 in that they show clear strain differences in response to MWCNT exposure, but do not 

support hypothesis 2.2, in that the AJ strain is not the most sensitive to exposure. 

Heatmap summarizing each strain's response to all pathological endpoints. 

 To summarize and compare each strains' responsiveness to all of the pathological endpoints 

examined, we created a heatmap of the log(fold-change) values for each endpoint within each strain 

(Figure 3.2).  The fold-change compares the mean for each MWCNT-exposed group to its control group. 

 Our data across the ten strains show an overall pathological pattern of MWCNTs inducing an 

acute inflammatory response, but not an oxidative stress response.  This acute inflammatory response 

was characterized by a statistically significant increase in lung neutrophilia for 8/10 strains, and by an 

associated increase in mRNA levels of pro-inflammatory genes Gmcsf (1/10 strains), Kc (2/10), Mcp1 

(1/10), and Tnfα (2/10).  In contrast, only one strain had a statistically significant response for one 

oxidative stress-related endpoint: the FVB strain had lower levels of lung GSH in its MWCNT-exposed 

group compared to its control group.    

BAL cytokines. 

 To better characterize the lung's inflammatory response across strains, we measured the levels 

of pro-inflammatory and chemoattractant cytokines (KC, TNF-α) in BALF in the AJ and C57 strains 

(Figure 3.3).  While the C57 strain is more commonly used for MWCNT toxicity studies, the AJ strain had 

a response to MWCNT exposure closest to the overall mean of all strains for neutrophilia. 

Both AJ and C57 mice had significantly higher levels of these two cytokines compared to their control 

group.  However, exposed AJ mice had significantly higher levels of these two cytokines than did 

exposed C57 mice (KC, p < 0.0001; TNF-α, p = 0.0340). 

 When the data for both strains were pooled, we found that each cytokine correlated significantly 

with the percentage of neutrophils (KC: r = 0.5353, p = 0.0002; TNF-α: r = 0.7138, p < 0.0001).    
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Overall, these results were consistent with our hierarchical ranking of strains based on endpoint 

responsiveness: the AJ mice were more sensitive and responsive to MWCNT exposure compared with 

the C57 mice, as reflected in BAL levels of pro-inflammatory and chemoattractant cytokines. 

Western immunoblot analysis. 

To investigate if MWCNT exposure alters the expression of redox-sensitive proteins (GCLC, 

GCLM, and HMOX1) in a strain-specific manner, we used semi-quantitative Western immunoblotting to 

measure each of these proteins in lung homogenates in the six strains examined in the Kavanagh 

laboratory (129, AJ, C57, NOD, NZO, and WSB).  We adjusted each sample’s densitometry value to its β-

actin loading control, and then calculated the fold-change by normalizing the adjusted values for the 

MWCNT-exposed groups to the mean of their respective dispersion medium-only control group. 

We observed a mild (< 2-fold) but statistically significant increase in protein levels for at least one 

of these three proteins in 5/6 strains; only the WSB strain had no significant changes (Figure 3.4, A).  

Overall, there was no consistent pattern for the increased expression of these proteins.  GCLC levels 

were significantly increased for 2/6 strains (AJ, NOD); GCLM levels for 3/6 strains (129, AJ, NOD); and 

HMOX1 levels for 2/6 strains (AJ, C57).  We observed no significant correlations between the expression 

levels of these proteins and neutrophilia, glutathione in lung tissue, or glutathione in ELF. 

To determine if strain altered susceptibility to severe nitrative stress, we determined if MWCNT 

exposure increased the generation of reactive nitrogen species (e.g., peroxynitrite) and consequent 

nitration of tyrosine residues on proteins in lung homogenates (Takakusa et al., 2012).  While Western 

immunoblotting readily detected 3-nitrotyrosine in our positive control (a peroxynitrite-treated lung 

homogenate of an unexposed mouse), it did not detect 3-nitrotyrosine residues in the homogenates of 

any control or exposed mice for any strain, even after exposing the film to the immunoblot for 1 h (Figure 

3.4, B).   

 These Western blotting data indicated that MWCNT aspiration induced mild increases in the 

levels of redox-sensitive proteins, although these levels were not significantly correlated with neutrophilia 

or glutathione levels.  Furthermore, these data indicated that MWCNT aspiration was not associated with 

nitrative stress.  These results support hypothesis 2.1, because there was a strain-differential response in 
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protein levels, and they partially support hypothesis 2.2, because only the AJ strain had significant 

increases in the levels of all three redox-sensitive proteins. 

 

3.4.   Discussion 

 To evaluate the potential variety and extent of MWCNT-induced lung pathologies—and to 

contextualize the pathological response of the ubiquitous C57 strain—we characterized the inflammatory 

and oxidative stress responses in the lungs of ten strains of mice 24 h after aspiration of 25 µg MWCNT.  

Overall, our data demonstrate that this MWCNT sample induced an innate inflammatory response, but 

that it did not engender a response consistent with oxidative stress.  Our data also indicate that the C57 

strain was more resistant to MWCNT-induced inflammation than most other strains. 

 In support of hypothesis 2.1—that there would be a strain-dependent differential response to 

MWCNTs—we observed an innate inflammatory response characterized by an increase in lung 

neutrophilia for all strains, and which reached statistical significance for 8/10 strains.  The strains ranged 

in susceptibility from the resistant WSB, which had a mean of only 7.49% neutrophils among cells 

recovered through BAL, to the susceptible 129, which had a neutrophil percentage of 43.04%.  However, 

when we ranked the strains based on neutrophil percentage, the AJ strain was the closest to the overall 

mean for the control groups, and second-closest to the overall mean for the MWCNT-exposed groups.  In 

contrast, the C57 strain was among the more resistant strains, as indicated by percentage of neutrophils 

in the MWCNT-exposed groups.  These rankings clearly do not support hypothesis 2.2—that the AJ strain 

would be the sensitive and responsive to MWCNT exposure.  

 Our observation that CNT exposure provokes an innate inflammatory response dominated by 

neutrophilia is consistent with other reports.  Previously, an interlaboratory study reported the male 

C57BL/6 mice that had aspirated 40 µg MWCNT had a percentage of neutrophils that ranged from 

approximately 10 – 40% across four collaborating institutions (Bonner et al., 2013).  These results are 

comparable to the range of responses we observed in our ten strains after adjusting for interlaboratory 

differences.  Our results also agree with other studies, although the comparison is not perfect because 

these groups reported total cell numbers—a value reported to vary significantly between laboratories, 

even with standardized protocols (Bonner et al., 2013).  Cao et al. reported that two MWCNT samples 
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triggered an 8- and 20.8-fold increase in total BAL neutrophils 24 h after instillation of 32 µg MWCNT in 

female ApoE+/+ C57BL/6 mice (Cao et al., 2014).  Similarly, Shvedova et al. reported that aspiration of 10 

µg single-walled carbon nanotubes (SWCNTs) triggered a 51-fold increase in total BAL neutrophils 

among female C57BL/6 at 24 h after exposure (Shvedova et al., 2008).  This aim's results reinforces 

these reports in indicating that neutrophilia is the most prominent and consistent pathological response 

following acute CNT exposure.  Furthermore, this aim's results add to this understanding by indicating 

that genetic variation can significantly affect the extent of neutrophilia induced by the same MWCNT.   

While the extent of lung neutrophilia varied across mouse strains, we observed that it was 

significantly correlated with the expression of three pro-inflammatory and chemotactic genes: Il1β, Kc, 

and Tnfα.  Similarly, when we measured BALF cytokine levels in AJ and C57 mice, we found that 

MWCNT exposure was associated with a significant increase in levels of KC and TNF-α for AJ and C57 

mice.  However, the exposed AJ mice had significantly higher cytokine levels than the exposed C57 mice.  

These cytokine results are consistent with our observation that C57 are more resistant to MWCNT-

induced inflammation.  These results are also consistent with other studies, which reported that MWCNT 

exposure in male C57BL/6 mice was associated with a significant increase in these two cytokines 24 to 

40 h post-exposure (Cao et al., 2014; Sun et al., 2015). 

 In contrast to several previous studies, we did not observe consistent evidence for oxidative 

stress as indicated by changes in total GSH levels in lung tissue and ELF.  However, one strain did 

demonstrate a significant decrease in total GSH levels in lung tissue following MWCNT exposure.  CNT 

exposure has variously been reported to decrease lung GSH levels by 30% in juvenile BALB/c mice 

(Ravichandran et al., 2011); to decrease total GSH by nearly 50% in female C57BL/6 mice (Luyts et al., 

2014); to increase total GSH by almost 1,500% in male CD-1 mice (Wang et al., 2010); and to not alter 

total GSH in female C57BL/6 mice (Shvedova et al., 2008) at 24 h post-exposure.   

 In addition to examining GSH levels, we also measured changes in mRNA levels for all 

ten strains and protein levels of redox-sensitive genes for six strains.  At 24 h post-exposure, we found no 

changes in gene expression for any strain, while we observed a modest (< 2-fold) but statistically 

significant increase in levels of the proteins for 5/6 strains.  This discrepancy may arise from the rapid and 

transient upregulation of these genes, which has been reported for Hmox1 (Stocker and Perrella, 2006), 
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and post-translational regulation of proteins such as GCLC (Wild and Mulcahy, 2000; Krejsa et al., 2010; 

Vogel and Marcotte, 2012).  Given that the modest increases we observed did not significantly correlate 

with lung neutrophilia or glutathione levels, these data are at best weakly suggestive of MWCNT 

exposure inducing oxidative stress.  Overall, these data support hypothesis 2.1, in that we observed one 

strain that was susceptible to GSH depletion induced by MWCNT exposure; however, they do not support 

hypothesis 2.2, in that this sensitive strain was not the AJ mice.   

There are several possible explanations for why we did not observe oxidative stress.  First, by 

measuring total GSH rather than the ratio of oxidized to reduced GSH, we may have missed subtler 

changes in redox status.  However, we did not detect changes in the mRNA levels of redox-sensitive 

genes (e.g., Gclc, Gclm, Hmox1).  Second, the MWCNT sample we used in this aim may not generate 

sufficient acellular radical species to induce oxidative stress.  Our MWCNT was contaminated with 

relatively little metal (0.8% Ni, 0.4% iron); previously, Muhlfeld et al. reported that MWCNTs contaminated 

with 0.34% iron generated significantly fewer acellular radicals than did MWCNTs contaminated with 

1.76% iron (Muhlfeld et al., 2012).  Indeed, another study reported that MWCNTs contaminated with 

0.32% iron did not generate acellular radicals detectable through electron spin resonance (Porter et al., 

2010).  Given that our MWCNT sample is contaminated with a comparable amount of iron, this MWCNT 

may be innately less capable of engendering the oxidative stress reported in other toxicity studies. 

While our GSH data differ from some studies, our data on mRNA levels of redox-sensitive genes 

are consistent with other previous studies.  In a subacute inhalation study of MWCNTs, Mitchell et al. 

observed no changes in lung mRNA expression of the oxidative stress-associated gene Nqo1 (NADPH 

oxidoreductase 1) (Mitchell et al., 2007).  Similarly, Pacurari et al. observed no change at 7 days post-

exposure in expression of the oxidative stress-associated genes for plasma GSH peroxidase-3 or 

superoxide dismutase-1, -2, or -3 (Pacurari et al., 2011).  In contrast, Cao et al. observed a significant 

increase in lung Hmox1 expression following MWCNT exposure; however, as this exposure was a 5-

week-long regimen with a cumulative exposure of 128 µg/mouse (Cao et al., 2014), this elevated Hmox1 

expression may reflect severe oxidative stress resulting from a more toxic exposure regimen. 

There were several limitations to this aim's approach.  First, by examining only male mice in our 

multi-strain panel, we have likely missed important differences in susceptibility between the genders, 
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even as we have limited variables which may influence pathological differences across strains.  Second, 

by using OPA of a MWCNT bolus to expose our mice, our results imperfectly represent the consequences 

of chronic inhalation of dry MWCNTs in an occupational setting.  However, it was reported that aspiration 

of CNTs recapitulates the pathology associated with CNT inhalation, although to a lesser degree 

(Shvedova et al., 2008). 

 In conclusion, we found support for hypothesis 2.1, in that there was a consistent strain-

dependent differential response to MWCNTs, but no support for hypothesis 2.2, in that the AJ strain was 

not the most sensitive to MWCNT exposure.  We found that MWCNT exposure was most consistently 

associated with lung neutrophilia, although the extent of response varied significantly with strain.  These 

results are consistent with previous multi-strain studies, and indicate that the pathological response to 

MWCNT exposure has a significant genetic component.  Furthermore, this study's results indicate that the 

common use of C57BL/6 mice for investigating MWCNT-induced toxicity may underestimate the range of 

responses possible in a genetically-heterogeneous human worker population, as the C57BL/6 mice was 

one of the strains more resistant to MWCNT-induced neutrophilia.  To further explore strain differences 

and to identify the loci involved with inflammation susceptibility, future studies could involve crossing the 

neutrophilia-resistant WSB mice with the neutrophilia-sensitive 129 mice to generate offspring for 

performing quantitative trait loci analyses.   
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3.5.   Figures 

 

Figure 3.1.  Neutrophilia varies by mouse strain.   

Percentage of neutrophils in cells recovered through bronchoalveolar lavage of ten inbred mouse strains, 

24 h after aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT.  Results are means and 

SEM (n ≥ 3 mice/group).  * p < 0.05, ** p < 0.01, *** p < 0.001 compared to same-strain control.   
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Figure 3.2.  Heatmap of each strain's log(fold-change) values for all pathological endpoints.  

The log(fold-change) compares the fold-change for each endpoint's MWCNT-exposed mean value to its 

control mean value.  * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control group.  Abbreviations: 

BALF, bronchoalveolar lavage fluid; GSH, glutathione; MWCNT, multi-walled carbon nanotube. 
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Figure 3.3.  BALF cytokine levels in AJ vs. C57 mouse strains. 

Levels of inflammation-associated cytokines in BALF recovered 24 h after aspiration of dispersion 

medium vehicle (Control) or 25 µg MWCNT.  Results are means and SEM (n ≥ 3 mice/group).  * p < 0.05, 

*** p < 0.001 compared to same-strain control.  # p < 0.05, ### p < 0.001 compared to same-treatment 

group for C57 mice.  Abbreviations: BALF, bronchoalveolar lavage fluid; MWCNT, multi-walled carbon 

nanotube. 
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Figure 3.4.  Semi-quantitative Western blotting for redox-sensitive protein expression and nitrated 

residues. 

For the six strains examined in the Kavanagh laboratory, we examined the expression of redox-sensitive 

proteins using (A) densitometry analyses of Western blots for GCLC, GCLM, and HMOX1 in lung 

homogenates collected 24 h after aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT.  

The results are means and SEM (n = 5 – 6 mice/group), adjusted to the loading control, β-actin, and 

calculated as the fold-change relative to the mean of each genotype’s control.  We also examined lung 

homogenates for nitrated residues; a representative blot from the NZO strain is shown (B).  * p < 0.05, ** 

p < 0.01, *** p < 0.001 compared to same-strain control.  Abbreviations: 3-NT, 3-nitrotyrosine; MWCNT, 
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multi-walled carbon nanotube; Neg., negative control (an untreated lung homogenate incubated with 

distilled water); Pos., positive control (an untreated lung homogenate incubated with peroxynitrite). 
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3.6.   Tables 

Table 3.1 

Effects of MWCNT Exposure on Lung Injury and Oxidative Stress in Multiple Strains. 
  

   BALF Protein  BALF GSH  Lung GSH           
Strain    (mg/ml)  (μM)   (nmol/mg protein) 
   Mean (SEM)  Mean (SEM)  Mean (SEM) 
Control 

129  0.097 (0.012)    1.39 (0.22)  11.19 (1.52) 
AJ  0.124 (0.018)    3.23 (0.28)  11.77 (1.54) 
AKR  0.123 (0.006)    1.59 (0.38)    9.04 (0.54) 
C3H  0.105 (0.005)    6.07 (0.65)  11.26 (0.84) 
C57  0.125 (0.016)    4.68 (0.56)  13.01 (2.06) 
DBA  0.177 (0.005)    4.41 (0.57)  13.68 (0.90) 
FVB  0.201 (0.032)    9.66 (0.23)  24.39 (2.06) 
NOD  0.264 (0.155)  10.34 (0.63)    8.13 (0.73) 
NZO  0.208 (0.069)    6.01 (0.62)    8.79 (0.69) 
WSB  0.216 (0.108)    2.81 (0.16)  10.15 (0.90) 

 
MWCNT (25 μg) 

129  0.170 (0.032)    9.55 (25.20)  12.29 (0.71) 
AJ  0.149 (0.030)  10.25 (25.72)    7.96 (0.82) 
AKR  0.143 (0.014)  19.01 (25.78)    9.13 (0.79) 
C3H  0.106 (0.018)    4.83 (25.27)  12.63 (1.09) 
C57  0.167 (0.040)    7.67 (25.44)  12.31 (0.80) 
DBA  0.181 (0.015)    5.36 (25.42)  11.91 (1.87) 
FVB  0.237 (0.024)    5.58 (25.64)  16.39 (1.94)* 
NOD  0.284 (0.186)    3.84 (25.02)    9.46 (1.31) 
NZO  0.134 (0.055)    3.00 (25.85)  12.91 (1.57) 
WSB  0.199 (0.031)    2.04 (25.55)  10.34 (1.14) 

__________________________________________________________________________ 
* p < 0.05 compared to same-strain control mice.  
Abbreviation: BALF, bronchoalveolar lavage fluid; GSH, glutathione; MWCNT, multi-walled carbon 
nanotubes. 
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Table 3.2 

Effects of MWCNT Exposure on mRNA Expression of Chemoattractant and Pro-Inflammatory Genes in Multiple Strains. 
 

Strain  Gmcsf   Il1β   Kc   Mcp1   Tnfα 
  Mean (SEM)  Mean (SEM)  Mean (SEM)  Mean (SEM)  Mean (SEM) 
Control      

129 0.86 (0.29)  3.51 (0.64)  0.45 (0.16)  0.54 (0.13)  1.17 (0.13) 
AJ 1.02 (0.20)  3.67 (0.80)  1.04 (0.18)  0.62 (0.08)  1.64 (0.20) 
AKR 3.79 (0.41)  7.32 (0.39)  1.48 (0.13)  0.05 (0.27)  2.07 (0.22) 
C3H 0.40 (0.02)  9.02 (0.85)  1.02 (0.18)  0.48 (0.09)  1.58 (0.21) 
C57 1.86 (0.33)  4.90 (1.02)  0.45 (0.10)  0.73 (0.13)  1.38 (0.23) 
DBA 0.64 (0.11)  4.30 (0.28)  1.12 (0.12)  0.56 (0.15)  1.52 (0.12) 
FVB 3.13 (0.30)  3.49 (1.20)  1.94 (0.12)  0.00 (0.10)  1.60 (0.22) 
NOD 0.36 (0.31)  6.35 (2.61)  0.82 (0.16)  0.96 (0.22)  1.49 (0.37) 
NZO 1.00 (0.39)  1.43 (0.45)  1.05 (0.14)  0.68 (0.17)  2.54 (0.77) 
WSB 0.32 (0.13)  1.77 (0.51)  0.15 (0.15)  0.32 (0.28)  1.27 (0.28) 

      
MWCNT (25 µg)      

129 1.54 (0.67)  6.27 (2.70)  0.88 (0.31)  0.79 (0.26)  1.73 (0.44) 
AJ 1.41 (0.28)  3.56 (0.62)  0.98 (0.21)  0.67 (0.13)  1.72 (0.12) 
AKR 4.72 (0.60)  8.18 (0.91)  4.67 (1.41)  0.91 (0.65)  2.92 (0.24)* 
C3H 0.44 (0.12)  8.26 (0.67)  2.86 (0.21)***  0.58 (0.03)  1.58 (0.16) 
C57 1.26 (0.25)  5.93 (0.64)  0.53 (0.11)  0.97 (0.13)  1.87 (0.19) 
DBA 1.14 (0.16)*  6.43 (0.75)  3.97 (0.64)**  0.11 (0.22)**  2.06 (0.41) 
FVB 3.19 (0.47)  6.16 (0.93)  3.92 (2.27)  0.96 (0.24)  3.78 (0.54)** 
NOD 1.69 (1.03)  5.49 (0.39)  1.37 (0.66)  0.05 (0.87)  3.68 (0.82) 
NZO 1.05 (0.37)  2.00 (0.49)  0.80 (0.18)  0.28 (0.25)  3.47 (0.88) 
WSB 1.09 (0.76)  2.84 (1.87)  0.41 (0.35)  2.96 (0.37)  3.63 (2.02) 

______________________________________________________________________________________________________ 
All gene expression levels (x 103) normalized to expression of housekeeping gene Gapdh.  
* p < 0.05, ** p < 0.01, *** p < 0.001 compared to the gene’s same-strain expression in control mice.  
Abbreviation: MWCNT, multi-walled carbon nanotubes. 
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Table 3.3 

Effects of MWCNT Exposure on mRNA Expression of Oxidative Stress- and Fibrosis-Associated Genes in Multiple Strains. 
 

Strain  Cftr   Gclc   Gclm   Hmox1   Tgfb1 
  Mean (SEM)  Mean (SEM)  Mean (SEM)  Mean (SEM)  Mean (SEM) 
Control      

129 11.89 (2.70)    99.98 (11.31)  48.38 (5.93)    33.31 (1.83)    79.13 (5.04) 
AJ 22.78 (2.69)  176.54 (12.39)  78.44 (8.14)    71.59 (6.24)  100.47 (7.90) 
AKR 32.73 (2.57)  117.28 (13.99)  74.89 (4.40)    61.84 (3.61)  128.49 (5.97) 
C3H 18.26 (0.76)  195.24 (13.19)  70.90 (2.23)    81.37 (12.38)    75.97 (4.66) 
C57 14.54 (1.46)  193.74 (14.64)  79.31 (5.20)    49.78 (5.07)    78.50 (8.90) 
DBA 13.79 (0.52)  184.44 (9.63)  66.68 (5.03)    68.52 (4.70)    83.40 (10.29) 
FVB 41.78 (1.59)  180.93 (20.63)  92.14 (4.46)    57.38 (3.86)  110.93 (14.64) 
NOD   8.46 (4.30)  135.75 (28.15)  69.00 (15.60)    67.75 (5.27)  126.55 (17.91) 
NZO 26.48 (8.46)    86.31 (20.82)  58.01 (20.76)    84.60 (20.70)    87.45 (16.07) 
WSB   9.29 (2.58)  115.64 (17.57)  60.23 (9.85)    64.95 (10.29)  111.99 (15.05) 

     
MWCNT (25 µg)      

129   9.63 (2.96)    81.41 (10.77)  74.72 (15.10)    31.48 (8.65)    68.95 (14.68) 
AJ 19.65 (1.18)  169.21 (7.36)  65.04 (3.61)    76.73 (3.96)    77.51 (3.54) 
AKR 29.40 (1.07)  125.48 (6.93)  68.12 (4.04)    66.18 (3.95)  139.58 (8.04) 
C3H 15.66 (0.91)  169.19 (4.22)  67.46 (5.04)  104.95 (24.48)    76.61 (4.14) 
C57 10.86 (1.51)  202.48 (21.76)  78.46 (7.20)    54.64 (2.57)    82.38 (8.58) 
DBA 14.07 (0.76)  183.71 (15.79)  70.68 (4.89)    75.22 (8.49)    75.92 (2.45) 
FVB 32.12 (9.70)  207.10 (7.09)  89.26 (8.77)    63.77 (18.31)    98.80 (19.65) 
NOD   4.92 (1.60)  120.01 (30.45)  65.51 (10.63)    64.95 (4.75)  126.69 (17.69) 
NZO 22.88 (8.67)  102.49 (15.71)  60.28 (18.64)    75.23 (12.92)  104.84 (8.18) 
WSB 20.75 (13.85)  133.22 (46.97)  50.70 (20.27)  146.23 (76.93)  114.49 (26.29) 

_______________________________________________________________________________________________________________ 
All gene expression levels (x 103) normalized to expression of housekeeping gene Gapdh.  Abbreviation: MWCNT, multi-walled carbon nanotubes
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Chapter 4 : Aim 3 

4.1.   Introduction 

In the absence of human data, risk assessors at the National Institute for Occupational Safety 

and Health relied on in vivo animal toxicology studies to recommend an inhalation-based occupational 

exposure limit of 1 µg/m3 for carbon nanotubes (CNTs) in 2013 (NIOSH, 2013).  However, this risk 

assessment was limited by a lack of in vivo data on potentially sensitive subpopulations (NIOSH, 2013), 

who may be at greater risk of multi-walled CNT (MWCNT)-induced lung inflammation, fibrosis, or 

oxidative stress (Shvedova et al., 2008; Ma-Hock et al., 2009; Pauluhn, 2010b; Porter et al., 2010; Wang 

et al., 2011; Muhlfeld et al., 2012).   

CNTs may induce oxidative stress in the lung through acellular or cellular means.  Radicals may 

be generated via acellular Fenton reactions with residual metals (e.g., nickel and iron), which are 

commonly used to manufacture CNTs (Madl et al., 2014).  Reactive oxygen/nitrogen species and 

oxidative stress may also result from the activation of immune cells, notably neutrophils and 

macrophages (Ma-Hock et al., 2009; Shvedova et al., 2012b; Bhattacharya et al., 2013; Madl et al., 

2014).  This CNT-induced oxidative stress was severe enough in vivo to deplete the major cellular 

tripeptide antioxidant glutathione (GSH) by 40 – 50% (Shvedova et al., 2008; Ravichandran et al., 2011; 

Luyts et al., 2014).  Conversely, elevated GSH levels may protect against such stress. For example, 

supplementation with the GSH precursor N-acetylcysteine in mice raised their GSH levels and rendered 

the animals resistant to MWCNT-induced fibrosis and neutrophilia (Sun et al., 2015). 

Taken together, these reports indicate that GSH deficiency is a potential consequence of CNT 

exposure, and that GSH supplementation is a potential protection against CNT-induced pathologies.  

However, there have been no investigations into how pre-existing GSH deficiency may modulate the 

lung’s pathological response to MWCNTs.  In humans, GSH can be depleted because of inadequate 

dietary intake of cysteine or methionine, or because of pre-existing lung diseases (e.g., chronic bronchitis, 

chronic obstructive pulmonary disease, idiopathic pulmonary fibrosis) (Biswas and Rahman, 2009; 

Ghezzi, 2011).  GSH levels can also be affected by polymorphisms in Gclc and Gclm, which respectively 

encode the catalytic and modifier subunits for glutamate cysteine ligase (GCL), the rate-limiting enzyme 

in de novo GSH synthesis (Townsend et al., 2003; Franklin et al., 2009).  Functional genetic 
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polymorphisms in Gclc and Gclm have been reported in 30% and 20% of humans, respectively 

(Nakamura et al., 2002; Siedlinski et al., 2008). 

GSH deficiency can dramatically alter toxicant-induced lung pathology.  The genetic manipulation 

of Gclm in a mouse model of human GSH deficiency indicated that even the moderate GSH deficiency 

observed in Gclm heterozygous mice significantly enhanced lung inflammation in response to diesel 

exhaust particle exposure (Weldy et al., 2011).  Furthermore, the severe GSH deficiency observed in 

Gclm null mice significantly impaired the lung’s inflammatory response to ozone (Johansson et al., 2010) 

and quantum dot nanoparticles (McConnachie et al., 2013)—underscoring the role of GSH in modulating 

the immune response, as well as oxidative stress (Ghezzi, 2011). 

 Intriguingly, gender may modulate the effects of GSH deficiency.  While male mice were found to 

be more sensitive than female mice to acetaminophen-induced liver injury, only female mice were 

rendered more susceptible to liver injury by Gclm manipulation.  Following acetaminophen exposure, the 

female Gclm null mice demonstrated twice the amount of liver damage of wild-type mice; in contrast, male 

Gclm null mice only demonstrated 20% more injury than did wild-type mice (McConnachie et al., 2007).  

In humans, gender also influences susceptibility to lung diseases.  Interstitial lung diseases are 

approximately 20% more prevalent in men (Coultas et al., 1994; Gribbin et al., 2006), while asthma is 

34% more prevalent in women (CDC, 2013).   

 Given that humans can have reduced levels of GSH for genetic, environmental, nutritional, or 

health status-related reasons, it is the first goal of this aim to investigate the role that GSH may play in 

MWCNT-induced acute lung pathology using mice with genetic modification of Gclm, which simulate 

moderate and severe deficiencies in GSH levels and GSH synthesis.  Furthermore, given the evidence of 

gender modulating lung diseases, it is the second goal of this aim to investigate how gender influences 

susceptibility to MWCNT-induced lung inflammation. Finally, because both GSH and gender may interact 

to modify such responses, it is our third goal to examine the interdependency of gender and Gclm 

genotype in male and female mice exposed to MWCNTs.  Such information could be used to better 

inform the assessment of risks associated with MWCNT exposure in subpopulations of workers who may 

be more or less susceptible to MWCNT-induced lung pathology, based on their gender and/or GSH 

status.    
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 For this aim, I hypothesize that (3.1) Gclm heterozygous mice are more susceptible than wild-

type and null mice to MWCNT-induced lung pathology, and (3.2) female Gclm heterozygous and null 

mice are more susceptible than their male counterparts. 

 

4.2.   Materials and Methods 

Reagents. 

Except where noted, we obtained all reagents from Sigma-Aldrich (St. Louis, MO). 

MWCNT characterization. 

 For comprehensive characterization of this MWCNT (#12 stock), please see Aim 1: Materials 

and Methods → MWCNT characterization.   

Gclm mice. 

We conducted all animal experiments in accordance with the National Institutes of Health Guide 

for the Use and Care of Laboratory Animals (NRC, 2011a), and with the approval of the University of 

Washington Institutional Animal Care and Use Committee.  We made all efforts to minimize animal 

distress and suffering. 

For these studies, we used male and female Gclm wild-type (Gclm+/+), Gclm heterozygous 

(Gclm+/-), and Gclm null (Gclm-/-) mice which had been backcrossed onto a C57BL/6 background 

(McConnachie et al., 2007).  The mice were group housed in a modified specific pathogen free vivarium 

on a 12-hour light/dark cycle with nesting materials and access to water and chow provided ad libitum.  At 

the time of MWCNT exposure, the mice were 3 – 5 months old with no significant difference in mean age 

between any of the experimental groups. 

Experimental design. 

To determine if gender and genetic manipulation of GSH levels modulate the lung’s pathological 

response to MWCNTs, we randomly assigned 3- to 5-month-old mice of all Gclm genotypes to receive 

dispersion medium dosing vehicle only, or 25 μg MWCNTs/mouse by oropharyngeal aspiration (n = 5 – 6 

mice per exposure, gender, and genotype, for a total of 71 mice).  For purposes of comparison, a 10 μg 

MWCNT/mouse bolus dose is reported to approximate human deposition after one month of light work in 

an environment with an ambient MWCNT concentration of 400 μg/m3, a level reported in Korean 
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manufacturing settings (Han et al., 2008; Porter et al., 2010).  Thirty minutes prior to exposing the mice, 

we prepared fresh dispersion medium (DM) dosing vehicle [PBS + 0.6 mg/ml mouse serum albumin + 10 

μg/ml DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) surfactant in ethanol (0.1% v/v)] (Bonner et 

al., 2013), and used it to resuspend the MWCNTs to 0.5 mg/ml.  Both the dispersion vehicle and MWCNT 

solutions were sonicated for 19 seconds in a Branson 2510 bath sonicator, and then vortexed for 1 

second. 

Immediately before exposure, we weighed each mouse and anesthetized it with 4% Isoflurane.  

The mouse was exposed via oropharyngeal aspiration (OPA) of 50 μl DM only, or 50 μl of DM containing 

25 μg MWCNTs, as previously described (Bonner et al., 2013).  We then monitored the mice until they 

had recovered from anesthesia, and for any signs of distress (e.g., weight loss, huddling, unkempt fur) 

over the next 24 h.  Neither treatment was associated with distress or mortality. 

Twenty-four h after exposure, we weighed each mouse to determine its post-treatment weight, 

and humanely euthanized each mouse through CO2 narcosis followed by cervical dislocation.  We 

performed bronchoalveolar lavage (BAL) with two serial lavages of sterile PBS (1.2 ml, 0.6 ml) as 

previously described (McConnachie et al., 2013).  From the first lavage, we aliquoted 100 μl for 

cytospins/differential staining of the recovered cells, and centrifuged the remainder.  This acellular 

supernatant, or bronchoalveolar lavage fluid (BALF), was saved for measurements of cytokines, GSH 

content of the epithelial lining fluid (ELF), urea, total protein concentration, and lactate dehydrogenase 

concentration.  In addition to BALF, we collected blood via cardiac puncture for serum isolation using 

serum separator tubes (Becton, Dickinson and Company, Franklin Lakes, NJ).  We also removed a lung 

tissue sample from the right caudal lobe and immersed it in RNAlater® Stabilization Solution (Ambion via 

Thermo Fisher Scientific Inc., Waltham, MA) for 24 h at 4 °C, and then froze this stabilized sample at -80 

°C for later RNA extraction.  The remainder of the right lung was snap-frozen in liquid nitrogen and stored 

at -80 °C until it could be processed for the measurement of GSH content, total protein, and the levels of 

oxidative stress responsive proteins via Western immunoblotting.   

Assessment of lung inflammation through cell differentials. 

 To determine the lung’s inflammatory responses to MWCNT aspiration, we performed differential 

scoring of the cells recovered in the first BAL.  The cells in a 100-μl aliquot of the first lavage were 
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centrifuged (Cytospin 3, Shandon Life Sciences International Ltd., Cheshire, England) and then 

differentially stained using the Hema 3™ system (Thermo Fisher Scientific, Waltham, MA), a modification 

of the Wright-Giemsa method.  The percentage of specific inflammatory cell types (eosinophils, 

lymphocytes, macrophages/monocytes, and neutrophils) was determined by counting at least 500 cells 

from each mouse.  We report the percentage of cell types instead of the total number, because a multi-

center study using standardized protocols demonstrated significant interlaboratory variation in the total 

number of recovered cell types, despite standardization (Bonner et al., 2013). 

Measurement of cytokines in bronchoalveolar lavage fluid. 

 The University of Washington’s Center for Ecogenetics and Environmental Health Functional 

Genomics and Proteomics Core (CEEH FGPC) measured levels of BALF cytokines using the V-PLEX 

Proinflammatory Panel 1 Mouse Kit (Meso Scale Discovery, Rockville, MD), a multiplex sandwich 

immunoassay.  The BALF samples were analyzed per manufacturer’s directions for the levels of CXCL1 

(KC), IL-1β, IL-6, and TNF-α.  For this assay (lot #K0080292-166134), the dynamic range for KC was 

0.408 – 1670 pg/ml; for IL-1β, 0.339 – 1390 pg/ml; for IL-6, 1.04 – 4260 pg/ml; and for TNF-α, 0.127 – 

522 pg/ml.  No samples were outside the range for KC and TNF-α analyses.  For IL-1β, 69 out of 71 BAL 

samples (97.2%) were below the limit of detection (LOD), and further analysis was not possible for this 

cytokine.  For IL-6, 14 out of 71 BAL samples (19.7%) were below the LOD.  For the samples below the 

LOD, we replaced these values with the analyte’s LOD divided by the square root of 2.  This replacement 

method reportedly minimizes bias when samples with non-detectable levels represent fewer than 50% of 

all samples, and when the number of observations ranges from 20 – 100 (Hewett and Ganser, 2007; 

Ogden, 2010). 

Measurement of total glutathione in lung tissue and epithelial lining fluid. 

To assess the effects of MWCNT exposure, gender, and Gclm status, we measured levels of the 

major cellular antioxidant glutathione in lung tissue and ELF.  In lung tissue, we measured the total 

glutathione (GSH+GSSG) content in clarified lung homogenates as previously described (McConnachie 

et al., 2013), using tris-carboxyethyl phosphine to reduce GSSG to GSH, and derivatizing GSH with 

napthelene-2,3-dicarboxaldehyde.  We then measured the relative fluorescence intensity of the 

derivatized GSH and calculated the GSH levels by interpolating from a standard curve [0.01 mM – 0.75 
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mM].  The total GSH content was normalized to the total protein content of the lung homogenate, which 

was determined using a commercial Bradford protein assay (Bio-Rad Laboratories, Inc., Hercules, CA).  

The total GSH and protein contents were both determined using triplicate samples of each homogenate. 

To determine the concentration of total GSH in ELF, we used essentially the same procedure in 

BALF as described above for clarified lung homogenates, but with interpolation from a less-concentrated 

standard curve [0.25 μM – 5 μM].  To adjust this concentration for the dilution of ELF during lavage, we 

calculated the dilution factor by measuring urea in BALF and serum using the QuantiChrom™ Urea 

Assay Kit (BioAssay Systems, Hayward, CA).  The use of urea to calculate a dilution factor assumes that 

urea freely diffuses between blood and ELF, thereby equalizing the urea concentrations between these 

compartments (Gould et al., 2010). 

Measurement of mRNA levels for genes associated with early pathological responses through 

quantitative real-time PCR. 

The University of Washington’s CEEH FGPC quantified the mRNA levels of specific genes using 

fluorogenic 5’ nuclease-based assays as previously described (McConnachie et al., 2013).  In brief, we 

extracted total RNA from a sample of the caudal lobe of the right lung using the miRNeasy Mini Kit 

(Qiagen, Venlo, The Netherlands), and then generated cDNA from 1 μg of total RNA using the 

manufacturer’s protocol for the SuperScript® III First-Strand Synthesis System (Life Technologies, 

Carlsbad, CA).  The PCR reaction mix consisted of TaqMan Gene Expression Master Mix (Applied 

Biosystems Inc., Foster City, CA), along with primers and dual-labeled probes for each gene designed 

using ABI Primer Express v.1.5 software (Applied Biosystems).  The targets were then amplified and 

detected using the ABI PRISM 7900 system (Applied Biosystems) using the following reaction profile: 1 

cycle at 95 °C for 10 min; 40 cycles at 95 °C for 30 sec; 1 cycle at 62 °C for 1 min.  To calculate mRNA 

expression levels, a linear regression formula was derived from Gapdh amplification plots using serial 

dilutions of an established reference sample. 

The analyzed mRNAs included cystic fibrosis transmembrane regulator (Cftr), glutamate cysteine 

ligase catalytic subunit (Gclc), glutamate cysteine ligase modifier subunit (Gclm), granulocyte-

macrophage colony stimulating factor (Gmcsf), heme oxygenase-1 (Hmox1), interleukin-1β (Il1β), 

Cxcl1/keratinocyte-derived cytokine, (Kc), monocyte chemotactic protein-1 (Mcp1), transforming growth 
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factor-β 1 (Tgfβ1), and tumor necrosis factor-α (Tnfα).  The expression of these targets was normalized to 

Gapdh mRNA expression.  The primer and probe sequences for these genes have been previously 

published (McConnachie et al., 2013).   

Assessment of bronchoalveolar lavage fluid for lung toxicity. 

 To evaluate MWCNT-induced lung toxicity, we measured in BALF the concentrations of acellular 

lactate dehydrogenase and total protein, which respectively indicate cytotoxicity and disruption of 

alveolar/capillary barrier integrity (Wesselkamper et al., 2001a).  The first lavage was centrifuged (500 g, 

10 min, 4°C) and the acellular supernatant decanted to obtain BALF.  We determined the concentration of 

lactate dehydrogenase in BALF using the enzyme activity CytoTox 96® Non-Radioactive Cytotoxicity 

Assay (Promega Corporation, Madison, WI).  We determined the total protein concentration in BALF 

using a commercial Bradford protein assay (Bio-Rad Laboratories, Inc., Hercules, CA).   

Semi-quantitative Western immunoblotting for redox-sensitive protein expression and protein 

nitration. 

 To evaluate redox-sensitive protein expression and protein nitration in homogenates of the right 

lung, we used SDS-PAGE and Western immunoblot analyses as previously described (Thompson et al., 

1999).  The expression of GCLC and GCLM was detected using rabbit polyclonal anti-GCLC and -GCLM 

peptide antisera (Thompson et al., 1999); HMOX1 was detected using rabbit polyclonal Heme Oxygenase 

1 Antibody (Santa Cruz Biotechnology, Dallas, TX); and nitrotyrosine modifications were detected using 

anti-3-nitrotyrosine antibody (Takakusa et al., 2012).  We detected β-actin as the loading control using β-

actin Rabbit Antibody (Cell Signaling Technology, Danvers, MA).  To evaluate the extent of protein 

nitration, we ran on each SDS-PAGE gel a positive control (untreated lung homogenate incubated for 1 

minute at room temperature in 1.0 mM peroxynitrite (Takakusa et al., 2012)) and negative control 

(untreated lung homogenate incubated in an equivalent volume of distilled water).  For each Western blot, 

we detected the bound secondary Goat Anti-Rabbit IgG Antibody, HRP-conjugate (EMD Millipore, 

Billerica, MA), using an enhanced chemiluminescence system (GE Healthcare UK, Buckinghamshire, UK) 

with X-ray film exposure.  The optical densities of the appropriate-sized bands were then analyzed using 

NIH Image J software v1.48 (National Institutes of Health, Bethesda, MD). The optical density of each 
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band was adjusted to the density of the β-actin band, and the fold-change expression for each sample 

was calculated compared to the mean value for the dispersion medium vehicle-exposed control mice. 

Statistical analyses. 

We analyzed the data using two-way analysis of variance (ANOVA) for genotypes, treatments, 

and their interactions.  For each genotype, we also analyzed the data using two-way ANOVA for gender, 

treatments, and interactions.  When two-way ANOVA results indicated significant associations, we 

performed post-hoc analyses using unpaired, two-tailed t-tests, and adjusted the resulting p-values with 

Bonferroni corrections for multiple comparisons.  For determining correlations, we calculated Pearson’s 

correlation coefficients and report two-tailed p-values for significance.  We managed our data in Excel 

2013, part of Microsoft Office Professional Plus 2013 (Microsoft, Redmond, WA), and analyzed our data 

in Prism 5 for Windows, v.5.02 (GraphPad Software, Inc., La Jolla, CA).   

 

4.3.   Results 

Lung inflammation. 

 To investigate gender- and GSH-dependent susceptibility to acute lung inflammation, we 

determined the percentage of neutrophils and eosinophils through differential staining of cells recovered 

through BAL 24 h after MWCNT aspiration.  Mice which aspirated an equal volume of dispersion medium 

served as controls.   

MWCNT exposure significantly increased lung neutrophilia in Gclm+/+ mice of both genders 

(Figure 4.1), but Gclm genotype was significantly associated with neutrophilia only among female mice 

(two-way ANOVA p = 0.0191).  When compared to MWCNT-exposed female Gclm+/+ mice, the MWCNT-

exposed female Gclm+/- and Gclm-/- mice had significantly less neutrophilia.  In contrast, MWCNT 

exposed male Gclm+/- and Gclm-/- mice developed neutrophilia to an extent comparable to that of 

MWCNT exposed male Gclm+/+ mice, although these were statistically non-significant when compared to 

their respective dispersion medium-alone control groups.   

 In addition to neutrophilia, MWCNT exposure induced a mild (< 2%) but statistically significant 

eosinophilia among female mice (two-way ANOVA p = 0.0022), although none of the post-hoc analyses 

were significant when comparing exposure groups within each Gclm genotype.  In contrast to the 
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genotype-dependent pattern of neutrophilia among female mice, this mild eosinophilia did not significantly 

vary by Gclm genotype (Figure 4.2). 

 Taken together, these results do not support either hypothesis 3.1 or 3.2. Instead, these results 

indicate that moderate and severe GSH deficiencies significantly reduce MWCNT-induced neutrophilia 

among female, but not male, mice. 

BALF cytokines. 

To determine if gender and GSH levels alter immune signaling 24 h after MWCNT aspiration, we 

measured the concentration in BALF of cytokines involved with pro-inflammatory signaling (TNF-α, IL-6) 

and neutrophil chemoattraction (KC) 

MWCNT aspiration significantly increased levels of these cytokines in BALF in both genders 

(Figure 4.3).  MWCNT aspiration but not Gclm genotype was significantly associated with higher levels of 

TNF-α, KC, and IL-6.  We did not observe significant differences in cytokine levels between genders. 

We found in both genders that BALF cytokine levels correlated significantly with the proportion of 

neutrophils recovered in BAL.  In males, this correlation was significant for TNF-α (Pearson’s r = 0.6974, 

p < 0.0001) and IL-6 (r = 0.6164, p < 0.0001), but not for KC.  In females, this correlation was significant 

for TNF-α (r = 0.7062, p < 0.0001), IL-6 (r = 0.5649, p = 0.0003), and KC (r = 0.4496, p = 0.0059). 

These results do not support hypothesis 3.1, as we did not observe a significant increase in pro-

inflammatory cytokines in the Gclm+/- mice compared with other genotypes.  Furthermore, these results 

do not support hypothesis 3.2, as we did not observe a difference in cytokine levels between the genders. 

Total glutathione content in lung tissue and epithelial lining fluid. 

 GSH is a major cellular antioxidant involved in regulating the cell’s redox state and the immune 

response.  Total GSH content is sensitive to toxicant exposure, in that CNT exposure depletes GSH from 

lung tissue (Shvedova et al., 2008; Ravichandran et al., 2011), while cigarette smoke increases 

glutathione in ELF (Gould et al., 2012).  Thus, we examined the effect of MWCNT aspiration on total GSH 

levels in lung tissue and in ELF.   

For any Gclm genotype and either gender, MWCNT exposure did not alter the amount of total 

GSH measured in clarified homogenates of lung tissue (Figure 4.4).  As expected, genotype was 

significantly associated with lung GSH for both genders (two-way ANOVA p < 0.0001).  Among male 
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control mice, the Gclm+/+ and Gclm+/- mice had approximately 68% and 11% the levels of Gclm-/- mice, 

respectively.  Among female control mice, Gclm+/- and Gclm-/- mice had 84% and 22% the levels of 

Gclm+/+ mice, respectively.  While lung GSH levels were comparable between the genders for Gclm+/- and 

Gclm-/- mice, exposed female Gclm-/- mice had significantly lower levels (approximately 72%) of lung GSH 

compared to male Gclm+/+ mice (p = 0.0027).  Our data on GSH levels in male mice agree with previous 

reports for this mouse Gclm model; female mice were not examined in these other studies (McConnachie 

et al., 2007; McConnachie et al., 2013). 

 The concentration of GSH in ELF was not associated with MWCNT exposure or Gclm genotype 

for either gender (Figure 4.5).    

Taken together, our data indicate that MWCNT aspiration did not induce oxidative stress 

sufficient to alter total GSH levels in the lung 24 h after exposure.  Furthermore, these results do not 

support either hypothesis 3.1 or 3.2.   

Real-time PCR measurement of inflammation-, oxidative stress-, and fibrosis-associated gene 

expression. 

 To assess the early pathological responses induced by MWCNT aspiration, we measured at 24 h 

post-exposure the mRNA levels of genes involved in inflammation, oxidative stress, and fibrosis 

pathways. 

 We assessed inflammatory and pro-fibrotic responses by measuring mRNA expression of genes 

associated with granulocyte production (granulocyte-macrophage colony stimulating factor, Gmcsf), 

neutrophil chemoattraction (keratinocyte-derived cytokine, Kc), monocyte recruitment (monocyte 

chemotactic protein-1, Mcp1), inflammasome activation (interleukin-1β, Il1β), pro-inflammatory signaling 

(tumor necrosis factor-α, Tnfα), and fibrosis (transforming growth factor-β 1, Tgfβ1).  MWCNT aspiration 

was not associated with a change in expression detectable 24 h post-exposure (male, Table 4.1; female, 

Table 4.2), except for increased Gmcsf expression in exposed male Gclm+/+ mice.  Intriguingly, gender 

played a more important role than MWCNT exposure in mRNA expression levels for four of these genes: 

Female mice of all Gclm genotypes expressed significantly higher levels of Gmcsf, Kc, and Mcp1 than did 

male mice.  Female Gclm+/- and Gclm-/- mice also expressed significantly higher levels of Tgfβ1 than their 

male counterparts.    
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We analyzed the mRNA levels of oxidative stress genes associated with GSH synthesis 

(glutamate cysteine ligase catalytic subunit, Gclc; glutamate cysteine ligase modifier subunit, Gclm), 

oxidative stress (heme oxygenase-1, Hmox1), and GSH transport into lung ELF (cystic fibrosis 

transmembrane regulator protein, Cftr).  For male and female mice of all Gclm genotypes, MWCNT 

aspiration did not induce oxidative stress sufficient to significantly alter expression of these four mRNAs 

(male, Table 4.1; female, Table 4.2).  As expected, Gclm genotype was significantly associated with 

expression of Gclm mRNA (male and female p < 0.001).  Gclm genotype was also significantly 

associated with Hmox1 mRNA expression in female mice (two-way ANOVA p = 0.0268).  For both 

genders, Gclm expression significantly correlated with lung GSH levels (male Pearson’s r = 0.8126, p < 

0.0001; female r = 0.7700, p < 0.0001).   

When we compared mRNA expression between genders, we found that Gclm mRNA expression 

was significantly lower in females for control Gclm+/+, control Gclm+/-, and MWCNT-exposed Gclm+/- mice.  

Similarly, female Gclm+/- and Gclm-/- mice had significantly lower Hmox1 mRNA expression compared to 

their male counterparts.  In contrast, female mice of all Gclm genotypes had greater Cftr expression than 

did male mice, although this difference was statistically non-significant.  Cftr expression did not 

significantly correlate with GSH levels in the ELF for either gender.  

Collectively, our mRNA expression data indicate that the expression of inflammation-related 

genes was unaltered 24 h post-MWCNT-exposure, consistent with reports that gene expression of pro-

inflammatory cytokines peaks less than 8 h after lung injury (Lesur et al., 2010; Weldy et al., 2011).  

Intriguingly, female mice of all genotypes expressed significantly higher levels of neutrophil and monocyte 

recruitment cytokines than did male mice—indicating that gender, rather than MWCNT exposure or Gclm 

genotype, has a significant influence on mRNA expression of these genes.  Consistent with our 

observations on lung GSH levels, we found that MWCNT aspiration did not induce oxidative stress 

sufficient to change related gene expression at least at 24 h post-exposure.  Consistent with our previous 

results, these data on mRNA expression do not support either hypothesis 3.1 or 3.2. 

Lung toxicity. 

 To assess how MWCNT-induced lung damage might vary between genders and Gclm 

genotypes, we measured acellular BALF lactate dehydrogenase levels as an indicator of cellular death, 
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and BALF total protein levels as an indication of the integrity of the alveolar-capillary barrier.  We found 

that MWCNT aspiration did not cause sufficient lung damage at 24 h post-exposure to increase lactate 

dehydrogenase or protein levels (Table 4.3).  Furthermore, these parameters did not significantly differ 

between genders or Gclm genotypes.   

These results indicate that neither gender nor GSH deficiency predisposes the lung towards 

MWCNT-induced cellular damage and alveolar-capillary disruption.  Furthermore, they do not support 

either hypothesis 3.1 or 3.2. 

Western immunoblot analysis. 

To investigate if MWCNT exposure alters the expression of redox-sensitive proteins (GCLC, 

GCLM, and HMOX1) in a gender- and/or Gclm genotype-dependent manner, we used semi-quantitative 

Western immunoblotting to measure each of these proteins in lung homogenates.  We adjusted each 

sample’s densitometry value to its β-actin loading control, and then calculated the fold-change by 

normalizing the adjusted values for the MWCNT-exposed groups to the mean of their respective 

dispersion medium-only control group.   

Consistent with our observations for mRNA expression of Gclc, Gclm, and Hmox1, MWCNT 

aspiration did not significantly alter the expression of these three proteins at 24 h post-exposure (Figure 

4.6 and Figure 4.7, A).  As expected, we did not detect GCLM protein expression in the lung 

homogenates prepared from Gclm-/- mice (Figure 8, A).  

To determine if gender or Gclm genotype confer increased susceptibility to severe nitrative 

stress, we determined if MWCNT exposure increased the generation of reactive nitrogen species (e.g., 

peroxynitrite) and consequent nitration of tyrosine residues on proteins in lung homogenates (Takakusa 

et al., 2012).  While Western immunoblotting readily detected 3-nitrotyrosine in our positive control (a 

peroxynitrite-treated lung homogenate of an unexposed mouse), it did not detect 3-nitrotyrosine residues 

in the homogenates of any control or exposed mice, even after exposing the film to the immunoblot for 1 

h (Figure 4.7, B).   

 These Western blotting data indicate that MWCNT aspiration induces neither subtle alterations in 

redox-sensitive protein expression nor substantial nitrative stress, not even in Gclm-/- mice with 

substantially lower levels of lung GSH.  These results do not support either hypothesis 3.1 or 3.2. 
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4.4.   Discussion 

In order to identify potential factors modulating MWCNT-induced acute pathology in the lung, we 

examined how gender and genetically-induced GSH deficiencies altered lung inflammation and oxidative 

stress in a mouse model of MWCNT exposure.  Overall, I found no support for either hypothesis 3.1—that 

the Gclm+/- mice would be the most susceptible—or hypothesis 3.2—that the female Gclm+/- and Gclm-/- 

mice would be more susceptible than their male counterparts.  However, we did find that gender and 

Gclm genotype modulate the lung's pathological response to MWCNT exposure, although not in the 

manner hypothesized. 

Our results indicate that GSH levels significantly alter the lung's innate immune response to an 

acute MWCNT exposure in a gender-dependent manner.  Twenty-four h after exposing the mice via OPA, 

we found a significant increase in neutrophils recovered from the lungs of Gclm+/+ mice of both genders.  

Gender differences emerged when we examined the Gclm+/- and Gclm-/- mice.  While male Gclm+/- and 

Gclm-/- mice demonstrated a MWCNT-induced neutrophilia comparable to their Gclm+/+ counterparts, 

female Gclm+/- and Gclm-/- mice had significantly less neutrophilia than their Gclm+/+ counterparts.  

Intriguingly, MWCNT exposure was associated with increased levels of pro-inflammatory cytokines, 

regardless of Gclm genotype or gender—indicating that the differences in neutrophilia are likely to be 

independent of altered pro-inflammatory cytokine signaling.  

These differences in neutrophilia between the genders may relate to steroid hormone regulation 

of the inflammatory response and gene expression.  One possibility is that the male mice may have 

developed greater neutrophilia because of their higher levels of androgens, which can enhance the lung’s 

inflammatory response.  In support of this, lipopolysaccharide was reported to induce significantly less 

neutrophil influx into the lungs of castrated male mice, compared to intact mice (Card et al., 2006).  

Another possibility is that the female Gclm+/- and Gclm-/- mice may have been protected against 

inflammation because of their higher levels of estrogens, which can regulate macrophage-monocyte 

systems, inhibit the binding of transcription factor NF-ĸB to regulatory regions of pro-inflammatory genes 

(Harkonen and Vaananen, 2006), and upregulate expression in vitro of glutathione-S-transferase Pi 

(GSTp) and Gclc (Montano et al., 2004).  While we did not observe a significant increase in Gclc mRNA 

or protein expression, the female Gclm+/- and Gclm-/- mice may have had an estrogen-dependent 
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upregulation of other mechanisms which protected them against MWCNT-induced neutrophilia.  Indeed, a 

previous study found that acute ozone exposure induced significantly greater lung injury (as indicated by 

BALF total protein levels) in Gclm+/+ mice compared to Gclm-/- mice, which had significantly higher levels 

of protective enzymes in their lungs (e.g., metallothionein, α-tocopherol transporter protein, sodium-

dependent vitamin C transporter) (Johansson et al., 2010).   

It is also possible that the reduced neutrophilia among female Gclm+/- and Gclm-/- mice may be 

due to impairment of a GSH-dependent neutrophil response, with potential repercussions on longer-term 

pathology.  Previously, chemical depletion of GSH in a mouse cecum-puncture model of sepsis was 

associated with a decrease in neutrophil influx to the infection site, and a concomitant increase in 

bacterial infection (Villa et al., 2002).  The lack of a robust neutrophil response among female GSH-

deficient mice may similarly impair clearance of MWCNTs from the lung, particularly because of the 

absence of neutrophil-dependent myeloperoxidase activity.  Mice deficient in myeloperoxidase—an 

enzyme critical to the neutrophil’s respiratory burst—were observed to retain CNT significantly longer in 

their lungs, and to develop significantly more fibrosis (Shvedova et al., 2012a).  The absence of 

neutrophils and myeloperoxidase activity may therefore impose similar pathology on GSH-deficient 

female mice.  Moreover, the efficacy of those neutrophils which do influx may be further compromised in 

GSH-deficient mice, as chemical depletion of GSH in human neutrophils ex vivo reduced the efficacy of 

neutrophil phagocytosis (Oliver et al., 1976).  If this is the case in humans, women workers who are GSH-

deficient because of pre-existing health conditions, nutritional status, or common genetic polymorphisms 

may be at greater risk of an impaired neutrophil response to CNTs, and may therefore be at greater risk 

for CNTs persisting in the lung and inducing fibrosis.   

We also observed that, regardless of MWCNT exposure or Gclm genotype, female mice had 

significantly higher expression of the genes Gmcsf, Kc, and Mcp1.  These cytokines are produced by 

numerous cell types (e.g., macrophages, endothelial cells) possessing steroid hormone receptors (Shi et 

al., 2006; Gupta and Singh, 2008).  Indeed, progesterone pretreatment is reported to increase mRNA 

expression of Kc in female BALB/cCrSlc mice (Toyoda et al., 2012).  Similarly, progesterone treatment of 

mouse peritoneal macrophages ex vivo enhanced the expression of MCP-1 and other cytokines following 

hydrogen peroxide exposure (Huang et al., 2008).  Differences in Kc/CXCL1 mRNA expression have also 
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been reported among humans, where a study of whole blood from healthy volunteers found that women 

had a small but significant 1.3- to 1.5-fold increase in levels of Kc/CXCL1 mRNA compared to men 

(Karlovich et al., 2009).  The functional effects of higher mRNA levels may be limited in this aim, however, 

as we did not observe significant differences between the genders for cytokine protein levels. 

 Surprisingly, we did not find evidence for MWCNT-induced oxidative or nitrative stress.  Twenty-

four h after MWCNT exposure, we found that total GSH levels were significantly associated with Gclm 

genotype in lung tissue, but not in ELF.  However, total GSH levels in either lung tissue or ELF did not 

differ with MWCNT exposure for either gender or any Gclm genotype.  We did not observe any formation 

of 3-nitrotyrosine residues on proteins in lung tissue homogenate.   

There are at least four possible explanations for these observations.  First, we may have missed 

subtle changes in the cell’s redox status by measuring total GSH, rather than evaluating the ratio of 

oxidized to reduced glutathione (Weldy et al., 2012).  However, we did not detect subtle changes in redox 

status when we measured mRNA levels or protein expression of the redox-sensitive proteins GCLC, 

GCLM, and HMOX1 (McConnachie et al., 2013).  Second, CNT-induced GSH depletion may not be 

detected until more time has elapsed after exposure.  Shvedova et al. reported that CNT exposure in vivo 

did not deplete total GSH levels in lung tissue until 7 days post-exposure (Shvedova et al., 2008).  Third, 

our MWCNT sample in this aim may generate relatively few radicals through acellular Fenton reactions, 

because these MWCNTs contains low (< 1%) levels of metals such as iron and nickel (Madl et al., 2014).  

Muhlfeld et al. reported that MWCNT with 1.76% iron generated significantly more acellular radicals than 

MWCNT with 0.34%, as measured by electron paramagnetic resonance (Muhlfeld et al., 2012).  Indeed, 

Shvedova’s study used CNTs contaminated with significantly higher levels of iron (17.7%) than our 

MWCNTs (0.4%) (Shvedova et al., 2008).  And fourth, GSH depletion may only be associated with 

prolonged exposures, such the GSH depletion observed in mice after a 7-d-long inhalation exposure 

(Ravichandran et al., 2011) or after five weekly exposures (Luyts et al., 2014). 

 There are several limitations inherent in this aim.  First, there are many MWCNTs available on the 

market with physicochemical characteristics different from the sample we examined.  Because the 

pathological effects of MWCNTs have been shown to vary with physicochemical characteristics (e.g., 

length, width, surface modification, metal contamination) (Muller et al., 2005; Johnston et al., 2010; 
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Muhlfeld et al., 2012; Hamilton et al., 2013), our results may not extrapolate perfectly to other MWCNTs.  

Second, our results are derived from an artificial exposure method—a single OPA of a liquid MWCNT 

bolus—rather than chronic inhalation of MWCNT, which may better model human occupational exposure.  

Nonetheless, Shvedova et al. demonstrated in mice that a single aspiration of CNTs recapitulated the 

pathological response of CNT inhalation, although the response to the aspirated CNTs was less robust 

than to the inhaled CNTs (Shvedova et al., 2008).  Our results indicate that further studies involving sub-

chronic or chronic inhalation of MWCNTs would be warranted in Gclm mice of both genders, and would 

hopefully provide useful information on the effects of GSH and gender on MWCNT clearance and lung 

fibrosis. 

 In conclusion, this aim shows that female mice are more vulnerable to acute MWCNT-induced 

pathology.  Female mice which were moderately and severely GSH-deficient had a significantly impaired 

neutrophil response to MWCNTs, compared to the robust neutrophilia of their male counterparts.  

Furthermore, all female mice developed mild eosinophilia following MWCNT exposure.  These results 

indicate that women workers exposed to CNT may be at greater risk of CNT-induced eosinophilia—a 

characteristic of occupational asthma.  Furthermore, women workers who are GSH-deficient may be at 

risk of impaired neutrophil-based clearance of CNT from the lung, which may put them at greater risk of 

developing lung fibrosis.  Given that GSH levels can be influenced by pre-existing health conditions, 

nutrition status, and genetic polymorphisms present in 20 – 30% of humans (Nakamura et al., 2002; 

Siedlinski et al., 2008), a significant proportion of the CNT workforce may therefore be more sensitive to 

CNT-induced lung pathology.  Future risk assessments to set occupational exposure limits should 

account for these sensitive subpopulations, to ensure optimal protection of the growing CNT workforce 

against CNT-induced lung inflammation, fibrosis, and oxidative stress. 
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4.5.   Figures 

 

Figure 4.1.  Lung neutrophilia.   

Percentage of neutrophils in cells recovered through bronchoalveolar lavage of (A) male and (B) female 

Gclm mice, 24 h after aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT.  Results are 

means and SEM (n = 5 – 6 mice/group).  ** p < 0.01 compared to same-genotype control, # p < 0.05 

compared to MWCNT-exposed Gclm+/+.  Abbreviation: MWCNT, multi-walled carbon nanotube. 
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Figure 4.2.  Lung eosinophilia.   

Percentage of eosinophils in cells recovered through bronchoalveolar lavage of (A) male and (B) female 

Gclm mice, 24 h after aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT.  Results are 

means and SEM (n = 5 – 6 mice/group).  Abbreviation: MWCNT, multi-walled carbon nanotube. 
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Figure 4.3.  Pro-inflammatory cytokines in lungs.   
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Levels of inflammation-associated cytokines in bronchoalveolar lavage fluid recovered 24 h after 

aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT by male and female Gclm mice.  

Cytokines include TNF-α (A, male; B, female), KC (C, male; D, female), and IL-6 (E, male; F, female).  

Results are means and SEM (n = 5 – 6 mice/group).  * p < 0.05, ** p < 0.01 compared to same-genotype 

control.  Abbreviation: MWCNT, multi-walled carbon nanotube. 
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Figure 4.4.  Glutathione levels in lungs.   

Lung total glutathione content measured 24 h after aspiration of dispersion medium vehicle (Control) or 

25 µg MWCNT by (A) male and (B) female Gclm mice.  Results are means and SEM (n = 5 – 6 

mice/group).  # p < 0.05, ## p < 0.01, ### p < 0.001 compared to same-treatment Gclm+/+, & p < 0.05 

compared to same-treatment, same-genotype males.  Abbreviations: GSH, glutathione; MWCNT, multi-

walled carbon nanotube. 
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Figure 4.5.  Glutathione levels in epithelial lining fluid.   

Total glutathione content of lung ELF recovered through bronchoalveolar lavage of (A) male and (B) 

female Gclm mice, 24 h after aspiration of dispersion medium vehicle (Control) or 25 µg MWCNT.  

Results are means and SEM (n = 5 – 6 mice/group), corrected for lavage dilution using the urea 

serum:BALF ratio.  Abbreviations: BALF, bronchoalveolar lavage fluid; ELF, epithelial lining fluid; GSH, 

glutathione; MWCNT, multi-walled carbon nanotube. 
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Figure 4.6.  Expression of redox-sensitive proteins.   

Densitometry analyses of Western blots for expression of redox-sensitive proteins GCLC, GCLM, and 

HMOX1 in lung homogenates from (A) male and (B) female Gclm mice, 24 h after aspiration of dispersion 

medium vehicle (Control) or 25 µg MWCNT.  The results are means and SEM (n = 5 – 6 mice/group), 

adjusted to the loading control, β-actin, and calculated as the fold-change relative to the mean of each 

genotype’s control.   
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Figure 4.7.  Representative Western blots for redox-sensitive proteins and nitrated residues.   

Representative blots for GCLC, GCLM, HMOX1, and 3-nitrotyrosine.  The 3-nitrotyrosine film was 

exposed for 1 h to increase signal sensitivity.  Abbreviations: 3-NT, 3-nitrotyrosine; MWCNT, multi-walled 

carbon nanotube; Neg., negative control (untreated lung homogenate); Pos., positive control 

(peroxynitrite-treated lung homogenate).
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4.6.   Tables 

Table 4.1 

Lung mRNA Expression Levels of Inflammation-, Oxidative Stress-, and Fibrosis-Associated Genes 24 h After Aspiration of MWCNTs by 
Male Gclm Mice. 

 
Gene       Gclm+/+      Gclm+/+       Gclm+/-      Gclm+/-       Gclm-/-      Gclm-/- 
       Control      MWCNT       Control      MWCNT       Control      MWCNT 
Cftr      6.38 ± 0.50     6.63 ± 0.70      6.45 ± 0.56     6.86 ± 0.51      7.10 ± 0.62     6.15 ± 0.87 
Gclc  178.57 ± 7.46 203.20 ± 13.88  178.45 ± 5.95 167.25 ± 9.14  199.34 ± 23.48 167.45 ± 15.97 
Gclm    45.13 ± 3.07   36.89 ± 4.52    19.80 ± 1.00###   20.48 ± 1.15#      0.02 ± 0.01###     0.01 ± 0.01### 

Gmcsf      0.23 ± 0.05     0.39 ± 0.01*      0.20 ± 0.03     0.35 ± 0.07      0.25 ± 0.07     0.27 ± 0.09 
Hmox1    55.78 ± 2.54   60.33 ± 1.85    60.20 ± 3.10   57.46 ± 2.88    68.03 ± 4.73   62.83 ± 5.77 
Il1β      5.52 ± 0.41     6.71 ± 1.60      6.47 ± 0.93     6.24 ± 1.74      4.99 ± 1.21     3.54 ± 0.83 
Kc      0.33 ± 0.06     0.73 ± 0.36      0.28 ± 0.05     0.28 ± 0.07      0.16 ± 0.03     0.29 ± 0.12 
Mcp1      0.27 ± 0.05     0.44 ± 0.16      0.23 ± 0.02     0.22 ± 0.03      0.22 ± 0.02     0.29 ± 0.04 
Tfgβ1    38.93 ± 1.24   40.52 ± 2.08    32.03 ± 2.07#   34.41 ± 3.29    27.71 ± 2.99##   27.88 ± 4.37 
Tnfα      1.03 ± 0.05     1.18 ± 0.10      1.01 ± 0.07     1.07 ± 0.17      0.92 ± 0.09     1.16 ± 0.14 
 

The results are reported as means ± SEM (x 10-3), normalized to Gapdh expression.  Abbreviations: MWCNT, multi-walled carbon 
nanotube. 
* p < 0.05 compared to same-genotype control.  # p < 0.05, ## p < 0.01, ### p < 0.001 compared to same-treatment Gclm+/+. 
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Table 4.2 

Lung mRNA Expression Levels of Inflammation-, Oxidative Stress-, and Fibrosis-Associated Genes 24 h After Aspiration of MWCNTs by 
Female Gclm Mice. 

 
Gene       Gclm+/+      Gclm+/+       Gclm+/-      Gclm+/-       Gclm-/-      Gclm-/- 
       Control      MWCNT       Control      MWCNT       Control      MWCNT 
Cftr      9.68 ± 0.89&    11.05 ± 0.70&&    12.38 ± 1.10      8.51 ± 0.96       8.81 ± 1.04       7.99 ± 1.17 
Gclc  200.61 ± 7.65  218.84 ± 14.18  221.06 ± 25.17  186.26 ± 27.84   215.30 ± 19.87   204.81 ± 9.04 
Gclm    23.58 ± 2.56&&&  37.57 ± 8.37    15.14 ± 1.07#, && 13.23 ± 0.57#, &&&               n.d.            n.d. 
Gmcsf      1.34 ± 0.16&&&    1.62 ± 0.18&&       1.30 ± 0.08&&&    1.43 ± 0.11&&&        1.48 ± 0.09&&&    1.33 ± 0.13&&& 
Hmox1    55.34 ± 9.04    49.67 ± 5.19    54.54 ± 2.91    41.65 ± 1.75     41.21 ± 3.29     37.20 ± 1.88 
Il1β    14.81 ± 4.75      7.14 ± 1.20      7.51 ± 0.69      5.55 ± 0.55       6.51 ± 1.02       8.77 ± 2.77 
Kc      4.97 ± 2.95      1.41 ± 0.17      1.51 ± 0.17&&&    1.25 ± 0.26&       0.98 ± 0.18&&      1.27 ± 0.54 
Mcp1      3.99 ± 0.84      2.03 ± 0.47      2.10 ± 0.24&&&    1.93 ± 0.21&&&        1.52 ± 0.30&&      2.55 ± 1.37 
Tfgβ1    41.87 ± 4.32    45.78 ± 3.85    45.39 ± 3.24&    41.42 ± 4.05     57.59 ± 5.26&&    58.52 ± 5.04&& 

Tnfα      3.33 ± 1.51      1.20 ± 0.11      1.63 ± 0.28      1.34 ± 0.21        1.26 ± 0.25       1.35 ± 0.27 
 

The results are reported as means ± SEM (x 10-3), normalized to Gapdh expression.  Abbreviations: MWCNT, multi-walled carbon 
nanotube; n.d., not detected. 
# p < 0.05 compared to same-treatment Gclm+/+.  & p < 0.05, && p < 0.01, &&& p < 0.001 compared to same-treatment, same-genotype 
males.  
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Table 4.3 

Parameters for Lung Toxicity and Alveolar/Capillary Barrier Integrity 24 h After Aspiration of 
MWCNTS by Gclm Mice. 

 
Group   MWCNT LDH  Protein 
   (μg/mouse) (ng/ml BALF) (μg/ml BALF) 
Males     
 Gclm+/+  0  137.3 ± 6.4      241.5 ± 31.5   
   25  179.3 ± 8.4      287.1 ± 38.0   
 Gclm+/-  0  147.3 ± 5.9      220.0 ± 13.6   
   25  177.3 ± 18.6   288.7 ± 96.7   
 Gclm-/-  0  311.5 ± 115.5 234.8 ± 42.9   
   25  179.2 ± 28.9   240.4 ± 30.5   
Females     
 Gclm+/+  0  149.3 ± 13.9   425.2 ± 145.8 
   25  155.0 ± 15.8   246.2 ± 35.5   
 Gclm+/-  0  183.8 ± 47.2   630.0 ± 274.9 
   25  167.7 ± 15.1  296.7 ± 38.5   
 Gclm-/-  0  175.3 ± 28.7  237.8 ± 18.8   
   25  158.7 ± 15.4   249.4 ± 37.7   
 

The results are reported as means ± SEM.  Abbreviations: BALF, bronchoalveolar lavage fluid; 
LDH, lactate dehydrogenase; MWCNT, multi-walled carbon nanotube.
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Chapter 5 : Conclusions 

With the dramatic and ongoing increase in global production of CNTs, more people are at risk for 

being exposed to manufactured MWCNTs (Dahm et al., 2012; De Volder et al., 2013).  While the general 

population may also be exposed to MWCNTs created through the combustion of diesel or other fuels 

(Lam et al., 2006; Wu et al., 2010; Kolosnjaj-Tabi et al., 2015), the principal population at risk for 

exposure is workers manufacturing and handling MWCNTs (Lam et al., 2006).   

Inhalation of MWCNTs may lead to lung inflammation, oxidative stress, fibrosis, and even an 

increased risk of lung cancer (Shvedova et al., 2008; Ma-Hock et al., 2009; Pauluhn, 2010b; Grosse et 

al., 2014; Liao et al., 2014; Lee et al., 2015b).  To protect the health of workers, risk assessments have 

proposed varying airborne concentrations of respirable elemental carbon that range from 1 µg/m3 

(NIOSH, 2013) to 21 µg/m3 (Dahm et al., 2012) to as a high as 50 µg/m3 (Pauluhn, 2010a).  However, 

these risk assessments relied on data from a narrow selection of studies, which in turn had little variation 

in MWCNT properties and rodent models.  Thus, these studies that formed the basis for risk assessments 

to protect workers may not capture the potential variability possible in a genetically heterogeneous worker 

population handling MWCNTs with diverse physicochemical properties. 

To address these deficits, I developed three specific aims.  In the first aim, we examined which 

physicochemical properties among nine MWCNTs were most associated with acute lung pathology in A/J 

mice.  In the second aim, we determined if there was a strain-differential response to MWCNT-induced 

acute lung pathology across ten isogenic mouse strains which represented a genetically heterogeneous 

population.  And in the third aim, we investigated how workers with genetic- or health-induced 

deficiencies in the major antioxidant glutathione may be rendered more vulnerable to MWCNT-induced 

pathology in a gender-dependent manner, by examining how Gclm status modulated susceptibility to 

acute lung pathology in male and female mice.  

The results from the first aim showed that specific physicochemical properties are indeed 

associated with acute lung pathology in vivo.  Consistent with hypothesis 1.1, we found that the stock, 

unpurified MWCNTs within each aspect ratio series were the most inflammogenic and, in the case of 

MWCNTs with the greatest length (#14 series), capable of causing cellular toxicity in the lung.  In contrast 

to hypothesis 1.2, we found the shortest MWCNTs with the widest diameter (#13 series) were the most 
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inflammogenic overall, followed by the short, narrow MWCNTs (#12 series), and then the long, narrow 

MWCNTs (#14 series).   

For all MWCNTs, inflammogenicity as reflected in lung neutrophilia strongly correlated with 

internalization of MWCNTs by alveolar macrophages, suggesting that increased phagocytosis lead to 

increased levels of pro-inflammatory cytokines (e.g., TNF-α) and to increased neutrophil influx.  

Therefore, physical dimension may play a strong role in inflammogenicity by affecting macrophage 

uptake.  Shorter lengths may have enabled increased uptake (Johnston et al., 2010; Bhattacharya et al., 

2013), while thicker, stiffer MWCNTs may have led to increased permeabilization of the phagolysosome 

with concomitant inflammasome activation (Hamilton et al., 2013). 

These results for the first aim suggest that workers may be at greater risk for acute lung 

pathology when handling unpurified MWCNTs and/or MWCNTs with short lengths and wide diameters.  

Unpurified MWCNT exposure may occur when workers are opening the synthesis reactor, while exposure 

to short, wide MWCNTs may occur during post-synthesis grinding or purification following acid 

treatments—processes which can both generate shorter MWCNTs (De Volder et al., 2013; Lee et al., 

2015a).  Hence, our results from the first aim indicate that stringent engineering controls and personal 

protective equipment should be especially used during these and related procedures in order to reduce 

worker exposure to unpurified and short/wide MWCNTs.  Future studies could examine the associations 

between physicochemical properties and pathological processes in the longer term, such as fibrosis and 

cancer. 

The results from our second aim demonstrated that genetic heterogeneity is associated with a 

greater range in lung neutrophilia following acute MWCNT exposure, and that overreliance on the 

isogenic C57BL/6 strain may limit both risk assessments and mechanistic understanding of MWCNT-

induced pathology (Montagutelli, 2000; King-Herbert and Thayer, 2006).  While our observations of a 

strain-differential response supported hypothesis 2.1, these results did not support hypothesis 2.2.  

Contrary to this second hypothesis, we found that rather than being the strain most susceptible to 

MWCNT-induced pathology, the A/J mice actually were the strain closest to the overall mean responses 

for lung neutrophilia in the control and exposed groups.  In contrast, the C57BL/6 mice were among the 

strains more resistant to lung neutrophilia.   
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These results from the second aim suggest that the use of only one isogenic strain of rodents—

whether mice or rats—may underestimate the range of responses possible in a genetically 

heterogeneous worker population, and potentially lead to risk assessments suggesting levels which may 

not protect the most vulnerable workers (Rivera and Tessarollo, 2008).  Furthermore, our results suggest 

that future studies to identify loci associated with this strain-differential response should compare the 

highly-susceptible 129S1/SvImJ strain to the highly-resistant WSB/EiJ strain (Bauer et al., 2004; Walkin et 

al., 2013). 

The results from our third aim showed that female mice with genetically-induced moderate and 

severe deficiencies in GSH had a reduced neutrophilic response to acute MWCNT exposure.  These 

results did not support either hypothesis 3.1, in that the Gclm heterozygous mice were not the most 

vulnerable, nor did they support hypothesis 3.2, in that the female Gclm heterozygous and null mice 

experienced greater neutrophilia than their male counterparts.  However, given that reduced GSH levels 

have been associated with impaired phagocytosis (Oliver et al., 1976), and that an impaired neutrophilic 

response was associated with reduced MWCNT clearance and increased fibrosis (Shvedova et al., 

2012a), these results indicate that female mice may be more vulnerable to longer-term pathological 

conditions. 

Therefore, glutathione deficiencies among workers—which can derive from either common 

genetic polymorphisms (Nakamura et al., 2002; Siedlinski et al., 2008) or health conditions (Biswas and 

Rahman, 2009; Ghezzi, 2011)—may reduce the neutrophilic response to acute MWCNT exposure in 

women, and thus may impair neutrophil-based clearance of MWCNTs from the lung while increasing 

women's risk for fibrosis.  Future risk assessments need to account for this potentially vulnerable 

subpopulation of workers, while clinicians should be aware that women workers with conditions or genetic 

polymorphisms affecting GSH levels may be at greater risk for MWCNT-induced lung pathology.  These 

results suggest that future studies could examine the effects of GSH depletion on clearance and fibrosis, 

and that studies examining mechanisms unrelated to glutathione should include both genders. 

Altogether, the results from these three aims suggest that future risk assessments and industrial 

hygiene practices should account for physicochemical properties of MWCNTs; a range of genetic 

susceptibilities in workers greater than that represented by only one isogenic rodent strain; and increased 
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susceptibility of women workers with conditions or genetic polymorphisms that decrease their GSH 

reserves. 
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Appendix: Acronyms and Abbreviations 

# 
129 – 129S1/SvImJ 
3-NT – 3-nitrotyrosine 
4-HHE – 4-hydroxyhexenal 

A 
AJ – A/J 
AKR – AKR/J 
ANOVA – analysis of variance 

B 
BAL – bronchoalveolar lavage 
BALF – bronchoalveolar lavage fluid 

C 
C57 – C57BL/6J 
CEEH FGPC – University of Washington’s Center for Ecogenetics and Environmental Health 
Functional Genomics and Proteomics Core 
CNT – carbon nanotube 
COX-2 – cyclooxygenase-2 
CSH – CSH/HeJ 

D 
DBA – DBA/2J 
DCFDA – 2’,7’-dichlorofluorescin diacetate 
DM – dispersion medium 
DPPC – 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

E 
EDS – energy dispersive x-ray spectroscopy 
ELF – epithelial lining fluid 
ESR – electron spin resonance 
EU – endotoxin unit 

F 
FVB – FVB/NJ 

G 
GCL – glutamate cysteine ligase 
GCLC – glutamate cysteine ligase catalytic subunit 
GCLM – glutamate cysteine ligase modifier subunit 
GSH – glutathione  
GSSG – oxidized glutathione 

H 
HMOX – heme oxygenase 
HRP – horseradish peroxidase 

I 
IARC – International Agency for Research on Cancer 
ICP-MS – inductively coupled plasma mass spectrometry 
ID – intensity of the signature peak corresponding to defective bonding in Raman spectroscopy 
IG – intensity of the signature peak corresponding to intact graphene bonding in Raman 
spectroscopy 
IL – interleukin  
IT – intratracheal instillation 

J 
K 

KC/CXCL1/GRO – chemokine (X-X-C motif) ligand 1 
L 

LDH – lactate dehydrogenase 
LOD – limit of detection 

M 
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MCP-1 – monocyte chemotactic protein 1 
MWCNT – multi-walled carbon nanotube 

N 
NADPH – Nicotinamide adenine dinucleotide phosphate, reduced 
NCNHIRC – NIEHS Centers for Nanotechnology Health Implications Research Consortium 
NF-ĸB – nuclear factor kappa-light-chain-enhancer of activated B cells 
NIEHS – National Institute of Environmental Health Sciences 
NIH – National Institutes of Health 
NIOSH – National Institute for Occupational Safety and Health 
NOD – NOD/ShiLtJ 
NZO – NZO/HiLtJ 

O 
OD – outer diameter 
OPA – oropharyngeal aspiration 

P 
PBS – phosphate buffered saline 
PCR – polymerase chain reaction 
PDGF – platelet-derived growth factor 
PNNL – Pacific Northwest National Laboratory 
PTGES2 – prostaglandin E synthase 2 

Q 
qRT-PCR – quantitative real-time polymerase chain reaction 
QTL – quantitative trait loci 

R 
S 

SDS-PAGE – sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SEM – scanning electron microscopy 
SEM – standard error of the mean 
SWCNT – single-walled carbon nanotube 

T 
TGF-β – transforming growth factor-β 
TNF-α – tumor necrosis factor-α 

U 
V 
W 

WSB – WSB/EiJ 
X 
Y 
Z 


