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Preface 

This PhD thesis is based on work carried out during my employment at the National Research 
Centre for the Working Environment (NRCWE) and Roskilde University in the period December 
2011-January 2015. The supervisors were Ulla Vogel and Håkan Wallin from the NRCWE and Ole 
Andersen from the Department of Science, Systems and Models at Roskilde University. 

The PhD project was supported by the NRCWE under grant agreements: # 20110092173-3 (the 
Danish NanoSafety Center), # 247989 (NanoSustain) and #20060068816 (NanoKem), Roskilde 
University, and Health Canada’s Chemical Management Plan-2 Nano research funds and Genomics 
Research and Development Initiative. 

During a 4 month-long stay in the laboratories of Dr. Sabina Halappanavar and Dr. Carol L. Yauk at 
the Environmental Health Centre, Health Canada, Ottawa, Canada, I performed global lung gene 
expression analyses using DNA microarray and I learned the toxicogenomic tools and analyses.  

Animal exposures were carried out by Anne Saber and Nicklas R. Jacobsen. The statistical analysis 
of all DNA microarray experiments was conducted by Andrew Williams. Petra Jackson and Zdenka 
O. Kyjovska were responsible for the comet analyses. The qRT-PCR analyses were conducted by 
Dongmei Wu and Maria E. Pozzebon. Several people participated in characterization of the multi-
walled carbon nanotubes (MWCNT). Transmission Electron Microscopy (TEM), focused ion beam 
scanning electron microscopy (FIB-SEM) and light microscopy imaging were performed by 
Carsten Købler. Rambabu Atluri was responsible for the thermal gravimetric analyses (TGA) and 
the Brunauer-Emmett-Teller surface area analyses (BET). Scanning electron microscopy (SEM) 
imaging was conducted by Jesper Bøgelund, David Rickerby and Monica Simion. 

This thesis is written with the thought that it after submission may be turned into a review and the 
structure of this thesis may thus vary from traditional thesis setups, and the description of the 
methods used is located in the appendix. 
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Hypothesis and aim 
The purpose of this PhD project was to investigate the toxicogenomic changes and related endpoints 
in lung and liver tissue from mice intratracheally instilled with multiwalled carbon nanotubes 
(MWCNT) and in an in vitro lung epithelial monolayer cell culture model similarly exposed to 
MWCNT. 

The main hypotheses of this thesis were:  

1. Pulmonary exposure to MWCNT causes increased inflammation, acute phase response, 
fibrosis, oxidative stress and DNA damage in the lungs of mice. However, the responses and 
adverse effects depend on characteristics of the MWCNT, such as the length of the 
nanotubes. Long, straight MWCNT cause a more severe toxicological/biological response 
than short, curled MWCNT. 

2. MWCNT induces the risk of cardiovascular disease, primarily through an inflammation-
mediated systemic acute phase response, and the subsequent perturbation of systemic and 
hepatic lipid homeostasis. 

3. The mechanisms underlying the biological responses of an in vitro lung epithelial monolayer 
cell culture model following exposure to MWCNT can be used to predict the in vivo lung 
tissue response after exposure to the same MWCNT. 
 

These hypotheses were addressed in four studies. The aims of these studies were: 

1. To investigate and compare the toxicogenomic response and endpoints related to pulmonary 
toxicity in the lungs of C57BL/6 mice after exposure to MWCNT with different 
physicochemical properties (Paper I+III). 

2. To investigate systemic and hepatic lipid homeostasis, systemic acute phase response and 
hepatic genomics in order to elucidate if MWCNT exposure leads to increased risk of 
cardiovascular disease (Paper II). 

3. To investigate and compare the in vitro and in vivo toxicogenomic response following 
MWCNT exposure (Paper IV).  
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Summary 

Engineered nanomaterials (ENM) are increasingly produced and have been introduced into both 
industrial and consumer products, thus increasing the risk of human exposure. Among the most 
versatile ENM are the multi-walled carbon nanotubes (MWCNT), which are considered ENM 
because of their small diameters. Upon inhalation, MWCNT may reach the alveolar region where 
the only clearance mechanism is the slow-acting, macrophage-mediated clearance by phagocytosis, 
a process that can be hindered by the length of the MWCNT and result in frustrated phagocytosis. 
MWCNT are an inhomogeneous group of ENM that may differ in physicochemical properties such 
as length, width, purity, shape, agglomeration and functionalizations, thus making toxicity and risk 
evaluation difficult. Rodent studies assessing MWCNT toxicity have mainly used classical 
toxicological techniques and have mainly focused on few selected endpoints, most often 
inflammation, fibrosis and cancer. This focused approach has resulted in many interesting findings; 
however, in this process, other important MWCNT-induced adverse effects may have been 
overlooked. This may be avoided by employing the much broader toxicogenomic approach, which 
enables high throughput molecular profiling, aiming to elucidate mechanisms and to identify 
biomarkers or gene signatures of MWCNT toxicity. 

The purpose of this PhD work was to use a broad toxicogenomic approach for assessing MWCNT-
induced toxicity. Mice were exposed by intratracheal instillation to two MWCNT with very 
different physicochemical properties and in addition to transcriptomic analyses, lung inflammation, 
lung morphological changes, and DNA damage were also analyzed. Based on our findings in the 
lung, selected plasma acute phase proteins, hepatic and plasma lipid homeostasis alterations, hepatic 
transcriptomic changes, and liver histology were also analyzed. Moreover, the transcriptomic 
changes were assessed both in an in vitro mouse lung mono-culture and in an in vivo mouse model 
after exposure to the same MWCNT at similar doses with the aim of evaluating the reproducibility 
of the in vitro model for in vivo responses.  

The use of toxicogenomics for assessing MWCNT-induced toxicity revealed both length-dependent 
and length-independent effects. Similar perturbations in pulmonary functions and pathways were 
observed after exposure to both types of MWCNT. Both MWCNT induced a strong pulmonary 
acute phase response, with Saa3 being the most differentially regulated gene overall. A strong 
correlation was identified between Saa3 transcript levels and plasma SAA3 levels, which were 
similarly induced by both MWCNT. Increased SAA3 levels were accompanied by hepatic 
perturbation of de novo cholesterol synthesis and of hepatic and systemic lipid homeostasis. This 
indicates a general, MWCNT-induced increased risk of cardiovascular disease that does not depend 
on the length of the MWCNT. At the sub-chronic time point (28 days post-exposure), the larger and 
straighter MWCNT had a greater fibrogenic potential than the smaller, curled MWCNT, indicating 
that MWCNT may induce length-dependent fibrosis. The transcriptomic comparison of in vivo and 
in vitro responses revealed that the underlying mechanisms and possible outcome were different in 
the two systems, indicating that the complexity of the mono-culture cell system was too low 
compared to the lung tissue for extrapolation of common biomarkers or signatures for MWCNT-
induced toxicity.   
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Resumé 

Nanomaterialer bliver i stigende grad produceret og inkorporeret i både industrielle- og 
forbrugerprodukter, hvilket har øget risikoen for menneskelig eksponering. Blandt de mest alsidige 
nanomaterialer er de flervæggede kulstof-nanorør, som anses for at være nanomaterialer pga. deres 
små diametre. Kulstof-nanorør kan ved indånding nå det alveolære afsnit i lungerne, hvor de kun 
kan fjernes ved makrofag-medieret fagocytose. Denne proces er langsom og kan, pga. længden på 
kulstof-nanorørerne, blive forhindret og resultere i frustreret fagocytose. Kulstof-nanorør er en ret 
uhomogen gruppe af nanomaterialer, hvis fysisk-kemiske egenskaber såsom længde, bredde, 
renhed, form, agglomerering og funktionalisering kan variere meget, hvilket vanskeliggør 
toksicitet- og risikovurdering. Studier, som undersøger toksiciteten af kulstof-nanorør i gnavere, har 
hovedsageligt brugt klassiske toksikologiske teknikker og fokuseret på få udvalgte endepunkter, 
oftest inflammation, fibrose og kræft. Denne fokuserede tilgang har resulteret i mange interessante 
resultater, men andre vigtige kulstof-nanorørs-inducerede effekter kan være blevet overset. Dette 
kan muligvis undgås ved at anvende den meget bredere toksikogenomiske tilgang, som muliggør 
hurtig og effektiv molekylær profilering, med det formål at identificere mekanismer, biomarkører 
eller gensignaturer for kulstof-nanorørs toksicitet. 

Formålet med denne ph.d. var at vurdere toksiciteten af kulstof-nanorør ved hjælp af en bred 
toksikogenomisk tilgang. Mus blev via intratrakeal instillation eksponeret til en af to typer kulstof-
nanorør, hvis fysisk-kemiske egenskaber var meget forskellige. Udover analyser af lunge 
transkriptomet, blev analyser af inflammation, morfologiske ændringer og DNA-skader også 
foretaget i lungevæv. Med baggrund i disse resultater, blev udvalgte akut-fase-proteiner i plasma, 
lipid niveauer i lever og plasma, det hepatiske transkriptom og lever histologi også analyseret. 
Derudover blev transkriptionelle ændringer analyseret i både en in vitro muselunge mono-kultur og 
i en in vivo musemodel efter eksponering for samme MWCNT ved lignende doser. Dette blev 
udført med henblik på at vurdere reproducerbarheden af en in vitro model for kulstof-nanorørs-
inducerede in vivo effekter. 

Både længdeafhængige og -uafhængige kulstof-nanorørs-inducerede effekter blev identificeret ved 
hjælp af den toksikogenomiske tilgang. Begge kulstof-nanorør inducerede lignende ændringer i 
funktioner og pathways i lungen, hvilket inkluderede et stærkt pulmonært akut-fase-respons, med 
Saa3 som det generelt mest differentielt regulerede gen. En stærk korrelation blev fundet mellem 
Saa3 niveauer i lungen og SAA3 proteinniveauer i plasma. De sammenlignelige SAA3 niveauer 
blev ledsaget af ændringer i kolesterolsyntesen i leveren og i lipid homeostase i lever og plasma. 
Disse resultater peger på en generel, kulstof-nanorørs-induceret øget risiko for hjerte-kar-sygdom, 
der er uafhængig af længden på kulstof-nanorørene. På det subkroniske tidspunkt (28 dage efter 
eksponering) havde de større og mere lige kulstof-nanorør et større potentiale for at danne fibrose 
end de mindre, krøllede kulstof-nanorør. Dette indikerer, at kulstof-nanorør kan inducere 
længdeafhængig fibrose. Sammenligningen af de transkriptionelle ændringer in vivo og in vitro 
viste, at de underliggende mekanismer og mulige konsekvenser ved eksponering var forskellige i de 
to systemer. Dette indikerer, at kompleksiteten af mono-kulturen var for lav i forhold til lungevævet 
til, at en ekstrapolation af fælles biomarkører eller signature for eksponering kunne udføres. 



10 

List of Papers included 

Paper I 

MWCNT of different physicochemical properties causes similar inflammatory responses, but 

differences in transcriptional and histological markers of fibrosis in mouse lungs 

Poulsen SS, Saber AT, Williams A, Andersen O, Købler C, Atluri R, Pozzebon ME, Mucelli SP, 

Simion M, Rickerby D, Mortensen A, Jackson P, Kyjovska ZO, Mølhave K, Jacobsen NR, Jensen 

KA, Yauk CL, Wallin H, Halappanavar S, Vogel U. 

Toxicol Appl Pharmacol. 2015 Apr 1;284(1):16-32. doi: 10.1016/j.taap.2014.12.011. Epub 2014 

Dec 29. 

 

Paper II 

Changes in cholesterol homeostasis and acute phase response link pulmonary exposure to 

multi-walled carbon nanotubes to risk of cardiovascular disease 

Poulsen SS, Saber AT, Mortensen A, Szarek J, Wu D, Williams A, Andersen O, Jacobsen NR, 

Yauk CL, Wallin H, Halappanavar S, Vogel U. 

Toxicol Appl Pharmacol. 2015 Mar 15;283(3):210-22. doi: 10.1016/j.taap.2015.01.011. Epub 2015 

Jan 22. 

 

Paper III 

Time-dependent subcellular distribution and effects of carbon nanotubes in lungs of mice 

Købler C, Poulsen SS, Saber AT, Jacobsen NR, Wallin H, Yauk CL, Halappanavar S, Vogel U, 

Qvortrup K, Mølhave K. 

PLoS ONE. 2015, 10(1): e0116481. doi: 10.1371/journal.pone.0116481. 

 

Paper IV 

Transcriptomic Analysis Reveals Novel Mechanistic Insight into Murine Biological Responses 

to Multi-Walled Carbon Nanotubes in Lungs and Cultured Lung Epithelial Cells 

Poulsen SS, Jacobsen NR, Labib S, Wu D, Husain M, Williams A, Bøgelund JP, Andersen O, 

Købler C, Mølhave K, Kyjovska ZO, Saber AT, Wallin H, Yauk CL, Vogel U, Halappanavar S. 

PLoS ONE. 2013, 8(11): e80452. doi:10.1371/journal.pone.0080452. 

  



11 

Introduction 

Human exposure to airborne nanomaterial from forest fires and volcanic eruptions has always 
occurred, and with the advent of industrialization and urbanization humans were increasingly 
exposed to combustion generated airborne nanomaterials. However, the introduction of engineered 
nanomaterials (ENM) has increased the risk of human nanomaterial exposure considerably [1], both 
through environmental contamination and from consumer goods containing ENM. However, the 
greatest risk is found in occupational settings during manufacturing and handling of nano 
particulates. ENM are defined as materials where 50 % or more in the number size distribution have 
one or more external dimensions below 100 nm. This makes ENM a quite inhomogeneous group of 
materials, which include several nano-sized metal oxides as nano-sized TiO2, pure metals, carbon-
based ENM as fullerenes, nano-sized carbon black (nano-CB), carbon nanotubes (CNT) and 
graphene, and organic compounds as liposomes. The nano size of ENM results in them having both 
a greater surface area and a larger number of particles per mass unit compared to their larger 
counterparts, which consequently give them a greater catalytic activity per given mass. This 
increased surface reactivity can be utilized for beneficial purposes, but it may also cause toxicity if 
introduced into biological systems [2]. In addition, the increased number-concentration of ENM 
compared to larger materials at similar mass concentration may also result in stronger biological 
reactions following ENM exposure.  

Among the most versatile ENM are the multi-walled carbon nanotubes (MWCNT). These 
engineered carbon allotropes are composed of several rolled up graphene sheets, which give them a 
characteristic fibrous shape. MWCNT, and their structural siblings; single- and double-walled 
carbon nanotubes (SWCNT and DWCNT, respectively) have diameters in the nano-meter scale [3], 
but lengths in the nano-, micro- and millimeter scale [4,5]. The carbon atoms in the graphene sheets 
are arranged in an aromatic structure (Figure 1). This sp2 conjugated lattice ensures the high 
conductivity of the MWCNT. Due to weak, short-range acting van der Waals forces, which occur 
over the entire surface of the MWCNT, they have a strong tendency to stick together and form 
agglomerates, which can have different shapes and behave differently from the single MWCNT [6]. 
The degree of agglomeration depends on the size, thickness and shape of the single CNT [7]. 
Although fibrous, MWCNT are often curved and sometimes curled up because of topological 
defects in the hexagonal carbon atom arrangement, resulting in an elongation or compression of one 
side of the MWCNT [8]. However since MWCNT are composed of several graphite sheets they are 
less curved than SWCNT and DWCNT, as defects can be stabilized by intersheet bonding between 
the walls. This is especially true for the thicker MWCNT. 

Because of their unique structure and composition, MWCNT are excellent electric and thermal 
conductors, possess high tensile strength, and have good chemical stability [9]. This makes them 
desirable for a wide range of industries [10,11], and already now they are incorporated in several 
materials including plastics, rubbers, electronics, and composite materials (reviewed in [12]). Their 
composition makes them ideal for low weight materials, e.g. sports equipment, and for ultra-small 
electronic circuits. The many possible applications of MWCNT have increased their production and 
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utilization extensively over the last decade [13,14], thus the potential exposure risk for both workers 
and consumers have also increased.  

 

 

Figure 1. Molecular presentation of MWCNT. Modified from [15]. 

 

Proper hazard characterization and human health risk assessment for ENM  and MWCNT are still 
lacking, despite  of the thousands of ENM-containing products on the market and the growing 
knowledge of the possible nano-sized specific properties [16]. This is to some extent due to a lack 
of methodologies and appropriate dose metrics for sample preparation [17]. Estimates show that it 
would cost billions of dollars and up to 50 years of research if all the ENM currently on the market 
are to be assessed using traditional toxicological methods [18]. Smarter and rapid alternative testing 
strategies are therefore necessary for ensuring minimal environmental and human health effects 
[19]. Such alternatives could include the use of high-throughput screening methods such as DNA 
microarrays, for identification of the relationships between physicochemical properties and induced 
responses. With this knowledge, validated in vitro models could be constructed that evaluate key 
events in a fast and cost-effective manner.  

 

Human exposure 

Raw MWCNT are produced as powders and their nano-size enables a high concentration of 
MWCNT per m3 air, thus the most important source of human exposure to MWCNT is through 
inhalation. Human inhalation exposure may occur during the entire MWCNT lifecycle; 
manufacturing, storage, transportation, product application, and end-of-life processes. However, 
human exposure to MWCNT mainly occurs in occupational settings, especially during the 
production and handling of large quantities of MWCNT. Several studies have reported personal 
CNT exposure levels in occupational settings (Listed in Table 1). Early exposure assessment studies 
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used total gravimetric mass analysis in personal breathing zone (PBZ) samples for detecting CNT 

[20-22], whereas newer studies measures elemental carbon concentrations in PBZ samples, which is 

more specific for CNT [23-29]. The highest concentration levels (64 μg/m
3
 - 1094 μg/m

3
) were 

measured in PBZ samples collected during short duration exposures in nanomaterial facilities 

aiming to identify worst-case scenarios [26]. 

 

Table 1. List of studies with detectable personal breathing zone mass concentrations 

Type of samples collected  Personal breathing zone mass 
concentrations (μg/m3) 

Reference 

Estimated inhalable mass  0.7 - 53  Maynard et al. 2004 [22] 

Total gravimetric mass  N.D. - 331.7  Han et al. 2008 [20] 

Total gravimetric mass  7.8 - 320.8 Lee et al. 2010 [21] 

Total carbon-inhalable size 
fraction  

64-1094  Methner et al. 2010 [26] 

Elemental carbon- inhalable 
size fraction  

N.D. - 38  Methner et al. 2012 [27] 

Elemental carbon- inhalable 
size fraction  

N.D. - 7.86  Dahm et al. 2012 [23] 

Elemental carbon- respirable 
size fraction  

45 - 80  Birch et al. 2011 [28] 

Elemental carbon- inhalable 
size fraction  

N.D - 79.6 Erdely et al. 2013 [24] 

Elemental carbon- respirable 
size fraction  

<0.08 - 7.4 Hedmer et al. 2014 [25] 

Inhalable elemental carbon 
mass concentrations 

5.5-9.3  Lee et al. 2014 [29] 

N.D.: Represents not-detectable concentrations. Modified from [24]. 

In general, most occupational exposure assessment studies found PBZ concentration levels ranging 

from non-detectable to 330 μg/m
3
, with the highest concentrations observed in the studies 

quantifying CNT levels with total gravimetric mass analysis. The differences in PBZ concentration 

levels measured were mainly due to measuring techniques and worker exposure scenarios. 

However, these studies demonstrate that human exposures to CNT occur in occupational settings.  

No official or national occupational exposure limits (OEL) for MWCNT exist. However, several 

studies in rodents have established dose-response relationships between increasing dose and 

increased adverse effects following pulmonary CNT exposure, thereby enabling determination of 

no-observed adverse-effect-doses, which may be used for establishing human exposure limits 

[7,10,30-34]. The results of these studies, and in particular the results of the inhalation studies by 

Ma-Hock et al. (2009) and Pauluhn (2010) [7,10], were used by the U.S. National Institute of 

Occupational Safety and Health to establish a recommended OEL at 1 µg/m
3
 for CNT exposure 

[4,35,36]. This exposure level limit is lower than the PBZ concentration levels reported in 

occupational settings [20-29], highlighting that government regulation of OELs for MWCNT 

handling and production is needed to ensure a safe working environment.  
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Pulmonary exposure 

Human inhalation exposure to MWCNT may induce adverse effects. Because of their high length-
to-width ratio, MWCNT are considered high aspect ratio nanomaterials (HARN). Asbestos are also 
considered HARN [37] and parallels have been drawn between these and MWCNT. Inhalation of 
asbestos are known to induce pathogenic effects in both the lung and the pleura, including 
asbestosis, lung carcinomas and mesotheliomas (reviewed in [38] and [39]). It has been proposed 
that MWCNT exposure could elicit similar pathogenic effects as observed after asbestos exposure 
due to the structural similarities between the two HARN [40]. Three factors have been 
demonstrated to be important for the pathogenicity of asbestos, and thus possibly also for the 
pathogenicity of MWCNT; width, length and biopersistence (Figure 2) [41].  
 

 

Figure 2. The fiber pathogenicity paradigm. Three characteristics are proposed to influence HARN 
pathogenicity: width, length and biopersistence. 

 

The small widths of MWCNT result in them having low aerodynamic diameters (Dae), which is the 
main determinant of the deposition efficiency and deposition localization of particles in the 
respiratory tract [41,42]. The fractional deposition of inhaled particles ranging from 1 nm to 10 μm 
has been modelled under various conditions [43]. A model for nose breathing conditions of singlet 
particles during light exercise showed that particles with Dae in the nano-size (5-100 nm) to a 
greater extent deposited in the alveolar region compared to larger particle (Figure 3) [1,42]. This 
difference in deposition patterns is highly important for ENM and MWCNT clearance, as the 
alveolar region lacks the mucociliary escalator, which entraps particles and pathogens, and 
transports them towards the pharynx and mouth for excretion or swallowing, resulting in 
gastrointestinal exposure. Normally, deposited particles are cleared through this mechanism in 24 h, 
but detainment of particles in the mucus for weeks or longer have been observed [43-45]. 



15 

 

Figure 3. The average predicted deposition in regions and total lung under nose breathing and light 
exercise conditions (1.2 m3/h). Highest deposition in the extrathoracic (ET) region was observed for 
particles with diameters of approx. 0.001 and 10 μm, highest deposition for the bronchi were observed for 
0.005 to 0.007 μm particles and highest deposition for the alveolar region were 0.01 to 0.05 μm particles. 
Modified from [46]. 

In the alveoli, particle clearance is instead primarily mediated by alveolar macrophages and relies 
on successful phagocytosis. The alveolar clearance mechanism is much slower than the mucociliary 
escalator, with half-times higher than 100 days [47]. In addition, the success of the macrophage-
mediated clearance is to a large extent determined by the length of the MWCNT. Longer HARN 
have longer retention half-times compared to shorter ones [48,49], because of interaction between 
the alveolar macrophages and the HARN. The macrophages capacity for engulfment of HARN is 
length-dependent, and studies have shown that macrophages fail to effectively phagocytize long 
fibers, resulting in frustrated fibrosis, whereas short fibers are effectively cleared (Figure 4) [50,51].  

 

 

Figure 4. The frustrated phagocytosis paradigm. Macrophages can completely phagocytize short fibers, 
whereas long fibers are too long to be completely engulfed leading to an unclosed membrane and leakage 
of cell content. Intermediate fibers (more than 3 μm, but less than 10 μm in length) are completely 
phagocytized, but induce intracellular stress and vesicular escape. Modified from [51]. 
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In frustrated fibrosis, macrophages extend along the HARN, but due to the fiber length, the 
phagosome cannot engulf the fiber. This leads to instability of the lysosomes [52] and release of a 
range of pro-inflammatory molecules [40,50], resulting in recruitment of inflammatory cells, which 
is a hallmark of the initiation of an inflammatory process (Figure 4). No exact threshold length has 
been determined, but experimental data suggest that the critical length for frustrated phagocytosis is 
in the range of 10 to 20 μm [40,53,54]. MWCNT of intermediate length (more than 3 μm, but less 
than 10 μm) do not induced frustrated phagocytosis, but have been reported to induce intracellular 
stress and to escape from vesicle enclosures in macrophages [55]. Several studies have 
demonstrated length-dependent difference in pathogenicity after exposure to MWCNT, supporting 
the fiber pathogenicity paradigm [40,54,56-59]. Similar observations have been reported in pleural 
studies. Pulmonary exposure to MWCNT will result in a portion of these transiting through the 
pleura before reaching the mediastinal lymph nodes [54]. In this process, they need to pass the 
stomata, which are small drainage holes located in the parietal pleura [60], and studies have shown 
length-dependent retention of HARN, including MWCNT, at the stomata, which possibly could be 
an initiator for pleural fibrosis and mesotheliomas [53,54,61,62]. Additionally, the ability to curl 
into a bundle could modify the physical length of MWCNT. It is possible that long, curled 
MWCNT will not induce pathogenicity to the same degree as straight MWCNT of the same length. 
Thus, shape is also an important parameter in determining MWCNT toxicity. 

The last important factor for HARN pathogenicity is biopersistence (Figure 2), which is defined as 
the ability of a material to resist damage or modifications that would alter its structure in a tissue 
[37,63]. Non-biopersistent HARN undergo dissolution, they break and shorten, and lose their 
length-dependent toxicity [64]. Concurrently, they become easier for the macrophages to 
phagocytose. Two studies of non-MWCNT fibers demonstrated an inverse relationship between 
fiber toxicity and dissolution rate [49,65], emphasizing the importance of biopersistence for fiber 
pathogenesis. Defects and functionalization sites could render MWCNT and other CNT more 
susceptible to degradation. Studies with both SWCNT and MWCNT have showed accelerated 
degradation of CNT containing defects and functionalization sites when exposed to an oxidative 
agent, compared to more pristine CNT [66-69]. Similarly, SWCNT with carboxylated surfaces were 
readily degraded when incubated in a solution mimicking phagolysosomal conditions, whereas 
unmodified, ozone-treated, and aryl-sulfonated SWCNT were not [70]. These results show that 
defects and modifications may not only alter the reactivity of the CNT, but also their biopersistence. 
Thus, evaluation of functionalization and defects is of high importance when performing 
toxicological assessment of different types of CNT.  

MWCNT are available in different lengths, thicknesses and shapes, and with different content of 
metals, defects and functionalization sites. Batch-to-batch differences in metal content of the same 
MWCNT have even been reported [71]. This highlights that all physicochemical parameters must 
be assessed for proper hazard evaluation of the individual types of MWCNT. 
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Adverse effects following pulmonary MWCNT exposure 

Deposited MWCNT in the lungs are cleared very slowly and rodent studies have detected persistent 
MWCNT in the pulmonary tissue up to a year after exposure [72-74]. Thus, MWCNT may induce 
both acute and chronic adverse effects, whereas the most well described in the literature are 
inflammation, fibrosis and cancer. In contrast, the toxicity of CNT and other ENM following other 
sources of exposure, eg. dermal or oral, have been low or negligible [75-78]. 

Inflammation 
The most reported effect of pulmonary MWCNT exposure is inflammation, which is induced by 
resident pulmonary macrophages or dendritic cells by release of pro-inflammatory mediators upon 
attempted phagocytosis of the MWCNT. Pro-inflammatory mediators consist of a large array of 
cytokines and chemokines, including tumor necrosis factor-alpha and major interleukines as IL1α, 
IL1β and IL6, and several rodent studies have associated pulmonary MWCNT exposures with 
increased mRNA or protein levels of these mediators [7,32,56,79-84]. Increased levels of pro-
inflammatory proteins will result in extravasation of leukocytes, mainly neutrophils, into the lung 
lumen. Indeed, large increases in bronchoalveolar lavage (BAL) fluid neutrophil levels after 
pulmonary MWCNT exposure have been reported in many rodent studies [10,79,81,82,85-92]. The 
biopersistence of MWCNT may prevent resolution of the inflammatory response, which 
consequently can become chronic. Persistent increases in BAL fluid neutrophil levels have been 
observed following pulmonary MWCNT exposure [82,86,87]. Chronic inflammation, as observed 
in these studies, could initiate the progression of other adverse effects such as fibrosis, cancer and 
cardiovascular diseases (CVD) [93-95]. 
 
Long term effects 
The resemblance between asbestos and long, straight MWCNT have caused many studies to 
speculate that MWCNT could induce long term effects as fibrosis and cancer in a similar manner as 
asbestos. In support of this hypothesis, several rodent studies have reported fibrotic changes in the 
lungs following inhalation, intratracheal instillation and pharyngeal aspiration of MWCNT 
[31,32,56,82,84,87,96-100]. In addition, the formation of multifocal granulomas in the lungs have 
also been reported after pulmonary MWCNT exposure [31,82,84,87,96-100]. Granulomas form 
when immune cells, mainly macrophage-derived, attempt to wall off foreign substances that they 
are unable to eliminate. This is to protect the lung environment from damage and it results in tight, 
ball-like structured masses, which can be observed histochemically [101]. Pulmonary granulomas 
may be dissolved without alteration of the lung tissue, but they may also lead to fibrosis. The cells 
constituting a granuloma, especially macrophages, have the ability to secrete factors that attract and 
stimulate fibroblasts [102], which may concentrate around the periphery of the mass and even 
infiltrate it. However, it must be noted that not all granulomas lead to fibrosis, and not all fibrosis is 
preceded by a granuloma [101]. But because of the fiber-like structure of MWCNT and their 
consequent induction of persistent inflammation and slow clearance from the alveolar region, it is 
possible that MWCNT-induced granuloma formation does lead to fibrosis. The fibrotic potential of 
MWCNT have also been investigated in a number of in vitro cell culture studies [58,100,103-107]. 
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Fibrosis is a complex disease involving many interrelated signaling pathways, and the underlying 
molecular mechanisms for MWCNT-induced pulmonary fibrosis are not completely elucidated. 
However, as observed for asbestos, the length and shape of the MWCNT may have large impact on 
the strength of the fibrotic response. Indeed, length-dependent formation of fibrosis has been 
observed in pulmonary MWCNT exposure studies. Muller et al. (2005) reported elevated 
hydroxyproline (a major amino acid of collagen) and type 1 soluble collagen lung content in two 
groups of female Sprague-Dawley rats exposed by intratracheal instillation to long (5.9 μm) or short 
(0.7 μm) MWCNT with similar diameters [32]. But the hydroxyproline lung content was 
significantly higher following exposure to the longer MWCNT compared to the shorter. In male 
spontaneously hypertensive (SH) rats, only long MWCNT (20–50 μm in length, 50 nm in diameter) 
and not short MWCNT (0.5–2 μm in length, 50 nm in diameter) caused granuloma formation, 
fibroblasts increase and collagen deposition [58]. Similarly, in C57Bl/6J male mice exposed to a 
single instillation of 60 μg short MWCNT (350–700 nm) or long MWCNT (5–15 μm) with similar 
diameters, only the long MWCNT significantly increased collagen deposition and pulmonary 
fibrosis [56]. This length-dependency may be attributed to the difficulty of macrophages to 
phagocytize and clear long MWCNT, which may lead to prolonged inflammation, leakage of 
lysosomal content because of incomplete phagocytosis, and the present of reactive compounds 
excreted from the inflammatory cells. This could lead to damage of the lung tissue [93,94,108,109], 
possibly resulting in fibrosis. Completely phagocytized short MWCNT may not initiate a similar 
process. However, although evidence is accumulating supporting a length-dependent MWCNT 
fibrotic response, Muhlfeld et al. (2012) reported the opposite relationship [110]. Alveolar septal 
fibrosis was only observed in female C57BL/6 mice following pharyngeal aspiration of short, 
entangled MWCNT (1-5 μm in length, 14.84 nm in diameter), but not with the longer, stiffer 
MWCNT (13 μm in length, 84.89 in diameter) at doses of 10 μg MWCNT/animal. This indicates 
that the fibrotic potential of MWCNT may rely on more factors than just their length and shape. 
 
Genotoxicity or cancer has been reported in the lungs of rodents after pulmonary exposure to 
MWCNT [82,111-113]. This indicates that MWCNT could be carcinogenic, perhaps by the same 
mechanisms as reported for asbestos. Indeed the straight and well-characterized Mitsui7 was 
recently classified as possibly carcinogenic to humans (Group 2B) by IARC [114]. However, most 
studies reporting carcinogenic effects of MWCNT have used non-pulmonary exposure routes, as 
intra-peritoneal administration [57,115,116]. 

 

Toxicogenomics 

The studies investigating MWCNT-induced toxicity in rodents have used classical toxicological 
techniques, which assess few selected endpoints, and they have primarily focused on inflammation, 
fibrosis and cancer as possible adverse outcomes. However, in this process, other important adverse 
effects may have been overlooked. This may be avoided by employing the much broader 
toxicogenomic approach. Toxicogenomics combines classic toxicology with ‘omics tools, thereby 
facilitating high throughput molecular profiling of the genome, transcriptome, proteasome and 
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metabolome, with the aim of elucidating mechanisms of toxicity. The DNA microarrays can be 
used to analyze transcriptomic changes and is the most commonly used technique in 
toxicogenomics studies. Application of this technique was first reported in studies in the mid-
1990’s [117,118], and in general, two major platforms of DNA microarrays exist. One platform is 
the spotted microarrays, which are two-channel arrays with two samples labeled with a different 
fluorophore and hybridized onto a single slide. In this system, the probes are oligonucleotides, 
cDNA, or fragments of PCR products, enabling different properties to the array. The other platform 
is the oligonucleotide microarrays, which are one-channel arrays with only one sample hybridizing 
to the slide. These arrays are constructed using various methods, including in situ synthesis and 
photolithography, and their probes are designed to complement mRNA sequences [119-121]. 
However, despite using different systems, the end goal for either platform is to enable probing of 
the entire transcriptome or to monitor the expression of a group of functionally related genes for the 
biological sample hybridized to the array. 

Numerous applications of these array technologies in toxicology experimentation have been 
proposed, several of which are highly relevant for MWCNT toxicity evaluation [120,122-124].  

 Clustering 
With the ability to scan the entire transcriptome, the microarray technique enables clustering 
of ENM and MWCNT, and their exposure effects, in relation to their transcriptomic profile. 
This could lead to identification physicochemical property-specific effects of individual 
types of MWCNT, which eventually may result in classification of these. 

 Biomarkers 
Toxicogenomic array techniques may enable the identification of biomarkers and signatures 
of MWCNT exposure, both at the deposition site and systemically. Ideally, this will lead to 
new and potentially useful indicators for use in MWCNT toxicity screening. 

 Mechanistic information 
Mechanistic analysis of array data may reveal functions and pathways perturbed after 
MWCNT exposure, resulting in better understanding of the underlying affected biological 
processes. 

 Dose-response relationships 
The use of toxicogenomic arrays can potentially improve the understanding of dose response 
relationships, particularly at low doses where only subtle effects are observed. If compared 
to well characterized and known effects, dose-response profiles can become valuable tools 
in risk assessment.  

 Cross-species extrapolation 
Toxicogenomics can be used to analyze differences in species responses to MWCNT 
exposure and identify cross-species annotation, thus enhancing confidence in animal-to-
human toxicity extrapolations.  

 Cross-experimental unit extrapolation 
Assay techniques may enable identification of similarities and differences in in vivo and in 
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vitro models and thereby prove to be powerful tools for the development of smarter models 
for assessment of MWCNT toxicity.  

However, several challenges need to be addressed if these goals are to be achieved. It is important 
to achieve consensus regarding the definition of an exposure biomarker. Also, toxicogenomic data 
must be compared and correlated to endpoints identified on other platforms, before such biomarkers 
can be verified. Vast amount of information can be gathered though toxicogenomic arrays, which 
demands for thorough databases for organization. Several databases that provide annotation of 
genes and gene processes exist (e.g. Gene Ontology, GenBank and Ensemble); however, more 
information on gene membership in pathways and gene annotation across species is still needed 
[122]. Thus, the development of databases is a critical challenge if toxicogenomic data are to be 
interpreted. Toxicogenomics is a new discipline and a standardization of array techniques is still 
lacking. This hurdle must be overcome if array data are to be compared across different assay 
techniques and different laboratories. Initiation towards standardization have been taken with 
different proposals, one of which is the Minimum Information About a Microarray Experiment 
(MIAME), which includes recommendations and standards on collecting and analyzing microarray 
data [125,126]. Most journals that regularily publish toxicogenomic data require that studies comply 
with the MIAME standard.  

Toxicogenomics offers new techniques and powerful tools that potentially can accelerate and 
develop toxicity assessment of MWCNT. Compared to classic toxicity testing, array techniques are 
cost-effective and produce large amounts of data, which both can be used for broad assessment and 
for analyzing and interpreting specific hypotheses. Toxicogenomic array techniques, as DNA 
microarray, have so far only been applied in few MWCNT toxicity studies. [81,82,84,97,127-130]. 
These mainly aimed narrowly at identifying transcriptional signatures for the known adverse effects 
(inflammation, fibrosis and cancer), and did not choose the broader approach, which the DNA 
microarray technique also allows for. However, broad lung toxcicogenomic analyses have been 
conducted on both nano-Ti2 and nano-CB [131,132]. They revealed that among a wide range of 
functions perturbed after pulmonary exposure, the acute phase response (APR) was greatly induced. 
To our knowledge, no toxicogenomic studies assessing MWCNT-induced APR have yet been 
published. 

 

Toxicogenomic assessment of MWCNT toxicity 

With the aim gaining knowledge on the underlying biological pathways and functions perturbed 
after pulmonary exposure to MWCNT, we employed toxicogenomics tools to systematically 
investigate and characterize the pulmonary responses observed after exposure to two well-
characterized MWCNT in a known mouse model.  

Female C57BL/6 mice were exposed by a single intratracheal instillation of 0, 18, 54 or 162 
μg/mouse of either CNTSmall or CNTLarge and euthanized 1, 3 or 28 days post-exposure [82,128]. 
CNTLarge (NM-401) is included in the materials of the OECD Working Party on Manufactured 
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Nanomaterials, and CNTSmall is a different batch of NM-400, which is also an OECD material. 
These MWCNT will therefore be included in many EU-funded studies, thus enabling cross-study 
comparisons. We chose these MWCNT because they are vastly different in their physicochemical 
properties, including length, thickness, level of agglomeration and metal impurity content. The two 
MWCNT were extensively characterized. CNTSmall were small and entangled (0.8±0.1 μm in length 
and of 11±4.5 nm in diameter (mean±SD)), with a high surface area and containing 13 % metal 
impurities (Figure 5). In contrast, CNTLarge were larger, thicker and straighter (4±0.4 μm in length 
and of 67±26.2 nm in diameter (mean±SD)), with a relative low surface area and a purity of 97 % 
(Figure 5) [55,71,82]. Only CNTSmall were able to produce acellular reactive oxygen species, 
probably because of its greater level of metal impurities. 

Instillation was chosen as exposure method, as it allows for control of the applied doses, which are 
more uncertain with inhalation exposure. Inhalation exposure studies are considered the gold 
standard in toxicity assessment; however, this technique often requires both large amounts of test 
material and expensive equipment. Also, MWCNT may pose adverse health risk to the 
experimenters, and it would require additional safety measures in inhalation studies to ensure 
experimenter safety. However, administration through instillation delivers the MWCNT to the 
tracheobronchial and alveolar regions of the respiratory tract as a bolus. As the entire dose is 
delivered to the lung in a liquid suspension by instillation, this administration may not be reflective 
of real-world exposure and may result in uneven distribution of the material and a possible 
overestimation of hazard [1,133]. However, due to the rapid delivery and precise control of dosing, 
non-inhalation exposure routes as intratracheal instillation and pharyngeal aspiration are considered 
valuable tools for understanding the potential toxicity following MWCNT exposure. Indeed, several 
other MWCNT studies have also used non-inhalation exposure routes [31,34,80,82,87,89,96].  

The doses and time points used in our toxicogenomic study were chosen based on the previous and 
ongoing studies in our group [81,89,132,134-136], which enables comparisons of ENM-induced 
responses across studies. The doses correspond to 1, 3, and 9 days of exposure (8h/day) to CNT, 
assuming 33 % deposition rate [10,137] and a ventilation rate of 1.8 l/h for mice, at the current 
Danish occupational exposure level for carbon black (3.5 mg/m3). At the recommended exposure 
limit for CNTs of 1 μg/m3 per 8 hour work shift [36], the lowest dose of 18 μg/mouse corresponds 
to the expected human work life exposure assuming a 10 % deposition [10], a ventilation rate of 1.8 
l/h, a 40 h working week and a 40 year work life. The dose of 56 μg corresponds to 3 times the life-
long dose and 162 μg/mouse corresponds to 9 times the proposed life dose. PBZ concentration 
levels ranging from not detectable to 300 μg/m3 have been reported in occupational settings [20-
24,27,28], thus up to 300 times above the proposed exposure limit. At an air concentration of 10 
μg/m3, 162 μg/mouse would correspond to the total dose during a 40-year working life, whereas 
162 μg/mouse corresponds to pulmonary deposition during 1.5 work years at 300 μg/m3. In 
addition, our doses were within the dose ranges of other instillation/aspiration studies 
[34,80,84,87,138], and we therefore believe that they are relevant for assessing MWCNT-induced 
toxicity. 
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Figure 5. Transmission electron microscopy imaging of pristine CNTSmall (A) and CNTLarge (B). Modified from 
[82]. 

 

Transcriptomic changes were measured using two-channel DNA microarray (Agilent 
Technologies). Genes showing expression changes of at least 1.5 fold in either direction compared 
to their matched controls and having p-values of less than or equal to 0.05 were considered as 
significantly differentially expressed and were used in the downstream analysis. The DNA 
microarray assays were verified by analyzing the expression of selected genes with qRT-PCR. The 
bioinformatics tools DAVID [139,140] and Ingenuity pathway analysis (IPA) were employed to 
perform mechanistic analyzes and to identify functions and pathways perturbed by pulmonary 
MWCNT exposure.  

The lung toxicogenomic analysis revealed high concordance between genes differentially expressed 
after exposure to the two MWCNT at the high dose exposure on post-exposure day 3, whereas at 
the lower doses and other time points, less than 50 % overlapping genes between the two groups 
were observed [82]. The functional analysis showed that although differences in gene expression 
were observed between CNTSmall and CNTLarge exposure, the top perturbed biological functions by 
either MWCNT were highly similar (Figure 6). Four out of five functions were identical, and these 
functional profiles only differed by ‘inflammatory response’ (CNTLarge) and ‘hematological system, 
development and function’ (CNTSmall). An analysis of the genes differentially expressed under these 
top five functions after exposure to either MWCNT, revealed that many of these genes were 
involved in immune and APRs. This was especially true for the functions ‘hematological system, 
development and function’, ‘inflammatory response’ and ‘cellular movement’. Indeed, changes in 
the mRNA levels of several inflammatory mediators and acute phase genes, e.g. the serum amyloid 
A proteins (SAAs), were identified in most of the top perturbed functions. Similar results were 
observed for gene ontology (GO) biological processes. A property response comparison of five 
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commonly perturbed GO biological processes revealed a general high concordance between 
differential expressed genes in these categories, especially in the inflammation-related processes. 

Pathway analysis revealed a general large overlap of perturbed pathways across CNTSmall and 
CNTLarge exposure (Table 2). On post-exposure day 1, similarly perturbed pathways included 
LXR/RXR activation, atherosclerosis signaling, and acute phase response signaling, whereas the 
pathways hepatic fibrosis/hepatic stellate cell activation and dendritic cell maturation were similarly 
enriched on post-exposure day 3. However, the pathways uniquely enriched on day 3 were 
commonly involved in lipid/cholesterol homeostasis and the inflammatory response, thus linking to 
the response seen at post-exposure day 1.  

 

Figure 6. Top five enriched pulmonary functions identified in IPA. The enriched functions are depicted with 
the numbers 1-5, and were identified in female C57BL/6 mice after intratracheal instillation of CNTSmall or 
CNTLarge. The top 3 ranked functions were identical following exposure either MWCNT, but the Cellular 
movement function was ranked 4th after exposure to CNTLarge, whereas it was ranked 5th for CNTSmall 
exposures. Inflammatory response ranked 5th after exposure to CNTLarge, but ranked 10th after exposure 
to CNTSmall. The 4th ranked function after CNTSmall exposure was Hematological system, development and 
function. A closer analysis of this function revealed a strong association with annotation terms related to 
the inflammatory response. From [82]. 

Collectively, the mechanistic analyses demonstrated that both CNTSmall and CNTLarge exposures 
induce similar pulmonary responses, despite having greatly different physicochemical properties. 
The largest effects of either MWCNT exposure were observed for genes involved in inflammation 
and the APR. The expression levels of these genes peaked at day 3 and persisted up to 28 days after 
exposure. The most differentially regulated gene after exposure to either CNTSmall and CNTLarge was 
serum amyloid A3 (Saa3), a well characterized acute phase gene, with a 297-fold increase on day 3 
for the medium dose of CNTSmall and a 184-fold increase for the high dose on day 3 for CNTLarge 

compared to vehicle controls. 
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In addition, pathways, functions and GO biological processes related to fibrosis were similarly 
affected by CNTSmall and CNTLarge exposure at post-exposure days 1 and 3, and the underlying 
genes were differential expressed in similar manner. The largest difference in CNTSmall and 
CNTLarge transcriptomic profiles were observed at post-exposure day 28. More genes were 
differentially expressed following CNTLarge exposure, and a transcriptional analysis of these 
revealed subset of 14 fibrosis-related genes differential expressed after CNTLarge exposure only: 
Arg1 (6.98 –fold), Igf1 (5.02 –fold), Lgals3 (3.13 –fold), Mmp12 (6.69 –fold), Mmp13 (2.39 –fold), 
Pde3a (-1.95 –fold), Ptgir (3.33 –fold), Smurf2 (-1.45 –fold), Tnfrsf1b (1.77 –fold), Vegfa (-1.66 –
fold), Eng (-1.61 –fold), Jun (1.87 –fold), Smad6 (-2.17 –fold) and Spp1 (6.41 –fold).  

Table 2. Top 6 pulmonary canonical pathways affected by CNTSmall or CNTLarge exposure. 

  CNTSmall CNTLarge 
  Canonical Pathways Canonical Pathways 
Dose 
Group Name # genes Name # genes 

Day 1, 
162 μg LXR/RXR activation 26 Atherosclerosis Signaling 26 

  Atherosclerosis Signaling 24 Acute phase response signaling 32 
  Oxidative Ethanol Degradation III 7 LXR/RXR activation 25 

  Hepatic Fibrosis/Hepatic Stellate 
Cell activation 27 B Cell Development 10 

  Pyrimidine Ribonucleotides 
Interconversion 8 Calcium-induced T Lymphocyte 

Apoptosis 14 

  Acute phase response Signaling 31 Retinol biosynthesis 12 
Day 3, 
162 μg 

Aryl Hydrocarbon Receptor 
Signaling 62 Hepatic Fibrosis/Hepatic Stellate 

Cell activation 59 

  Antigen Presentation Pathway 20 IL-10 signaling 33 

  Hepatic Fibrosis/Hepatic Stellate 
Cell activation 61 Acute phase response Signaling 65 

  Dendritic Cell Maturation 66 Dendritic Cell Maturation 60 

  Crosstalk between Dendritic Cells 
and Natural Killer Cells 36 Pyrimidine Deoxiribonucleotides 

De Novo Biosynthesis I 11 

  LXR/RXR activation 49 Hypoxia Signaling in the 
Cardiovascular System 30 

Day 28, 
162 μg 

Hematopoiesis from Pluripotent 
Stem Cells 4 IL-8 signaling 13 

  Primary Immunodeficiency 
Signaling 4 Atherosclerosis Signaling 9 

    Retinol biosynthesis 5 
    Triacylglycerol Degradation 4 
    Chondroitin Sulfate Degradation 3 
    Dermatan Sulfate Degradation 3 
Pathways were identified in IPA and ranked based on their Benjamini–Hochberg Multiple Testing Correction p-
value. Modified from [82]. 
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The acute phase response 

Our pulmonary transcriptomic analysis revealed that the APR gene Saa3 was the most differentially 
regulated gene in the lung tissue following both CNTSmall and CNTLarge exposures [82]. In addition, 
we observed that both MWCNT also induced differential regulation of a range of other APR genes 
(Saa1, Saa2, Saa4, C3, Plat, Orm1, Orm2 and Orm3), indicating the activation of a strong 
pulmonary APR following MWCNT exposure. The APR is an early defense system, which is a part 
of the innate immune response, and is triggered by pro-inflammatory cytokines as a result of local 
or systemic disturbances. It involves the regulation of a wide variety of APR proteins, the most 
predominant in humans being C-reactive protein (CRP) [141]. In mice, the predominant APR 
proteins are the SAA family, which are conserved and highly homologous high density lipoproteins 
(HDL) apolipoproteins [142]. In general, the APR is considered of hepatic origin and both Saa1 and 
Saa2 are regarded liver-specific, although expression of these genes has been reported in lungs 
following ENM exposure [131,132,143,144]. Strong Saa3 gene expression in the lung has been 
observed after pulmonary exposure to ENM [131,132,143,145,146] and to MWCNT in particular 
[81,82,89]. Interestingly, the same exposures resulted in little or absent hepatic Saa3 gene 
expression [89,128,131,147], indicating that the lung may be the predominant source of Saa3 gene 
expression following pulmonary exposure to ENM. 

To investigate the significance of this strong induction of Saa3 observed after exposure to either 
CNTSmall or CNTLarge, we analyzed the plasma protein levels of SAA3. Both CNTSmall and CNTLarge 
exposure induced significantly increased plasma SAA3 levels at post-exposure days 1 and 3, 
however, on day 28 plasma SAA3 was only increased by CNTSmall exposure (Figure 7A). This is in 
agreement with other studies reporting increased levels of blood APR proteins after pulmonary 
MWCNT exposure [89,138,148]. One day following intratracheal instillation of Mitsui7 in 
C57BL/6 mice, increased SAA3 protein levels compared to controls were observed in the BAL 
fluid [89]. These levels had returned to baseline level at post-exposure day 3, but an increase in 
plasma SAA3 protein levels compared to controls was observed instead. Similarly, Erdely et al. 
2011 reported increased inflammatory gene expression and serum cytokines in the blood one day 
after pharyngeal aspiration of 40 μg Mitsui7 in C57BL/6 mice, which had declined at post-exposure 
day 7, but was replaced by a persistent systemic APR [148]. Combined with our results, this 
indicates that increased blood levels of APR proteins, and particularly SAA3, is a common response 
to pulmonary MWCNT exposure. We identified a strong correlation between pulmonary Saa3 
levels and plasma SAA3 levels (p<0.0005 across time points and MWCNT doses), indicating that 
the observed systemic SAA3 may be of pulmonary origin (Figure 7B). 

Although initially a beneficial acute response, chronically elevated APR protein levels are 
suspected to alter blood lipid homeostasis and cholesterol biosynthesis [128,131,132,138,149]. 
These alterations included changes in low density lipoprotein (LDL) and very low density 
lipoprotein (VLDL) levels, which follow the time-course of the APR, and perturbation of the HMG-
CoA reductase pathway, which is the main de novo cholesterol synthesis pathway in the liver. This 
indicates that the strong differential expression of Saa3 and other APR genes observed after 
pulmonary exposure to CNTSmall and CNTLarge, and the significantly increased plasma protein levels 
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of SAA3, could induce similar alterations on blood lipid homeostasis and cholesterol biosynthesis. 
In order to identify a possible hepatic response to pulmonary MWCNT exposure, DNA microarrays 
were employed to investigate the transcriptomic changes in the liver tissue of mice pulmonary 
exposed to 162 μg of either CNTSmall or CNTLarge. 

 

Figure 7 [128]. Plasma protein levels of SAA3 after exposure to CNTSmall or CNTLarge. (A) Plasma levels of 
SAA3 protein after intratracheal instillation of 0, 18, 54 or 162 μg CNTSmall or CNTLarge at post-exposure day 
1, 3 or 28. Error bars denote SD. (B) Linear regression analysis of pulmonary Saa3 mRNA fold changes 
after DNA microarray analysis and plasma SAA3 protein fold changes following ELISA analysis. Both 
microarray and protein level data have been log transformed. *Statistically significantly different from 
vehicle instilled mice, p < 0.05. **Statistically significantly different from vehicle instilled mice, p < 0.01. 
***Statistically significantly different from vehicle instilled mice, p < 0.001. Modified from [128]. 

The liver toxicogenomic analysis revealed a slightly greater effect of CNTSmall exposure on hepatic 
gene expression than CNTLarge exposure, and differential expression of genes at post-exposure day 
28 was only observed after CNTSmall exposure (Figure 8A-B) [128]. A general high concordance for 
enriched GO biological processes was observed between CNTSmall and CNTLarge exposure, 
especially in processes involved in lipid homeostasis (Figure 8C). Similar results were observed 
when identifying perturbed functions in IPA, with ‘Lipid metabolism’ being the most enriched 
function. Both MWCNT induced differential hepatic expression of several cytokines and APR 
genes, including Saa3. However, the expression level of this gene was up to 100 times lower than 
the expression in the lung. Thus, the low hepatic Saa3 expression levels, the high pulmonary Saa3 
expression and the observed correlation between pulmonary Saa3 levels and plasma SAA3 levels 
support the notion that plasma SAA3 may be of pulmonary origin (Figure 7B) [128].  
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Pathway analysis revealed perturbation of the HMG-CoA reductase pathway for both MWCNT 
exposures, with substantial down-regulation in gene expression across the entire pathway (Table 3). 
This pathway is activated during low-sterol conditions, and although it plays a central role in the 
production of intermediates for other pathways [150], the down-regulated expression levels of Sqle 
and Dhcr7 indicate that MWCNT specifically targets cholesterol synthesis (Table 3).  

 

 

Figure 8. Hepatic transcriptomic changes after intratracheal instillation of 162 μg CNTSmall or CNTLarge in 
female C57BL/6 mice. (A) Venn diagram of differentially expressed genes after CNTSmall exposure (P < 
0.05 and fold change ±1.5). (B) Venn diagram of differentially expressed genes after CNTLarge exposure (P 
< 0.05 and fold change ±1.5). (C) Changes in GO biological processes in the liver after exposure to CNTSmall 
and CNTLarge. Determined through DAVID Bioinformatics Resources 6.7. From [128]. 

Other genes involved in lipid homeostasis were also affected by MWCNT exposure (Ldlr, Scarb1, 
Lrp1), indicating a general effect on cholesterol and lipid homeostasis by both MWCNT types. 
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Table 3. Differentially expressed hepatic genes involved in lipid metabolism processes 
following exposure to CNTSmall or CNTLarge 

CNTSmall CNTLarge 
Day 1 Day 3 Day 28 Day 1 Day 3 Day 28 

Gene name FC 
p- 

Value FC 
p- 

Value FC 
p- 

Value FC 
p- 

Value FC 
p- 

Value FC 
p- 

Value 
HMG-CoA reductase 
(HMGCR) -2.18 0.013 -3.0 0.001 - - - - -2.63 0.005 - - 
Mevalonate kinase (MVK) -1.98 0.006 - - - - - - - - - - 

Phosphomevalonate 
kinase (PMVK) -3.05 0.0 -1.75 0.001 - - 

-
2.2
7 0.0 -2.66 0.0 - - 

Mevalonate-5-
pyrophosphate (MVD) - - -2.22 0.012 - - - - -2.93 0.001 - - 

Farnesyl-PP synthase 
(FDPS) -2.31 0.000 -1.89 0.017 - - 

-
2.6
7 0.0 -3.16 0.0 - - 

Squalene synthase (SQS) -1.75 0.009 - - - - - - - - - - 
Squalene epoxydase 
(SQLE) -2.05 0.025 - - - - - - - - - - 

7-dehydrocholesterol 
reductase (DHCR7) -2.22 0.0 -1.99 0.0 - - 

-
2.0
9 0.0 -2.33 0.0 - - 

Low density lipoprotein 
receptor (LDLR) -1.79 0.002 -1.70 0.006 - - - - -1.56 0.041 - - 
Low density lipoprotein 
receptor-related protein 1 
(LRP1) - - 1.84 0.0 - - - - 2.09 0.0 - - 
Scavenger receptor class 
B, member 1 (SCARB1) -1.53 0.0 - - - - - - - - - - 
Cytochrome P450, family 
7, subfamily a, 
polypeptide 1 (CYP7A1) - - 

-
20.16 0.0 - - - - -4.0 0.007 - - 

Hepatic Lipase (LIPC) - - -1.50 0.002 - - - - - - - - 
ATP-binding cassette, sub-
family A, member 1 
(ABCA1) - - 1.68 0.0 - - - - - - - - 
FC: Fold change. - : Not significantly differentially expressed. Numbers are statistically significant at minimum 
the p<0.05 level. From [128].  

 

Increased SAA3 plasma levels may also affect lipid homeostasis directly, as SAA is able to replace 
ApoA-1 in HDL [149,151,152]. This remodeling impairs the ability of HDL to serve as an acceptor 
for ABCA1-mediated macrophage cholesterol efflux (reverse cholesterol transport), perhaps due to 
the ability of SAA to inhibit lecithin-cholesterol acyltransferase activity, and thus the esterification 
of cholesterol for transport [153]. Decreased cholesterol efflux leads to peripheral cholesterol 
detainment. This means that both the transcriptional changes in the liver and the increased plasma 
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SAA3 levels point to possible MWCNT-induced perturbation of hepatic and systemic lipid 
homeostasis. We therefore measured hepatic cholesterol levels and plasma LDL/VLDL, HDL and 
total cholesterol levels at all doses and time points. 

Both CNTSmall and CNTLarge exposure increased plasma total cholesterol and LDL/VLDL levels on 
post-exposure day 3 at the 162 μg dose, and CNTSmall exposure also increased total cholesterol 
levels at day 1. HDL levels were increased following high dose exposure to CNTSmall on day 3, 
whereas a statistically significant increase in hepatic cholesterol levels was observed for CNTLarge 
on post-exposure day 3 [128]. Elevated blood LDL levels, as observed after CNTSmall and CNTLarge 
exposure, are a known risk factor for CVD [154]. Similarly, several studies have identified 
chronically elevated APR protein levels as a risk factor for CVD [89,155-161]. Indeed, SAA was 
reported to be able to transform macrophages into foam cells, which are major components of the 
fatty streak found during atherosclerotic development [151,162]. In addition, increased plaque 
progression has been observed following viral vector-mediated overexpression of Saa1 in ApoE -/- 
mice [163].  

The HMG-CoA reductase pathway is regulated by a negative feedback loop, and the observed 
downregulation of this pathway is probably attributed to the increased cholesterol levels in plasma 
and liver. This links regulation of this pathway with both alterations in lipid homeostasis and 
increased plasma SAA3 levels. Similarly, we observed a downregulation in the expression of Ldlr, 
which primarily facilitates the transport of VLDL, intermediate-density lipoproteins and LDL 
across the membrane [164]. A hepatic downregulation of Ldlr expression could to some degree 
account for the observed increase in plasma levels of LDL/VLDL. Interestingly, LPS-
administration and pulmonary nano-CB exposure resulted in an upregulation of both the HMG-CoA 
reductase pathway and expression of Ldlr [131,165-167], thus oppositely than that observed for 
MWCNT exposure. This indicates specific MWCNT-induced hepatic effects that may be related to 
the observed strong plasma APR, which were magnitudes greater than that observed for nano-CB 
[131]. These results highlight the strong connection between pulmonary, plasma and hepatic 
alterations after pulmonary MWCNT exposure (Figure 9).  

Both retrospective and prospective epidemiological studies indicate that pulmonary exposure to 
respirable air particulate is associated with increased risk of CVD [168-172], and increased levels of 
APR proteins have been proposed as a possible initiating mechanism [155,173-176]. In comparison, 
MWCNT are both particulate matter and eliciting a strong APR following exposure. Our studies 
have shown that pulmonary exposure to MWCNT induces a strong systemic APR, alterations in 
blood lipid homeostasis and hepatic gene expression, probably through the induction of a large 
pulmonary APR. These results link pulmonary exposure to MWCNT with risk of CVD, and 
indicate that pulmonary APR may be used to group and rank different nanomaterials in relation to 
CVD inducing potential. 
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Figure 9. Mechanism by which MWCNT may perturb lipid homeostasis leading to increased risk of 
cardiovascular disease. Intratracheal instillation of MWCNT leads to a pulmonary inflammatory response, 
and an activation of both a pulmonary and a systemic APR. The increasing concentration of plasma APR 
proteins, such as SAA, induces structural changes of HDL leading to increased levels of HDL-SAA, which 
have been suggested to interrupt reverse cholesterol transport, inhibit cholesterol efflux from 
macrophages and lower hepatic cholesterol excretion. Pulmonary downregulation of cholesterol efflux 
genes (Abcg1 and Abca1) retain cholesterol in the periphery tissue. However, Abca1 was upregulated in 
the liver, thereby facilitating the efflux of cholesterol into systemic circulation. Hepatic Ldlr, involved in 
the transport of VLDL, IDL and LDL across the membrane, was downregulated following MWCNT exposure, 
which in part can explain the increased levels of LDL in the plasma. The increased cholesterol levels in the 
plasma and in the liver result in a negative feedback of the sterol-sensitive HMG-CoA reductase pathway 
in liver. Because of the downregulation of Abcg5 and Abcg8, bile excretion of cholesterol may be reduced. 
Increased plasma levels of SAA, cholesterol and LDL and decreased reverse cholesterol transport are 
associated with cardiovascular disease risk. From [128]. 
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Inflammation 

Inflammatory processes in the lung were among the top regulated GO processes, IPA functions and 
pathways at all doses and time points in our pulmonary transcriptomic analysis [82], and it was  
confirmed using neutrophil influx in the BAL fluid as a marker. Changes in expression of genes 
annotated to inflammation or inflammatory cell processes were observed in almost all perturbed 
functions, highlighting the important role of inflammation in MWCNT toxicity. Saber et al. (2013) 
recently reported a close correlation between pulmonary Saa3 mRNA levels and the number of 
neutrophil cells in BAL fluid [89], highlighting the close connection between inflammation and the 
APR. However, at the single gene expression level, the APR genes, and Saa3 in particular, were 
more differentially expressed than inflammatory genes. 

In addition to the significantly increased neutrophil influx, our BAL fluid analysis also showed 
increased eosinophil influx on day 1 and 3 after CNTSmall and CNTLarge exposure, and on post-
exposure days 1, 3 and 28 following Mitsui7 exposure [55]. The increased eosinophil levels were 
associated with crystalline bodies, which varied in size and organization, found through 
transmission electron microscopy (TEM) imaging in the cytosol of alveolar macrophages and 
multinucleated-cells (Figure 10). In a similar manner, extracellular crystals were also observed in 
the BAL fluid (Figure 11). Both intracellular and extracellular crystalline bodies were predominant 
in the CNTLarge and Mitsui7 exposure groups [55]. The presence of such crystalline structures has 
also been observed in mice with eosinophilic crystalline pneumonia (ECP) [177-181].  

 

 
Figure 10. TEM images of crystalline bodies observed on post-exposure day 28 in CNTLarge samples. (A) 
Large crystals (up to 40 μm) observed at low magnification. (B) Scattered crystalline bodies and MWCNT 
in clusters. (C) Ordered crystalline bodies in the cytosol. Black arrowheads indicate ECP crystals. White 
arrowheads indicate CNTLarge. Modified from [55]. 

 

Our pulmonary transcriptomic datasets on CNTSmall, CNTLarge [82] and Mitsui7 [81] exposures were 
screened for possible gene markers for ECP, which revealed statistically significant increases in 
Chi3L3 mRNA levels in the CNTLarge and Mitsui7 exposure groups, but no change after CNTSmall 
exposure. Protein CHI3L3, which has been associated with inflammatory diseases and parasite 
infestations, is a component of the eosinophilic crystals [181-183], and the increased expression of 
Chi3L3 coincided with increased incidence of crystals. ECP is prevalent in aged mice of the 

A B C 
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C57BL/6 strain, with incidences of approximately 16 % [177]. However, more than 80 % crystal 
incidences were observed in the BAL fluid of both the CNTLarge and Mitsui7 exposure groups, and a 
30-50 % ECP incidence was observed after CNTSmall exposure. In contrast, nano-CB exposure did 
not increase crystal incidence [55]. This indicates that MWCNT exposure may induce the 
development of ECP crystals because of its HARN properties, and that this induction is length-
dependent. Eosinophils are normally involved in extracellular degradation of parasites which can be 
larger than the cell [184], and it is possible that the long and thick structure of some types of 
MWCNT may induce a similar reaction in the lung as observed during parasitic infection. However, 
it is also possible that the increased levels of eosinophils is a strain specific response, as 
eosinophilia induced by MWCNT mainly has been reported in C57BL/6 mice or other ECP 
sensitive strains, with different exposure protocols and dispersion medias used 
[81,103,148,185,186]. Despite the origin, it is important that ECP and the subsequent crystalline 
bodies are taken into account when conducting in vivo MWCNT experimentation or when using 
C57BL/6 mice. 

 

 

Figure 11. Representative image of stained eosinophilic crystals in BAL from mice exposed to 162 μg 
CNTLarge 28 days post-exposure. Large amounts of crystals were also observed for the two lower doses (18 
μg and 54 μg), and similarly for Mitsui7 samples on day 28. Black arrowheads indicate ECP crystals, 
whereas white arrowheads indicate CNTLarge agglomerations or cells containing CNTLarge. From [55]. 
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Fibrosis 

The pulmonary transcription analysis revealed that CNTLarge exposure uniquely induced the 
expression of a subset of 14 fibrosis-related genes on post-exposure day 28, indicating a fibrotic 
potential of CNTLarge not observed for CNTSmall. The transcriptomic indication of an induction of 
fibrosis was supported by fibrotic changes observed the in lungs from CNTlarge exposed mice at day 
28. Granulomatous changes and slight fibrosis was also observed after CNTSmall exposure, but not 
to the same extent as observed for CNTLarge exposure [82]. 

A similar fibrotic transcriptomic response was reported by Snyder-Talkington (2013) in male 
C57BL/6 mice exposed via pharyngeal aspiration to 10, 20, 40 or 80 μg of MWCNT Mitsui7 and 
sampled 1, 7, 28 or 56 days post-exposure [84]. As in our studies, they employed DNA microarrays 
from Agilent. Through data analysis in IPA, Snyder-Talkington et al. (2013) identified 69 genes 
functionally-associated with fibrosis. Similar observation was made in a related study by Dymacek 
et al. (2015) [97]. This list and our list of the 14 fibrosis-related genes differentially expressed after 
CNTLarge exposure at post exposure day 28, may prove to be possible foundations for a gene 
expression signature of pulmonary fibrosis induced by MWCNT of compositions similar to Mitsui7 
and CNTLarge. In fact, these two MWCNT have similar physicochemical compositions, and at post-
exposure day 28, several of the fibrosis-related genes identified by Snyder-Talkington et al. (2013) 
were differential regulated after CNTLarge, but not CNTSmall, exposure. Both studies used similar 
MWCNT, same assay type, similar doses and similar time points, and the concordance in the results 
is an important indication of reproducibility across toxicogenomic studies from different 
laboratories, which is a major challenge in toxicogenomics. An additional long-term time point (56 
days) not analyzed by us was included by Snyder-Talkington et al. (2013). An order of magnitude 
higher number of differentially regulated genes were observed at post-exposure day 56 than on day 
28, indicating effects of MWCNT Mitsui7 exposure apparent only at time points later than day 28. 
Because of the physicochemical similarities between Mitsui7 and CNTLarge, it is likely that CNTLarge 
also causes effects beyond 28 days, thus highlighting a need for long term studies for evaluation of 
adverse effects as fibrosis.  

In addition to functional analyses, broad toxicogenomic analyses of the entire transcriptome allow 
for the identification of upstream regulators for the differentially expressed genes in the dataset. 
This may enable the prediction of key mediator-genes for MWCNT-induced adverse effects. We  
conducted upstream analyses, which revealed  that many of the genes affected by CNTLarge 
exposure at post-exposure day 28 were regulated by TGF-β1 (56 genes) [82]. Several studies have 
shown association between pulmonary MWCNT exposure, TGF-β1 and fibrotic lesions in the lungs 
[56,58,103,187]. Similarly, TGF-β1 has been associated with bleomycin-induced fibrosis, which is 
a standard model for studying fibrosis [188-190]. TGF-β1 may initiate MWCNT-induced 
pulmonary fibrosis through two, possibly linked, molecular processes: fibroblast-to-myofibroblast 
conversion and epithelial–mesenchymal transition (EMT) (Figure 12). Activation of the SMAD 
signaling pathway by TGF-β1 in fibroblasts, results in increased expression of α-smooth muscle 
actin and a transdifferentiation into myofibroblasts, which are considered major contributors to the 
pathology of fibrosis due to their ability to secrete large amounts of extracellular matrix (reviewed 
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in [109]). However, the origin of the myofibroblast is not only confined to locally residing 
fibroblasts. Studies have demonstrated a capability of epithelial cell to undergo EMT 
[56,100,191,192]. Hallmarks of EMT include loss of apical-basal polarity, molecular expression of 
epithelial markers (including E-cadherin), and cell-cell adhesions of the epithelial cells. Instead, 
they gain front-rear polarity, migratory and invasive properties, and molecular expression of 
mesenchymal markers (reviewed in [193]). As with fibroblast-to-myofibroblast conversion, TGF-β1 
is a potent inducer of EMT through the SMAD signaling pathway, and has been linked to fibrosis 
through EMT [192,194]. It has been demonstrated that MWCNT exposure can induce EMT in 
epithelial cells, probably due to increased levels of TGF-β1 [56,100]. It is therefore likely that the 
pulmonary fibrosis observed in several studies following exposure to MWCNT in the lungs 
[31,82,84,87,96-99] is initiated by TGF-β1-induced fibroblast-to-myofibroblast conversion and 
EMT. Similar to what was observed in other studies investigating possible MWCNT-induced 
toxicity [32,40], the induction of fibroblast-to-myofibroblast conversion and EMT was highly 
influenced by the length of the MWCNT [56,58,100].  
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Figure 12. MWCNT-induced fibroblast-to-myofibroblast transition and EMT. MWCNT exposure induced 
production and activation of TGF-β levels (read arrow), which leads to activation of the TGF-β/Smad2 
signaling pathway. In fibroblast, this induces the transcription of FSP-1, α-SMA and Collagen III. In 
epithelial cells, transcription of Fibronectin is induced, whereas transcription of E-cadherin is reduced. In 
both cell types, this leads to increased levels of myofibroblasts and fibrosis. Modified from [100]. 

There is strong evidence that MWCNT are capable of inducing length dependent-pulmonary 
fibrosis, perhaps by MWCNT-induced increased levels of TGF-β1 and a subsequent activation of 
fibroblast-to-myofibroblast conversion and EMT. The use of toxicogenomics for studying 
MWCNT-induced pulmonary fibrosis has resulted in identification of two gene lists [82,84], which 
eventually may be used as signatures for pulmonary fibrosis induced by MWCNT of compositions 
similar to Mitsui7 and CNTLarge. Continued work, along with standardization of variables such as 
microarray platform, MWCNT, exposure method, doses and time points, is needed to fully 
understand the molecular mechanism of MWCNT-induced fibrosis. 

 

 



36 

Carcinogenic effects 

Pulmonary transcriptomic analysis revealed that cancer was the most enriched function after 
exposure to either MWCNT (Figure 6) [82]. Greatest effect was observed at post-exposure day 1 
and 3, but significant enrichment of the function was still sustained at post-exposure day 28. In 
addition, we also observed increased levels of DNA strand breaks at post-exposure day 1 for 
CNTLarge and at post-exposure day 3 for CNTSmall, indicating that the induced genotoxicity may be 
reflected in the transcriptomic analysis. By conducting a new analysis on the same dataset as in 
Snyder-Talkington et al. (2013), Guo et al. (2012) reported transcriptomic changes related to cancer 
in male C57BL/6 mice exposed to Mitsui7 [127]. From the 330 genes differentially expressed at 
post-exposure day 56, Guo et al (2012) compiled a list of 38 cancer-related genes identified in a 
functional pathway analysis in IPA. Based on a network analysis, 35 genes on the list were chosen 
and they were investigated for potential prediction of clinical outcomes in human lung cancer 
patients. Their analysis showed that cancer patients with gene expression patterns more similar to 
the expression profile of the 35 cancer-related genes had significantly higher risk of death from lung 
cancer. This study highlights some of the potential applications toxicogenomics. Similar to the 
fibrosis-related gene lists, the gene list identified by Guo et al. (2012) may be used as a signature for 
MWCNT-induced carcinogenic effects. 

Carcinogenic effects have been reported as adverse outcomes for MWCNT exposure, however, with 
the exception of genotoxicity, most MWCNT-induced carcinogenic effects have been observed in 
rodent studies employing non-pulmonary exposure routes [57,115,116]. Adenocarcinomas were 
observed in male B6C3F1 mice after inhalation of MWCNT (5 mg/m3, 5 hours/day, 5 days/week) 
for a total of 15 days; however, the number was only significantly different from vehicle controls 
when the mice were also exposed intra-peritoneal to an initiator [113]. At present time, no long-
term rodent studies have yet reported lung cancer formation after pulmonary MWCNT exposure 
only.  

 

Alternative testing 

Proper hazard characterization and human health risk assessment of MWCNT is still lacking despite 
the growing knowledge on MWCNT-induced adverse effects. This is partly because of the 
existence of many different types of MWCNT, which may exhibit highly different physicochemical 
properties, but also because hazard characterization of ENM is less straightforward than for 
chemicals. Rodent studies are expensive and time-consuming, which makes proper hazard 
characterization of MWCNT through in vivo testing seem like a daunting and almost impossible 
task. It is therefore of great importance to prioritize the elucidation of the mechanisms behind 
MWCNT-induced toxicity, thereby enabling the identification of the relationships between 
physicochemical properties and induced responses. When these relationships are established, it may 
be possible to develop and validate in vitro models based on identified key biological processes that 
drive the adverse effects. The end goal is the development of Quantitative Nanostructure-Activity 
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Relationships (QNARs) for MWCNT. This would allow for in situ prediction of activity profiles of 
MWCNT solely from their physicochemical properties and allow for the designing and 
manufacturing of safer MWCNT with desired properties [19,195]. QNARs would enable fast and 
inexpensive screening and they would also reduce the number of animals used, thereby complying 
with the 3Rs. However, the first step in the process towards developing QNARs is to identify 
common biomarkers of MWCNT-induced toxicity in vivo and in vitro. But so far only limited 
amounts of studies have directly compared in vivo and in vitro biological responses following 
exposure to CNT [81,104,129], and to ENM exposure in general [196-199]. Several of these ENM 
studies report poor concordance between the two test systems, indicating a low relevance of in vitro 
findings in relation to in vivo health effects induced by ENM exposure. Intratracheal instillation of 7 
different diesel exhaust particle extracts in male Fisher 344 rats were compared to in vitro exposure 
of the same extracts in rat alveolar macrophages and A549 cells [198]. The authors reported no 
correlation between the in vivo potency rankings and the potency rankings determined in the cell 
cultures. Similar low correlation between in vitro and in vivo test systems was reported by Sayes et 
al. (2007) [197]. They exposed male Crl:CD (SD)IGS BR rats to 5 different fine- or nano-sized 
particles by intratracheal instillation. At 24 h, 1 week, 1 month, and 3 months post-exposure, LDH 
content, BAL fluid cell type composition and pulmonary inflammation were determined. The same 
particles were used for exposure in three different cell culture models (rat lung epithelial cells, rat 
primary alveolar macrophages and co-culture of lung epithelial and primary alveolar macrophages). 
One, 4, 24 and 48 hours post-exposure cytotoxicity, inflammatory mediators and hemolytic 
potential were evaluated. The authors reported little correlation in the toxicological properties of 
these five different types of particles following in vivo instillation of rats compared to in vitro 
exposures. Similarly, low concordance in in vivo and in vitro responses were also reported after 
exposure of rodents and cell cultures to fine zinc oxide particles, fullerenes, gold and silver 
nanoparticles [196,199,200]. The comparisons in the above reviewed studies are limited to a small 
set of biological endpoints, and it is possible that other evaluated endpoints would have resulted in 
higher concordance between in vivo and in vitro responses. 

In order to understand the different underlying mechanisms altered in vivo and in vitro after 
MWCNT exposure, we analysed the transcriptomic responses in lung tissue from female C57BL/6 
mice exposed by intratracheal instillation to the well-described MWCNT Mitsui7 and compared it 
to the transcriptomic responses in a mouse lung epithelial (FE1) cell line following exposure to the 
same MWCNT [81]. The toxicogenomic analyses were performed using DNA microarray profiling 
on lung tissue and cell samples collected 24 hours post-exposure. When the doses used were 
calculated to μg Mitsui7/cm2 area, the highest in vivo exposure dose (162 μg/mouse) corresponded 
to approximately half of the lowest in vitro concentration used (12.5 μg/ml), thus enabling a direct 
comparison of the transcriptomic changes observed in the two systems. Analysis of top high-level 
functions perturbed following MWCNT exposure revealed a general concordance in the two test 
systems (Figure 13), with several functions similarly regulated in both experimental models. 
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Figure 13. Overview of top 8 perturbed biological functions in FE1 cells (A) and in lung tissue (B) in IPA. 
(A) Dark blue: 12.5 ug/ml, blue: 25 ug/ml, light blue 100 ug/ml. (B) Dark blue: 18 ug, blue: 54 ug, light 
blue 162 ug. Modified from [81]. 

 

However, systematic analysis of the transcriptional changes associated with these functions 
revealed that the genes differentially expressed in vitro primarily included transcription factors and 
transcription regulators, whereas the genes differentially expressed in vivo primarily were growth 
factors and inflammatory modulators, in addition to other secretory molecules (Figure 14). This 
indicates that although the differentially expressed genes both in vivo and in vitro belonged to the 
same functional categories, suggesting a similar biological response to MWCNT exposure, the 
underlying mechanisms and the outcome of MWCNT exposure could potentially be different in the 
two systems studied [81]. This difference may be attributed to different level of complexity in the 
two systems.  
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Figure 14. The total number of genes perturbed in the categories of gene expression and cellular signaling 
functions. Green: low dose (12.5 μg in vitro, 18 μg in vivo), blue: medium dose (25 μg in vitro, 54 μg in 
vivo), and red: high dose (100 μg in vitro, 162 μg in vivo). Modified from [81]. 

 

Whereas in vivo studies assess toxicity in organs or in whole organisms with complicated interplay 
between multiple cell types, in vitro studies mainly focus on understanding the response of a single 
cell type isolated from a specific organ. Thus it is important to identify relevant toxicological end 
points in vivo and then develop and validate an in vitro assay based on a suitable readout system, a 
relevant cell type and appropriate exposure durations [19]. This may prove to be difficult, as the 
pathological and biological responses associated with ENM and MWCNT exposure are complex, 
and involve perturbations of several pathways and functions. However, a possible in vitro model 
with predictive value for potential lung fibrosis has been reported [104]. Female C57BL/6 mice 
were exposed by intratracheal instillation to 12.5, 25, 50, 100 μg of MWCNT with different 
physicochemical properties. After 2 months, the animals were euthanized and lung total collagen 
was estimated by measuring OH-proline. BALB-3T3 cells, human fetal lung fibroblasts and 
primary mouse lung fibroblasts obtained from female C57BL/6 mice were exposed to 1 to 37.5 μg 
MWCNT/cm2. After 24 hours, cell proliferation was assessed by cell counting, WST-1 assay and 
propidium iodide staining. The authors reported that the in vitro proliferative activity after MWCNT 
exposure strongly reflected the in vivo fibrosis findings, and that the results indicated that the 
structure and length of the MWCNT are important determinants for the capacity of these materials 
to induce lung fibrosis [104]. Although this assay needs to be confirmed with a larger range of CNT 
covering different physicochemical properties and through inter-laboratory comparisons, the result 
obtained in this study indicate the first steps towards predicting the lung fibrogenic activity of CNT 
in in vitro assays. 

MWCNT will interact with and affect many different types of cells in the lung lumen after 
exposure, which is difficult to mimic in a single cell culture because of the low complexity of 
mono-cultures compared to the tissue. The complexity of the in vitro model and its capacity as a 
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model for adverse effects observed in vivo can be enhanced by using co-cultures, consisting of two 
or more cell types, or three-dimensional cell models [129,201-203]. A transcriptomic comparison of 
MWCNT exposure to either human small airway epithelial cells, human microvascular endothelial 
cells or a co-culture with each cell type showed that the gene expression in the co-culture had the 
highest concordance with in vivo exposure [129]. This observed higher degree of similarity between 
in vivo and co-culture gene expression profiles, compared to those of the mono-cultures, may be 
attributed to the enabled cellular cross-talk in the co-culture in vitro system, which is similar, or 
partly similar, to the lung environment. Thus, co-culture models or 3D-culture models may simulate 
the in vivo conditions better.  

Advancements have been made towards better in vivo/in vitro extrapolation; however, there is still a 
long way and a lot of work needed before in vitro models can substitute in vivo studies completely. 
Instead, good validated in vitro models could become invaluable tools for directing the design of in 
vivo studies to be more relevant and to better contribute to hazard characterization of MWCNT, so 
better data for risk assessment will be generated. 

 

Discussion 

Toxicity assessment of MWCNT has mainly been conducted using classical toxicological 
techniques. These hypothesis-driven studies have focused on few selected endpoints, most often 
related to inflammation, fibrosis and cancer. This approach have resulted in several interesting 
findings, however by narrowly focusing on specific endpoints, other important MWCNT-induced 
adverse effects may have been missed. Instead, we employed toxicogenomics tools with the aim of 
providing a broad systematically characterization of the biological pathways and functions 
perturbed in the lungs of mice exposed to two MWCNT with greatly different physicochemical 
properties. In addition to the identification of inflammation and fibrosis, well-described structural-
dependent adverse effects, we identified a strong induction of pulmonary APR induced by both 
MWCNT types. This was characterized by high differential regulation of APR-associated genes, 
especially Saa3. Length-independent increases in plasma SAA3 were identified after exposure to 
either MWCNT, and these correlated significantly with pulmonary Saa3 levels. Similarly, we 
identified physicochemical property-independent MWCNT-induced perturbation of hepatic 
cholesterol synthesis and alteration of systemic lipid homeostasis. In humans, conditions that induce 
APR are associated with increased risk of CVD. Similar observations were made in a study by Kim 
et al. (2014), in which male C57BL/6J mice were exposed by intratracheal instillation to non-treated 
(15 μm in length, 13.5 nm in diameter) or acid-treated MWCNT (400 nm in length, 7.5 nm in 
diameter). The authors reported that both MWCNT types induced serum cytokine and SAA release, 
with persistently increased SAA levels up to one year following exposure to the non-treated 
MWCNT [138]. Concurrently with these changes, increased plasma non-HDL cholesterol levels 
and decreased HDL cholesterol levels were observed one year after pulmonary administration of 
either MWCNT, emphasizing that pulmonary MWCNT exposure can lead to sustained increased 
levels of SAA and changes in blood lipid homeostasis. These observations are in line with ours and 



41 

in addition, they suggest that the increased levels of SAA3 observed in our studies at post-exposure 
day 28 possibly could have been sustained up to a year after. With the use of different MWCNT and 
different genders of the experimental animals, our studies and the study by Kim et al. (2014) 
indicate that pulmonary MWCNT exposure leads to a general and length-independent increase in 
pulmonary APR transcription, blood APR proteins and a concurrent perturbation of blood lipid 
homeostasis, which may lead to an increased risk of CVD. Teeguarden et al. (2011) identified 
increased levels of the APR proteins C3, Fn1, S100A8 and S100A9 in the lungs of mice after 
exposure to crocidolite asbestos by pharyngeal aspiration [204], which suggest that asbestos 
exposure may induce a similar pulmonary APR, as observed for MWCNT, and a concurrent 
possible increased risk of CVD.  

This general MWCNT-induced response contrasts the fiber pathogenicity paradigm, which states 
that the toxicity of MWCNT and other HARN is length-dependent. Although the fiber paradigm 
may hold true for some adverse effects, our results demonstrate that MWCNT may also induce 
length-independent adverse effects. In addition, the pulmonary APR observed after CNTSmall and 
CNTLarge exposure were much greater than the APR identified after exposure to asbestos by 
Teeguarden et al. (2011)[204]. Although they measured the APR on the protein level and had a 
different experimental setup than ours, these results highlight that the induction of the APR is not 
determined by a fibrous shape. This is of great importance for the future hazard characterization and 
risk assessment, as MWCNT generally have been characterized based on their length and emphasis 
has been put on length-dependent adverse effects. If exposure level limits are establish based on this 
parameter, we may risk that people are unnecessary exposed to an increase risk of CVD. Indeed, 
epidemiological studies have shown that even modest differences in blood levels of CRP and SAA 
are associated with risk of future CVD [157,161], which could indicate that even low levels of 
MWCNT as observed in occupational settings [23-25,27-29] may evoke a pulmonary APR and 
modify the risk of CVD correspondingly. We therefore believe that for proper risk assessment of 
MWCNT, the APR must be considered equally to inflammation, fibrosis and cancer. 

Only few studies have used a toxicogenomic approach for assessing MWCNT-induced toxicity 
[82,84,97,127,130]. Of these, only our studies and the acute inhalation study of Rydman et al. 
(2014) provided a broad presentation of all data [130]. The other studies had more narrow 
approaches aiming specifically to identify genes functionally related to either fibrosis, inflammation 
or cancer. Both approaches have their advantages and disadvantages. A broad approach will extract 
incredible amounts of data, which may enable identification of both known and less known effects. 
But it is also easy to get lost in the large amount of data, and subtle, but important, information may 
never be extracted. Broad toxicogenomic approaches may result in long and descriptive papers, but 
at the same time they are very inclusive. Their studies and their data can be used for data mining as 
part of future studies to identify new biomarkers of MWCNT exposure and to explore the 
relationships between MWCNT properties and transcriptional responses. This is a unique feature of 
the toxicogenomic approach. Narrow toxicogenomic approaches divide the dataset and focus on 
identifying genes functionally related to a specific pre-determined endpoint, which makes the 
dataset a lot more digestible and more reader-friendly. Narrow approaches most often succeed in 
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their pre-determined goal, but they do not expand further than this. Both approaches have their 
merit, and ultimately their differences only emphasize the large diversity of toxicogenomics. 

The doses used in our toxicogenomic analysis were chosen based on many considerations. Our aim 
was to conduct a toxicity assessment of CNTSmall and CNTLarge through transriptomic analyses. This 
did not include an attempt to establish a No Observed Effect Concentration, and therefore we did 
not include lower doses than 18 μg, as corresponding doses have been reported to induce sustained 
inflammation in C57BL/6J mice [87]. The doses used in this thesis are similar to those in a likely 
exposure scenario for human MWCNT exposure at the Danish occupational exposure level for 
carbon black (3.5 mg/m3). Our results show that only a few days of work in these legally allowed 
exposure levels would result in adverse effects as inflammation, fibrosis and possibly increased risk 
of CVD, thus emphasizing the need for government regulation of exposure level limits. Compared 
to the concentration levels in the PBZ measured in occupational settings, our highest dose 
corresponds to between 1.5 (at an exposure level of 300 μg/m3) and 40 work years (at an exposure 
level of 10 μg/m3). Although the doses are delivered as a bolus and not continuously over time, we 
still consider them relevant in an occupational setting.  

The time points used in our toxicogenomic studies were acute (day 1 and 3) and sub-chronic (day 
28), and we were therefore unable to evaluate possible chronic effects.  It would have been very 
interesting to assess both the long-term length-dependent and length-independent MWCNT-induced 
transcriptomic changes in relation to toxicity endpoints. This would have enabled us to verify if the 
effects observed in our time range were chronically sustained. However, a systemic APR [138] and 
transcriptional regulation related to fibrosis [84] were observed past 28 days in studies of similar 
experimental setup as ours. This indicates that we could probably have observed both a sustained 
APR and fibrotic events, had we included a later time point. We therefore recommend that future 
MWCNT studies include chronic time points.  

Intratracheal instillation was chosen as exposure method in our studies. This exposure method 
delivers the dose as a bolus, which makes it precise, inexpensive and safe to employ. However, 
studies have shown that both the dispersion procedure and dispersion media used for the instillation 
may affect the toxicity of the CNT [205,206]. Non-functionalized MWCNT are hydrophobic and 
difficult to disperse in water, however if dispersed in protein-containing dispersion media, the 
MWCNT may be coated, which may alter their toxicity. Thus it is important to use standardize 
dispersion protocols if results are to be compared across studies. A major difference between 
aerosol and bolus delivery methods is the deposited dose rate to the respiratory tract. A bolus 
delivery may result in lung overload, resulting in an overestimation of the toxic potential. A few 
studies have assessed and compared the toxicity following inhalation exposure or instillation 
administration of CNT. Li et al. (2007) reported that pathological lesions in the lungs of female 
Kunming mice were more severe following intratracheal instillation of MWCNT than after 
inhalation exposure at comparable doses [207]. This difference in toxicity was mainly attributed to 
the larger size of MWCNT aggregates and the distribution of these in the lung following 
intratracheal instillation compared to inhalation, thus highlighting the importance of the dispersal 
state of the MWCNT if intratracheal instillation is to simulate inhalation exposure. Well 
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characterized SWCNT were administrated to female C57BL/6 mice by whole body inhalation (4 
consecutive days, 5 hours/day) or by pharyngeal aspiration (suspension of 0, 5, 10, and 20 μg per 
mouse in sterile Ca2+ + Mg2+-free PBS vehicle) [34]. The authors concluded that SWCNT 
inhalation induced inflammatory response, oxidative stress, collagen deposition, fibrosis and 
mutations of K-ras gene locus in the lung of C57BL/6 mice more effectively than pharyngeal 
aspiration. In contrast, Porter et al. (2013) reported both comparable inflammation levels and 
similar induction of granulomas following MWCNT administration by pharyngeal aspiration and by 
inhalation at similar benchmark-deposited-doses [88]. These studies indicate that non-inhalation 
administration may predict the response following inhalation, if corresponding doses are used and if 
the dispersal state of the CNT in the suspension is similar to the aerosolized CNT. Based on these 
comparisons and our use of dispersion protocols adapted from the ENPRA protocol used for the 
European NANoREG project [208], we consider intratracheal instillation a suitable exposure 
method for our experimental setup. 

No clinically available biomarkers or gene signatures for early detection of MWCNT-induced 
pulmonary diseases exist yet. However, toxicogenomics do have the potential to speed up the 
process of identifying these. For this to happen, two essential prerequisites must be met: A progress 
towards standardization of toxicogenomic techniques and an increased use of toxicogenomics for 
assessing MWCNT toxicity. Standardization of techniques is critical if we want MWCNT 
toxicogenomics to rise from single laboratory studies to broad cross-laboratory assessment. In line 
with this, more toxicogenomic experiments are also needed. This will provide more data for 
comparison of different MWCNT, thereby enabling the identification of property-specific 
responses, but also for identifying general biomarkers and signatures of MWCNT exposure for 
early detection of MWCNT-induced adverse effects in humans. 

 

Conclusion 

We show that pulmonary exposure to two MWCNT with very different physicochemical properties 
induce similar transcriptomic changes in the lung, including a strong, length-independent, induction 
of the APR. Saa3 was the most differentially regulated gene overall and the levels of Saa3 were 
found to correlate with plasma SAA3 levels, thus indicating that the observed increased plasma 
SAA3 levels may be of pulmonary origin. Both MWCNT induced similar alterations in plasma 
cholesterol and LDL/VLDL levels, and similar changes in hepatic gene expression. These results 
indicate that pulmonary exposure to MWCNT may induce a general and length-independent 
increased risk of CVD. We also identified a possible length-dependent, pulmonary fibrosis-related 
transcriptional signature at the sub-chronic time point, which correlated with lung histology 
changes. These changes indicate a stronger fibrotic potential of CNTLarge than CNTSmall. 

  



44 

References 

 1.  Oberdorster G, Oberdorster E, Oberdorster J: Nanotoxicology: an emerging discipline evolving 
from studies of ultrafine particles. Environ Health Perspect 2005, 113:823-839. 

 2.  Duffin R, Tran L, Brown D, Stone V, Donaldson K: Proinflammogenic effects of low-toxicity and 
metal nanoparticles in vivo and in vitro: highlighting the role of particle surface area and 
surface reactivity. Inhal Toxicol 2007, 19:849-856. 

 3.  Donaldson K, Aitken R, Tran L, Stone V, Duffin R, Forrest G, Alexander A: Carbon nanotubes: a 
review of their properties in relation to pulmonary toxicology and workplace safety. Toxicol Sci 
2006, 92:5-22. 

 4.  Aschberger K, Johnston HJ, Stone V, Aitken RJ, Hankin SM, Peters SA, Tran CL, Christensen FM: 
Review of carbon nanotubes toxicity and exposure--appraisal of human health risk assessment 
based on open literature. Crit Rev Toxicol 2010, 40:759-790. 

 5.  Mitchell LA, Gao J, Wal RV, Gigliotti A, Burchiel SW, McDonald JD: Pulmonary and systemic 
immune response to inhaled multiwalled carbon nanotubes. Toxicol Sci 2007, 100:203-214. 

 6.  Li Q, Kinloch IA, Windle AH: Discrete dispersion of single-walled carbon nanotubes. Chem 
Commun (Camb ) 2005,3283-3285. 

 7.  Pauluhn J: Subchronic 13-week inhalation exposure of rats to multiwalled carbon nanotubes: 
toxic effects are determined by density of agglomerate structures, not fibrillar structures. 
Toxicol Sci 2010, 113:226-242. 

 8.  Zhang M, Li J: Carbon nanotube in different shapes. Materials Today 2009, 12:12-18. 

 9.  Dresselhaus MS, Dresselhaus G, Charlier JC, Hernandez E: Electronic, thermal and mechanical 
properties of carbon nanotubes. Philos Transact A Math Phys Eng Sci 2004, 362:2065-2098. 

 10.  Ma-Hock L, Treumann S, Strauss V, Brill S, Luizi F, Mertler M, Wiench K, Gamer AO, van RB, 
Landsiedel R: Inhalation toxicity of multiwall carbon nanotubes in rats exposed for 3 months. 
Toxicol Sci 2009, 112:468-481. 

 11.  Nasibulin AG, Shandakov SD, Nasibulina LI, Cwirzen A, Mudimela P, Habermehl-Cwirzen K, 
Grishin DA, Gavrilov Y, Malm J, Tapper U et al.: A novel cement-based hybrid material. New 
Journal of Physics 2009, 11. 

 12.  De Volder MF, Tawfick SH, Baughman RH, Hart AJ: Carbon nanotubes: present and future 
commercial applications. Science 2013, 339:535-539. 

 13.  Beg S, Rizwan M, Sheikh AM, Hasnain MS, Anwer K, Kohli K: Advancement in carbon 
nanotubes: basics, biomedical applications and toxicity. J Pharm Pharmacol 2011, 63:141-163. 

 14.  Klumpp C, Kostarelos K, Prato M, Bianco A: Functionalized carbon nanotubes as emerging 
nanovectors for the delivery of therapeutics. Biochim Biophys Acta 2006, 1758:404-412. 

 15.  Choudhary V, Gupta A: Polymer/Carbon Nanotube Nanocomposites. In Carbon Nanotube - 
Polymer Nanocomposites. Edited by Edited by Yellampalli S. InTech; 2011. 



45 

 16.  European Commission. 
http://ec.europa.eu/enterprise/sectors/chemicals/reach/nanomaterials/index_en.htm.  Accessed 
the 28th of January 2015.  

 17.  Nel A, Xia T, Madler L, Li N: Toxic potential of materials at the nanolevel. Science 2006, 
311:622-627. 

 18.  Choi JY, Ramachandran G, Kandlikar M: The impact of toxicity testing costs on nanomaterial 
regulation. Environ Sci Technol 2009, 43:3030-3034. 

 19.  Stone V, Pozzi-Mucelli S, Tran L, Aschberger K, Sabella S, Vogel U, Poland C, Balharry D, 
Fernandes T, Gottardo S et al.: ITS-NANO--prioritising nanosafety research to develop a 
stakeholder driven intelligent testing strategy. Part Fibre Toxicol 2014, 11:9. 

 20.  Han JH, Lee EJ, Lee JH, So KP, Lee YH, Bae GN, Lee SB, Ji JH, Cho MH, Yu IJ: Monitoring 
multiwalled carbon nanotube exposure in carbon nanotube research facility. Inhal Toxicol 
2008, 20:741-749. 

 21.  Lee JH, Lee SB, Bae GN, Jeon KS, Yoon JU, Ji JH, Sung JH, Lee BG, Lee JH, Yang JS et al.: 
Exposure assessment of carbon nanotube manufacturing workplaces. Inhal Toxicol 2010, 
22:369-381. 

 22.  Maynard AD, Baron PA, Foley M, Shvedova AA, Kisin ER, Castranova V: Exposure to carbon 
nanotube material: aerosol release during the handling of unrefined single-walled carbon 
nanotube material. J Toxicol Environ Health A 2004, 67:87-107. 

 23.  Dahm MM, Evans DE, Schubauer-Berigan MK, Birch ME, Deddens JA: Occupational exposure 
assessment in carbon nanotube and nanofiber primary and secondary manufacturers: mobile 
direct-reading sampling. Ann Occup Hyg 2013, 57:328-344. 

 24.  Erdely A, Dahm M, Chen BT, Zeidler-Erdely PC, Fernback JE, Birch ME, Evans DE, Kashon ML, 
Deddens JA, Hulderman T et al.: Carbon nanotube dosimetry: from workplace exposure 
assessment to inhalation toxicology. Part Fibre Toxicol 2013, 10:53. 

 25.  Hedmer M, Isaxon C, Nilsson PT, Ludvigsson L, Messing ME, Genberg J, Skaug V, Bohgard M, 
Tinnerberg H, Pagels JH: Exposure and emission measurements during production, 
purification, and functionalization of arc-discharge-produced multi-walled carbon nanotubes. 
Ann Occup Hyg 2014, 58:355-379. 

 26.  Methner M, Hodson L, Dames A, Geraci C: Nanoparticle Emission Assessment Technique 
(NEAT) for the identification and measurement of potential inhalation exposure to engineered 
nanomaterials--Part B: Results from 12 field studies. J Occup Environ Hyg 2010, 7:163-176. 

 27.  Methner M, Beaucham C, Crawford C, Hodson L, Geraci C: Field application of the Nanoparticle 
Emission Assessment Technique (NEAT): task-based air monitoring during the processing of 
engineered nanomaterials (ENM) at four facilities. J Occup Environ Hyg 2012, 9:543-555. 

 28.  Birch ME, Ku BK, Evans DE, Ruda-Eberenz TA: Exposure and emissions monitoring during 
carbon nanofiber production--Part I: elemental carbon and iron-soot aerosols. Ann Occup Hyg 
2011, 55:1016-1036. 



46 

 29.  Lee JS, Choi YC, Shin JH, Lee JH, Lee Y, Park SY, Baek JE, Park JD, Ahn K, Yu IJ: Health 
surveillance study of workers who manufacture multi-walled carbon nanotubes. 
Nanotoxicology 2014,1-10. [Epub ahead of print] 

 30.  Lam CW, James JT, McCluskey R, Hunter RL: Pulmonary toxicity of single-wall carbon 
nanotubes in mice 7 and 90 days after intratracheal instillation. Toxicol Sci 2004, 77:126-134. 

 31.  Mercer RR, Hubbs AF, Scabilloni JF, Wang L, Battelli LA, Friend S, Castranova V, Porter DW: 
Pulmonary fibrotic response to aspiration of multi-walled carbon nanotubes. Part Fibre Toxicol 
2011, 8:21. 

 32.  Muller J, Huaux F, Moreau N, Misson P, Heilier JF, Delos M, Arras M, Fonseca A, Nagy JB, Lison 
D: Respiratory toxicity of multi-wall carbon nanotubes. Toxicol Appl Pharmacol 2005, 207:221-
231. 

 33.  Shvedova AA, Kisin ER, Mercer R, Murray AR, Johnson VJ, Potapovich AI, Tyurina YY, Gorelik 
O, Arepalli S, Schwegler-Berry D et al.: Unusual inflammatory and fibrogenic pulmonary 
responses to single-walled carbon nanotubes in mice. Am J Physiol Lung Cell Mol Physiol 2005, 
289:L698-L708. 

 34.  Shvedova AA, Kisin E, Murray AR, Johnson VJ, Gorelik O, Arepalli S, Hubbs AF, Mercer RR, 
Keohavong P, Sussman N et al.: Inhalation vs. aspiration of single-walled carbon nanotubes in 
C57BL/6 mice: inflammation, fibrosis, oxidative stress, and mutagenesis. Am J Physiol Lung 
Cell Mol Physiol 2008, 295:L552-L565. 

 35.  Aschberger K, Micheletti C, Sokull-Kluttgen B, Christensen FM: Analysis of currently available 
data for characterising the risk of engineered nanomaterials to the environment and human 
health--lessons learned from four case studies. Environ Int 2011, 37:1143-1156. 

 36.  NIOSH: Current intelligence bulletin 65: Occupational Exposure to Carbon Nanotubes and 
Nanofibers . 2013. 

 37.  Donaldson K, Murphy F, Schinwald A, Duffin R, Poland CA: Identifying the pulmonary hazard 
of high aspect ratio nanoparticles to enable their safety-by-design. Nanomedicine (Lond) 2011, 
6:143-156. 

 38.  Roach HD, Davies GJ, Attanoos R, Crane M, Adams H, Phillips S: Asbestos: when the dust settles 
an imaging review of asbestos-related disease. Radiographics 2002, 22 Spec No:S167-S184. 

 39.  Norbet C, Joseph A, Rossi SS, Bhalla S, Gutierrez FR: Asbestos-Related Lung Disease: A 
Pictorial Review. Curr Probl Diagn Radiol 2014, Oct 30. pii: S0363-0188(14)00117-0. doi: 
10.1067/j.cpradiol.2014.10.002. [Epub ahead of print] 

 40.  Poland CA, Duffin R, Kinloch I, Maynard A, Wallace WA, Seaton A, Stone V, Brown S, Macnee 
W, Donaldson K: Carbon nanotubes introduced into the abdominal cavity of mice show 
asbestos-like pathogenicity in a pilot study. Nat Nanotechnol 2008, 3:423-428. 

 41.  Donaldson K: The inhalation toxicology of p-aramid fibrils. Crit Rev Toxicol 2009, 39:487-500. 

 42.  Geiser M, Kreyling WG: Deposition and biokinetics of inhaled nanoparticles. Part Fibre Toxicol 
2010, 7:2. 



47 

 43.  ICRP: Human respiratory tract model for radiological protection. A report of a Task Group of the 
International Commission on Radiological Protection. Ann.ICRP; 1994. 

 44.  Kreyling W, Scheuch G: Clearence of particles deposited in the lung. In Particle Lung 
Interactions. Edited by Edited by Gehr P, Heyer J. New York, USA: Marcel Dekker, Inc.; 2000:323-
376. 

 45.  Kreyling W, Möller W, Semmler-Behnke M, Oberdörster G: Particle Dosimetry: Deposition and 
Clearance from the Respiratory Tract and Translocation Towards Extra-Pulmonary Sites. In 
Particle Toxicology. Edited by Edited by Donaldson K, Borm PJ. Boca Raton, FL, USA: CRC press; 
2007:47-74. 

 46.  Hussain M, Madl P, Khan A: Lung deposition predictions of airborne particles and the 
emergence of contemporary diseases Part-I. theHealth 2011, 2:51-59. 

 47.  Sturm R: Clearance of carbon nanotubes in the human respiratory tract-a theoretical 
approach. Ann Transl Med 2014, 2:46. 

 48.  Champion JA, Mitragotri S: Shape induced inhibition of phagocytosis of polymer particles. 
Pharm Res 2009, 26:244-249. 

 49.  Searl A, Buchanan D, Cullen RT, Jones AD, Miller BG, Soutar CA: Biopersistence and durability 
of nine mineral fibre types in rat lungs over 12 months. Ann Occup Hyg 1999, 43:143-153. 

 50.  Ye J, Shi X, Jones W, Rojanasakul Y, Cheng N, Schwegler-Berry D, Baron P, Deye GJ, Li C, 
Castranova V: Critical role of glass fiber length in TNF-alpha production and transcription 
factor activation in macrophages. Am J Physiol 1999, 276:L426-L434. 

 51.  Schinwald A, Donaldson K: Use of back-scatter electron signals to visualise cell/nanowires 
interactions in vitro and in vivo; frustrated phagocytosis of long fibres in macrophages and 
compartmentalisation in mesothelial cells in vivo. Part Fibre Toxicol 2012, 9:34. 

 52.  Hamilton RF, Wu N, Porter D, Buford M, Wolfarth M, Holian A: Particle length-dependent 
titanium dioxide nanomaterials toxicity and bioactivity. Part Fibre Toxicol 2009, 6:35. 

 53.  Donaldson K, Murphy FA, Duffin R, Poland CA: Asbestos, carbon nanotubes and the pleural 
mesothelium: a review of the hypothesis regarding the role of long fibre retention in the 
parietal pleura, inflammation and mesothelioma. Part Fibre Toxicol 2010, 7:5. 

 54.  Murphy FA, Poland CA, Duffin R, Al-Jamal KT, li-Boucetta H, Nunes A, Byrne F, Prina-Mello A, 
Volkov Y, Li S et al.: Length-dependent retention of carbon nanotubes in the pleural space of 
mice initiates sustained inflammation and progressive fibrosis on the parietal pleura. Am J 
Pathol 2011, 178:2587-2600. 

 55.  Kobler C, Poulsen SS, Saber AT, Jacobsen NR, Wallin H, Yauk C, Halappanavar S, Vogel U, 
Qvortrup K, Molhave K: Time-dependent subcellular distribution and effects of carbon 
nanotubes in lungs of mice. PLoS One 2015, 10:e0116481. 

 56.  Chen T, Nie H, Gao X, Yang J, Pu J, Chen Z, Cui X, Wang Y, Wang H, Jia G: Epithelial-
mesenchymal transition involved in pulmonary fibrosis induced by multi-walled carbon 
nanotubes via TGF-beta/Smad signaling pathway. Toxicol Lett 2014, 226:150-162. 



48 

 57.  Rittinghausen S, Hackbarth A, Creutzenberg O, Ernst H, Heinrich U, Leonhardt A, Schaudien D: 
The carcinogenic effect of various multi-walled carbon nanotubes (MWCNTs) after 
intraperitoneal injection in rats. Part Fibre Toxicol 2014, 11:59. 

 58.  Wang P, Nie X, Wang Y, Li Y, Ge C, Zhang L, Wang L, Bai R, Chen Z, Zhao Y et al.: Multiwall 
carbon nanotubes mediate macrophage activation and promote pulmonary fibrosis through 
TGF-beta/Smad signaling pathway. Small 2013, 9:3799-3811. 

 59.  Yamashita K, Yoshioka Y, Higashisaka K, Morishita Y, Yoshida T, Fujimura M, Kayamuro H, 
Nabeshi H, Yamashita T, Nagano K et al.: Carbon nanotubes elicit DNA damage and 
inflammatory response relative to their size and shape. Inflammation 2010, 33:276-280. 

 60.  Wang NS: The preformed stomas connecting the pleural cavity and the lymphatics in the 
parietal pleura. Am Rev Respir Dis 1975, 111:12-20. 

 61.  Murphy FA, Schinwald A, Poland CA, Donaldson K: The mechanism of pleural inflammation by 
long carbon nanotubes: interaction of long fibres with macrophages stimulates them to amplify 
pro-inflammatory responses in mesothelial cells. Part Fibre Toxicol 2012, 9:8. 

 62.  Schinwald A, Murphy FA, Prina-Mello A, Poland CA, Byrne F, Movia D, Glass JR, Dickerson JC, 
Schultz DA, Jeffree CE et al.: The threshold length for fiber-induced acute pleural 
inflammation: shedding light on the early events in asbestos-induced mesothelioma. Toxicol Sci 
2012, 128:461-470. 

 63.  Donaldson K, Poland CA, Murphy FA, MacFarlane M, Chernova T, Schinwald A: Pulmonary 
toxicity of carbon nanotubes and asbestos - similarities and differences. Adv Drug Deliv Rev 
2013, 65:2078-2086. 

 64.  Donaldson K: Biological activity of respirable industrial fibres treated to mimic residence in the 
lung. Toxicol Lett 1994, 72:299-305. 

 65.  McConnell EE, Axten C, Hesterberg TW, Chevalier J, Miiller WC, Everitt J, Oberdorster G, Chase 
GR, Thevenaz P, Kotin P: Studies on the inhalation toxicology of two fiberglasses and amosite 
asbestos in the Syrian golden hamster. Part II. Results of chronic exposure. Inhal Toxicol 1999, 
11:785-835. 

 66.  Russier J, Menard-Moyon C, Venturelli E, Gravel E, Marcolongo G, Meneghetti M, Doris E, Bianco 
A: Oxidative biodegradation of single- and multi-walled carbon nanotubes. Nanoscale 2011, 
3:893-896. 

 67.  Allen BL, Kichambare PD, Gou P, Vlasova II, Kapralov AA, Konduru N, Kagan VE, Star A: 
Biodegradation of single-walled carbon nanotubes through enzymatic catalysis. Nano Lett 2008, 
8:3899-3903. 

 68.  Allen BL, Kotchey GP, Chen Y, Yanamala NV, Klein-Seetharaman J, Kagan VE, Star A: 
Mechanistic investigations of horseradish peroxidase-catalyzed degradation of single-walled 
carbon nanotubes. J Am Chem Soc 2009, 131:17194-17205. 

 69.  Bianco A, Kostarelos K, Prato M: Making carbon nanotubes biocompatible and biodegradable. 
Chem Commun (Camb ) 2011, 47:10182-10188. 

 70.  Liu X, Hurt RH, Kane AB: Biodurability of Single-Walled Carbon Nanotubes Depends on 
Surface Functionalization. Carbon N Y 2010, 48:1961-1969. 



49 

 71.  Jackson P, Kling K, Jensen KA, Clausen PA, Madsen AM, Wallin H, Vogel U: Characterization of 
genotoxic response to 15 multiwalled carbon nanotubes with variable physicochemical 
properties including surface functionalizations in the FE1-Muta(TM) mouse lung epithelial cell 
line. Environ Mol Mutagen 2014. 

 72.  Elgrabli D, Floriani M, bella-Gallart S, Meunier L, Gamez C, Delalain P, Rogerieux F, Boczkowski 
J, Lacroix G: Biodistribution and clearance of instilled carbon nanotubes in rat lung. Part Fibre 
Toxicol 2008, 5:20. 

 73.  Czarny B, Georgin D, Berthon F, Plastow G, Pinault M, Patriarche G, Thuleau A, L'Hermite MM, 
Taran F, Dive V: Carbon nanotube translocation to distant organs after pulmonary exposure: 
insights from in situ (14)c-radiolabeling and tissue radioimaging. ACS Nano 2014, 8:5715-5724. 

 74.  Mercer RR, Scabilloni JF, Hubbs AF, Wang L, Battelli LA, McKinney W, Castranova V, Porter 
DW: Extrapulmonary transport of MWCNT following inhalation exposure. Part Fibre Toxicol 
2013, 10:38. 

 75.  Aoshima H, Saitoh Y, Ito S, Yamana S, Miwa N: Safety evaluation of highly purified fullerenes 
(HPFs): based on screening of eye and skin damage. J Toxicol Sci 2009, 34:555-562. 

 76.  Cha K, Hong HW, Choi YG, Lee MJ, Park JH, Chae HK, Ryu G, Myung H: Comparison of acute 
responses of mice livers to short-term exposure to nano-sized or micro-sized silver particles. 
Biotechnol Lett 2008, 30:1893-1899. 

 77.  Kishore AS, Surekha P, Murthy PB: Assessment of the dermal and ocular irritation potential of 
multi-walled carbon nanotubes by using in vitro and in vivo methods. Toxicol Lett 2009, 
191:268-274. 

 78.  Wang J, Zhou G, Chen C, Yu H, Wang T, Ma Y, Jia G, Gao Y, Li B, Sun J et al.: Acute toxicity 
and biodistribution of different sized titanium dioxide particles in mice after oral 
administration. Toxicol Lett 2007, 168:176-185. 

 79.  Dong J, Porter DW, Batteli LA, Wolfarth MG, Richardson DL, Ma Q: Pathologic and molecular 
profiling of rapid-onset fibrosis and inflammation induced by multi-walled carbon nanotubes. 
Arch Toxicol 2014 Dec 16. [Epub ahead of print]. 

 80.  Park EJ, Cho WS, Jeong J, Yi J, Choi K, Park K: Pro-inflammatory and potential allergic 
responses resulting from B cell activation in mice treated with multi-walled carbon nanotubes 
by intratracheal instillation. Toxicology 2009, 259:113-121. 

 81.  Poulsen SS, Jacobsen NR, Labib S, Wu D, Husain M, Williams A, Bogelund JP, Andersen O, 
Kobler C, Molhave K et al.: Transcriptomic analysis reveals novel mechanistic insight into 
murine biological responses to multi-walled carbon nanotubes in lungs and cultured lung 
epithelial cells. PLoS One 2013, 8:e80452. 

 82.  Poulsen SS, Saber AT, Williams A, Andersen O, Kobler C, Atluri R, Pozzebon ME, Mucelli SP, 
Simion M, Rickerby D et al.: MWCNT of different physicochemical properties cause similar 
inflammatory responses, but differences in transcriptional and histological markers of fibrosis 
in mouse lungs. Toxicol Appl Pharmacol 2014 Dec 29. pii: S0041-008X(14)00449-9. doi: 
10.1016/j.taap.2014.12.011. [Epub ahead of print]. 



50 

 83.  Roda E, Coccini T, Acerbi D, Barni S, Vaccarone R, Manzo L: Comparative pulmonary toxicity 
assessment of pristine and functionalized multi-walled carbon nanotubes intratracheally 
instilled in rats: morphohistochemical evaluations. Histol Histopathol 2011, 26:357-367. 

 84.  Snyder-Talkington BN, Dymacek J, Porter DW, Wolfarth MG, Mercer RR, Pacurari M, Denvir J, 
Castranova V, Qian Y, Guo NL: System-based identification of toxicity pathways associated with 
multi-walled carbon nanotube-induced pathological responses. Toxicol Appl Pharmacol 2013, 
272:476-489. 

 85.  Hamilton RF, Jr., Wu Z, Mitra S, Shaw PK, Holian A: Effect of MWCNT size, carboxylation, and 
purification on in vitro and in vivo toxicity, inflammation and lung pathology. Part Fibre 
Toxicol 2013, 10:57. 

 86.  Morimoto Y, Hirohashi M, Ogami A, Oyabu T, Myojo T, Todoroki M, Yamamoto M, Hashiba M, 
Mizuguchi Y, Lee BW et al.: Pulmonary toxicity of well-dispersed multi-wall carbon nanotubes 
following inhalation and intratracheal instillation. Nanotoxicology 2012, 6:587-599. 

 87.  Porter DW, Hubbs AF, Mercer RR, Wu N, Wolfarth MG, Sriram K, Leonard S, Battelli L, 
Schwegler-Berry D, Friend S et al.: Mouse pulmonary dose- and time course-responses induced 
by exposure to multi-walled carbon nanotubes. Toxicology 2010, 269:136-147. 

 88.  Porter DW, Hubbs AF, Chen BT, McKinney W, Mercer RR, Wolfarth MG, Battelli L, Wu N, Sriram 
K, Leonard S et al.: Acute pulmonary dose-responses to inhaled multi-walled carbon nanotubes. 
Nanotoxicology 2013, 7:1179-1194. 

 89.  Saber AT, Lamson JS, Jacobsen NR, Ravn-Haren G, Hougaard KS, Nyendi AN, Wahlberg P, 
Madsen AM, Jackson P, Wallin H et al.: Particle-induced pulmonary acute phase response 
correlates with neutrophil influx linking inhaled particles and cardiovascular risk. PLoS One 
2013, 8:e69020. 

 90.  Umeda Y, Kasai T, Saito M, Kondo H, Toya T, Aiso S, Okuda H, Nishizawa T, Fukushima S: Two-
week Toxicity of Multi-walled Carbon Nanotubes by Whole-body Inhalation Exposure in Rats. 
J Toxicol Pathol 2013, 26:131-140. 

 91.  Wang X, Katwa P, Podila R, Chen P, Ke PC, Rao AM, Walters DM, Wingard CJ, Brown JM: 
Multi-walled carbon nanotube instillation impairs pulmonary function in C57BL/6 mice. Part 
Fibre Toxicol 2011, 8:24. 

 92.  Wang X, Shannahan JH, Brown JM: IL-33 modulates chronic airway resistance changes induced 
by multi-walled carbon nanotubes. Inhal Toxicol 2014, 26:240-249. 

 93.  Branton MH, Kopp JB: TGF-beta and fibrosis. Microbes Infect 1999, 1:1349-1365. 

 94.  Strieter RM, Mehrad B: New mechanisms of pulmonary fibrosis. Chest 2009, 136:1364-1370. 

 95.  Saber AT, Jacobsen NR, Jackson P, Poulsen SS, Kyjovska ZO, Halappanavar S, Yauk CL, Wallin H, 
Vogel U: Particle-induced pulmonary acute phase response may be the causal link between 
particle inhalation and cardiovascular disease. Wiley Interdiscip Rev Nanomed Nanobiotechnol 
2014, 6:517-531. 

 96.  Aiso S, Yamazaki K, Umeda Y, Asakura M, Takaya M, Toya T, Koda S, Nagano K, Arito H, 
Fukushima S: Pulmonary Toxicity of Intratracheally Instilled Multiwall Carbon Nanotubes in 
Male Fischer 344 Rats. Ind Health 2010, 48:783-795. 



51 

 97.  Dymacek J, Snyder-Talkington BN, Porter DW, Wolfarth MG, Castranova V, Qian Y, Guo NL: 
mRNA and miRNA regulatory networks reflective of multi-walled carbon nanotube-induced 
lung inflammatory and fibrotic pathologies in mice. Toxicol Sci 2014 Dec 18. pii: kfu262. [Epub 
ahead of print]. 

 98.  Kasai T, Umeda Y, Ohnishi M, Kondo H, Takeuchi T, Aiso S, Nishizawa T, Matsumoto M, 
Fukushima S: Thirteen-week study of toxicity of fiber-like multi-walled carbon nanotubes with 
whole-body inhalation exposure in rats. Nanotoxicology 2014, Jul 17:1-10. [Epub ahead of print]. 

 99.  Ryman-Rasmussen JP, Tewksbury EW, Moss OR, Cesta MF, Wong BA, Bonner JC: Inhaled 
multiwalled carbon nanotubes potentiate airway fibrosis in murine allergic asthma. Am J 
Respir Cell Mol Biol 2009, 40:349-358. 

 100.  Wang P, Wang Y, Nie X, Braini C, Bai R, Chen C: Multiwall Carbon Nanotubes Directly 
Promote Fibroblast-Myofibroblast and Epithelial-Mesenchymal Transitions through the 
Activation of the TGF-beta/Smad Signaling Pathway. Small 2015 Jan;11(4):446-55. doi: 
10.1002/smll.201303588. Epub 2014 Sep 25.. 

 101.  Mornex JF, Leroux C, Greenland T, Ecochard D: From granuloma to fibrosis in interstitial lung 
diseases: molecular and cellular interactions. Eur Respir J 1994, 7:779-785. 

 102.  Khalil N, Corne S, Whitman C, Yacyshyn H: Plasmin regulates the activation of cell-associated 
latent TGF-beta 1 secreted by rat alveolar macrophages after in vivo bleomycin injury. Am J 
Respir Cell Mol Biol 1996, 15:252-259. 

 103.  Wang X, Xia T, Ntim SA, Ji Z, Lin S, Meng H, Chung CH, George S, Zhang H, Wang M et al.: 
Dispersal state of multiwalled carbon nanotubes elicits profibrogenic cellular responses that 
correlate with fibrogenesis biomarkers and fibrosis in the murine lung. ACS Nano 2011, 
5:9772-9787. 

 104.  Vietti G, Ibouraadaten S, Palmai-Pallag M, Yakoub Y, Bailly C, Fenoglio I, Marbaix E, Lison D, 
van den BS: Towards predicting the lung fibrogenic activity of nanomaterials: experimental 
validation of an in vitro fibroblast proliferation assay. Part Fibre Toxicol 2013, 10:52. 

 105.  Hussain S, Sangtian S, Anderson SM, Snyder RJ, Marshburn JD, Rice AB, Bonner JC, Garantziotis 
S: Inflammasome activation in airway epithelial cells after multi-walled carbon nanotube 
exposure mediates a profibrotic response in lung fibroblasts. Part Fibre Toxicol 2014, 11:28. 

 106.  Palomaki J, Valimaki E, Sund J, Vippola M, Clausen PA, Jensen KA, Savolainen K, Matikainen S, 
Alenius H: Long, needle-like carbon nanotubes and asbestos activate the NLRP3 
inflammasome through a similar mechanism. ACS Nano 2011, 5:6861-6870. 

 107.  Wang X, Xia T, Ntim SA, Ji Z, George S, Meng H, Zhang H, Castranova V, Mitra S, Nel AE: 
Quantitative techniques for assessing and controlling the dispersion and biological effects of 
multiwalled carbon nanotubes in mammalian tissue culture cells. ACS Nano 2010, 4:7241-7252. 

 108.  Shvedova AA, Pietroiusti A, Fadeel B, Kagan VE: Mechanisms of carbon nanotube-induced 
toxicity: focus on oxidative stress. Toxicol Appl Pharmacol 2012, 261:121-133. 

 109.  Wynn TA: Cellular and molecular mechanisms of fibrosis. J Pathol 2008, 214:199-210. 



52 

 110.  Muhlfeld C, Poland CA, Duffin R, Brandenberger C, Murphy FA, Rothen-Rutishauser B, Gehr P, 
Donaldson K: Differential effects of long and short carbon nanotubes on the gas-exchange 
region of the mouse lung. Nanotoxicology 2012, 6:867-879. 

 111.  Kato T, Totsuka Y, Ishino K, Matsumoto Y, Tada Y, Nakae D, Goto S, Masuda S, Ogo S, 
Kawanishi M et al.: Genotoxicity of multi-walled carbon nanotubes in both in vitro and in vivo 
assay systems. Nanotoxicology 2013, 7:452-461. 

 112.  Kim JS, Sung JH, Choi BG, Ryu HY, Song KS, Shin JH, Lee JS, Hwang JH, Lee JH, Lee GH et al.: 
In vivo genotoxicity evaluation of lung cells from Fischer 344 rats following 28 days of 
inhalation exposure to MWCNTs, plus 28 days and 90 days post-exposure. Inhal Toxicol 2014, 
26:222-234. 

 113.  Sargent LM, Porter DW, Staska LM, Hubbs AF, Lowry DT, Battelli L, Siegrist KJ, Kashon ML, 
Mercer RR, Bauer AK et al.: Promotion of lung adenocarcinoma following inhalation exposure 
to multi-walled carbon nanotubes. Part Fibre Toxicol 2014, 11:3. 

 114.  Grosse Y, Loomis D, Guyton KZ, Lauby-Secretan B, Ghissassi FE, Bouvard V, Benbrahim-Tallaa 
L, Guha N, Scoccianti C, Mattock H et al.: Carcinogenicity of fluoro-edenite, silicon carbide 
fibres and whiskers, and carbon nanotubes. The Lancet Oncology 2014, 15:1427-1428. 

 115.  Muller J, Delos M, Panin N, Rabolli V, Huaux F, Lison D: Absence of carcinogenic response to 
multiwall carbon nanotubes in a 2-year bioassay in the peritoneal cavity of the rat. Toxicol Sci 
2009, 110:442-448. 

 116.  Takagi A, Hirose A, Futakuchi M, Tsuda H, Kanno J: Dose-dependent mesothelioma induction by 
intraperitoneal administration of multi-wall carbon nanotubes in p53 heterozygous mice. 
Cancer Sci 2012, 103:1440-1444. 

 117.  Chee M, Yang R, Hubbell E, Berno A, Huang XC, Stern D, Winkler J, Lockhart DJ, Morris MS, 
Fodor SP: Accessing genetic information with high-density DNA arrays. Science 1996, 274:610-
614. 

 118.  Schena M, Shalon D, Davis RW, Brown PO: Quantitative monitoring of gene expression patterns 
with a complementary DNA microarray. Science 1995, 270:467-470. 

 119.  Jaluria P, Konstantopoulos K, Betenbaugh M, Shiloach J: A perspective on microarrays: current 
applications, pitfalls, and potential uses. Microb Cell Fact 2007, 6:4. 

 120.  Butte A: The use and analysis of microarray data. Nat Rev Drug Discov 2002, 1:951-960. 

 121.  Li X, Gu W, Mohan S, Baylink DJ: DNA microarrays: their use and misuse. Microcirculation 
2002, 9:13-22. 

 122.  Afshari CA, Hamadeh HK, Bushel PR: The evolution of bioinformatics in toxicology: advancing 
toxicogenomics. Toxicol Sci 2011, 120 Suppl 1:S225-S237. 

 123.  Committee on Applications of Toxicogenomic Technologies to Predictive Toxicology and Risk 
Assessment NRC: Applications of Toxicogenomic Technologies to Predictive Toxicology and Risk 
Assessment. 2007. 

 124.  Xiang Z, Yang Y, Ma X, Ding W: Microarray expression profiling: analysis and applications. 
Curr Opin Drug Discov Devel 2003, 6:384-395. 



53 

 125.  Microarray Gene Expression Data Society. http://www.mged.org/index.html.  Accessed the 28th of 
January 2015.  

 126.  National Center for Biotechnology Information. http://www.ncbi.nlm.nih.gov/.  Accessed the 28th 
of January 2015.  

 127.  Guo NL, Wan YW, Denvir J, Porter DW, Pacurari M, Wolfarth MG, Castranova V, Qian Y: 
Multiwalled carbon nanotube-induced gene signatures in the mouse lung: potential predictive 
value for human lung cancer risk and prognosis. J Toxicol Environ Health A 2012, 75:1129-
1153. 

 128.  Poulsen SS, Saber AT, Mortensen A, Szarek J, Wu D, Williams A, Andersen O, Jacobsen NR, Yauk 
C, Wallin H et al: Changes in cholesterol homeostasis and acute phase response link pulmonary 
exposure to multi-walled carbon nanotubes to risk of cardiovascular disease. Toxicol Appl 
Pharmacol, 2015 Jan 22. pii: S0041-008X(15)00021-6. doi: 10.1016/j.taap.2015.01.011. [Epub 
ahead of print]. 

 129.  Snyder-Talkington BN, Dong C, Zhao X, Dymacek J, Porter DW, Wolfarth MG, Castranova V, 
Qian Y, Guo NL: Multi-walled carbon nanotube-induced gene expression in vitro: 
Concordance with in vivo studies. Toxicology 2014, 328C:66-74. 

 130.  Rydman EM, Ilves M, Koivisto AJ, Kinaret PA, Fortino V, Savinko TS, Lehto MT, Pulkkinen V, 
Vippola M, Hameri KJ et al.: Inhalation of rod-like carbon nanotubes causes unconventional 
allergic airway inflammation. Part Fibre Toxicol 2014, 11:48. 

 131.  Bourdon JA, Halappanavar S, Saber AT, Jacobsen NR, Williams A, Wallin H, Vogel U, Yauk CL: 
Hepatic and pulmonary toxicogenomic profiles in mice intratracheally instilled with carbon 
black nanoparticles reveal pulmonary inflammation, acute phase response, and alterations in 
lipid homeostasis. Toxicol Sci 2012, 127:474-484. 

 132.  Husain M, Saber AT, Guo C, Jacobsen NR, Jensen KA, Yauk CL, Williams A, Vogel U, Wallin H, 
Halappanavar S: Pulmonary instillation of low doses of titanium dioxide nanoparticles in mice 
leads to particle retention and gene expression changes in the absence of inflammation. Toxicol 
Appl Pharmacol 2013, 269:250-262. 

 133.  Driscoll KE, Costa DL, Hatch G, Henderson R, Oberdorster G, Salem H, Schlesinger RB: 
Intratracheal instillation as an exposure technique for the evaluation of respiratory tract 
toxicity: uses and limitations. Toxicol Sci 2000, 55:24-35. 

 134.  Bourdon JA, Saber AT, Jacobsen NR, Jensen KA, Madsen AM, Lamson JS, Wallin H, Moller P, 
Loft S, Yauk CL et al.: Carbon black nanoparticle instillation induces sustained inflammation 
and genotoxicity in mouse lung and liver. Part Fibre Toxicol 2012, 9:5. 

 135.  Jacobsen NR, Moller P, Jensen KA, Vogel U, Ladefoged O, Loft S, Wallin H: Lung inflammation 
and genotoxicity following pulmonary exposure to nanoparticles in ApoE-/- mice. Part Fibre 
Toxicol 2009, 6:2. 

 136.  Saber AT, Jacobsen NR, Mortensen A, Szarek J, Jackson P, Madsen AM, Jensen KA, Koponen IK, 
Brunborg G, Gutzkow KB et al.: Nanotitanium dioxide toxicity in mouse lung is reduced in 
sanding dust from paint. Part Fibre Toxicol 2012, 9:4. 

 



54 

 137.  Jackson P, Hougaard KS, Boisen AM, Jacobsen NR, Jensen KA, Moller P, Brunborg G, Gutzkow 
KB, Andersen O, Loft S et al.: Pulmonary exposure to carbon black by inhalation or instillation 
in pregnant mice: Effects on liver DNA strand breaks in dams and offspring. Nanotoxicology 
2011, 6:486-500. 

 138.  Kim JE, Lee S, Lee AY, Seo HW, Chae C, Cho MH: Intratracheal exposure to multi-walled 
carbon nanotubes induces a nonalcoholic steatohepatitis-like phenotype in C57BL/6J mice. 
Nanotoxicology 2014 Sep 29:1-11. [Epub ahead of print]. 

 139.  Huang DW, Sherman BT, Lempicki RA: Systematic and integrative analysis of large gene lists 
using DAVID Bioinformatics Resources. Nature Protoc 2009, 4:44-57. 

 140.  Huang DW, Sherman BT, Lempicki RA: Systematic and Integrative Analysis of Large Gene 
Lists Using DAVID. Nucleic Acids Res 2009, 37:1-13. 

 141.  Cray C, Zaias J, Altman NH: Acute phase response in animals: a review. Comp Med 2009, 
59:517-526. 

 142.  Meek RL, Eriksen N, Benditt EP: Murine serum amyloid A3 is a high density apolipoprotein and 
is secreted by macrophages. Proc Natl Acad Sci U S A 1992, 89:7949-7952. 

 143.  Halappanavar S, Jackson P, Williams A, Jensen KA, Hougaard KS, Vogel U, Yauk CL, Wallin H: 
Pulmonary response to surface-coated nanotitanium dioxide particles includes induction of 
acute phase response genes, inflammatory cascades, and changes in microRNAs: A 
toxicogenomic study. Environ Mol Mutagen 2011, 52:425-439. 

 144.  Uhlar CM, Whitehead AS: Serum amyloid A, the major vertebrate acute-phase reactant. Eur J 
Biochem 1999, 265:501-523. 

 145.  Halappanavar S, Saber AT, Decan N, Jensen KA, Wu D, Jacobsen NR, Guo C, Rogowski J, 
Koponen IK, Levin M et al: Transcriptional Profiling Identifies Physicochemical Properties of 
Nanomaterials That Are Determinants of the In Vivo Pulmonary Response. Environmental and 
Molecular Mutagenesis, 2014 Dec 11. doi: 10.1002/em.21936. [Epub ahead of print]. 

 146.  Jackson P, Hougaard KS, Vogel U, Wu D, Casavant L, Williams A, Wade M, Yauk CL, Wallin H, 
Halappanavar S: Exposure of pregnant mice to carbon black by intratracheal instillation: 
Toxicogenomic effects in dams and offspring. Mutat Res 2011, 745:73-83. 

 147.  Saber AT, Halappanavar S, Folkmann JK, Bornholdt J, Boisen AM, Moller P, Williams A, Yauk C, 
Vogel U, Loft S et al.: Lack of acute phase response in the livers of mice exposed to diesel 
exhaust particles or carbon black by inhalation. Part Fibre Toxicol 2009, 6:12. 

 148.  Erdely A, Liston A, Salmen-Muniz R, Hulderman T, Young SH, Zeidler-Erdely PC, Castranova V, 
Simeonova PP: Identification of systemic markers from a pulmonary carbon nanotube 
exposure. J Occup Environ Med 2011, 53:S80-S86. 

 149.  Lindhorst E, Young D, Bagshaw W, Hyland M, Kisilevsky R: Acute inflammation, acute phase 
serum amyloid A and cholesterol metabolism in the mouse. Biochim Biophys Acta 1997, 
1339:143-154. 

 150.  Liao JK: Isoprenoids as mediators of the biological effects of statins. J Clin Invest 2002, 110:285-
288. 



55 

 151.  Artl A, Marsche G, Lestavel S, Sattler W, Malle E: Role of serum amyloid A during metabolism 
of acute-phase HDL by macrophages. Arterioscler Thromb Vasc Biol 2000, 20:763-772. 

 152.  Banka CL, Yuan T, de Beer MC, Kindy M, Curtiss LK, de Beer FC: Serum amyloid A (SAA): 
influence on HDL-mediated cellular cholesterol efflux. J Lipid Res 1995, 36:1058-1065. 

 153.  Steinmetz A, Hocke G, Saile R, Puchois P, Fruchart JC: Influence of serum amyloid A on 
cholesterol esterification in human plasma. Biochim Biophys Acta 1989, 1006:173-178. 

 154.  Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ: Compensatory enlargement 
of human atherosclerotic coronary arteries. N Engl J Med 1987, 316:1371-1375. 

 155.  Estabragh ZR, Mamas MA: The cardiovascular manifestations of influenza: a systematic review. 
Int J Cardiol 2013, 167:2397-2403. 

 156.  Johnson BD, Kip KE, Marroquin OC, Ridker PM, Kelsey SF, Shaw LJ, Pepine CJ, Sharaf B, Bairey 
Merz CN, Sopko G et al.: Serum amyloid A as a predictor of coronary artery disease and 
cardiovascular outcome in women: the National Heart, Lung, and Blood Institute-Sponsored 
Women's Ischemia Syndrome Evaluation (WISE). Circulation 2004, 109:726-732. 

 157.  Kaptoge S, Di AE, Pennells L, Wood AM, White IR, Gao P, Walker M, Thompson A, Sarwar N, 
Caslake M et al.: C-reactive protein, fibrinogen, and cardiovascular disease prediction. N Engl J 
Med 2012, 367:1310-1320. 

 158.  Pai JK, Pischon T, Ma J, Manson JE, Hankinson SE, Joshipura K, Curhan GC, Rifai N, Cannuscio 
CC, Stampfer MJ et al.: Inflammatory markers and the risk of coronary heart disease in men 
and women. N Engl J Med 2004, 351:2599-2610. 

 159.  Ridker PM, Hennekens CH, Buring JE, Rifai N: C-reactive protein and other markers of 
inflammation in the prediction of cardiovascular disease in women. N Engl J Med 2000, 
342:836-843. 

 160.  Rivera MF, Lee JY, Aneja M, Goswami V, Liu L, Velsko IM, Chukkapalli SS, Bhattacharyya I, 
Chen H, Lucas AR et al.: Polymicrobial infection with major periodontal pathogens induced 
periodontal disease and aortic atherosclerosis in hyperlipidemic ApoE(null) mice. PLoS One 
2013, 8:e57178. 

 161.  Taubes G: Cardiovascular disease. Does inflammation cut to the heart of the matter? Science 
2002, 296:242-245. 

 162.  Lee HY, Kim SD, Baek SH, Choi JH, Cho KH, Zabel BA, Bae YS: Serum amyloid A stimulates 
macrophage foam cell formation via lectin-like oxidized low-density lipoprotein receptor 1 
upregulation. Biochem Biophys Res Commun 2013, 433:18-23. 

 163.  Dong Z, Wu T, Qin W, An C, Wang Z, Zhang M, Zhang Y, Zhang C, An F: Serum amyloid A 
directly accelerates the progression of atherosclerosis in apolipoprotein E-deficient mice. Mol 
Med 2011, 17:1357-1364. 

 164.  Lagor WR, Millar JS: Overview of the LDL receptor: relevance to cholesterol metabolism and 
future approaches for the treatment of coronary heart disease. Journal of Receptor, Ligand and 
Channel Research 2010, 3:1-12. 



56 

 165.  Feingold KR, Hardardottir I, Memon R, Krul EJ, Moser AH, Taylor JM, Grunfeld C: Effect of 
endotoxin on cholesterol biosynthesis and distribution in serum lipoproteins in Syrian 
hamsters. J Lipid Res 1993, 34:2147-2158. 

 166.  Feingold KR, Pollock AS, Moser AH, Shigenaga JK, Grunfeld C: Discordant regulation of 
proteins of cholesterol metabolism during the acute phase response. J Lipid Res 1995, 36:1474-
1482. 

 167.  Memon RA, Grunfeld C, Moser AH, Feingold KR: Tumor necrosis factor mediates the effects of 
endotoxin on cholesterol and triglyceride metabolism in mice. Endocrinology 1993, 132:2246-
2253. 

 168.  Chen LC, Nadziejko C: Effects of subchronic exposures to concentrated ambient particles 
(CAPs) in mice. V. CAPs exacerbate aortic plaque development in hyperlipidemic mice. Inhal 
Toxicol 2005, 17:217-224. 

 169.  Clancy L, Goodman P, Sinclair H, Dockery DW: Effect of air-pollution control on death rates in 
Dublin, Ireland: an intervention study. Lancet 2002, 360:1210-1214. 

 170.  Dockery DW, Pope CA, III, Xu X, Spengler JD, Ware JH, Fay ME, Ferris BG, Jr., Speizer FE: An 
association between air pollution and mortality in six U.S. cities. N Engl J Med 1993, 329:1753-
1759. 

 171.  Pope CA, III, Thun MJ, Namboodiri MM, Dockery DW, Evans JS, Speizer FE, Heath CW, Jr.: 
Particulate air pollution as a predictor of mortality in a prospective study of U.S. adults. Am J 
Respir Crit Care Med 1995, 151:669-674. 

 172.  Pope CA, III, Burnett RT, Thurston GD, Thun MJ, Calle EE, Krewski D, Godleski JJ: 
Cardiovascular mortality and long-term exposure to particulate air pollution: epidemiological 
evidence of general pathophysiological pathways of disease. Circulation 2004, 109:71-77. 

 173.  Libby P, Okamoto Y, Rocha VZ, Folco E: Inflammation in atherosclerosis: transition from 
theory to practice. Circ J 2010, 74:213-220. 

 174.  Lowe GD: The relationship between infection, inflammation, and cardiovascular disease: an 
overview. Ann Periodontol 2001, 6:1-8. 

 175.  Mezaki T, Matsubara T, Hori T, Higuchi K, Nakamura A, Nakagawa I, Imai S, Ozaki K, Tsuchida 
K, Nasuno A et al.: Plasma levels of soluble thrombomodulin, C-reactive protein, and serum 
amyloid A protein in the atherosclerotic coronary circulation. Jpn Heart J 2003, 44:601-612. 

 176.  Pussinen PJ, Tuomisto K, Jousilahti P, Havulinna AS, Sundvall J, Salomaa V: Endotoxemia, 
immune response to periodontal pathogens, and systemic inflammation associate with incident 
cardiovascular disease events. Arterioscler Thromb Vasc Biol 2007, 27:1433-1439. 

 177.  Elmore SA, Berridge BR, Boyle MC, Cora MC, Hoenerhoff MJ, Kooistra L, Laast VA, Morrison JP, 
Rao D, Rinke M et al.: Proceedings of the 2012 National Toxicology Program Satellite 
Symposium. Toxicol Pathol 2013, 41:151-180. 

 178.  Feldmesser M, Kress Y, Casadevall A: Intracellular crystal formation as a mechanism of 
cytotoxicity in murine pulmonary Cryptococcus neoformans infection. Infect Immun 2001, 
69:2723-2727. 



57 

 179.  Guo L, Johnson RS, Schuh JC: Biochemical characterization of endogenously formed 
eosinophilic crystals in the lungs of mice. J Biol Chem 2000, 275:8032-8037. 

 180.  Murray AB, Luz A: Acidophilic macrophage pneumonia in laboratory mice. Vet Pathol 1990, 
27:274-281. 

 181.  Hoenerhoff MJ, Starost MF, Ward JM: Eosinophilic crystalline pneumonia as a major cause of 
death in 129S4/SvJae mice. Vet Pathol 2006, 43:682-688. 

 182.  Nio J, Fujimoto W, Konno A, Kon Y, Owhashi M, Iwanaga T: Cellular expression of murine Ym1 
and Ym2, chitinase family proteins, as revealed by in situ hybridization and 
immunohistochemistry. Histochem Cell Biol 2004, 121:473-482. 

 183.  Waern I, Jia J, Pejler G, Zcharia E, Vlodavsky I, Li JP, Wernersson S: Accumulation of Ym1 and 
formation of intracellular crystalline bodies in alveolar macrophages lacking heparanase. Mol 
Immunol 2010, 47:1467-1475. 

 184.  Andon FT, Kapralov AA, Yanamala N, Feng W, Baygan A, Chambers BJ, Hultenby K, Ye F, 
Toprak MS, Brandner BD et al.: Biodegradation of single-walled carbon nanotubes by eosinophil 
peroxidase. Small 2013, 9:2721-9, 2720. 

 185.  Beamer CA, Girtsman TA, Seaver BP, Finsaas KJ, Migliaccio CT, Perry VK, Rottman JB, Smith 
DE, Holian A: IL-33 mediates multi-walled carbon nanotube (MWCNT)-induced airway 
hyper-reactivity via the mobilization of innate helper cells in the lung. Nanotoxicology 2013, 
7:1070-1081. 

 186.  Girtsman TA, Beamer CA, Wu N, Buford M, Holian A: IL-1R signalling is critical for regulation 
of multi-walled carbon nanotubes-induced acute lung inflammation in C57Bl/6 mice. 
Nanotoxicology 2014, 8:17-27. 

 187.  Ronzani C, Spiegelhalter C, Vonesch JL, Lebeau L, Pons F: Lung deposition and toxicological 
responses evoked by multi-walled carbon nanotubes dispersed in a synthetic lung surfactant in 
the mouse. Arch Toxicol 2012, 86:137-149. 

 188.  Moeller A, Rodriguez-Lecompte JC, Wang L, Gauldie J, Kolb M: Models of Pulmonary Fibrosis. 
Drug Discovery Today 2006, 3:243-249. 

 189.  Moeller A, Ask K, Warburton D, Gauldie J, Kolb M: The bleomycin animal model: a useful tool 
to investigate treatment options for idiopathic pulmonary fibrosis? Int J Biochem Cell Biol 
2008, 40:362-382. 

 190.  Peng R, Sridhar S, Tyagi G, Phillips JE, Garrido R, Harris P, Burns L, Renteria L, Woods J, Chen L 
et al.: Bleomycin induces molecular changes directly relevant to idiopathic pulmonary fibrosis: 
a model for "active" disease. PLoS One 2013, 8:e59348. 

 191.  Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Z: TGF-beta1 induces human alveolar 
epithelial to mesenchymal cell transition (EMT). Respir Res 2005, 6:56. 

 192.  Willis BC, Borok Z: TGF-beta-induced EMT: mechanisms and implications for fibrotic lung 
disease. Am J Physiol Lung Cell Mol Physiol 2007, 293:L525-L534. 

 193.  Lamouille S, Xu J, Derynck R: Molecular mechanisms of epithelial-mesenchymal transition. Nat 
Rev Mol Cell Biol 2014, 15:178-196. 



58 

 194.  Schnaper HW, Hayashida T, Hubchak SC, Poncelet AC: TGF-beta signal transduction and 
mesangial cell fibrogenesis. Am J Physiol Renal Physiol 2003, 284:F243-F252. 

 195.  Fourches D, Pu D, Tropsha A: Exploring quantitative nanostructure-activity relationships 
(QNAR) modeling as a tool for predicting biological effects of manufactured nanoparticles. 
Comb Chem High Throughput Screen 2011, 14:217-225. 

 196.  Sayes CM, Marchione AA, Reed KL, Warheit DB: Comparative pulmonary toxicity assessments 
of C60 water suspensions in rats: few differences in fullerene toxicity in vivo in contrast to in 
vitro profiles. Nano Lett 2007, 7:2399-2406. 

 197.  Sayes CM, Reed KL, Warheit DB: Assessing toxicity of fine and nanoparticles: comparing in 
vitro measurements to in vivo pulmonary toxicity profiles. Toxicol Sci 2007, 97:163-180. 

 198.  Seagrave J, McDonald JD, Mauderly JL: In vitro versus in vivo exposure to combustion 
emissions. Exp Toxicol Pathol 2005, 57 Suppl 1:233-238. 

 199.  Warheit DB, Sayes CM, Reed KL: Nanoscale and fine zinc oxide particles: can in vitro assays 
accurately forecast lung hazards following inhalation exposures? Environ Sci Technol 2009, 
43:7939-7945. 

 200.  Johnston HJ, Hutchison GR, Christensen FM, Peters S, Hankin S, Aschberger K, Stone V: A critical 
review of the biological mechanisms underlying the in vivo and in vitro toxicity of carbon 
nanotubes: The contribution of physico-chemical characteristics. Nanotoxicology 2010, 4:207-
246. 

 201.  Clift MJ, Endes C, Vanhecke D, Wick P, Gehr P, Schins RP, Petri-Fink A, Rothen-Rutishauser B: A 
comparative study of different in vitro lung cell culture systems to assess the most beneficial 
tool for screening the potential adverse effects of carbon nanotubes. Toxicol Sci 2014, 137:55-
64. 

 202.  Hermanns MI, Fuchs S, Bock M, Wenzel K, Mayer E, Kehe K, Bittinger F, Kirkpatrick CJ: Primary 
human coculture model of alveolo-capillary unit to study mechanisms of injury to peripheral 
lung. Cell Tissue Res 2009, 336:91-105. 

 203.  Muller L, Riediker M, Wick P, Mohr M, Gehr P, Rothen-Rutishauser B: Oxidative stress and 
inflammation response after nanoparticle exposure: differences between human lung cell 
monocultures and an advanced three-dimensional model of the human epithelial airways. J R 
Soc Interface 2010, 7 Suppl 1:S27-S40. 

 204.  Teeguarden JG, Webb-Robertson BJ, Waters KM, Murray AR, Kisin ER, Varnum SM, Jacobs JM, 
Pounds JG, Zanger RC, Shvedova AA: Comparative proteomics and pulmonary toxicity of 
instilled single-walled carbon nanotubes, crocidolite asbestos, and ultrafine carbon black in 
mice. Toxicol Sci 2011, 120:123-135. 

 205.  Gasser M, Wick P, Clift MJ, Blank F, Diener L, Yan B, Gehr P, Krug HF, Rothen-Rutishauser B: 
Pulmonary surfactant coating of multi-walled carbon nanotubes (MWCNTs) influences their 
oxidative and pro-inflammatory potential in vitro. Part Fibre Toxicol 2012, 9:17. 

 206.  Mercer RR, Scabilloni J, Wang L, Kisin E, Murray AR, Schwegler-Berry D, Shvedova AA, 
Castranova V: Alteration of deposition pattern and pulmonary response as a result of improved 
dispersion of aspirated single-walled carbon nanotubes in a mouse model. Am J Physiol Lung 
Cell Mol Physiol 2008, 294:L87-L97. 



59 

 207.  Li JG, Li WX, Xu JY, Cai XQ, Liu RL, Li YJ, Zhao QF, Li QN: Comparative study of 
pathological lesions induced by multiwalled carbon nanotubes in lungs of mice by 
intratracheal instillation and inhalation. Environ Toxicol 2007, 22:415-421. 

 208.  Jensen KA: The ENPRA dispersion protocol for NANoREG. Copenhagen, Denmark; 2014. 
 
 



60 

  



61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Paper I 
MWCNT of different physicochemical properties causes similar inflammatory responses, but 

differences in transcriptional and histological markers of fibrosis in mouse lungs 
Poulsen SS, Saber AT, Williams A, Andersen O, Købler C, Atluri R, Pozzebon ME, Mucelli SP, 

Simion M, Rickerby D, Mortensen A, Jackson P, Kyjovska ZO, Mølhave K, Jacobsen NR, Jensen 

KA, Yauk CL, Wallin H, Halappanavar S, Vogel U. 

Toxicol Appl Pharmacol. 2015 Apr 1;284(1):16-32. doi: 10.1016/j.taap.2014.12.011. Epub 2014 

Dec 29. 
  



 



Toxicology and Applied Pharmacology 284 (2015) 16–32

Contents lists available at ScienceDirect

Toxicology and Applied Pharmacology

j ourna l homepage: www.e lsev ie r .com/ locate /ytaap
MWCNTs of different physicochemical properties cause similar
inflammatory responses, but differences in transcriptional and
histological markers of fibrosis in mouse lungs
Sarah S. Poulsen a,c,⁎, Anne T. Saber a, Andrew Williams b, Ole Andersen c, Carsten Købler d, Rambabu Atluri e,
Maria E. Pozzebon f, Stefano P. Mucelli f, Monica Simion g, David Rickerby h, Alicja Mortensen i, Petra Jackson a,
Zdenka O. Kyjovska a, Kristian Mølhave d, Nicklas R. Jacobsen a, Keld A. Jensen a, Carole L. Yauk b,
Håkan Wallin a,j, Sabina Halappanavar b, Ulla Vogel a,d

a National Research Centre for the Working Environment, Copenhagen DK-2100, Denmark
b Environmental and Radiation Health Sciences Directorate, Health Canada, Ottawa, Ontario K1A 0K9, Canada
c Department of Science, Systems and Models, Roskilde University, DK-4000 Roskilde, Denmark
d Department of Micro- and Nanotechnology, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
e Nanologica AB, SE-114 28 Stockholm, Sweden
f Veneto Nanotech SCpA, ECSIN— European Centre for the Sustainable Impact of Nanotechnology, I-45100 Rovigo, Italy
g Laboratory of Nanobiotechnology, National Institute for Research and Development in Microtechnologies, 077190 Bucharest, Romania
h European Commission Joint Research Centre Institute for Environment and Sustainability, I-21027 Ispra, VA, Italy
i National Food Institute, Technical University of Denmark, Søborg, Denmark
j Department of Public Health, University of Copenhagen, DK-1014 Copenhagen K, Denmark
Abbreviations:BAL, bronchoalveolar lavage; BET, Bruna
dichlorofluorescein diacetate; FDR, false discovery rate; GO
ElectronMicroscopy; TEM, Transmission ElectronMicrosco
⁎ Corresponding author at: National Research Centre fo

E-mail addresses: spo@nrcwe.dk (S.S. Poulsen), ats@n
rba@nrcwe.dk (R. Atluri), mariaelena.pozzebon@yahoo
david.rickerby@jrc.ec.europa.eu (D. Rickerby), almo@food.d
nrj@nrcwe.dk (N.R. Jacobsen), kaj@nrcwe.dk (K.A. Jensen)
ubv@nrcwe.dk (U. Vogel).

http://dx.doi.org/10.1016/j.taap.2014.12.011
0041-008X/© 2015 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 13 October 2014
Revised 8 December 2014
Accepted 18 December 2014
Available online 29 December 2014

Keywords:
Nanotoxicology
In vivo
Toxicogenomics
DNA microarray
Acute phase response
ROS production
Multi-walled carbon nanotubes (MWCNTs) are an inhomogeneous group of nanomaterials that vary in lengths,
shapes and types of metal contamination, which makes hazard evaluation difficult. Here we present a
toxicogenomic analysis of female C57BL/6 mouse lungs following a single intratracheal instillation of 0, 18, 54
or 162 μg/mouse of a small, curled (CNTSmall, 0.8 ± 0.1 μm in length) or large, thick MWCNT (CNTLarge, 4 ±
0.4 μm in length). The twoMWCNTswere extensively characterized by SEM and TEM imaging, thermogravimet-
ric analysis, and Brunauer–Emmett–Teller surface area analysis. Lung tissues were harvested 24 h, 3 days and
28 days post-exposure. DNAmicroarrays were used to analyze gene expression, in parallel with analysis of bron-
choalveolar lavage fluid, lung histology, DNA damage (comet assay) and the presence of reactive oxygen species
(dichlorodihydrofluorescein assay), to profile and characterize related pulmonary endpoints. Overall changes in
global transcription following exposure to CNTSmall or CNTLarge were similar. Both MWCNTs elicited strong acute
phase and inflammatory responses that peaked at day 3, persisted up to 28 days, and were characterized by
increased cellular influx in bronchoalveolar lavage fluid, interstitial pneumonia and gene expression changes.
However, CNTLarge elicited an earlier onset of inflammation and DNA damage, and induced more fibrosis and a
unique fibrotic gene expression signature at day 28, compared to CNTSmall. The results indicate that the extent
of change at the molecular level during early response phases following an acute exposure is greater in mice
exposed to CNTLarge, which may eventually lead to the different responses observed at day 28.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Production and use of multi-walled carbon nanotubes (MWCNTs)
have increased extensively over the last decade (Beg et al., 2011;
Klumpp et al., 2006), thereby increasing the potential exposure for
both workers and consumers. Exposure to MWCNT via inhalation, in-
stillation or aspiration causes pulmonary effects in rodents including
lung inflammation, sustained interstitial fibrosis, and granuloma forma-
tion (Ma-Hock et al., 2009; Pauluhn, 2010a; Pauluhn, 2010b; Porter
et al., 2010; Reddy et al., 2010; Wang et al., 2011a).

MWCNTs vary in their length, wall thickness, aspect ratio, level and
type of metal contamination, and surface chemistry, all of which are
suggested to significantly influence their toxic potential. Thus, it is un-
clear if toxic responses observed after exposure to a specific MWCNT
may be extrapolated in a general way to expected toxic potentials of
other MWCNT types. It has been hypothesized that larger MWCNT,
with a high length/diameter-aspect ratio, may resemble asbestos and
be more carcinogenic and fibrogenic (Donaldson et al., 2010; Grosse
et al., 2014). For example, intraperitoneal instillation of MWCNT of dif-
ferent lengths resulted in length-dependent infiltration of inflammatory
cells in the peritoneal cavity of mice (Poland et al., 2008; Yamashita
et al., 2010; Rittinghausen et al., 2014). Elevated inflammation, protein
concentration, and fibrotic lesions along the parietal pleura and in the
mesothelial layer were observed in mice exposed to long MWCNT via
direct injection into the pleural cavity compared to mice exposed to
short MWCNT. In contrast, responses to short MWCNTmirrored the re-
sponses of mice injected with control vehicle (Murphy et al., 2011).
Thus, length and straightness play an important role in the toxicity
induced by MWCNT. However, how these parameters influence the
toxicity at the molecular level is unclear.

The objective of the present study was to employ toxicogenomics
tools to systematically characterize the biological pathways and func-
tions perturbed in mouse lungs exposed to two well-characterized
OECD Working Party on manufactured Nanomaterials standard
MWCNTs that differ in length, thickness, level of agglomeration and
content of metal impurities, in order to identify mechanisms of toxicity
that are distinctly associated with the two types of MWCNT. Genomic
tools provide a unique means to globally profile all of the molecular
pathways perturbed in response to MWCNT exposure, and thus permit
detailed characterization and categorization of the potential health
hazards of different MWCNTs. The expression profiles or perturbed
biological pathways that are identified can then be used to build a
property-response comparison, which contrasts the two different
MWCNTs and their impact on gene expression, and thereby brings us
closer to identifying biomarkers for human biomonitoring.

In the present study, groups of six female C57BL/6 mice were
exposed by single intratracheal instillation to 18, 54 or 162 μg/mouse
of small MWCNT NRCWE-026 (0.8 ± 0.1 μm in length) or large
MWCNT NM-401(4 ± 0.4 μm in length). Due to the high likelihood of
exposure of personnel during inhalation experiments, intratracheal in-
stillationwas used as a safe substitute for deposition through inhalation.
Instillation is rapid, and the dose is easily controlled and reasonably
well-distributed in the lung (Driscoll et al., 2000). Lung tissues
from each group of mice were harvested 24 h, 3 d and 28 d after
exposure. Global gene expression, inflammatory and genotoxic re-
sponses, lung morphology, as well as acellular production of free radi-
cals were assessed to profile the pulmonary responses. Bioinformatics
tools were used to compare and contrast the expression profiles.

Methods

Multiwalled carbon nanotubes

The following MWCNTs were used in the present study: The
NRCWE-026 (Nanocyl NC7000 CNT, Sambreville, Belgium) a small/
thin curled MWCNT referred to as CNTSmall. NM-401 is a larger/thick
MWCNT (kindly donated by the European Union Joint Research Centre,
Ispra, Italy) referred to as CNTLarge. Both MWCNTs are included in the
OECD Working Party on Manufactured Nanomaterials. The length and
diameter of both MWCNTs were measured in the Nanogenotox project
and are shown in Table 1 (The Nanogentox group, 2013). CNTLarge is
physicochemically similar to Mitsui XNRi-7 (in this study referred to
as Mitsui-7), which has been classified as possibly carcinogenic to
humans (Group 2B) (Grosse et al., 2014).

Dose selection.
Doses and time points were selected based on the previous and on-

going studies in our group (Bourdon et al., 2012b; Husain et al., 2013;
Jacobsen et al., 2009; Poulsen et al., 2013; Saber et al., 2012, 2013).
The consistency in doses and time points across many studies enabled
comparison of responses after exposure to different nanomaterials.
The doses reflect pulmonary deposition inmice after 1, 3, and 9working
days of 8 h at the Danish occupational exposure limit of 3.5 mg/m3 for
Printex90 carbon black particles (Bourdon et al., 2012b). Studies inves-
tigatingpersonal exposure to CNT in occupational environments report-
ed human exposure levels ranging from non-detectable up to 1 mg/m3

(Methner et al., 2010; Dahm et al., 2013; Lee et al., 2014). However,
most levels were in the range of 10–300 μg/m3 (Hedmer et al., 2014;
Han et al., 2008; Lee et al., 2010; Methner et al., 2012; Birch et al.,
2011). Erdely et al. reported workplace exposure levels up to 10.6 μg/
m3, resulting in a calculated deposited dose of approximately 4.07 μg/
day in a human, equivalent to 2 ng/day in the mouse (Erdely et al.,
2013). Thus, although within dose ranges of other instillation/aspi-
ration studies (Park et al., 2009; Porter et al., 2010; Shvedova et al.,
2008; Snyder-Talkington et al., 2013), the doses used in present
study are to be considered high in a workplace environment.

Preparation of instillation medium and exposure stock

CNTs were suspended by sonication in NanoPure water contain-
ing 2% serum collected from C57BL/6 mice. The particle suspensions
(3.24mg/ml) were sonicated using a Branson Sonifier S-450D (Branson
Ultrasonics Corp., Danbury, CT, USA) equipped with a disruptor horn
(Model number: 101-147-037). Total sonication time was 16 min at
40 W. During the sonication procedure the samples were continuously
cooled on ice. Vehicle controls contained NanoPure water with 2%
serum and were sonicated as described for the CNT suspensions.

Animal handling and exposure

Female C57BL/6 mice at the age of 5–7 weeks from Taconic (Ry,
Denmark) were acclimatized for 1–3 weeks before the experiment. All
mice were fed on Altromin (no. 1324, Christian Petersen, Denmark)
and had access to water ad libitum during the whole experiment. The
mice were housed in groups of up to 10 animals in polypropylene
cages with sawdust bedding and enrichment at controlled temperature
21 ± 1 °C and humidity 50 ± 10% with a 12-h light/12-h dark cycle. At
8 week of age, groups of 9 C57BL/6 mice were exposed to 0, 18, 54 or
162 μg of CNTSmall or CNTLarge via intratracheal instillation (Jacobsen
et al., 2009; Saber et al., 2012). Histological analyses and Transmission
Electron Microscopy (TEM) were performed on 3 dedicated animals
from each dose group. In brief, the mice were anesthetized with 4%
isoflurane until fully relaxed and 2.5% during the instillation. Vehicle
controls were intratracheally instilled with NanoPure water with 2%
serum sonicated as described for the CNT suspensions. The mice were
kept on their backs at a 40-degree angle during the entire procedure.
The doses (18, 54 and 162 μg of CNTSmall or CNTLarge) were administered
via a single intratracheal instillation. A 50 μl suspension was instilled
followed by 150 μl air with a 250 μl SGE glass syringe (250F-LT-GT,
MicroLab, Aarhus, Denmark). Control animals were instilled with vehi-
cle (NanoPure water with 2% serum). After the instillation the catheter



Table 1
Physiochemical properties of CNTSmall and CNTLarge.

MWCNT Code Producer CNT length
(±SD)

CNT diameter
(±SD)

BET
(m2/g)

Impurities
(wt.%)

CNTSmall NRCWE-026 Nanocyl (NC-7000) 0.85 ± 0.457 μm 11 ± 4.5 nm 245.8 13
CNTLarge NM-401 IO-LE-TECNanomaterials

(CP-0006-SG)
4.05 ± 2.40 μm 67 ± 26.2 nm 14.6 3

Data is obtained from analyses performed in the present study and in The Nanogentox group (2013).
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was removed, breathing was observed in order to assure that the deliv-
ered material did not block the airways.

At 1, 3 or 28 days post-instillation, the mice were anesthetized by
subcutaneous injection of 0.2 ml of Hypnorm® (fentanyl citrate
0.315 mg/ml and fluanisone 10 mg/ml, Janssen Pharma) and
Dormicum® (Midazolam 5mg/mL, Roche) in sterile water and killed
by exsanguination via intracardiac puncture.

All animal procedures followed the guidelines for the care and han-
dling of laboratory animals established by Danish laws and regulations.
The Animal Experiment Inspectorate under the Ministry of Justice
approved the study (#2010/561-1779).

BAL fluid and tissue collection

Immediately after withdrawing the heart blood, bronchoalveolar la-
vage (BAL)was performed on 6mice in each dose group by lavaging the
lungs twice using (1ml/25 g bodyweight) salinewater in a 1 or 2ml sy-
ringe. Each lavage consisted of 3 up and down movements performed
slowly (5–10 s each). The second lavage was performed with fresh sa-
line water. Both washings were immediately put on ice. The combined
lavage volume recovered was estimated and BAL fluid and BAL cells
were separated by centrifugation at 4 °C and 400 g for 10 min. The
BAL cell pellet was resuspended in 170 μl medium (HAMS F12 (GIBCO
#21765) with 10% FBS) and stored at −80 °C. The lavaged lung lobes
were removed and snap-frozen in cryotubes in liquid N2 and stored at
−80 °C for later microarray and qRT-PCR experiments. For TEM imag-
ing, the lungs were fixed in situ by cannulating the trachea and deliver-
ing 2% glutaraldehyde in 0.05M cacodylate buffer (pH 7.2) at a constant
fluid pressure of 30 cm before the thorax was opened. The fixative was
mixed from glutaraldehyde (SPI 230 Supplies #02608) and sodium
cacodylate (Sigma-Aldrich #C4945). Thereafter, the lungs were excised
and immersed in 2% glutaraldehyde 0.05 M cacodylate buffer (pH 7.2)
and stored at 5 °C until further processing. For the histological examina-
tion, thefixed lungs from two randomly selected animals from the vehi-
cle control and the high-dose CNTSmall or CNTLarge groups were
embedded in paraffin, sectioned in 4–6 μm sections and stained with
hematoxylin and eosin (HE) or trichrome for histological examination.

Bronchoalveolar lavage cell counts

For determination of bronchoalveolar lavage (BAL) cell composition,
cells in 50 μl suspension were collected on microscope slides by centri-
fugation at 10,000 rpm for 4 min in a Cytofuge 2 (StatSpin, Bie and
Berntsen, Rødovre, Denmark). The slides were fixed with 96% ethanol
and stained with May–Grünwald–Giemsa stain. The cell type composi-
tion of BAL was determined on 200 cells and the total number of cells
was determined by the Nucleo Counter (Chemometec, Allerød,
Denmark) Live/dead assay according to themanufacturer's instructions.

The statistical analyses on BAL cell counts were performed in SAS
version 9.3 (SAS Institute Inc., Cary, NC, USA). With the exception of
day 28 for lymphocytes, no differences in controls at the separate days
were identified and they were pooled. We decided to pool the lympho-
cyte controls in order to maintain consistency. Statistical significance
was calculated using a parametric two-way ANOVA with a post-hoc
Tukey-type experimental comparison test. In case of interaction
between dose and time, the data was separated in time points and a
one-way ANOVAwith a post-hoc Tukey-type experimental comparison
testwas performed. In caseswhen the data, after log transformation, did
notmeet the parametric requirements, non-parametric tests were used.

Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) determines the weight loss of a
material as a function of temperature whilst derivative thermal gravi-
metric analysis (DTG) gives rate of change of mass. From a TGA curve
it is possible to determine the mass % of organic content and to deter-
mine the thermal stability of the samples. TGA was performed on a
Perkin TGA instrument for (CNTSmall) and a Mettler TGA (for CNTLarge).
The samples were heated from 25 to 950 °C at a heating rate of
10 °C/min on an alumina holder under the flow of air of 20 ml/min.

Brunauer–Emmett–Teller (BET) surface area analysis

The samples were degassed under vacuum for 10 h at 80 °C and
nitrogen absorption isotherms were measured at liquid nitrogen tem-
perature (77 K) using aMicromeritics ASAP2020 volumetric adsorption
analyzer. The Brunauer–Emmett–Teller equation was used to calculate
the surface area from adsorption data obtained in the relative pressure
(p/po) range of 0.05 and 0.3. The total pore volume was calculated
from the amount of gas adsorbed at p/po = 0.99. Pore size distribution
curves were derived using Barrett–Joyner–Halenda (BJH) assuming a
cylindrical pore model.

Light microscopy

One micrometer semi-sections of embedded lung were cut with a
Zeiss Ultracut UCT ultra-microtome, stained with 1% toluidine blue in
1% borax and imaged using a Zeiss AxioImager Z1widefieldmicroscope.

Scanning Electron Microscopy

Five microliters of CNTSmall or CNTLarge in exposure medium was
deposited on an Al foil covered Scanning Electron Microscopy (SEM)
stub. The size and agglomeration was determined by SEM using a
NVISION 40 Zeiss Cross-Beam Focused Ion Beam machine, operated at
10 kV accelerating voltage, equipped with a high resolution Gemini
Field Emission Gun scanning electron microscope column and with an
Oxford INCA 350 Xact Energy Dispersive X-Ray Spectrometer having
an energy resolution of 129 eV at the Mn kα line.

Transmission Electron Microscopy

PristineMWCNT and lung sections frommice exposed to CNTSmall or
CNTLarge were visualized using TEM. The fixed lung was cut into small
pieces and a standard Electron Microscope embedding procedure was
carried out as described in Kobler et al. (2014). Samples were rinsed
in 0.15 M phosphate buffer followed by a 0.15 M sodium cacodylate
wash. Post-fixation and osmoficationwere performed in 2% osmium te-
troxide in 0.05 M potassium ferricyanide for 2 h. After osmofication,
samples were rinsed in deionized water and placed in 1% uranyl acetate
in water overnight at 5 °C. The following day samples were gradually
dehydrated in ethanol and lastly in propylene oxide. Embedding was
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performed in propylene oxide diluted Epon, until 100% Epon 812 was
used before polymerization at 60 °C for 24 h. Samples were cut into
approximately 80 nm sections for TEM using an ultramicrotome with
a diamond knife. Sections were stained with uranyl acetate and lead
citrate, and imaged using a CM 100 BioTwin instrument from Philips
operated at 80 kV accelerating voltage.

Microarray experiment

Total RNA extraction for microarray analysis.
Total RNAwas isolated from lung tissue of 144mice in total (n=6mice
per dose group). TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was
used for RNA isolation and purification was done using the RNeasy
MiniKit (Qiagen, Mississauga, ON, Canada) as specified by themanufac-
turer. An on-column DNase treatment was applied (Qiagen, Mississau-
ga, ON, Canada). All RNA samples showing A260/280 ratios between
2.0 and 2.15 were further analyzed for RNA integrity using an Agilent
2100 Bioanalyzer (Agilent Technologies, Mississauga, ON, Canada).
Only RNAwith integrity numbers above 7.0 was used in the microarray
hybridization experiment. All RNA samples (6 per group) passed the
quality control. Total RNA was stored at −80 °C until analysis (Husain
et al., 2013; Poulsen et al., 2013).

Hybridization.
Microarray hybridization was performed using 200 ng total RNA from
each sample (n= 6 per group) on Agilent 8 × 60 K oligonucleotide mi-
croarrays (Agilent Technologies Inc., Mississauga, ON, Canada) as de-
scribed previously (Poulsen et al., 2013). Data were acquired using
Agilent Feature Extraction software version 9.5.3.1.

Statistical analysis of microarray data.
A reference randomized block design (Kerr, 2003; Kerr and Churchill,
2007), with the sample labeled with Cy5 and the reference labeled
with Cy3, was used to analyze gene expressionmicroarray data. LOcally
WEighted Scatterplot Smoothing (LOWESS) (Cleveland, 1979) regres-
sionmodelingmethodwas used to normalize data and statistical signif-
icance of the differentially expressed genes was determined using
MicroArray ANalysis Of VAriance (MAANOVA) (Wu et al., 2003) in R
statistical software (http://www.r-project.org). The Fs statistic (Cui
et al., 2005), a shrinkage estimator for the gene-specific variance com-
ponents, was used to test the treatment effects. The permutation meth-
od (30,000 permutations with residual shuffling) was used to estimate
the P-values for all the statistical tests, and these P-values were then ad-
justed for multiple comparisons by using the false discovery rate multi-
ple testing correction (Benjamini and Hochberg, 1995). Fold change
calculations were based on the least-square means. Genes showing ex-
pression changes of at least 1.5 fold in either direction compared to their
matched controls and having P-values of less than or equal to 0.05
(P ≤ 0.05) were considered as significantly differentially expressed
and were used in the downstream analysis.

Functional and pathway analysis of differentially expressed genes.
The Database for Annotation, Visualization and Integrated Discovery
(DAVID) v6.7 (Huang et al., 2009a,b) was used for the functional
Gene Ontology (GO) analysis of the differentially expressed genes.
Benjamini–Hochberg corrected GO biological processes with a Fisher's
exact P ≤ 0.05 were considered to be significantly enriched. Specific
biological functions, pathways and networks associated with the dif-
ferentially expressed genes were identified using Ingenuity Pathway
Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA). Functions,
pathways and networks with a Benjamini–Hochberg Multiple Testing
Correction P-value of ≤0.05 were considered for discussion. The path-
way analysis methods employed enabled the extraction of biologically
meaningful information from a long list of differentially expressed
genes.
qRT-PCR validation

For validation of microarray results, 8 genes were evaluated by qRT-
PCR at all doses and time points. These genes (Saa3, Il1α, Il6, Cxcl2, Ccl2,
Hmox1,Mmp9 and Sod2) showed high differential regulation at a mini-
mum of one dose or time point, and were involved in inflammation,
acute phase response, protection from ROS or extracellular matrix
remodeling.

Total RNA extraction for qRT-PCR validation.
Total RNAwas isolated from lung tissue of 144mice in total (n=6mice
per dose group) using the MagNA Pure Compact RNA Isolation kit
(Roche) according to the manufacturer's protocol. In brief, the RNA iso-
lation procedure is based on the MagNA Pure Magnetic Glass Particle
(MGP) Technology (Roche): nucleic acids are bound on the surfaces of
MGPs whereas unbound molecules are removed by several washing
steps. Genomic DNA molecules are degraded by incubation with
DNase. Total RNA was stored at−80 °C until analysis.

cDNA synthesis.
cDNA synthesiswas performedusing the Enhanced AvianHSRT-PCR kit
(Sigma-Aldrich), with total RNA as template, as described in the
manufacturer's protocol. A total of 500 ng was used for each cDNA syn-
thesis. The heating cycle was 25 °C (15 min)/50 °C (50 min)/85 °C
(5 min) and the obtained cDNA solutions were further diluted to a
final concentration of 10 ng/μl.

Real-time RT-PCR.
The expression of the target genes, compared to a reference (GAPDH),
was determined with real time-PCR using a LightCycler® 480 Instru-
ment (Roche) according to themanufacturer's protocol. The relative ex-
pression was calculated using the Livak–Schmittgenmethod (Livak and
Schmittgen, 2001). The statistical analyses were performed inMicrosoft
Excel through Mathematica (version 8, Wolfram Research). Statistical
significance was calculated using a parametric one-way ANOVA. Re-
gression analysis between PCR and microarray data was performed in
SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).

ROS generating ability using dichlorodihydrofluorescein

The generation of ROS was assessed using 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) (Invitrogen) as previously described by Jacobsen
et al. (2008). CNTSmall and CNTLarge suspensions were prepared with
Hank's buffered saline solution instead of serum at doses: 0, 1.4, 2.8,
5.6, 11.3, 22.5, 45, 90 and 135 μg/ml.

Comet analysis

The comet analysis was performed on lung tissue based on a previ-
ously published protocol (Jackson et al., 2011a), which has been modi-
fied and validated to a fully-automated scoring system (IMSTAR). This
new procedure for scoring DNA damage, quantified as %DNA in tail
and tail length, has recently been published (Jackson et al., 2013). The
statistical analyses were performed in SAS version 9.3 (SAS Institute
Inc., Cary, NC, USA). No differences in controls at the separate days
were identified and theywere pooled. After careful evaluation, 3 control
samples were excluded due to unusually high levels of DNA strand
breaks and apoptotic cells. This is likely due to incorrect thawing proce-
dure, as previously described in Jackson et al. (2013). One belonged to
the day 3 control group, the last 2 belonged to the 28 days group. Statis-
tical significance was calculated using a parametric two-way ANOVA
with a post-hoc Tukey-type experimental comparison test. In case of in-
teraction between dose and time, the data was separated in time points
and a one-way ANOVA with a post-hoc Tukey-type experimental
comparison test was performed. In cases where the data, after log

http://www.r-project.org
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transformation, did not meet the parametric requirements, non-
parametric tests were used.

Results

Mice were exposed by intratracheal instillation to three different
doses (18, 54 and 162 μg/mouse) of two MWCNTs: CNTSmall (NRCWE-
026) and CNTLarge (MWCNT NM-401), alongside vehicle controls. Lung
tissue was collected 1, 3 and 28 days after the exposure.

MWCNT characteristics

Table 1 summarizes the physicochemical characterization data.

CNTSmall

The average length of CNTSmall was 0.85±0.46 μm(mean±SD) and
the average width was 11 ± 4.5 nm (mean ± SD) (Kobler et al., 2014;
The Nanogentox group, 2013). The CNTSmall was stable up to 400 °C in
thermogravimetric analysis (TGA), and at 800 °C, 13% of the mass still
Fig. 1.Microscopy imaging of CNTSmall and CNTLarge. (A) SEM image of CNTSmall in instillationme
(B) SEM image of CNTLarge in instillationmedium. The impurities and salt crystals observed prob
of the alveolar lumen 1 day after exposure at dose 162 μg to CNTSmall and CNTLarge, respectively.
162 μg CNTSmall. CNTSmall engulfed in vesicles (black arrow) were observed. (F) TEM image of C
posure to 162 μg CNTLarge. CNTLarge was observed both as engulfed in vesicles (black arrow) and
in this figure legend, the reader is referred to the web version of this article.)
remained (Supplementary Fig. 1.A), most likely metal oxides since
chemical analysis of CNTSmall from the same batch by Jackson et al.
(2014) showed that the reported main components of CNTSmall

(NRCWE-026) include: C (84.4%), Al2O3 (14.97%), Fe2O3 (0.29%) and
CoO (0.11%). The Brunauer–Emmett–Teller surface area (BET) of
CNTSmall was 245.8 m2/g, most of this being micro-pores.

The pristine CNTSmall was visualized using Transmission Electron
Microscopy (TEM). The pristine nanotubes appeared curly, varied in
their lengths (Supplementary Figs. 2.A–B), and both agglomerated and
single CNTSmall were observed. In their agglomerated state, the CNTSmall

appeared highly entangled and the single tube-like structurewas no lon-
ger visible. Scanning ElectronMicroscopy (SEM) of CNTSmall in the expo-
sure medium revealed mainly agglomerated and entangled MWCNTs
(Fig. 1.A). Impurities and protein matter from the exposure medium
were observed throughout the samples, probably originating from con-
tamination during synthesis and from the dried exposure medium.

Light microscope images of CNTSmall in the alveolar region showed
uniform dispersion and distribution of CNTSmall on day 1 after the
exposure to 162 μg (Fig. 1.C). TEM analysis of interactions between
dium. The impurities and proteinmattermay originate from the dried instillationmedium.
ably originate from the dried instillationmedium. (C) and (D) are lightmicroscopy images
(E) TEM image of CNTSmall interacting with cells of the lung lining 3 days after exposure to
NTLarge interacting with a cell with morphological traits of a macrophage 3 days after ex-
as free CNTLarge in the cytoplasm (red arrow). (For interpretation of the references to color
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CNTSmall and cells in the lung lining at post-exposure day 3 (Fig. 1.E and
Supplementary Fig. 2.C) showed curled and agglomerated CNTSmall

engulfed in vesicles in the cytoplasm.

CNTLarge
The average length of CNTLarge was 4.05 ± 2.4 μm (mean± SD) and

the average width was 67± 26.2 nm (mean± SD) (Kobler et al., 2014;
The Nanogentox group, 2013) (Table 1). Based on the standard devia-
tion, 5% of the CNTLarge tubes are larger than 8847.8 nm. TGA showed
stability of the CNTLarge sample until 650 °C. The total carbon was
decomposed between 650 and 950 °C, leaving a mass of 3% after a
complete decomposition (Supplementary Figs. 1.B–C). The chemical
composition of CNTLarge from the same batch has been determined by
Jackson et al. (2014). The reported main components of CNTLarge (NM-
401) included: C (99.7%), P2O5 (0.14%), CO3 (0.08%) and Fe2O3

(0.05%). The CNTLarge sample had a low volume of N2 adsorption
under a relative pressure of 0.3, which implies that the sample
possessed a small (14.6 m2/g) non-porous surface area.

TEM imaging of the pristine CNTLarge revealed MWCNT that ap-
peared long and straight (Supplementary Figs. 3.A–B). Different levels
of agglomerationwere observed, butmonomers of CNTLarge were visible
in the bundle and were straight. SEM of CNTLarge in the exposure medi-
um (Fig. 1.B) showed long and straight CNTLarge in tangled up bundles
with a majority of them being longer than 1 μm. The observed spherical
particles probably originated from the dried exposure medium.

Light microscope imaging of the alveolar region showed well dis-
persed CNTLarge in the entire region (Fig. 1.D). TEM imaging of the
lung lining clearly showed CNTLarge interacting with macrophage-like
cells (Fig. 1.F and Supplementary Fig. 3.C). A close-up of the cytoplasm
revealed both single and bundles of CNTLarge within vesicles. Some of
these vesicles appeared to be penetrated by the CNTLarge. In addition,
visible damage caused by CNTLarge displacement andwear of themicro-
tome diamond knife was observed. Such displacement and damagewas
not observed with the CNTSmall (Kobler et al., 2014).

Bronchoalveolar lavage fluid cell type composition

BAL fluid collected from MWCNT-instilled mice 1, 3 and 28 days
after exposure was used to assess the recruitment of inflammatory
cells into the lung lumen. The total numbers of cells, neutrophils,macro-
phages, eosinophils and lymphocytes cells are shown in Supplementary
Table 1. For both MWCNTs, the inflammatory response was dominated
by large infiltrations of neutrophils. The largest total influx of neutro-
phils was seen on post-exposure day 3, but the highest % of neutrophils
in the total BAL fluid cells was observed at day 1 (Fig. 2). Persistent
Fig. 2.Neutrophil levels in % of the total BAL fluid cells following exposure to CNTSmall and CNTLa
mice are mean of 24–25 mice. Error bars denote SEM. ***Statistically significantly different from
increases in neutrophil levels were observed up to 28 days post-
exposure. For CNTSmall instilled mice, the neutrophil numbers at the
162 μg dose were 80.1 × 103 cells, 457 × 103 cells more than controls
and 34.2 × 103 cells on post-exposure days 1, 3 and 28, respectively
(Supplementary Table 1). Whereas, following high dose CNTLarge expo-
sure the neutrophil numbers were 108.6 × 103 cells, 158.1 × 103 cells
and 77.4 × 103 cells more than in controls on post-exposure days 1, 3
and 28, respectively (Supplementary Table 1). Overall, the cell type
compositions of BAL were similar after exposure to the two MWCNTs,
except for the eosinophil influx, which, especially at day 28, was higher
in response to CNTLarge. Similar to an earlier Mitsui-7 study (Poulsen
et al., 2013), an inverse dose–response relationship was observed for
eosinophils. A similar trend was observed at day 3 for total number of
lymphocytes. The great reduction in eosinophils and lymphocytes at
the higher doses compared to the 18 μg dose has been addressed in
our earlier publication (Poulsen et al., 2013).

Pulmonary gene expression analysis after exposure to CNTSmall and CNTLarge

Overview of the expression changes
Complete DNA microarray results for CNTSmall and CNTLarge expo-

sures are available through the Gene Expression Omnibus at NCBI
(http://www.ncbi.nlm.nih.gov/geo/, accession number: GSE35284).
We identified 6639 unique differentially expressed genes represented
by 9270 probes (false discovery adjusted P b 0.05 and the relative
change in expression (fold change) was at least ±1.5 in either direc-
tion) after CNTSmall exposure, and 5972 genes represented by 8450
probes after CNTLarge exposure (Supplementary Table 2). These repre-
sent genes that were significantly different from control in at least one
dose or time point for either CNT type. For both MWCNTs, a clear
dose–response was observed at all time points. A time-dependency
was observed with a peak at day 3 (Fig. 3). We tabulated the number
of differentially regulated genes for CNTSmall for the three different
post-exposure time points. On day 1, a total of 197 genes (117 down-
regulated and 80 up-regulated), 848 genes (404 down-regulated and
444 up-regulated) and 2186 genes (1157 down-regulated and 1029
up-regulated) were differentially expressed in the 18, 54 and 162 μg
dose groups, respectively (Fig. 3.A). On day 3, a total of 652 genes
(193 down-regulated and 459 up-regulated), 2059 genes (866 down-
regulated and 1193 up-regulated) and 5275 genes (2713 down-
regulated and 2562 up-regulated) were differentially expressed in the
18, 54 and 162 μg dose groups, respectively (Fig. 3.B). On day 28, a
total of 17 genes (3 down-regulated and 14 up-regulated), 37 genes
(12 down-regulated and 25 up-regulated) and 111 genes (5 down-
regulated and 106 up-regulated) were differentially expressed in the
rge. Values for MWCNT exposedmice aremean of 5–6mice. The values for vehicle instilled
vehicle instilled mice, P b 0.001.

http://www.ncbi.nlm.nih.gov/geo/


Fig. 3. Total number of differentially expressed genes (P b 0.05 and fold change±1.5). Green: Low dose (18 μg). Blue:Mediumdose (54 μg). Red: High dose (162 μg). (A) CNTSmall at day 1.
(B) CNTSmall at day 3. (C) CNTSmall at day 28. (D) CNTLarge at day 1. (E) CNTLarge at day 3. (F) CNTLarge at day 28. (For interpretation of the references to color in thisfigure legend, the reader is
referred to the web version of this article.)
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18, 54 and 162 μg dose groups, respectively (Fig. 3.C). The number of
differentially regulated genes following CNTLarge exposure on day 1
was a total of 32 genes (8 down-regulated and 24 up-regulated), 573
genes (189 down-regulated and 384 up-regulated) and 1491 genes
(729 down-regulated and 762 up-regulated) in the 18, 54 and 162 μg
dose groups, respectively (Fig. 3.D). On day 3, a total of 409 genes
(153 down-regulated and 256 up-regulated), 1581 genes (669 down-
regulated and 912 up-regulated) and 5351 genes (2798 down-
regulated and 2553 up-regulated) were differentially expressed in the
18, 54 and 162 μg dose groups, respectively (Fig. 3.E). On day 28, a
total of 2 genes (2 down-regulated and 0 up-regulated), 4 genes (2
down-regulated and 2 up-regulated) and 366 genes (89 down-
regulated and 277 up-regulated) were differentially expressed in the
18, 54 and 162 μg dose groups, respectively (Fig. 3.F). A direct compar-
ison of the total number of genes regulated in lung tissue after exposure
to CNTSmall and CNTLarge, respectively, is shown in Supplementary Fig. 4.
At the high dose exposure on post-exposure day 3, there was a high
concordance between the genes differentially expressed after exposure
to the two MWCNTs. At the lower doses and other time points, we
observed less than 50% overlapping genes between the two groups.
Differentially expressed genes following exposure to the high dose of
CNTLarge were 4 times higher than CNTSmall on day 28, which may indi-
cate a more sustained toxic response resulting from exposure to long,
thick and straight MWCNT.
Gene ontology analysis of biological processes
In order to identify themes in the global pulmonary gene expression

patterns caused by the twoMWCNTs,we employed gene ontology (GO)
classification through the Database for Annotation, Visualization and
Integrated Discovery (DAVID) (Huang et al., 2009b,a). The common
and unique biological processes affected by CNTSmall and CNTLarge are
shown in Supplementary Figs. 5–7.

On post-exposure day 1 we identified two overlapping biological
processes perturbed following exposure to CNTSmall and CNTLarge:
defense response [GO:0006952] and cell motion [GO:0048870]. This in-
dicates that inflammation and cell motility are common responses fol-
lowing exposure to CNTs at post-exposure day 1 and that they are not
influenced by length or metal contaminants. Five unique biological pro-
cesses were identified following high dose CNTSmall exposure on post-
exposure day 1 (Supplementary Fig. 5.A), whereas exposure to CNTLarge
resulted in unique enrichment of two biological processes at the medi-
um and the high dose, and regulation of nine processes uniquely
enriched at the high dose only (Supplementary Fig. 5.B). Although a
higher prevalence of perturbed biological processes was observed
following CNTLarge exposure compared to CNTSmall at post-exposure
day 1, they mainly grouped in similar categories: Inflammatory re-
sponse, cell motility and cell cycle processes. However, the biological
process involving cell death was only perturbed after CNTLarge exposure
(Supplementary Fig. 5.B). Similarly, at 3 days post-exposure, high con-
cordance in enriched GO biological processes was observed following
CNTSmall and CNTLarge exposure, with seven overlapping processes iden-
tified: cell cycle [GO:0007049], immune response [GO:0006955], de-
fense response [GO:0006952], DNA metabolic process [GO:0006259],
cytoskeleton organization [GO:0007010], microtubule-based process
[GO:0007017], and cell activation [GO:0001775]. Exposure to CNTSmall

also resulted in unique enrichment of 10 biological processes across
the dose range at post-exposure day 3 (Supplementary Fig. 6.A),
whereas four uniquely regulated processes were identified following
CNTLarge exposure (Supplementary Fig. 6.B). Similar to the responses
seen at post-exposure day 1, these unique biological processes primarily
grouped under the same categories; inflammatory response, cell motil-
ity and cell cycle processes. However, in contrast to post-exposure day
1, we noted a unique regulation of cell death following exposure to
CNTSmall at post-exposure day 3. On post-exposure day 28, no overlap-
ping GO biological processes were observed following CNTSmall

and CNTLarge. Immune response [GO:0006955] was perturbed at
both low and medium doses following exposure to CNTSmall (Supple-
mentary Fig. 7.A); whereas, perturbations in response to wounding
[GO:0009611], ribonucleoside triphosphate metabolic process
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[GO:0009199] and hydrogen transport [GO:0006818] (Supplementary
Fig. 7.B) were observed at the high dose following CNTLarge exposure.
This indicates a common sustained inflammatory response that persists
until post-exposure day 28 following exposure to both CNTSmall and
CNTLarge. In addition to the general observations of high similarities in
perturbedGObiological processes, we also noted that CNTSmall exposure
altered expression of genes involved in cell cycle and microtubule
assembly, indicative of cell cycle arrest and structural damage at post-
exposure day 1. Instead, CNTLarge exposure resulted in activation of
immune responses, suggesting that the immediate responses to the
two types of nanotubes are different and that there is a delay in the
onset of immune responses following exposure to CNTSmall.

Property-response comparison
From the overall analysis of perturbed biological processes identified

through GO,we constructed a property-response comparison of the five
most perturbed biological processes: cell cycle [GO:0007049], immune
Fig. 4. Property-response comparison. Change in the expression of genes in five highly regulate
size of changes in expression after exposure to CNTLarge at the 162 μg dose at post-exposure da
metabolic process (DNA-MP), immune response and response to wounding. Significant (P b

Dark green: Fold change≤−3.000. Orange: Fold changebetween 2.000 and 2.999. Red: Fold cha
−1.999 and 1.999 or not significant expression.
response [GO:0006955], response to wounding [GO:0009611], DNA
metabolic process [GO:0006259] and microtubule-based process
[GO:0007017] (Fig. 4). This allowed us to identify the specific expres-
sion changes associated with selected ontologies across the two types
of CNTs. In order to identify effects related to the physicochemical prop-
erties of CNTLarge, we organized the genes in the biological processes
based on their expression following exposure to high dose of CNTLarge
at post-exposure day 3. A high concordancewas found between the dif-
ferentially regulated genes in all five biological processes in response to
both CNT types especially at the early time points. Underlying this ob-
servation is the low number of oppositely regulated genes observed.
Minor differences in the potency of CNTSmall and CNTLarge on gene ex-
pression were noted in immune response and response to wounding
at the high dose on day 3. Although similar genes were affected, these
genes were more strongly induced or repressed following CNTLarge ex-
posure. This indicates effects related specifically to the physicochemical
properties of CNTLarge. However, at the low dose at post-exposure day 3,
d selected GO biological processes relative to control mice. The genes are organized by the
y 3. GO biological processes selected: Cell cycle, microtubule-based process (M-BP), DNA
0.05) gene expression color coding: Light green: Fold change between −2.999 and −2.
nge between 3.000 and9.999. Dark red: Fold change≥ 10.000. Gray: Fold change between
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a much higher proportion of genes were differentially expressed after
CNTSmall exposure compared to CNTLarge. This could, in turn, indicate a
greater effect of CNTSmall compared to CNTLarge at low doses. We identi-
fied a cluster of uniquely changed genes on day 28 after exposure to
CNTLarge in response to wounding. This indicates a sustained or delayed
effect specific for the physicochemical properties of CNTLarge. This clus-
ter included the genes Chi3l4, Slc7a2, Ccr2, Lipa, Olr1, LOC620515,
Chi3l3, Proz, Tff1 and Gp9. There is little cohesion between these genes
in the scientific literature, and no clear conclusion can be drawn based
on the cluster at this time.
Functional analysis
The functional significance of the GO changes was determined using

Ingenuity Pathway Analysis (IPA) (Ingenuity® Systems, www.
ingenuity.com). The individual enriched functions in IPA were filtered
by: 1) removing redundant functionswith overlapping genes, and2) re-
moving functions that were not directly relevant to the present study
(e.g. dermal diseases and ophthalmic diseases). In general, we observed
high similarities between the enriched functions across time point and
doses,which confirm the results of theGO analysis of biological process-
es. The top five most significantly affected high-level functions after
CNTSmall or CNTLarge exposure are shown in Fig. 5. These top changing
functions only differed by one function: ‘Inflammatory response’
(CNTLarge) and ‘hematological system, development and function’
(CNTSmall). A closer analysis revealed that the function ‘hematological
system, development and function’ was associated with annotation of
terms such as “activation of leukocytes” and “migration of phagocytes”,
indicating that the enrichment of this biological function was based on
the differential regulation of inflammatory genes. For both MWCNTs,
analysis of the genes differentially expressed under these top five func-
tions revealed significant impact on processes involved in the immune
and acute phase response, especially regarding ‘hematological system,
development and function’, ‘inflammatory response’ and ‘cellular
movement’. Indeed, changes in the mRNA levels of several chemokine
(C–C motif) ligands (CCLs), chemokine (C–X–C motif) ligands (CXCLs),
serine protease inhibitors (SERPINs), tumor necrosis factor family
Fig. 5. Top perturbed functions identified in IPA. The histogram is based on the top five enrich
exposure to CNTSmall or CNTLarge. The functions: cancer, cellular growth and proliferation, and
the cellular movement function was ranked 4th after exposure to CNTLarge, whereas it was ra
to CNTLarge, but ranked 10th after exposure to CNTSmall. The 4th ranked function after CNTSmal

function revealed a strong association with annotation terms related to the inflammatory resp
genes and acute phase genes, e.g. the serum amyloid A proteins
(SAAs), were identified in all of the perturbed functions. Several of
these genes were among the most up-regulated overall, but common
for these were also that the changes in expression occurred at the
early time points and were not sustained up to 28 days. Supplementary
Table 3 lists the most differentially expressed genes at every time point
and dose. A commonality for many of these genes is their involvement
in the immune and acute phase responses. Serum amyloid A 3 (Saa3),
a well characterized acute phase gene, had the largest fold change of
all genes after exposure to both MWCNTs, peaking at 297-fold above
controls on day 3 for the medium dose of CNTSmall and at 184-fold for
the high dose on day 3 for CNTLarge (Supplementary Table 3). Looking
beyond the top changing functions, we observed a difference in the ex-
pression of genes involved in ‘free radical scavenging’ (Supplementary
Fig. 8). Exposure to CNTLarge, but not CNTSmall, resulted in altered expres-
sion of genes belonging to this function at the earliest time point. How-
ever, by day 3, this function was similarly enriched for both MWCNTs.
Similar differences in the kinetics and delayed onset were also observed
with immune response following CNTSmall.
Pathway analysis
The pathways with the largest number of differentially expressed

genes caused by exposure to the high dose of CNTSmall and CNTLarge
are shown in Table 2 for all time points. The pathway analysis was
conducted in IPA. A general high overlap of perturbed pathwayswas ob-
served across CNTSmall and CNTLarge exposure. On post-exposure day 1,
LXR/RXR activation, atherosclerosis signaling, and acute phase response
signaling were highly regulated following exposure to both MWCNTs,
indicating important effects of MWCNT exposure on lipid/cholesterol
homeostasis and the inflammatory response. The same trend for high
concordance was observed on post-exposure day 3, with hepatic fibro-
sis/hepatic stellate cell activation and dendritic cell maturation regulat-
ed across bothMWCNT types. Although the other significantly enriched
pathways differed from CNTSmall to CNTLarge exposure, they commonly
involved lipid/cholesterol homeostasis and the inflammatory response,
thus linking to the response seen at the early time point. Based on this
ed functions (depicted with the numbers 1–5) in female C57BL/6 mice after intratracheal
cell death and survival were ranked in the top 3 following exposure either MWCNT, but
nked 5th for CNTSmall exposures. Also, inflammatory response ranked 5th after exposure
l exposure was hematological system, development and function. A closer analysis of this
onse.

http://www.ingenuity.com
http://www.ingenuity.com


Table 2
Top 6 canonical pathways and networks in IPA affected by CNTSmall or CNTLarge.

Dose
group

CNTSmall CNTLarge

Canonical pathways Networks Canonical pathways Networks

Name #
genes

Name #
genes

Name #
genes

Name #
genes

Day 1,
162 μg

LXR/RXR activation 26 Carbohydrate metabolism, lipid
metabolism, small molecule biochemistry

32 Atherosclerosis
signaling

26 Cell death and survival, cancer,
hematological disease

30

Atherosclerosis
signaling

24 Organ morphology, lymphoid tissue
structure and development

31 Acute phase response
signaling

32 Gene expression 29

Oxidative ethanol
degradation III

7 Cell morphology, organismal
development

31 LXR/RXR activation 25 Cell-to-cell signaling and interaction,
tissue development, cardiac
enlargement

27

Hepatic
fibrosis/hepatic
stellate cell activation

27 Small molecule biochemistry, cellular
assembly and organization, DNA
replication recombination and repair

29 B cell development 10 Cellular movement, immune cell
trafficking, cell signaling

27

Pyrimidine
ribonucleotides
interconversion

8 Respiratory disease, RNA
post-transcriptional modification

29 Calcium-induced T
lymphocyte apoptosis

14 Post-translational modification, drug
metabolism, lipid metabolism

27

Acute phase response
signaling

31 Cancer, hematological disease 29 Retinol biosynthesis 12 Cancer, inflammatory disease 26

Day 3,
162 μg

Aryl hydrocarbon
receptor signaling

62 RNA post-transcriptional modification,
connective tissue disorders

35 Hepatic
fibrosis/hepatic
stellate cell activation

59 Cellular function and maintenance,
cardiac dilation

35

Antigen presentation
pathway

20 Cellular development, tissue
development

35 IL-10 signaling 33 Cell cycle, cellular movement, cellular
assembly and organization

35

Hepatic
fibrosis/hepatic
stellate cell activation

61 Cell death and survival, organ
development

34 Acute phase response
signaling

65 Cellular assembly and organization, cell
cycle, DNA replication recombination
and repair

35

Dendritic cell
maturation

66 Carbohydrate metabolism, small
molecule biochemistry, cellular
movement

34 Dendritic cell
maturation

60 Cellular movement, hematological
system development and function,
immune cell trafficking

34

Crosstalk between
dendritic cells and
natural killer cells

36 Nucleic acid metabolism, small molecule
biochemistry, amino acid metabolism

34 Pyrimidine
deoxyribonucleotides
de novo biosynthesis I

11 Cell morphology, cellular compromise,
cellular growth and proliferation

34

LXR/RXR activation 49 Cellular assembly and organization, DNA
replication recombination and repair, cell
cycle

34 Hypoxia signaling in
the cardiovascular
system

30 Cellular movement 34

Day 28,
162 μg

Hematopoiesis from
pluripotent stem cells

4 Humoral immune response, protein
synthesis, inflammatory response

23 IL-8 signaling 13 Molecular transport, developmental
disorder

25

Primary
immunodeficiency
signaling

4 Amino acid metabolism, molecular
transport, small molecule biochemistry

14 Atherosclerosis
signaling

9 Cancer, cardiovascular system
development and function

23

Cellular movement, hematological
system development and function,
immune cell trafficking

10 Retinol biosynthesis 5 Developmental disorder 22

Cellular development, cellular growth
and proliferation, connective tissue
development and function

10 Triacylglycerol
degradation

4 Connective tissue disorder,
developmental disorder

23

Cell morphology, cellular assembly and
organization, cellular development

9 Chondroitin sulfate
degradation

3 Cardiovascular system development and
function, cellular development, cellular
growth and proliferation

20

Dermatan Sulfate
Degradation

3 Cancer 18

Pathways and networks were identified in IPA and ranked based on their Benjamini–Hochberg Multiple Testing Correction P-value.
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information, a closer analysis of genes involved in cholesterol syn-
thesis and homeostasis was conducted at all doses and time points
for MWCNT exposed mice, which revealed the consistent up-
regulation of several genes involved in the 3-hydroxy-3-methylglu-
taryl-Coenzyme A (HMG-CoA) reductase pathway for both CNT
types at the early time point (Supplementary Table 4). Down-
regulation was also observed in the expression of membrane trans-
porters ATP-binding cassette, sub-family A, member 1 (Abca1) and
in ATP-binding cassette, sub-family G, member 1 (Abcg1) at post-
exposure day 3. Both of these genes are involved in lipid homeostasis
through cholesterol efflux. A linkage to fibrosis was observed
through the regulation of hepatic fibrosis/hepatic stellate cell activa-
tion at the early time points following exposure to CNTSmall and
CNTLarge. Although recognized for their role in hepatic fibrosis,
many of the differentially regulated genes in this pathway play im-
portant roles in pulmonary fibrosis as well.
Finally, only two canonical pathways were perturbed 28 days post-
exposure to CNTSmall; the small number of differentially expressed
genes in each pathway indicates low pathway specificity (Table 2). In
contrast to CNTSmall, genes involved in six pathways were affected
28 days post-exposure to CNTLarge. Interestingly, persistent changes in
the expression of genes involved in inflammatory and atherosclerosis
pathways were observed, indicating possible long-term effects.

Network analysis
Network analysis in IPA was employed to identify key regulatory

genes and molecules. The top five networks at the high dose, days 1
and 3 post-exposure to either MWCNT (Table 2) were merged and net-
work connections were visually depicted (Supplementary Fig. 9). For
CNTSmall exposure, the primary network on post-exposure day 1
consisted of the core nodesMyc, Cdkn1a and Egfr. These genes are all in-
volved in regulation of cellular proliferation and cell cycle; Egfr is also
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highly implicated in fibrosis. Besides the core nodes, a distinct group of
down-regulated genes clustered together (Supplementary Fig. 9.A, red
circle), which belong to the dynein family. On day 3, the core nodes
Tnf and Gpcrwere identified (Supplementary Fig. 9.B). The latter is rep-
resentative of the G protein-coupled receptor proteins, generally in-
volved in signal transduction from the extracellular space to the
cytoplasm. Tnf is amultifunctional proinflammatory cytokine belonging
to the tumor necrosis factor superfamily, involved in the regulation of a
wide spectrum of biological processes. Besides Tnf and Gpcr, several
other small nodes were identified, but no distinct patterns were ob-
served. For CNTLarge exposure, network analysis of post-exposure day
1 gene expression data revealed core nodes centered around Myc,
Nfkb1a, Gpcr and Nfkb complex (Supplementary Fig. 9.C). Myc and Gpcr
are both involved in regulation of cellular proliferation, whereas the
Nfkb genes are important in cytokine production and cell survival. The
network at post-exposure day 3 showed core nodes for Tnf, Myc,
Tgfb1, Igf1r andGsk3b (Supplementary Fig. 9.D). As in the day 1 network,
core node geneswere generally grouped into two categories: regulation
of cellular proliferation (Myc, Tgfb1, Igf1r and Gsk3b) and inflammation
(Tnf). However, most of these genes are highly pleiotropic. Tgfb1,
through the SMAD signaling cascade, is also strongly associated with fi-
brosis. The commongenenodes identified further highlights the general
high degree of similarity seen in the gene expression responses after
CNTSmall and CNTLarge exposure.
Fibrosis gene signature

Fibrosis is a well-established endpoint in MWCNT-induced toxicity
(Aiso et al., 2010; Mercer et al., 2011; Muller et al., 2005; Porter et al.,
2010; Snyder-Talkington et al., 2013). In the present study, fibrosis
(hepatic fibrosis/hepatic stellate cell activation) was observed as the
top pathway hit following exposure to both CNTSmall and CNTLarge.
This pathway was highly perturbed on day 3, with ligand-mediated
effects on nuclear transcription across the entire pathway (Supplemen-
tary Fig. 10). The cells and genes involved in this pathway are similar to
those involved in parenchymal injury to lungs, thus the induction of this
pathway shows that MWCNT exposure may initiate a fibrotic response.
Fibrosis induction is a highly multifactorial process and fibrosis-
associated genes were grouped under several GO biological processes,
including cellular growth and proliferation, response to wounding or
cellular function and maintenance. We identified several matrix
metallopeptidases (Mmp10, Mmp11, Mmp12, Mmp13, Mmp14, Mmp15,
Mmp19,Mmp3,Mmp8,Mmp9) and tissue inhibitor of metalloproteinase
(Timp1, Timp2, Timp3, Timp4), important for fibrogenesis and tissue
remodeling, that were differentially regulated after exposure to both
MWCNTs, primarily on post-exposure day 3. Also at the same time
point, several genes involved in TGFβ signaling, which has been linked
with the development of fibrosis, were differentially regulated follow-
ing exposure to both MWCNTs (Areg, Tgfbr2, Tgfbr3, Smad1, Smad6,
Smad9). However, Tgfb1 and Tgfb3 were regulated only after CNTLarge
exposure. On post-exposure day 28, expression of many of the
fibrosis-related genes had returned to baseline levels. However, an
upstream analysis of the differentially regulated genes at this time
point revealed that many of the genes affected by CNTLarge exposure
(56 genes)were regulated by TGFB1. In comparison, only 14 TGFB1 reg-
ulated geneswere identified following CNTSmall exposure. This indicates
activation of fibrotic processes 28 days after exposure, butwith an effect
that was most prominent following CNTLarge exposure. Also, by using a
list of genes linked to fibrosis described by Snyder-Talkington et al.
(2013) and a by conducting a literature search, we identified 14
fibrosis-associated genes uniquely expressed on post-exposure day 28
following high dose CNTLarge exposure; Arg1 (6.98-fold), Igf1 (5.02-
fold), Lgals3 (3.13-fold), Mmp12 (6.69-fold), Mmp13 (2.39-fold), Pde3a
(−1.95-fold), Ptgir (3.33-fold), Smurf2 (−1.45-fold), Tnfrsf1b (1.77-
fold), Vegfa (−1.66-fold), Eng (−1.61-fold), Jun (1.87-fold), Smad6
(−2.17-fold) and Spp1 (6.41-fold). This unique expression pattern
could indicate a chronic response related to the physicochemical prop-
erties of CNTLarge. This was emphasized in the upstream analysis, which
revealed that exposure to CNTLarge, but not CNTSmall, induced differential
expression of genes associated with bleomycin exposure, which is a
strong inducer of pulmonary fibrosis (Supplementary Fig. 11A). Similar-
ly, exposure to CNTLarge, but not CNTSmall, resulted in differential expres-
sion of genes associated with exposure to chrysotile asbestos, also a
known inducer of fibrosis (Supplementary Fig. 11B).

qRT-PCR analysis

Eight genes belonging to immune response, oxidative stress or fibro-
sis were selected for validation by qRT-PCR (Saa3, Il1α, Il6, Cxcl2, Ccl2,
Hmox1, Mmp9 and Sod2). Validation was conducted at all doses and
timepoints. The qRT-PCR results correlatedwellwith themicroarray re-
sults (Supplementary Table 5). A strong significant linear regression
was found between qRT-PCR andmicroarray data (P b 0.0001) (Supple-
mentary Fig. 12).

Histological examination of lungs

Onpost-exposure day 1,MWCNTswere present in the alveolar ducts
and alveoli, and single macrophages were observed in the lung tissue of
mice exposed to a high dose of both types of MWCNT (Fig. 6). Addition-
ally, in the group exposed to CNTLarge perivascular neutrophilic infiltra-
tion and slight desquamation of bronchiolar epitheliumwere observed.
Congestionwas seen in the controls andMWCNT exposed groups and it
was attributed to insufficient exsanguination of the carcasses.

On day 28 in the vehicle controls, minimal perivascular
mononuclear-neutrophilic infiltration, fibroblasts and fibrocytes
surrounding blood vessels and desquamation of bronchiolar epithelium
were observed. The high-dose CNTSmall group showed interstitial pneu-
monia, characterized by lymphoid cell infiltration of both interstitium
and alveolar lumina, small granulomas connected to alveolar walls or
granulomatous alveolitis, and alveolar septal thickening due to type II
pneumocyte hypertrophy and hyperplasia. Inflammatory cells and
both intracellular and extracellular MWCNTs were observed in the
alveoli. In the group exposed to the high-dose CNTLarge advanced inter-
stitial pneumoniawas observed, characterized by granulomas or granu-
lomatous alveolitis, fibrosis and alveolar septal lymphoid infiltration.
Fibrosis was observed following exposure to both types of MWCNT,
but it was more severe in the high-dose CNTLarge group compared to
the high-dose CNTSmall group (Figs. 6.J–L).

DNA damage

DNA strand breaks were evaluated through the comet assay in lungs
from mice intratracheally exposed to CNTSmall or CNTLarge for all doses
and on all time points (Fig. 7). A clear difference between CNTSmall and
CNTLarge exposure was observed, as instillation of CNTSmall mainly
affected the level of DNA strand breaks at the middle and high dose
on post-exposure day 3 (P b 0.001), whereas instillation of CNTLarge
affected all doses at post-exposure day 1 only (P b 0.01). We note that
a single sample in the 162 μg dose group sampled 3 days after exposure
to CNTSmall contained high levels of DNA damage, possibly driving the
statistically significant difference between this group and the control
group. However, careful examination of the sample revealed no signs
of the apoptotic cells that were observed in samples subjected to incor-
rect thawing (Jackson et al., 2013). Thus, the high level of DNA damage
was considered biological variance.

Free radical production

Acellular free radical production was assessed using a 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) assay, which measures



Fig. 6. Lungmorphology. Representative HE or trichrome stained lung tissue sections frommice exposed to 0 or 162 μg/animal of CNTSmall or CNTLarge. (A)–(C) 1 day after instillation (a.i.)
and (D)–(L) 28 days a.i. (A)–(I): HE staining; (J)–(L): trichrome staining. (A) Vehicle control: Normal structure, terminal bronchiole lumen (black arrow) bifurcates into two alveolar ducts
(red arrows), congestion. Scale bar: 100 μm. (B) CNTSmall group: Extracellular CNT in centriacinar region (red arrows) and single macrophages. Scale bar: 100 μm. (C) CNTLarge group:
MWCNTs in terminal bronchiole (green arrow) and in alveoli (red arrows), perivascular neutrophilic infiltration (black arrow) and slight desquamation of bronchiolar epithelium.
Scale bar: 50 μm. (D) Vehicle control:Minimal perivascularmononuclear–neutrophilic infiltration (black arrows), and fibroblasts and fibrocytes surrounding blood vessels, desquamation
of bronchiolar epithelium into the lumen of bronchiole. Scale bar: 100 μm. (E) CNTSmall group: Perivascular mononuclear cell infiltration (green arrow), interstitial pneumoniamanifested
as alveolar septal thickening due to type II pneumocyte hypertrophy and hyperplasia (red arrows), intra-alveolar lymphoid cell infiltration (black arrows), and aggregations of macro-
phages. Scale bar: 100 μm. (F) CNTSmall group: Interstitial and catarrhal pneumonia. Alveolar septal thickening (red arrows) due to fibroblasts and type II pneumocyte hypertrophy. Hy-
perplasia, intra-alveolar lymphoid cell infiltration andpresence of theMWCNTs (black arrows); small granuloma in alveolar lumen. Scale bar: 50 μm. (G) CNTLarge group: Granuloma (black
arrow) containing two aggregates ofmacrophages surroundingmasses of theMWCNTs (red arrows) located at bifurcation of the terminal bronchiole into the twoalveolar ducts. Scale bar:
100 μm. (H) CNTLarge group: Advanced interstitial and catarrhal pneumonia. Alveolar septal lymphoid cell infiltration (green arrow), alveolitis (red arrows) and prominent fibrosis (in-
crease in observable connective tissue) (black arrow). Scale bar: 100 μm. (I) CNTLarge group: Interstitial pneumonia with fibrosis (green arrow), granuloma containing macrophages
and neutrophils, and the MWCNTs located at bifurcation of the terminal bronchiole into the alveolar ducts (black arrow), attenuation of epithelium of terminal bronchiole (red arrow),
desquamated bronchiolar epithelium in the lumen of bronchiole. Scale bar: 100 μm. (J) Vehicle control: small, normal amount of collagen in perivascular (red arrow) and peribronchial
(black arrow) regions (blue color). Scale bar: 50 μm. (K) CNTSmall group: thickening of alveolar septa due to type II pneumocyte hypertrophy and hyperplasia, mild fibrosis within a small
granuloma (red arrow) and in the alveolar septa (green arrows), andMWCNTs in alveolar lumen (black arrows). Scale bar: 50 μm. (L) CNTLarge group: interstitial pneumoniawith alveolar
septal fibrosis (red arrows), alveolitis, and intra-alveolar deposition of the MWCNTs (black arrows) Scale bar: 50 μm.
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the DCFH oxidation from the MWCNT (Supplementary Fig. 13). Be-
sides a slight increase in DCF observed at the highest concentration
(135 μg/ml), CNTLarge did not induce free radical production. In con-
trast, a strong increase in DCF was observed even at the lowest con-
centration (1.4 μg/ml) for CNTSmall. A dose response was observed
until dose 11.25 μg/ml, after which DCFH oxidation decreased
with increasing dose. This decline is likely due to a quenching of
the fluorescence by the MWCNT, as observed and described earlier
for SWCNTs (Jacobsen et al., 2008).

Discussion

The physicochemical properties of MWCNTs, including the high
aspect ratio, metal contamination, and straightness are considered im-
portant determinants of their toxicity. In this study, we investigated
global changes in mRNA expression in lung tissue of female C57BL/6
mice 1, 3 or 28 days after intratracheal exposure to different doses of
either CNTSmall or CNTLarge. Eight genes of interestwere verified through
qRT-PCR. Gene expression changes were interpreted in the context of
other toxicological phenotypes that were measured in the same exper-
imental setup, including inflammatory response, histological changes,
DNA strand breaks and oxidative stress capacity. The physicochemical
analyses of CNTSmall or CNTLarge revealed that the two MWCNTs differ
in length, thickness, purity, surface area and level of agglomeration
(Table 1). Despite these major differences in physical properties, the
twoMWCNTs induced remarkably similar changes inmolecular pheno-
types and gene expression, especially at post-exposure day 3. Both
CNTSmall and CNTLarge exposure induced a strong increase in expression
of genes involved in the inflammatory and acute phase response, which
was sustained at post-exposure day 28 for both nanotube types. This



Fig. 7. %Tail DNA in C57BL/6 mouse lung following exposure to CNTSmall or CNTLarge. Each mouse in the dose group is represented. Under each time point, the dose groups are portrayed
from left to right: 18 μg, 54 μg and 162 μg. Horizontal lines denote the means. *Statistically significantly different from vehicle instilled mice, P b 0.05. **Statistically significantly different
from vehicle instilled mice, P b 0.01. ***Statistically significantly different from vehicle instilled mice, P b 0.001.
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response is in concordancewith the observed changes in BAL cell influx
and lung morphology. Both CNTSmall and CNTLarge exposure resulted in
the development of interstitial pneumonia on post-exposure day 28,
however it was more sever with CNTLarge. The strong inflammatory
and acute phase responses are not unique to MWCNT exposure. Similar
responses have been observed following exposure to nano-titanium di-
oxide particles (nano-TiO2) and nano-carbon black (nano-CB) particles
via instillation or inhalation using experimental designs similar to that
used in the present study (Bourdon et al., 2012a; Halappanavar et al.,
2011; Husain et al., 2013; Jackson et al., 2011b). However, the number
of differentially expressed genes was an order of magnitude greater
following exposure to the two MWCNTs than following exposure to
nano-TiO2 and nano-CB, indicating stronger potency ofMWCNT. The in-
duction of an inflammatory response influenced several GO biological
processes and IPA functions, e.g. 'cellular movement'. Many annotations
under this categorywere associatedwith themovement of inflammato-
ry cells, e.g. the annotations “cell movement of leukocytes” or “mi-
gration of phagocytes” and were perturbed by both MWCNTs; we
speculate that small differences in the toxicological response could be
masked by the strong inflammatory response. Other effects caused by
CNTSmall and CNTLarge exposure included perturbation of lipid/cholester-
ol homeostasis, cell motility and cell cycle processes. However, notable
differences were found that provide insight into differences in the po-
tencies of these MWCNTs on pathological outcomes, namely a possible
late-onset fibrotic response.

It has been documented that excessive collagen production and
deposition of extra cellular matrix proteins during a persistent inflam-
matory response leading to lung injury (as reflected in BAL cell type
composition, lung morphology and microarray analysis) may lead
to development of fibrosis (Branton and Kopp, 1999; Strieter and
Mehrad, 2009). Fibrosis has been an observed endpoint in several
MWCNT studies (Aiso et al., 2010; Mercer et al., 2011; Muller et al.,
2005; Porter et al., 2010; Ryman-Rasmussen et al., 2009; Wang et al.,
2013). Snyder-Talkington et al. (2013) recently reported gene expres-
sion changes in male C57BL/6 mice exposed via pharyngeal aspiration
to 10, 20, 40 or 80 μg of MWCNT Mitsui-7 and sampled 1, 7, 28 or
56 days post-exposure. Snyder-Talkington et al. found that Mitsui-7
exposure was related functionally to either fibrosis or inflammation
and produced 2 gene lists based on this. A direct comparison of the 69
genes found to be related tofibrosis by Snyder-Talkington et al.with dif-
ferentially expressed genes following exposure to either CNTSmall or
CNTLarge in the present study revealed a high level of concordance,
both to the results of Snyder-Talkington et al., but also between CNTSmall

or CNTLarge exposed groups. However, it was found almost exclusively at
the early time points (days 1 and 3) (Supplementary Table 6). A similar
pattern emerged from our IPA analysis. Genes associated with the func-
tion ‘cellular growth and proliferation’ were perturbed 3 days after
exposure to CNTSmall and CNTLarge (Fig. 5) with annotations such as
“proliferation offibroblast cell lines” and “proliferation of connective tis-
sue”. Although none of these effects were observed on post-exposure
day 28, we observed subtle but important differences on day 28 follow-
ing exposure to CNTLarge. A total of 10 genes from the list of genes from
Snyder-Talkington et al. were differentially expressed at the high dose:
Arg1 (6.98-fold), Igf1 (5.02-fold), Lgals3 (3.13-fold),Mmp12 (6.69-fold),
Mmp13 (2.39-fold), Pde3a (−1.95-fold), Ptgir (3.33-fold), Smurf2
(−1.45-fold), Tnfrsf1b (1.77-fold) and Vegfa (−1.66-fold) (Supplemen-
tary Table 6), whereas only one gene was differentially expressed
following CNTSmall exposure: Vegfa (middle dose,−1.53-fold). A litera-
ture search for genes reported to be associated with fibrosis in general
identified an additional 4 genes that were differentially expressed
following CNTLarge exposure only on post-exposure day 28: Eng
(−1.61-fold), Jun (1.87-fold), Smad6 (−2.17-fold) and Spp1 (6.41-
fold). The connection between the 14 identified fibrosis-associated
genes is depicted in a network analysis (Supplementary Fig. 14). The
most differentially expressed gene among the 14 identified
fibrosis-associated genes was Spp1, which codes for the osteopontin
protein. Osteopontin has been suggested to be a marker for
bleomycin-induced fibrosis in mice (Dave and Kaminski, 2005). It
is an extracellular adhesion protein that is processed by extracellular
proteases and has been associated with metastasis and mesothelio-
ma carcinogenesis (Pass et al., 2005). Circulating osteopontin has
also been shown to be predictive for the diagnosis of mesothelioma
in humans (Pantazopoulos et al., 2013) and other asbestos-related
diseases (Rodriguez Portal, 2012). It remains to be demonstrated
whether osteopontin expression may be used to identify more
harmful high aspect ratio nanomaterials.

The CNTLarge-induced late-onset of fibrosis was supported by the
upstream analyses. TGFB1 was identified as the upstream regulator of
several differentially expressed genes following CNTLarge exposure.
This was to a lesser degree observed following CNTSmall exposure.
Transforming growth factor β has been proposed as a key mediator in
fibrosis through the SMAD signaling pathway (Sato et al., 2003;
Flanders et al., 2002; Moeller et al., 2006). TGFB1 is involved in both
fibroblast-to-myofibroblast conversion and epithelial–mesenchymal
transition (EMT), both resulting in increased levels of myofibroblasts
and subsequently increased collagen deposition (Wang et al., 2014;
Willis and Borok, 2007; Willis et al., 2005; Kasai et al., 2005; Leask and
Abraham, 2004). Several studies withMWCNT discussed an association
between TGF-β and fibrotic lesions in the lungs (Chen et al., 2014;
Ronzani et al., 2012; Wang et al., 2013, 2011b). Additionally, the up-
stream analyses also associated CNTLarge exposure with both bleomycin
and chrysotile asbestos exposure. Bleomycin is a standard model for
studying fibrosis (Peng et al., 2013; Moeller et al., 2006, 2008), and
therefore the convergence of genes affected by both CNTLarge and
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bleomycin suggests commonmolecular events drivingfibrosis. Thiswas
not observed for CNTSmall. This is in concordance with the histological
analysis. Although fibrosis was observed following exposure to both
MWCNTs, it was more severe with CNTLarge. This association is also
supported by the observation that only CNTLarge exposure induced
differential expression of genes that are also differentially expressed
following chrysotile asbestos exposure. CNTSmall and CNTLarge differ in
many physicochemical parameters, including length and straightness.
Studies have shown that the structure is highly important for MWCNT
toxicity. For example, after exposing male SH rats to long and short
MWCNT of similar width by intratracheal instillation Wang et al.
(2013) observed that the long, but not the short,MWCNT inducedfibro-
sis, probably through activation of TGF-β/Smad2/collagen III signal
transduction. Porter et al. (2010) and Mercer et al. (2011) observed
persistent fibrosis up to 56 days post-exposure in male C57BL/6 J mice
exposed via pharyngeal aspiration to the long, thick MWCNT Mitsui-7.
Comparing these studies to the result of the present study, we hypoth-
esize that up-regulation of fibrosis related gene expression observed
following CNTLarge exposure only, could be due to the structural differ-
ences between CNTLarge and CNTSmall. However, it should be noted
that some studies observe no differences in the fibrotic potential
between CNTs of different lengths (Muller et al., 2005; Ravichandran
et al., 2011).

Snyder-Talkington et al. (2013) included an additional long-term
timepoint (56 days) not analyzed in the present study. An order ofmag-
nitude higher number of differentially regulated geneswere observed at
this time point compared to day 28. This indicates effects of MWCNT
Mitsui-7 exposure apparent only at time points later than day 28. We
did not assess changes after 28 days, but given the physicochemical
similarities between Mitsui-7 and CNTLarge, it is likely that CNTLarge
also causes effects beyond 28 days. This emphasizes the need for long
term studies. Although there is a general focus on length-dependent
fibrotic effects, other factors such as purity, surface modifications and
entanglement of the CNTs may also affect the fibrotic potential. Mea-
surements of collagen deposition at later post-exposure time points
are needed in order to confirm the development of fibrosis.

Following exposure to CNTSmall and CNTLarge, we noticed a large
number of gene expression changes for serine proteinase inhibitors
(serpins) (Supplementary Table 7), a superfamily of proteins where
several members first were characterized as acute phase plasma prote-
ase inhibitors (Dickson and Alper, 1974). Serpins are now known to
have functions in a wide range of tissues including the lungs
(Silverman et al., 2001; Stein and Carrell, 1995). The greatest fold
change was observed in the expression of the Serpina3 gene, encoding
α-1-antichymotrypsin. In the lung, this protein is important for the
regulation of proteases released by leukocytes during an inflammatory
response (Horvath et al., 2005; Travis et al., 1978). Neutrophil influx
was significantly elevated at all doses and time points after exposure
to either sized MWCNT, and the large up-regulation in expression of
Serpina3s emphasizes a possible protective role of the protein against
damage to the respiratory tract caused by proteolytic enzymes after
MWCNT exposure. The expression of two Serpina1swas also significant-
ly increased after exposure CNTLarge, but not after exposure to CNTSmall.
Deficiency ofα-1-antitrypsin, encoded by Serpina1s, renders the organ-
ism vulnerable to breakdown by neutrophil elastases and the deficiency
has been correlated to chronic obstructive pulmonary disease (COPD)
(Chappell et al., 2006; Dahl et al., 2002; Kueppers et al., 1969). In addi-
tion, studies have shown a correlation between cigarette smoking and
increased levels of α-1-antitrypsin in the lungs (Linja-Aho et al., 2013;
Olsen et al., 1975). The observed differential expression of Serpina1s in
the present study may indicate that CNTLarge exposure could be a risk
factor for COPD in a similar fashion to cigarette smoke. Long-term
studies, preferably inhalation studies, are needed in order to confirm
or refute this hypothesis.

The expression profiles following exposure to CNTSmall and CNTLarge
were highly similar at post-exposure day 1. We recently published a
toxicogenomic analysis of effects of in vivo and in vitro exposures to
the MWCNT Mitsui-7 (Poulsen et al., 2013). These results enable the
comparison between CNTSmall, CNTLarge andMitsui-7. The in vivo exper-
imental design in Poulsen et al. (2013)was identical to the design in the
present study, although only one time point, day 1, was investigated,
but animal exposures, experimentation and analysis of DNAmicroarray
results were all performed separately from the present study.When ex-
amining the general expression profiles across the 3 different MWCNTs
at post-exposure day 1 (fold change ±1.5, FDR corrected P b 0.05), we
noted more similar expression patterns for CNTSmall and CNTLarge expo-
sures than forMitsui-7 and CNTLarge exposures (Supplementary Fig. 15).
This trend was consistent for enriched IPA functions (Supplementary
Fig. 16). DNA microarrays are powerful tools for understanding the
global transcriptome, but due to the high number of comparisons
made, some false-positive findings may occur. With that in mind, we
narrowed our analysis to genes with greater changes in expression
(fold change ± 3.0, FDR corrected P b 0.05). Overall, there was a high
degree of concordance among the expression profiles following expo-
sure to these different MWCNTs, especially at medium and high doses
(Fig. 8). Genes whose transcription was similarly affected primarily
belonged to inflammation and acute phase responses, as expected at
this early time point. However, no clear differences between the gene
expression profiles were observed. This highlights the reproducibility
of the study design and of the DNAmicroarray experiment and analysis.

Differences in the expression of genes involved in the IPA function
‘free radical scavenging’were observed between CNTLarge, and CNTSmall.
Specifically, exposure to CNTLarge, but not to CNTSmall, resulted in differ-
ential expression of genes belonging to this function as early as post-
exposure day 1 (Supplementary Fig. 8). The identified annotations
under this category were "production of reactive oxygen species", "me-
tabolism of reactive oxygen species" and "synthesis of reactive oxygen
species", indicating the rapid generation of ROS in the lungs. We have
previously shown that nano-CB produces ROS in vitro, and induces
DNA strand breaks in the comet analysis in vivo and in vitro (Jacobsen
et al., 2007, 2008, 2011). The mutation spectrum of nano-CB-induced
mutations is consistent with generation by ROS. Therefore, there was
a strong indication that the increased levels of DNA strand breaks
observed in the comet assay were due to increased ROS production in
the lung. Increased DNA strand break levels were observed at post-
exposure day 1 after exposure to CNTLarge, but not to CNTSmall, thereby
mimicking the early onset seen in the regulation of the function 'free
radical scavenging'. CNTLarge does not contain many metal impurities
and does not produce acellular ROS in contrast to CNTSmall (Supplemen-
tary Fig. 13 and Table 1), and therefore its ROS generating potential is
likely to arise from its high aspect ratio inducing a biological ROS
response. Long MWCNTs have been proven difficult to phagocytize by
the alveolar macrophages, however the size range of CNTSmall and
CNTLarge is too short to induce frustrated phagocytosis (Donaldson
et al., 2010). Instead the increased level of ROS could be caused by dis-
ruption of phagosomes and lysosomes by CNTLarge exposure. This
could ultimately lead to cell damage and difficulty in clearing the
MWCNT from the lungs.

Conclusion

Analysis of pulmonary response to intratracheal exposure to
CNTSmall or CNTLarge, twoMWCNTs with very different physicochemical
properties, revealed remarkably similar effects on the transcriptome,
especially in the key processes inflammation and acute phase response.
The gene expression changes observed correlated with BAL fluid cell
type composition changes and lung histology changes. Both MWCNTs
induced a large number of gene expression changes at the early time
points (1 and 3 days), but also a lower, sustained response that was
still apparent 28 days post-exposure. However, notable differences
were found between the two MWCNTs in the expression of several
genes associated with fibrosis and induction of fibrosis on post-



Fig. 8.Venn diagram of differentially expressed genes after exposure to CNTSmall, CNTLarge orMitsui-7. P b 0.05 and fold change±3.0. Blue circle: CNTSmall exposure. Yellow circle: CNTLarge
exposure. Green circle: Mitsui-7 exposure. (A) Dose 18 μg, day 1. (B) Dose 54 μg, day 1. (C) Dose 162 μg, day 1. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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exposure day 28. Specifically, we identified a subset of 14 genes that
were differentially regulated after exposure to CNTLarge, but not to
CNTSmall, coinciding with a stronger fibrotic response to CNTLarge expo-
sure. Thus, these genes could be candidates for biomarkers of fibrosis-
related toxicity, and indicate a possible late-onset response that is spe-
cific to exposures to MWCNT with physicochemical compositions simi-
lar to CNTLarge.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2014.12.011.
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Adverse lung effects following pulmonary exposure to multi-walled carbon nanotubes (MWCNTs) are well
documented in rodents. However, systemic effects are less understood. Epidemiological studies have shown
increased cardiovascular disease risk after pulmonary exposure to airborne particles, which has led to concerns
that inhalation exposure to MWCNTs might pose similar risks.
We analyzed parameters related to cardiovascular disease, including plasma acute phase response (APR)
proteins and plasma lipids, in female C57BL/6 mice exposed to a single intratracheal instillation of 0, 18, 54 or
162 μg/mouse of small, entangled (CNTSmall, 0.8 ± 0.1 μm long) or large, thick MWCNTs (CNTLarge, 4 ± 0.4 μm
long). Liver tissues and plasma were harvested 1, 3 and 28 days post-exposure. In addition, global hepatic gene
expression, hepatic cholesterol content and liver histology were used to assess hepatic effects.
The two MWCNTs induced similar systemic responses despite their different physicochemical properties. APR
proteins SAA3 and haptoglobin, plasma total cholesterol and low-density/very low-density lipoprotein were
significantly increased following exposure to either MWCNTs. Plasma SAA3 levels correlated strongly with pul-
monary Saa3 levels. Analysis of global gene expression revealed perturbation of the same biological processes
and pathways in liver, including the HMG-CoA reductase pathway. Both MWCNTs induced similar histological
hepatic changes, with a tendency towards greater response following CNTLarge exposure.
Overall, we show that pulmonary exposure to two different MWCNTs induces similar systemic and hepatic re-
sponses, including changes in plasma APR, lipid composition, hepatic gene expression and liver morphology.
The results link pulmonary exposure to MWCNTs with risk of cardiovascular disease.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Cardiovascular disease (CVD), a broad term used for all diseases of
the cardiovascular system, is the leading cause of death worldwide,
being responsible for 3 in every 10 deaths in 2008 (World Health
Organization et al., 2011). Retrospective and prospective epidemiologi-
cal studies show that pulmonary exposure to respirable air particulates
increases the risk of CVD (Chen andNadziejko, 2005; Clancy et al., 2002;
Dockery et al., 1993; Erdely et al., 2011a; Li et al., 2007; Mikkelsen et al.,
2011; Pope et al., 1995, 2004). Recent increases in the development and
use of nanomaterials will inevitably increase their presence in the envi-
ronment and thus enhance the risk of human exposure. Concern has
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been raised that this exposure may lead to increased risk of CVD (Saber
et al., 2014).

Several studies have linked pulmonary exposure to different types of
multi-walled carbon nanotubes (MWCNTs) via inhalation, instillation
or aspiration to lung inflammation, sustained interstitial fibrosis, and
granuloma formation in rodents (Ma-Hock et al., 2009; Pauluhn,
2010a,b; Porter et al., 2010; Reddy et al., 2010; Wang et al., 2011;
Poulsen et al., 2013). In addition, extrapulmonary effects, such as
plaque progression in apoE knock-out mice, increased levels of
acute phase response (APR) proteins in the serum, and adverse devel-
opmental effects in offspring, have been reported in mice following
pulmonary exposure to CNTs (Li et al., 2007; Hougaard et al., 2013;
Erdely et al., 2011b).

Systemic effects of MWCNTsmay occur by direct translocation from
the target tissue. Indeed, several studies have reported translocation of
MWCNTs to different organs, suggesting that they are capable of cross-
ing the air–blood barrier. For example, MWCNTs were found in the
lymph nodes following instillation (Aiso et al., 2011), in the brain, kid-
ney, heart and liver following inhalation (Mercer et al., 2013;
Stapleton et al., 2012), and in the spleen, liver and bonemarrow follow-
ing pharyngeal aspiration (Czarny et al., 2014). It is also possible that
secondary effects result from MWCNT-induced release of cytokines
and APR proteins into the systemic circulation during pulmonary in-
flammation. Increased concentrations of plasma APR proteins have
been reported by many epidemiological studies investigating the car-
diovascular effects of air pollution (Lowe, 2001; Mezaki et al., 2003;
Libby et al., 2010; Estabragh and Mamas, 2013; Pussinen et al., 2007).
Increased APR has been recognized as an important risk factors for
CVD (Ridker et al., 2000; Saber et al., 2013; Kaptoge et al., 2012;
Taubes, 2002; Estabragh and Mamas, 2013; Rivera et al., 2013;
Johnson et al., 2004; Pai et al., 2004; Saber et al., 2014).

The APR is characterized by changes in plasma levels of APRproteins,
including C-reactive protein (CRP), serum amyloid A (SAA) and fibrino-
gen, and changes in cholesterol homeostasis following acute and chron-
ic inflammatory states (Bourdon et al., 2012a; Gabay and Kushner,
1999). SAA is a family of conserved and highly homologous high density
lipoprotein (HDL) apolipoproteins, which in mice are the predominant
APR proteins (Meek et al., 1992). Several tissues, including the lungs,
express the Saa3 gene. The two other isoforms, Saa1 and Saa2, are con-
sidered liver-specific but are also expressed in lungs (Bourdon et al.,
2012a; Husain et al., 2013; Uhlar and Whitehead, 1999; Halappanavar
et al., 2011; Halappanavar et al., 2014). The most studied APR protein
in humans is CRP. Physiologically, the APR is a beneficial response to
local or systemic disturbances (e.g. infections); however, a persistent
chronic APR is suggested to alter blood lipids and cholesterol biosynthe-
sis, thereby increasing the risk of developing CVD (Bourdon et al.,
2012a; Lindhorst et al., 1997). In the circulation, SAA is primarily a
part of HDL. During an APR the concentration of SAA can be induced
over 1000-fold, whereby SAA replaces ApoA-1 as the major HDL pro-
tein. HDL-SAA is cleared faster from systemic circulation than regular
HDL (Hoffman and Benditt, 1983; McGillicuddy et al., 2009; Salazar
et al., 2000), and SAA remodeling of HDL impairs HDL's ability to serve
as an acceptor for macrophage cholesterol efflux mediated through
ABCA1. The consequences are retaining peripheral cholesterol, reduced
cholesterol biliary excretion from liver (Artl et al., 2000; Banka et al.,
1995; Lindhorst et al., 1997), and macrophage transformation into
foam cells (Artl et al., 2000; Lee et al., 2013). Foamcells are amajor com-
ponent of the fatty streak observed during development of atheroscle-
rosis, a multigenic, endothelial disease. Consistent with this, viral
vector-mediated overexpression of Saa1 in ApoE−/− mice leads to
increased plaque progression (Dong et al., 2011). Interestingly, nano-
sized titanium dioxide (nano-TiO2) from the same batch increased
both pulmonary APR in C57BL/6 mice (Halappanavar et al., 2011;
Husain et al., 2013), and induced plaque progression in ApoE−/− mice
(Mikkelsen et al., 2011) following pulmonary exposure, thus linking
nanoparticle exposure to CVD.
We recently reported that intratracheal instillation of twoMWCNTs,
a short, entangled CNTSmall and a longer, thicker CNTLarge, caused similar
increases in pulmonary inflammation andAPR inmice, characterized by
global mRNA changes, increased infiltration of inflammatory cells into
the lung lumen and changes in the lung morphology (Poulsen et al.,
2014). CNTSmall and CNTLarge were selected by the OECD Working
Party on Manufactured Nanomaterials and are available at the EU Joint
Research Centre. We chose these two based on their physicochemical
differences. In the present study we explore changes in various CVD
biomarkers and in hepatic gene expression in mice from the above
mentioned study at 1, 3 and 28 days following intratracheal instillation
of CNTSmall and CNTLarge.

Materials and methods

Materials. The two MWCNTs used in this study have been described
previously (Poulsen et al., 2014). Briefly, the first MWCNT (NRCWE-
026) is small and entangled, and was purchased from Nanocyl,
Belgium. In this study NRCWE-026 will be referred to as CNTSmall. The
other MWCNT (NM-401) was donated by the EU Joint Research Centre
and is longer and thicker than CNTSmall. In this study it is referred to as
CNTLarge, and it is physicochemically similar to Mitsui XNRi-7, which
was recently classified as possibly carcinogenic to humans (Group 2B)
by IARC (Grosse et al., 2014). Another batch of CNTSmall was donated
to the EU Joint Research Centre repository; so bothMWCNTs are includ-
ed in the materials of the OECD Working Party on Manufactured
Nanomaterials. The physicochemical characterization of CNTSmall and
CNTLarge, including thermal gravimetric analyses (TGA), surface area
analysis (BET), light microscopy imaging, scanning electronmicroscopy
(SEM) imaging, transmission electron microscopy (TEM) imaging and
elemental composition, has been conducted previously (Jackson et al.,
2014; Kobler et al.,2015; Poulsen et al., 2014), and the data are
summarized in the Results section.

Preparation of instillation medium and exposure stock. MWCNTs were
suspended to a concentration of 3.24 mg/ml by sonication using a
Branson Sonifier S-450D (Branson Ultrasonics Corp., Danbury, CT,
USA) equipped with a disruptor horn (model number: 101-147-037)
in NanoPure water containing 2% serum collected from C57BL/6 mice.
Total sonication time was 16 min at 40 W with continuous cooling on
ice. Vehicle controls contained NanoPure water with 2% serum and
were sonicated as described for the MWCNT suspensions.

Animals, exposure and tissue collection. All handling, care taking and
experimental procedures involving live animals have been reported
previously (Kobler et al., 2014, 2015). Briefly, female C57BL/6 mice (6
per group) aged 5–7 weeks were allowed to acclimatize for
1–3 weeks before exposure. The mice were anesthetized with 4%
isoflurane until fully relaxed and with 2.5% during the instillation.
They were exposed to 18, 54 or 162 μg/animal of either CNTSmall or
CNTLarge via a single intratracheal instillation. Intratracheal instillation
was chosen since it allows for control of the deposited doses; this
would be difficult with inhalation exposure. Although instillation
bypasses the upper respiratory systemand results in a rapid bolus depo-
sition, it is a valuable tool for understanding the potential systemic tox-
icity followingMWCNT exposure. Also, comparable inflammation levels
following MWCNT administration by pharyngeal aspiration and by in-
halation at a similar benchmark-deposited-dose have been demonstrat-
ed (Porter et al., 2013), indicating that non-inhalation administration
may predict the response following inhalation. The doses used were se-
lected for studying systemic and hepatic mechanisms following a pul-
monary exposure to MWCNTs and they are within the dose ranges of
other instillation/aspiration studies (Kim et al., 2014; Park et al., 2009;
Porter et al., 2010; Shvedova et al., 2008; Snyder-Talkington et al.,
2013). They correspond to 1, 3, and 9 days of exposure (8 h/day) to
CNTs, assuming 33% deposition rate (Ma-Hock et al., 2009; Jackson
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et al., 2011) and a ventilation rate of 1.8 l/h for mice, at the current Dan-
ish occupational exposure level for carbon black (3.5 mg/m3). When
considering the recommended exposure limit for CNTs of 1 μg/m3 per
8 hour work shift (NIOSH, 2013), the lowest dose of 18 μg/mouse corre-
sponds to the expected human work life exposure assuming a 10%
deposition (Ma-Hock et al., 2009), a ventilation rate of 1.8 l/h, a 40 h
working week and a 40 year work life. The dose of 56 μg corresponds
to 3 times the life-long dose and 162 μg/mouse corresponds to 9 times
the proposed life dose. Work place exposure to CNT are reported in the
range of 10–300 μg/m3 (Birch et al., 2011; Dahm et al., 2013; Erdely
et al., 2013; Han et al., 2008; Lee et al., 2010; Maynard et al., 2004;
Methner et al., 2010b, 2012), thus 10–300 times above the proposed ex-
posure limit. At an air concentration of 10 μg/m3, 162 μg/mouse would
correspond to the total dose during a 40-year working life, whereas
162 μg/mouse corresponds to pulmonary deposition during 1.5 work
years at 300 μg/m3. Control animals were instilled with vehicle
(NanoPure water with 2% serum). The mice were euthanized1, 3 or
28 days after exposure by exsanguination via intracardiac puncture.
Immediately after withdrawal of the heart blood (800–1000 μl), liver
tissue was collected and samples were snap-frozen in cryotubes in liq-
uid N2 and stored at−80 °C.Whole bloodwas fractionated by centrifu-
gation and plasma was collected and stored at−80 °C. Additional liver
specimenswere taken from 12 to 24 vehicle control mice and from 5 to
6 mice from groups treated with either CNTSmall or CNTLarge. Tissues
were fixed in 4% neutral buffered formaldehyde, paraffin-embedded
and sections 4–6 μm thick were stained with hematoxylin and eosin
(HE) for histological examination.

All animal procedures followed the guidelines for the care and
handling of laboratory animals established by Danish law. The Animal
Experiment Inspectorate under the Ministry of Justice approved the
study (#2010/561-1779).

Plasma protein measurements. ELISA analysis specifically targeting
plasma SAA3 levels was conducted in accordance with the manufac-
turer's instructions (Mouse Serum Amyloid A-3, Cat.#EZMSAA3-12K,
Millipore). All of the time points and doses were evaluated. Samples
were pooled to a final N of 3 per group (representing 6 mouse samples
in total). Plasma haptoglobin was determined by ELISA (mouse hapto-
globin (Hpt/HP) ELISA kit, Cat. #CSB-E08586m, Cusabio) as described
by the manufacturer. The high dose only from all time points was
evaluated. The samples were pooled to a final N of 3 per group.

The statistical analyseswere performed in SAS version 9.3 (SAS Insti-
tute Inc., Cary, NC, USA). Statistical significance was calculated using a
parametric two-way ANOVA with a post-hoc Tukey-type experimental
comparison test. In case of interaction between dose and time, the data
were separated in time points and a one-way ANOVA with a post-hoc
Tukey-type experimental comparison test was performed. For the sta-
tistical analysis of haptoglobin protein levels, no statistically significant
time-variance between controls was found; thus, controls from all time
points were pooled.

Plasma lipid composition. Plasma levels of total cholesterol, HDL and
low-density lipoprotein/very low-density lipoprotein (LDL/VLDL) in
mice exposed to CNTSmall and CNTLarge were determined colorimetrical-
ly with the EnzyChrom™ AF HDL and LDL/VLDL assay kit (EHDL-100,
BioAssay Systems) according to the manufacturer's instructions. All
time points and doses were evaluated with 6 animals per treatment
group. Briefly, a standard sample was produced from a standard choles-
terol reference supplied by themanufacturer. HDLwas isolated from the
supernatant following centrifugation of a 1:1 plasma-precipitating re-
agent solution. The LDL/VLDL fraction was separated by dissolution of
the collected pellet from the 1:1 plasma-precipitating reagent solution
in PBS. Plasma cholesterol, HDL, and LDL/VLDL isolations from each
sample and a standard cholesterol reference supplied by the manufac-
turer were placed in 50 μl aliquots as duplicates in a 96-well plate.
Sixty microliters of a NAD-enzyme buffer mix was added, and the
platewas incubated at room temperature for 30min. Fluorescencemea-
surements were recorded on Victor2 1420 Multi label counter (Wallac,
Perkin-Elmer) at OD 340 nm and cholesterol concentrations were de-
termined by comparison to the standard sample.

Plasma triglyceride levels were determined using the EnzyChrom™
AF Triglyceride assay kit (BioAssay Systems, ETGA-200) according to the
manufacturer's instructions. All time points and doses were evaluated.
Therewere 6 animals per treatment group. Briefly, a 10-fold serial dilut-
ed standard curve was produced from a standard cholesterol reference
supplied by the manufacturer. Ten microliter aliquots of standard and
sample were placed in duplicate in a 96-well plate, and 100 μl of a dye
reagent-enzyme mix was added. The plate was incubated at room
temperature for 30 min. The color intensity of the reaction product
was determined spectrophotometrically at OD 570 nm on a Victor2

1420 Multi label counter (Wallac, Perkin-Elmer), and total triglyceride
concentrations were determined by a standard curve.

All statistical analyses on lipid levels were performed in SAS version
9.2 (SAS Institute Inc., Cary, NC, USA). Statistical significance was calcu-
lated using a parametric one-way ANOVA with a post-hoc Tukey-type
experimental comparison test.

Total lipid extraction and total hepatic cholesterol analysis. Total lipids
were extracted from liver tissue according to the Folch method (Folch
et al., 1957). In brief, approximately 4–5mg of liver tissuewas collected
from the sample and theweightwas noted. The liver tissuewas homog-
enized in 250 μl methanol and 250 μl water. A double volume of 5:1
chloroform/methanol was then added, and phases were separated by
centrifugation. The lower layer containing chloroform/lipid was collect-
ed, and the chloroform removed under nitrogen gas flow. Lipids were
resuspended in 100 μl EnzyChrom assay buffer and stored at −20 °C
until analysis.

Colorimetric quantification of hepatic cholesterol levels was deter-
mined with the EnzyChrom™ AF Cholesterol assay kit (BioAssay Sys-
tems, E2CH-100) according to the manufacturer's instructions. All time
points and doses were evaluated with 6 animals per treatment group.
Briefly, a 10-fold serial diluted standard curvewas produced from a stan-
dard cholesterol reference supplied by themanufacturer. Fifty microliter
aliquots of standard and sample were placed in duplicate in a 96-well
plate, and 50 μl of a dye reagent–enzyme mix was added. The plate
was incubated at room temperature for 30 min. The color intensity of
the reaction product was spectrophotometrically measured at OD
570 nm on a Victor2 1420 Multi label counter (Wallac, Perkin-Elmer),
and total cholesterol concentrations were determined by comparison
to the standard curve, with normalization to extracted tissue weight.

Total RNA extraction. Total RNA was isolated from liver tissue of 144
mice in total (N was 6 mice per dose group and time point). The RNA
was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
purified using RNeasy MiniKits (Qiagen, Mississauga, ON, Canada) as
described by the manufacturer. On-column DNase treatment was ap-
plied (Qiagen, Mississauga, ON, Canada). All RNA samples showing
A260/280 ratios between 2.0 and 2.15 were further analyzed for RNA in-
tegrity using an Agilent 2100 Bioanalyzer (Agilent Technologies, Missis-
sauga, ON, Canada). RNA integrity numbers above 7.0 were used in the
experiment. If the RNA samples did not fulfill the criteria, new RNA ex-
tractions from the liver tissue were performed. Total RNA was stored at
−80 °C until analysis.

Microarray hybridization. We have found changed hepatic gene expres-
sion only after pulmonary exposure to high doses of nano-TiO2 or nano-
carbon black (nano-CB) (Bourdon et al., 2012a; Husain et al., 2013).
Therefore, microarray analysis was done only for the 0 and 162 μg
dose groups in this study. The two lower doses (18 and 54 μg) were
included for time points 1 and 3 days in the subsequent RT-PCR
confirmation of the microarray results. A total of 200 ng of RNA from
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each sample (6 per treatment group) was analyzed by microarray hy-
bridization on Agilent 8 × 60 K oligonucleotide microarrays (Agilent
Technologies Inc., Mississauga, ON, Canada) as described previously
(Poulsen et al., 2013). Data were acquired using Agilent Feature Extrac-
tion software version 9.5.3.1.

Statistical, functional and pathway analysis of microarray data. The
microarray data were analyzed as described previously (Poulsen et al.,
2013, 2014). Genes showing expression changes of at least 1.5-fold in
either direction compared to their matched controls and having false
discovery rate adjusted p-values of less than or equal to 0.05 (FDR
p ≤ 0.05) were considered significantly differentially expressed and
were used in the downstream analysis. We used the Database for
Annotation, Visualization and Integrated Discovery (DAVID) v6.7 and
Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Redwood City,
CA, USA) for functional and pathway analyses, as previously described
(Poulsen et al., 2014). The gene ontology (GO) classification of the
differentially expressed genes was explored; GO consists of three struc-
tured controlled vocabularies (ontologies) that describe gene products
in terms of their associated biological processes, cellular components
and molecular functions in a species-independent manner. In the
present study GO biological processes were utilized.

qRT-PCR validation. Eighteen genes were selected for further validation
by qRT-PCR in liver tissue using custom RT2 Profiler PCR Arrays and a
BioRad CFX96 real-time PCR detection system at doses 0, 18, 54 and
162 μg for post-exposure days 1 and 3, and at doses 0 and 162 μg at
post-exposure day 28. The selected differentially expressed genes
(FDR p ≤ 0.05, FC 1.5 in at least one condition) showed large changes
in expression following MWCNT exposure, and/or were associated
with lipid homeostasis, or inflammatory and acute phase responses.
A custom RT2 Profiler PCR Array plate, the RT2 First Strand Kit and
RT2 SYBR® Green qPCR Mastermix (QIAGEN Sciences, Maryland,
USA) was used. Hypoxanthine-guanine phosphoribosyltransferase
(Hprt), actin β (Actb) and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) were used as reference genes for normalization and were se-
lected based on their stable expression levels in the treated and control
samples in the microarray analysis. A threshold value was set to 102.
The final qRT-PCR validation group consisted of a sample size of 3 per
treatment condition.

Results

MWCNT

Detailed physicochemical characterization of thematerials has been
published elsewhere (Kobler et al., 2014; Jackson et al., 2014; Kobler
et al., 2015; Poulsen et al., 2014). In brief, CNTSmall were 847 ±
102 nm long and 11 (6–17) nm wide. They contained 87% carbon and
had a BET surface area of 245.8 m2/g. A chemical analysis of CNTSmall

from the same batch showed that main components of CNTSmall

(NRCWE-026) included the following: C (84.4%), Al2O3 (14.97%),
Fe2O3 (0.29%) and CoO (0.11%) (Jackson et al., 2014). CNTSmall appeared
curly and highly entangled when visualized by TEM and SEM. CNTLarge
were 4048 ± 366 nm in length and had an average width of 67
(24–138) nm. CNTLarge consisted of 97% carbon and the BET surface
area was 14.6 m2/g. The chemical composition of CNTLarge from the
samebatch showed that themain components of CNTLarge (NM-401) in-
cluded the following: C (99.7%), P2O5 (0.14%), CO3 (0.08%) and Fe2O3

(0.05%) (Jackson et al., 2014). CNTLarge appeared large and straight
when visualized by TEM and SEM.

Plasma protein analysis

Plasma levels of SAA3 were statistically significantly increased in
mice exposed to both types of MWCNTs. This was observed following
CNTSmall exposure in the high dose group on post-exposure day 1 and
day 28, and at all doses on post-exposure day 3 (4.3-, 7.0-, 2.5-, 10.4-,
and 32.8-fold increase, respectively) (Fig. 1A). CNTLarge exposure result-
ed in increased SAA3 levels following high dose exposure on day 1, and
at the medium and high dose on post-exposure day 3 (6.9, 3.2 and 61.0
fold increase, respectively) (Fig. 1A). There were no changes at 28 days
after CNTLarge exposure. One observation in the control group on day 28
was an outlier (more than 2 SD difference from the other values),
resulting in a relatively high control SAA3 plasma protein content.
If this observation was excluded, the difference was statistically signifi-
cant for both medium and high dose exposures 28 days post-exposure.
Interestingly, we observed large increases in pulmonary Saa3 mRNA
levels in the same animals after pulmonary exposure to CNTSmall and
CNTLarge (Poulsen et al., 2014). Pulmonary Saa3mRNA levels correlated
strongly with SAA3 protein levels in the plasma (Fig. 1B) (linear regres-
sion; p b 0.0005 across time points andMWCNT dose). The haptoglobin
plasma levelswere statistically significantly increased 3 days after expo-
sure to 162 μg CNTSmall and CNTLarge compared to vehicle controls
(Fig. 1C), but were not changed at other time points.

Alterations in cholesterol homeostasis

Compared to the controls, total cholesterol levels were greatly in-
creased after exposure to either type of MWCNT on day 3 at the high
dose (58% and 51% for CNTSmall and CNTLarge, respectively) (Fig. 2A)
and on post-exposure day 1 for CNTLarge (28%). Significantly higher
LDL/VLDL plasma levels were found for the high dose 3 days post-
exposure groups for both MWCNTs (153% and 128% for CNTSmall and
CNTLarge respectively) (Fig. 2B). HDL levels were increased following
high dose exposure to CNTSmall on day 3 (42%). A similar but statistically
non-significant increase was observed for CNTLarge under the same ex-
posure conditions (31%) (Fig. 2C). The ratios between plasma HDL and
LDL/VLDL levels in the controls (CNTSmall: 3.56, CNTLarge: 3.22) com-
pared to the high dose exposed mice at day 3 (CNTSmall: 1.92, CNTLarge:
1.94) showed that the increase in the LDL/VLDL level was greater than
the increase in HDL following exposure. Plasma triglyceride levels
were unaffected by CNTSmall and CNTLarge exposure (results not shown).

No change in total hepatic cholesterol levels was observed for
CNTSmall, but a statistically significant 47% increase was observed for
CNTLarge on post-exposure day 3 (Fig. 2D).

Microarray analysis

The experiments and analyses adhered to MIAME standards (Edgar
and Barrett, 2006). All microarray data have been deposited in the
NCBI Gene Expression Omnibus database and can be accessed through
the accession number GSE61366.

Alterations in global hepatic gene expression.
Global hepatic gene expression was assessed for the highest dose of

both MWCNT exposures for all three time points. For CNTSmall exposed
mice, a total of 4028 of the 60,000 probes were differentially expressed
in hepatic tissue. On day 1, day 3 and day 28 the expression of 2505,
2401, and 255 genes, respectively, was changed (Supplementary
Table 1). Fig. 3A shows the overlap of differentially expressed genes
across time points. CNTLarge had a slightly smaller effect on hepatic
gene expression than CNTSmall exposed mice, but still caused a signifi-
cant effect; a total of 3089 probes were differentially expressed com-
pared to controls. On day 1, the expression of 2128 genes was
changed, and on day 3, 1667 gene expressions were altered. No genes
were significantly differentially expressed on day 28. As observed after
exposure to CNTSmall, many of the same genes were differentially
expressed on day 1 and day 3 (Fig. 3B).

GO classification analysis in DAVID (Huang et al., 2009a,b) revealed
statistically significant perturbations in biological processes in the liver
at the early time points (day 1 and 3) only. The common GO biological



Fig. 1. Plasma protein levels of SAA3 and haptoglobin following exposure to CNTSmall or CNTLarge. (A) Plasma levels of SAA3 protein following intratracheal instillation of 0, 18, 54 or 162 μg
CNTSmall or CNTLarge at post-exposure day 1, 3 or 28. (B) Linear regression analysis of pulmonary Saa3mRNA fold changes after microarray analysis and plasma SAA3 protein fold changes
following ELISA analysis. Both microarray and protein level data have been log transformed. (C) Plasma levels of haptoglobin protein following intratracheal instillation of 0 or 162 μg
CNTSmall or CNTLarge at post-exposure day 1, 3 or 28. *Statistically significantly different from vehicle instilled mice, p b 0.05. **Statistically significantly different from vehicle instilled
mice, p b 0.01. ***Statistically significantly different from vehicle instilled mice, p b 0.001. Error bars denote SD.
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processes affected following CNTSmall and CNTLarge exposure are shown
in Fig. 3C. We observed a high degree of concordance between the two
MWCNTs for enriched GO biological processes, especially for oxidation
reduction [GO:0055114], steroid metabolic process [GO:0008202],
lipid biosynthetic process [GO:0008610], fatty acid metabolic process
[GO:0006631], cofactor metabolic process [GO:0051186] and immune
response [GO:0006955], which were differentially enriched both 1
and 3 days following CNTSmall and CNTLarge exposure. The uniquely dif-
ferentially regulated biological processes are shown in Supplementary
Table 2 and revealed few major differences. Several of the highly
enriched processes in common for the two MWCNTs were associated
with lipid homeostasis. Remarkably similar and pronounced effects on
gene expression for bothMWCNTswere observed by functional annota-
tion clustering (Supplementary Table 3), where lipid metabolic process
was the top scoring cluster at the early timepoints. Across bothMWCNT
types at the early points, oxidation reduction [GO:0055114] was the
most enriched regulated biological process. Several of the differentially
regulated genes under this process were involved in other biological
processes as well, including lipid homeostasis processes.

IPA was employed to relate the functional significance of the GO
changes to biological functions and pathways. The individual enriched
functions in IPA were filtered by 1) removing redundant functions
with overlapping genes, and 2) removing functions that were not
directly relevant to the present study (e.g. renal diseases, ophthalmic
diseases etc.). By using these criteria, we identified the top 5most signif-
icantly affected functions after CNTLarge exposure, and we compared
these to the corresponding functions following CNTSmall exposure
(Supplementary Fig. 1). The top-regulated functions were similar for
both MWCNTs, with 3 out of 5 of the most regulated functions being
the same. ‘Lipid metabolism’ was the most enriched function, in agree-
ment with the observed changes in the GO biological processes involv-
ing lipid homeostasis. The third most perturbed function after CNTSmall

exposure was ‘cardiovascular disease’, and the fifth was ‘carbohydrate
metabolism’.

Inflammation and acute phase response signaling.
Inflammatory processes were among the most perturbed processes

in the liver. These were in part driven by changes in the mRNA levels
of several cytokines, including the following: Cxcl1, Cxcl9, Cxcl10,
Cxcl13, Ccl6, Ccl27a and Ccl25. We also found differential expression
of APR genes in the liver following MWCNT exposure including the
following: Saa1, Saa2, Saa3, Saa4, Orm1, Orm2, Orm3, Mt1 and Mt2
(Supplementary Table 4). As recently reported, strong pulmonary in-
flammatory and APR, both as increased neutrophil influx and increased
expression of cytokines and APR genes, were found in these mice
following same exposure to CNTSmall and CNTLarge (Poulsen et al., 2014).

Regulation of cholesterol homeostasis.
Analysis of the global hepatic gene expression revealed consistent

perturbation of lipid homeostasis related functions and pathways.
Genes involved in the HMG-CoA reductase pathway were substantially
down-regulated in the liver for bothMWCNTs, which is consistent with
perturbations in lipid processes identified using DAVID (Fig. 3C) and
functional analysis in IPA (Supplementary Fig. 1 and Supplementary
Table 3). CNTSmall was themost effective in perturbing theHMG-CoA re-
ductase pathway (Hmgcr, Mvk, Pmvk, Mvd, Fdps, Sqs, Sqle, Dhcr7) in the
liver. The changes in gene expression were similar on days 1 and 3
(Table 1). In addition to the HMG-CoA reductase pathway, other genes



Fig. 2. Changes in plasma and hepatic cholesterol levels following exposure to CNTSmall or CNTLarge. (A) Plasma total cholesterol, (B) plasma LDL, (C) plasma HDL and (D) hepatic total cho-
lesterol in C57BL/6 mice exposed to 0, 18, 54 or 162 μg CNTSmall or CNTLarge at post-exposure day 1, 3 or 28. *Statistically significantly different from vehicle instilled mice, p b 0.05. **Sta-
tistically significantly different from vehicle instilled mice, p b 0.01. ***Statistically significantly different from vehicle instilled mice, p b 0.001. Error bars denote SD.
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involved in lipid homeostasis were also affected by MWCNT exposure.
Low density lipoprotein receptor (Ldlr) was down-regulated after
CNTSmall exposure on day 1 (−1.79-fold) and day 3 (−1.7-fold), and
after CNTLarge exposure at day 3 (−1.56-fold) (Table 1). Gene expres-
sion of another membrane protein, scavenger receptor class B, member
1 (Scarb1), was also down-regulated for CNTSmall day 1 (−1.53-fold),
whereas expression of low density lipoprotein receptor-related protein
1 (Lrp1) was up-regulated on day 3 for both MWCNTs (CNTSmall 1.84-
fold, CNTLarge 2.09-fold). Scarb1 and Lrp1 are involved in the transport
of HDL and LDL, respectively, over the hepatocyte cell membrane. A
small up-regulation in the expression of Abca1 was identified 3 days
post-exposure for CNTSmall (1.68-fold).

Besides the HMG-CoA reductase pathway, analysis of canonical
pathways in IPA (Supplementary Fig. 2) also revealed enrichment of
LXL/RXR activation, glutathione-mediated detoxification, acute phase
response signaling, nicotine degradation III, hepatic cholestasis and
xenobiotic metabolism signaling pathways. Analysis of the LXL/RXR
activation pathway on day 3 for both MWCNTs revealed that most up-
stream and downstream genes related to the LXL/RXR heterodimer
complex show changes in expression (Supplementary Fig. 3), including
cholesterol transporter Abca1. As observed for the HMG-CoA pathway,
CNTSmall exposure induced the largest change in gene expression of
genes in this pathway.

qRT-PCR validation

We validated 18 differentially expressed genes in liver tissue follow-
ing pulmonary exposure to 162 μg CNTSmall or CNTLarge at post-exposure
day 1, 3 or 28. These genes were chosen due to their involvement in
lipid homeostasis (Hmgcr, Pmvk, Mvd, Fdps, Dhcr7, Ldlr, Lrp1, Cyp7a1,
Abca1), inflammatory and APR (Cxcl1, S100a9, Saa1, Saa2, Saa3, Il1r1)
or due to large changes in their expression following MWCNT exposure
(Sult1e1, Scd1, Dbp). In addition to this validation, we evaluated the 18
and 54 μg exposure groups on post-exposure days 1 and 3 in order to
assess hepatic changes following lower dose MWCNT exposure. The
qRT-PCR results are provided in Table 2 and are consistent with the
DNA microarray results. The lipid homeostasis genes Hmgcr, Ldlr and
Cyp7a1 were differentially expressed at all doses on days 3 and 28
after CNTSmall exposure, but not following CNTLarge exposure. In con-
trast, there was a tendency towards greater enrichment of inflammato-
ry and APR genes following exposure to CNTLarge compared to CNTSmall.
The expression of Dbp, a PAR leucine zipper transcription factor
involved in circadian rhythm regulation, was consistently down-
regulated at all doses and time points following exposure to CNTSmall,
whereas CNTLarge exposure resulted in up-regulation of the expression
at the high and medium dose on post-exposure day 1.
Liver histology

Different doses of CNTSmall or CNTLarge induced histological changes
in the liver at different times (Fig. 4 and Supplementary Table 5) with
no apparent dose- or time-dependence. No translocation of MWCNTs
from lungs to liver was observed. Changes such as vacuolar degenera-
tion (Figs. 4C–J), granulomas (Figs. 4C and G–J), necrosis of hepatocytes
(Figs. 4D and I–J), increased number and/or hypertrophy of Kupffer cells
(Figs. 4A and I–J) were frequent in CNT-treated mice. For both MWCNT
types the incidence of lesions was higher 3 and 28 days after exposure
than on post-exposure day 1. The sites of vacuolar degeneration in the
cytoplasm of hepatocytes within the hepatic lobule differed between
CNTSmall and CNTLarge exposure. Whereas the vacuolar degeneration



Fig. 3. Hepatic transcriptomic changes. (A) Venn diagram of differentially expressed genes following exposure to 162 μg CNTSmall. p b 0.05 and fold change ±1.5. (B) Venn diagram of
differentially expressed genes following exposure to 162 μg CNTLarge. p b 0.05 and fold change ±1.5. (C) Changes in GO biological processes in the liver following exposure to CNTSmall

and CNTLarge. Determined through DAVID Bioinformatics Resources 6.7.
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after CNTLarge exposure was distributed throughout the whole area of
the hepatic lobule regardless of the time after instillation, after CNTSmall

exposure it was located in the centrilobular zone (i.e. near the central
vein) 1 day after exposure, mid-zonal three days after exposure and in
the periportal zone 28 days after exposure. Although liver granulomas
were observed after exposure to both MWCNTs, they were larger and
more frequent following CNTLarge exposure (Figs. 4C and G–J). Microfoci
of necrosis, eosinophilic necrosis and hepatocytes with pyknotic nuclei
were seen following exposure to either MWCNT and were located
Table 1
Differentially expressed hepatic genes involved in lipid metabolism processes following expos

Gene name CNTSmall

Day 1 Da

FC p-Value FC

HMG-CoA reductase (HMGCR) −2.18 0.013 −3
Mevalonate kinase (MVK) −1.98 0.006 –

Phosphomevalonate kinase (PMVK) −3.05 0.0 −1
Mevalonate-5-pyrophosphate (MVD) – – −2
Farnesyl-PP synthase (FDPS) −2.31 0.000 −1
Squalene synthase (SQS) −1.75 0.009 –

Squalene epoxydase (SQLE) −2.05 0.025 –

7-Dehydrocholesterol reductase (DHCR7) −2.22 0.0 −1
Low density lipoprotein receptor (LDLR) −1.79 0.002 −1
Low density lipoprotein receptor-related protein 1 (LRP1) – – 1.8
Scavenger receptor class B, member 1 (SCARB1) −1.53 0.0 –

Cytochrome P450, family 7, subfamily a, polypeptide 1 (CYP7A1) – – −2
Hepatic lipase (LIPC) – – −1
ATP-binding cassette, sub-family A, member 1 (ABCA1) – – 1.6

FC: Fold change. –: Not significantly differentially expressed. Numbers are statistically significa
close to granulomas; however, they were more frequent after CNTLarge
exposure. Eosinophilic necrotic hepatocytes surrounding the central
vein were observed in the livers of mice 1 or 3 days after exposure to
162 μg CNTLarge. Increased number and hypertrophy of Kupffer cells
were observed more frequently in livers frommice exposed to CNTLarge
(Figs. 4D and I–J). Binucleate hepatocytes were more frequent in the
livers of exposed mice than in the controls. Overall, pulmonary expo-
sure to CNTLarge was associated with increased incidence and severity
of morphological liver lesions compared to exposure to CNTSmall.
ure to CNTSmall or CNTLarge.

CNTLarge

y 3 Day 28 Day 1 Day 3 Day 28

p-Value FC p-Value FC p-Value FC p-Value FC p-Value

.0 0.001 – – – – −2.63 0.005 – –

– – – – – – – – –

.75 0.001 – – −2.27 0.0 −2.66 0.0 – –

.22 0.012 – – – – −2.93 0.001 – –

.89 0.017 – – −2.67 0.0 −3.16 0.0 – –

– – – – – – – – –

– – – – – – – – –

.99 0.0 – – −2.09 0.0 −2.33 0.0 – –

.70 0.006 – – – – −1.56 0.041 – –

4 0.0 – – – – 2.09 0.0 – –

– – – – – – – – –

0.16 0.0 – – – – −4.0 0.007 – –

.50 0.002 – – – – – – – –

8 0.0 – – – – – – – –

nt at least at the p b 0.05 level.



Table 2
Hepatic mRNA expression changes for selected genes in mice 1, 3 and 28 days post-exposure to 18 μg, 54 μg and 162 μg CNT.

CNTSmall Day 1 Day 3 Day 28

PCR array Microarray PCR array Microarray PCR array Microarray

Genes 18 μg 54 μg 162 μg 162 μg 18 μg 54 μg 162 μg 162 μg 162 μg 162 μg

Sult1e1 – – 51.3 42.2 – – 58.6 27.3 – –

Scd1 –2.5 −2.3 −2.5 – – – −227.5 −47.1 – –

Cxcl1 – – – – – – 63.3 18.6 – –

S100a9 – – – 2.4 – – 17.1 12.2 – –

Saa1 – – – 2.6 1.8 4.7 – 8.2 – –

Saa2 – – – – – – – 6.1 – –

Saa3 – – – – – – – 2.2 – –

Il1r1 – – 3.5 5.2 −1.8 – 18.1 10.1 – –

Hmgcr −2.4 – – −2.2 −3.4 −3.4 −4.5 −3.0 −3.4 –

Pmvk – – −2.9 −3.1 – – – −1.8 – –

Mvd – – – – – – −3.0 −2.2 −2.6 –

Fdps – – −2.5 −2.3 – – – −1.9 – –

Dhcr7 – – −2.0 −2.2 – – – −2.0 – –

Ldlr −2.1 – −1.5 −1.8 −2.4 −2.2 −2.5 −1.7 −2.0 –

Lrp1 – – – – – – 1.9 1.8 – –

Cyp7a1 −23.3 – – – −6.6 −3.8 −39.3 −20.2 −2.1 –

Abca1 – 1.5 – – – – – 1.7 – –

Dbp −26.1 −4.6 −4.0 −7.9 −33.8 −11.0 −7.7 −10.1 −22.7 −12.3

CNTLarge Day 1 Day 3 Day 28

PCR array Microarray PCR array Microarray PCR array Microarray

Genes 18 μg 54 μg 162 μg 162 μg 18 μg 54 μg 162 μg 162 μg 162 μg 162 μg

Sult1e1 – – 172.6 34.7 – – 28.3 11.5 – –

Scd1 – – −1.9 −1.8 – – −111.9 −52.4 – –

Cxcl1 – – – 3.6 – – 72.2 14.1 – –

S100a9 – – 4.4 2.4 – – 7.7 4.1 – –

Saa1 – 10.4 – 3.0 – – 3839.4 9.1 – –

Saa2 – 10.6 – 2.8 2.4 – 2521.4 8.2 – –

Saa3 – – – – – – 9.5 3.2 – –

Il1r1 1.6 – 8.7 5.9 – – 10.9 4.4 – –

Hmgcr – – – – – – – −2.6 – –

Pmvk – – – −2.3 – – −2.0 −2.7 – –

Mvd – – – – – – −2.5 −2.9 – –

Fdps – – – −2.7 – – −2.3 −3.2 – –

Dhcr7 – – – −2.1 – – −2.2 −2.3 – –

Ldlr – – – – – – – −1.6 – –

Lrp1 – – – – – – 2.7 2.1 – –

Cyp7a1 – – – – – – – −4.0 – –

Abca1 – – – – – – 2.2 – – –

Dbp – 11.7 5.4 – – – – – – –

Fold change compared to vehicle instilled control mice. –: Not significantly differentially expressed. Numbers are statistically significant at least at the p b 0.05 level.
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Discussion

In this study we investigated extrapulmonary effects in female
C57BL/6mice 1, 3 or 28 days following a single, intratracheal instillation
of either of two MWCNTs with very different physicochemical proper-
ties. We report increased plasma levels of the APR protein haptoglobin
and a large, sustained increase in plasma SAA3 protein levels following
exposure to both types of MWCNTs. Systemic increases in haptoglobin
and SAA levels have been observed previously following pulmonary
CNT exposure (Erdely et al., 2011b; Saber et al., 2013), with increased
SAA3 levels being detected up to one year post-exposure in male mice
(Kim et al., 2014). We recently reported that CNTSmall and CNTLarge ex-
posures, despite physicochemical fiber dissimilarities, elicit very similar,
strong pulmonary inflammation and APR (Poulsen et al., 2014). This
pulmonary APR was characterized by time- and dose-dependent
increases in the expression of a number of acute phase genes, with
Saa3 being the most differentially expressed gene. We have previously
reported similar findings for other nanomaterials and particles (Saber
et al., 2014). In the present study, we observed a strong and statistically
significant linear relationship between the pulmonary Saa3 mRNA
levels and SAA3 plasma levels (Fig. 1B), indicating a probable pulmo-
nary origin of plasma SAA3. The hepatic expression levels of Saa3
following CNTSmall and CNTLarge exposure were 10 to 100 times lower
than the expression levels of pulmonary Saa3, thus indicating that the
observed systemic APR may be a secondary response to the pulmonary
APR induced by MWCNTs. This is in agreement with previous reports
showing that pulmonary exposure to CB, diesel exhaust particle and
MWCNTs induced little or no hepatic APR, but a large pulmonary APR
(up to a 600-fold increase) (Bourdon et al., 2012a,b; Saber et al., 2009,
2013, 2014).

Elevated plasma levels of APR proteins are a recognized risk factor
for CVD (Estabragh and Mamas, 2013; Johnson et al., 2004; Kaptoge
et al., 2012; Libby et al., 2010; Lowe, 2001; Mezaki et al., 2003; Pai
et al., 2004; Pussinen et al., 2007; Ridker et al., 2000; Rivera et al.,
2013; Saber et al., 2013; Taubes, 2002). Epidemiological studies have
established associations between particulate air pollution exposures
and blood levels of CRP (Elliott et al., 2009; Barregard et al., 2006;
Allen et al., 2011; Hertel et al., 2010; Ohlson et al., 2010). Increased
blood levels of SAA and CRP were associated with future risk of CVD in
the Nurses' Health Study (Ridker et al., 2000). The Nurses' Study report-
ed that a 5-fold increase in blood SAA levelswas associatedwith a 3-fold
increased risk of coronary heart disease. Comparable increases in SAA3
levels were reported in the present study (7-fold increase, 28 days fol-
lowing pulmonary CNTSmall exposure) and in male mice by (Kim et al.,
2014) (4-fold increase, one year following pulmonary MWCNT expo-
sure), indicating that human exposure to doses comparable to those in



Fig. 4.Histopathologic findings in the liver. (A) 1 day after instillation (a.i.) of 54 μg CNTSmall: Hypertrophy of Kupffer cells (long arrows), numerous binucleate hepatocytes (short arrows).
(B) 1 day a.i. of 162 μg CNTSmall: Macrophage (long arrow), central zonal vacuolar (hydropic) degeneration (short arrows). (C) 3 days a.i of 54 μg CNTSmall: Granuloma surrounded by
eosinophilic necrotic hepatocytes (long arrow), vacuolar degeneration (short arrows); (D) 28days a.i. of 162 μg CNTSmall: Foci of necrosis (asterisks), vacuolar degeneration (short arrows),
hyperplasia of the bile ducts epithelium (long arrow). (E) 1 day a.i. of 162 μg CNTLarge: Eosinophilic necrotic hepatocytes surrounding central vein (long arrows), vacuolar degeneration of
hepatocytes on the whole area of the liver lobule (head of arrows), and numerous binucleate hepatocytes (short arrows). (F) 3 days a.i. of 18 μg CNTLarge: Focus of eosinophilic necrotic
hepatocytes (long arrow), vacuolar degeneration of hepatocytes on the whole area of the liver lobule (short arrows). (G) 3 days a.i. of 54 μg CNTLarge: Granuloma surrounded by eosino-
philic necrotic hepatocytes (arrows), vacuolar degeneration (short arrows). (H) 3 days a.i. of 162 μg CNTLarge: Granuloma surrounded by eosinophilic necrotic hepatocytes (long arrow),
vacuolar degeneration (short arrows), numerous binucleate hepatocytes (head of arrows). (I) 28 days a.i. of 54 μg CNTLarge: Granuloma surrounded by eosinophilic necrotic hepatocytes
(long arrow), foci of necrosis (asterisks), vacuolar degeneration (short arrows), hypertrophy of Kupffer cells (head of arrows). (J) 28 days a.i. of 162 μg CNTLarge: Granuloma surrounded by
eosinophilic necrotic hepatocytes (long arrow), foci of necrosis (asterisks), vacuolar degeneration (short arrows), hypertrophy of Kupffer cells (head of arrows). (K) typical microscopic
pattern of the mouse liver — the control group. Staining HE, magnification on the figures A–J as scale in K.
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these two murine studies may increase the risk of CVD in humans.
Occupational studies have reported human CNT exposure levels of
10–300 μg/m3 (Birch et al., 2011; Dahm et al., 2013; Erdely et al.,
2013; Han et al., 2008; Lee et al., 2010; Maynard et al., 2004; Methner
et al., 2010a, 2012). The highest dose in the present study corresponds
to pulmonary deposition during a 40 year working life at 10 μg/m3, or
to pulmonary deposition during 1.5 work years at 300 μg/m3. Further-
more, based on the observed strong correlation between plasma SAA3
levels and pulmonary Saa3 mRNA levels, and the reported correlation
between pulmonary neutrophil influx and pulmonary Saa3 mRNA
levels (Saber et al., 2013), pulmonary Saa3 expression or neutrophil
influx may be used as sensitive biomarkers of nanomaterial-induced
acute phase response andmay be used to group and rank nanomaterials
in relation to possible CVD inducing potential.

The APR, and SAA in particular, affect blood lipid homeostasis and
regulation of cholesterol biosynthesis (Bourdon et al., 2012a;
Lindhorst et al., 1997; Saber et al., 2013, 2014). We show that pulmo-
nary exposure to two very different MWCNTs induces changes in
blood lipid composition that are similar to changes observed after sys-
temically induced APR (Lindhorst et al., 1997). The data indicate that
both MWCNTs cause perturbations in lipid-related processes as early
as 1 day post-exposure, reaching their peak increases on day 3 and
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completely reversed to basal levels by day 28 post-exposure. Thus,
blood levels of HDL and LDL/VLDL cholesterol followed a time-course
similar to what has been described for a strong APR in mice subcutane-
ously injected with silver nitrate (Lindhorst et al., 1997). During APR,
SAA becomes incorporated into HDL thereby replacing ApoA-1
(Feingold and Grunfeld, 2010). Acute phase HDL is defective in reverse
cholesterol transport, resulting in reduced cholesterol efflux frommac-
rophages and lowered hepatic cholesterol excretion (Lindhorst et al.,
1997; Banka et al., 1995; Artl et al., 2000; Annema et al., 2010).

We found that pulmonary exposures to the two very different
MWCNTs elicit similar hepatic gene expression patterns. Whereas
Saa3 primarily drives the pulmonary APR (Bourdon et al., 2012a;
Halappanavar et al., 2011; Saber et al., 2013, 2014), both Saa1 and
Saa2were differentially expressed as part of the hepatic APR. This is in
agreement with previous observations (Uhlar and Whitehead, 1999).
Functional analyses revealed that GO biological processes and IPA func-
tions involved in cholesterol homeostasis and lipid metabolism were
perturbed following exposure to both types of MWCNTs. This was driv-
en, in part, by a uniform down-regulation of genes across the entire
HMG-CoA reductase pathway (Hmgcr, Mvk, Pmvk, Mvd, Fdps, Sqs, Sqle,
Dhcr7). Interestingly the opposite was observed in the lungs. In lungs,
CNTSmall and CNTLarge induced consistent up-regulation of several
genes involved in the HMG-CoA reductase pathway. The HMG-CoA re-
ductase pathway is activated during low-sterol conditions and plays a
central role both in the synthesis of cholesterol and in the production
of intermediates for terpenoid synthesis, actin cytoskeleton remodeling,
hormones and protein prenylation (Liao, 2002). However, the down-
regulated expression levels of Sqle and Dhcr7 in the liver indicate that
MWCNT specifically targets cholesterol synthesis. The HMG-CoA reduc-
tase pathway is regulated by a negative feedback loop; the down-
regulation is most likely due to the increased cholesterol levels in
plasma (CNTSmall and CNTLarge) and liver (CNTLarge only).

In the present study, the systemic effects of MWCNT exposure were
evaluated in femalemice. Similarly increased plasma levels of SAAwere
recently reported for male mice exposed toMWCNTs (Kim et al., 2014).
Lipoprotein profiles among pre-menopausal women differ from men's,
as they have lower LDL cholesterol levels while HDL cholesterol levels
are higher. Also, LDL cholesterol levels in post-menopausal women are
equal to, or higher than, those in age-matched males, and can be
lowered by hormone replacement therapy (Skafar et al., 1997). Thus, a
cardioprotective effect of female sex hormones, particularly estrogen,
has been proposed (Skafar et al., 1997; De Marinis et al., 2008). It is
therefore possible that the differences in systemic HDL levels following
MWCNT exposure observed between the study of (Kim et al., 2014) and
our study are related to the gender of the experimental animals. A study
in rats reported gender-related differences in the HMG-CoA reductase
pathway, with females having lower activity and expression of 3-
hydroxy 3-methylglutaryl coenzyme A reductase (Hmgcr), the rate-
limiting enzyme in the HMG-CoA reductase pathway, compared to
age-matched males (De Marinis et al., 2008). Similar differences were
observed when comparing non-treated males with males treated with
17-β-estradiol, indicating an estrogen-reduction of the HMG-CoA re-
ductase pathway. Thus, the present study adds to the overall weight of
evidence of systemic acute phase response in mice following MWCNT
exposure in both genders.

Studies in rodents have shown that severe inflammation, initiated
through intraperitoneal injection of LPS, induces the hepatic HMG-CoA
reductase pathway (Feingold et al., 1993, 1995; Memon et al., 1993).
Perturbations in the hepatic HMG-CoA reductase pathways were also
observed following pulmonary exposure to nano-CB (Bourdon et al.,
2012a). However, the directions of the observed effects were opposite.
HMG-CoA was up-regulated following nano-CB exposure, whereas, it
was down-regulated following exposures to both types of MWCNTs.
Another difference includes the down-regulation of Ldlr in the livers of
MWCNTs exposed mice in the present study, but no effects following
LPS and nano-CB exposure (Bourdon et al., 2012a; Feingold et al.,
1993, 1995). Ldlr and Hmgcr are regulated in a coordinated fashion
with parallel increases or decreases in mRNA levels in response to
stimuli (Goldstein and Brown, 1990), as observed in the present study.
Ldlr primarily facilitates the transport of VLDL, intermediate-density li-
poproteins and LDL across the membrane (Lagor and Millar, 2010),
and the hepatic down-regulation of Ldlr could in part explain the in-
creased plasma levels of LDL/VLDL. Thus, the observed dissimilarities
between our results and those of others (Bourdon et al., 2012a;
Feingold et al., 1993, 1995) indicate that MWCNT exposure may elicit
hepatic and systemic responses related to their structures, that differ
from responses seen following LPS and nano-CB exposure.

The dissimilarities observed between nano-CB relative to MWCNT
exposures may result from greater and more prolonged APR (observed
at both mRNA and protein levels) following MWCNT exposure than
those observed following nano-CB. Plasma SAA levels were at least
30-fold increased following MWCNT exposure, whereas a maximum
increase of 15.6% has previously been observed following a similar
nano-CB exposure (Bourdon et al., 2012a). The greater and prolonged
APR would lead to a higher proportion of circulating HDL-SAA. Besides
having decreased cholesterol efflux ability, HDL-SAA is also able to
transform peripheral macrophages into foam cells, and to promote
plaque progression in APOE−/− mice (Artl et al., 2000; Lee et al.,
2013). Thus, our results indicate that increased HDL-SAA levels may
present a significant risk factor for CVD following MWCNT exposure.

Supplementary Fig. 4 depicts the observed pulmonary, systemic and
hepatic changes following pulmonary MWCNT exposure. In particular,
we note that down-regulation of hepatic expression of Abcg5 and
Abcg8 occurs following exposure to both types of MWCNTs (Supple-
mentary Table 1). Abcg5 and Abcg8 encode biliary transporters that fa-
cilitate cholesterol excretion into the bile (Yu et al., 2002). Biliary
excretion is a major function in reverse cholesterol transport, and
decreased expression of Abcg5 and Abcg8 has been linked to retention
of cholesterol in the liver (McGillicuddy et al., 2009). Due to the pertur-
bations observed for many steps in the reverse cholesterol transport, it
is possible that the observed increased APRmayhave a direct or indirect
effect on bile excretion of cholesterol, which, in part, could explain the
observed increase in hepatic cholesterol levels. In addition, our
toxicogenomics analysis of hepatic gene expression revealed a general
inflammatory response in the liver, which is known to affect bile excre-
tion (McGillicuddy et al., 2009).

Intratracheal instillation of either type of MWCNTs in mice caused
histological changes in the liver. An increased number of binucleate
hepatocytes in MWCNT treated mice were observed, indicating
hepatocytic regeneration typically seen after a toxic insult (Kostka
et al., 2000). Similar increases in binucleated hepatocytes have previ-
ously been reported following nanoparticle-exposure (Hougaard et al.,
2013; Kostka et al., 2000; Saber et al., 2012). Other indications of
systemic MWCNT-induced mild liver injury in our study include the
following: microfoci of necrosis, eosinophilic necrosis of single hepato-
cytes, and hepatocytes with pyknotic nuclei (Fig. 4 and Supplementary
Table 5), which all are frequent sequels to liver injury (Haschek et al.,
2010). MWCNT also induces hepatic inflammatory changes. Small foci
of inflammatory cells, polymorphonuclear cell foci, macrophages, and
granulomaswere observed. Although scattered inflammatory cell accu-
mulations are commonly observed in untreated mice (Haschek et al.,
2010), these were more frequent in the MWCNT-treated mice. In-
creased numbers and/or hypertrophy of Kupffer cells could be related
to one of their functions in the liver, production of mediators of inflam-
mation (Harrada et al., 1999). Hepatic focal necrosis, single cell necrosis,
inflammatory changes and hyperplasia or hypertrophy of Kupffer cells
have been observed in mice after intratracheal instillation of other
nanoparticles (Hougaard et al., 2013; Saber et al., 2012) and in rats ex-
posed by inhalation to nanoparticles (Sung et al., 2009; Ji et al., 2007).
The histological hepatic effects of exposure to the two MWCNTs are
similar in types of lesions induced, but CNTLarge exposure causes larger
granulomas, and the incidence of vacuolar degeneration tended to be
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higher. Vacuolar degeneration was distributed throughout the whole
area of the hepatic lobule and its location did not change with time.
Also the eosinofilic necrosis of hepatocytes of a single row of hepato-
cytes surrounding the central vein was characteristic for livers from
the CNTLarge exposure groups. In general the histological changes were
not indicative of strong toxicity.

Although the gene expression patterswere highly similar after expo-
sure to either CNT, our data also indicated subtle differences in gene ex-
pression and lipid concentrations following CNTSmall or CNTLarge
exposure. Only CNTSmall exposure resulted in changes in hepatic gene
expression at day 28 and the number of differentially expressed genes
was greater than that in the CNTLarge groups. CNTSmall caused an earlier
onset in the down-regulation of the HMG-CoA reductase pathway than
CNTLarge; the expression of Ldlrwas differentially down-regulated even
at the lowest dose at days 1 and 3 following CNTSmall exposure (Table 2).
Exposure to CNTLarge, on the other hand, seemed to induce a greater he-
patic APR in accordancewith the recordedmorphological inflammatory
changes. However, despite these functional differences and different
physicochemical properties, the responses following CNTSmall and
CNTLarge exposures were more similar than different.

MWCNTs are HARN (high aspect ratio nanoparticles) and have, as
such, been extensively discussed in relation to asbestos toxicity. Our re-
sults show that pulmonary exposure to MWCNT induces a pulmonary-
based systemic APR resulting in changes in cholesterol homeostasis and
liver morphology. We observed a close correlation between plasma
SAA3 levels and pulmonary Saa3 mRNA levels. We have previously
demonstrated a close correlation between pulmonary Saa3 levels and
neutrophil influx (Saber et al., 2013, 2014; Halappanavar et al., 2014;
Poulsen et al., 2014). The observed APR and increased cholesterol levels
link MWCNT exposure to risk of CVD. Since Teeguarden et al. (2011)
identified the same APR proteins in the lungs of mice following expo-
sure to single-walled carbon nanotubes or asbestos, this suggests that
asbestos exposure is likely to induce a similar pulmonary APR. In con-
cordance with this, prospective studies on smoking-adjusted, occupa-
tional asbestos exposure have reported an association between
exposure to asbestos and increased risk of ischaemic heart disease
(Harding et al., 2012; Sanden et al., 1993). Thus, our findings in parallel
with others suggest that MWCNT exposure increases the risk of CVD.
The present work has established a correlation between pulmonary
and systemic APR following pulmonary exposure toMWCNTs, and sug-
gests that pulmonary APR can be used to group and rank different
nanomaterials in relation to CVD inducing potential.

Conclusion

We show that pulmonary exposure to two very different MWCNTs
induced very similar systemic APR, with induced alterations in plasma
levels of APR proteins, cholesterol, LDL/VLDL and HDL, and changes in
hepatic gene expression and liver morphology. Furthermore, we found
a close correlation between plasma SAA3 levels and pulmonary Saa3
mRNA levels. Taken together, the results link pulmonary exposure to
MWCNTs with risk of CVD.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2015.01.011.
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Abstract

Background and Methods

Pulmonary deposited carbon nanotubes (CNTs) are cleared very slowly from the lung, but

there is limited information on how CNTs interact with the lung tissue over time. To address

this, three different multiwalled CNTs were intratracheally instilled into female C57BL/6

mice: one short (850 nm) and tangled, and two longer (4 μm and 5.7 μm) and thicker. We

assessed the cellular interaction with these CNTs using transmission electron microscopy

(TEM) 1, 3 and 28 days after instillation.

Results

TEM analysis revealed that the three CNTs followed the same overall progression

pattern over time. Initially, CNTs were taken up either by a diffusion mechanism or via

endocytosis. Then CNTs were agglomerated in vesicles in macrophages. Lastly, at 28 days

post-exposure, evidence suggesting CNT escape from vesicle enclosures were found.

The longer and thicker CNTs more often perturbed and escaped vesicular enclosures in

macrophages compared to the smaller CNTs. Bronchoalveolar lavage (BAL) showed that

the CNT exposure induced both an eosinophil influx and also eosinophilic crystalline

pneumonia.

Conclusion

Two very different types of multiwalled CNTs had very similar pattern of cellular interactions

in lung tissue, with the longer and thicker CNTs resulting in more severe effects in terms of

eosinophil influx and incidence of eosinophilic crystalline pneumonia (ECP).
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Introduction
Carbon nanotubes (CNTs) have excellent mechanical and electrical properties and have therefore
been of great interest to researchers since their discovery some 50 year ago [1]. The increasing
number of possible applications for CNTs evokes an increasing need to investigate their
toxicity. The possible asbestos-like toxicity of CNTs causes particular concern [2]. Inhaled CNTs
are removed very slowly from the lung, and the half-life of CNTs in lung following inhalation in
mice has been estimated to be ca. 1 year [3]. CNTs have been shown to cause pulmonary long-
lasting inflammation, fibrosis and granulomas in lungs of rodents following pulmonary exposure
[3–5].

Assessment of CNT-toxicity is complicated by the wide variety of physical and chemical
properties with which they can be manufactured. For instance, the physical dimensions of
CNTs have been reported to play an important role in their toxicity [6–8], and the length/width
ratios of some CNTs are consistent with the fiber pathogenicity paradigm [2]. The number of
defects in the lattice structure of CNTs also plays a role in their toxicity [9], together with agglom-
eration level [10] and functionalization [11–13]. In addition to the direct interaction between
CNTs and cells, their toxicity is further complicated by the ability of CNTs to adsorb biomole-
cules and essentially transform into different biological identities [14].

Inhaled CNTs are met by a dynamic response responsible for clearing and dealing with par-
ticulates in the lung. The lung responds to CNTs by a rapid influx of neutrophils and macro-
phages [5,15,16], and in certain cases also by eosinophil influx [16–19]. Within a few days to
weeks, exposure to even small doses of CNTs induces inflammation, granulomas and fibrosis
[2,3,15]. CNT-cell interaction therefore changes over time, making it necessary to study the
CNT-cell interaction at multiple time points.

In order to be able to visualize single CNTs inside cells, and investigate how the CNT-cell
interaction changes over time, transmission electron microscopy (TEM) can be used. The
time dependent effects of CNT exposure in vivo have mainly been studied using light
microscopy, where electron microscopy is used to support the results [20–22]. TEM has, for
example, revealed low CNT concentrations in neutrophils and type II pneumocytes, whereas
high CNT-concentrations were readily visible in alveolar macrophages using light microscopy
[20].

Cellular uptake and clearance mechanisms of CNTs have predominantly been studied in
vitro. CNTs are taken up either as agglomerates entering the endosomal pathway by endocyto-
sis, or as single CNTs piercing the cell membrane in what appears to be a non-endocytotic
diffusion-driven process [7,12,23–25]. In addition, it has been argued that after direct non-
endocytotic uptake, CNTs can subsequently be engulfed in vesicles [12,24], and that CNTs
already contained in vesicles may escape into the cytosol [23,24]. Lastly, CNTs can escape the
cell via microvesicles [26] or membrane disruption [12]. These in vitro studies illustrate the
complexity of the interactions, the need for high resolution microscopy to understand the
details of CNT toxicity and the need for in vivo studies to test if these conclusions hold in the
presence of an active immune response.

Here, we study the ultra-structural time course of CNT distribution in vivo 1, 3 and 28 days
after intratracheal instillation of CNTs in mice with a focus on TEM imaging. In addition, we
document the differences and similarities in pulmonary toxicological response of mice exposed
to three CNTs, of which two have very different physiochemical properties and two were very
similar. Lung samples were imaged with transmission electron microscopy (TEM), and the re-
sults compared with bronchoalveolar lavage (BAL) cell composition and relevant gene expres-
sion data to investigate the induced eosinophilic crystalline pneumonia (ECP) [16].
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Materials and Methods

CNTs
Three types of multiwalled CNTs (MWCNT) were used. A detailed description of the physio-
chemical data is found in S1 Table:

• NRCWE-026 (CNTSmall) has an average length of 850 nm and width of 10 nm. It was used in
a previous study [27].

• NM-401 (CNTLarge) is on average 4 mm long and 70 nm wide. It was also used in a previous
study [27] and was a test material in the Nanogenotox project [28].

• The last MWCNT (denoted Mitsui-7) has an average length of 5.7 mm and width of 75 nm
[16,17,29]. It was also used in the Nanogenotox project, under the name NRCWE-006 [28].

Mice
Female C57BL/6 mice, 5–7 weeks old, obtained from Taconic, were allowed water and food
(Altromin # 1324) ad libitum during the experiment. The animals were acclimatised for
two weeks and housed in experimental groups in polypropylene cages with sawdust. The
environment was controlled with a temperature of 21� 1°C, a humidity of 50� 10% and a
12-h light/dark cycle. Experiments complied with EC Directive 86/609/EEC and were approved
by the Danish “Animal Experiments Inspectorate” (permit 2010/561-1779).

Exposure
Particle suspensions and intratracheal instillation were described previously [16,27]. Animals
were exposed to 18, 54 or 162 mg/mouse, and respectively correspond to the pulmonary deposi-
tion of CNTs during 4, 11 or 32 eight-hour working days at the current Danish occupational
exposure level for carbon black (3.5 mg/m3) assuming 10% pulmonary deposition [15].

This study was done with mice used for several ongoing studies and to limit the number of
mice, there are minor variations in the instillation procedure, which does not seem to be influ-
encing the results: Briefly, the Mitsui-7 CNTs were suspended in 0.9%wt NaCl and 10% v/v
acellular bronchoalveolar lavage (BAL) fluid. CNTSmall and CNTLarge were suspended in 2%
serum in Nanopure water. Serum and BAL fluid were obtained from unexposed C57BL/6
mice. The Mitsui-7 (4.05 mg/ml) and the CNTSmall and CNTLarge (3.24 mg/ml) suspensions
were sonicated on ice using a Branson Sonifier S-450D equipped with a disruptor horn (Model
number: 101-147-037). Mitsui-7 was sonicated for a total of 4 minutes at 10% amplitude, with
alternating 10 s pulses and pauses, while CNTSmall and CNTLarge were sonicated for a total of
16 min at 400 W and 10% amplitude. These suspensions were used for the high dose (162 mg)
and diluted 1:3 in vehicle for the medium (54 mg) dose and diluted further 1:3 for the low dose
(18 mg). Between the dilutions the suspensions were mixed by pipetting. Vehicle control solu-
tions were prepared with 0.9% NaCl and 10% acellular BAL fluid, and 2% serum in Nanopure
water, respectively, and were sonicated as described above. Mice were intratracheally instilled
with 40 ml (Mitsui-7) and 50 mL (CNTSmall and CNTLarge) particle suspension, respectively. As
discussed in the Results section, no discernible differences were observed between the two large
CNT types in different suspension medium.

Lung tissue
At 1, 3, and 28 days after the intratracheal instillation, the mice dedicated for electron micros-
copy were anaesthetized by subcutaneous injection of Hypnorm–Dormicum and the mice
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were bled by cutting the groin. The lungs were fixed in situ by cannulating the trachea and in-
fusing 2% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2) at a constant fluid pressure of
30 cm before the thorax was opened. The lungs were excised and immersed in 2% glutaralde-
hyde 0.05 M cacodylate buffer (pH 7.2) and stored refrigerated until further processing.

BAL cells composition
One, 3, and 28 days after intratracheal instillation, mice dedicated for the other endpoints (BAL
cell counts and microarray gene expression on lung tissue) were anaesthetized by subcutaneous
injection of Hypnorm-Dormicum. BAL fluid was collected directly after cardiac puncture and
centrifuged. The cellular pellet was collected on glass slides and stained with standard May-
Grünwald-Giemsa. The number of neutrophils, macrophages, eosinophils and lymphocytes cells
were counted (n = 6). Lung tissue was snap frozen in liquid nitrogen and stored at −80°C until
RNA purification. Statistical analysis was performed in SAS v. 9.2. A non-parametric one-way
ANOVA test with a Tukey-type mean comparison was used to determine statistical significance.

Gene expression
Total RNA (n = 6 per dose group) was extracted and isolated from the lung tissue of Mitsui-7
exposed mice (doses: 18, 54 and 162 mg on post-exposure day 1, and 54 mg on post-exposure
day 28), from the CNTSmall and CNTLarge exposed mice (doses: 18, 54 and 162 mg on post-ex-
posure day 1, 3 and 28), and from concurrent controls as previously described [16]. All samples
passed quality control and were used in the microarray hybridization measurement. The mi-
croarray hybridization was performed on Agilent 8 × 60K oligonucleotide microarrays (Agilent
Technologies Inc., Mississauga, ON, Canada) using 200 ng total RNA from each sample. Both
the hybridization procedures and statistical analyses have previously been described [16].
Global gene expression results will be published elsewhere (Poulsen et al. in peer review), and
here we report specifically mRNA levels of Ccl11, Ccl24 and Chi3L3.

Electron microscopy sample preparation
We investigated one CNT sample (164 mg) from each time point by electron microscopy. Ap-
proximately 1 mm3 samples of lung tissue were cut with a scalpel and embedded in Epon [27].
Briefly, the samples were rinsed in buffer and postfixed in 2% osmium tetroxide and 0.05 M
potassium ferricyanide in 0.12 M sodium cacodylate buffer (pH 7.2) for 2 hours. Samples were
then rinsed in ultrapure water, en-bloc stained with 1% uranyl acetate in water overnight, de-
hydrated in ethanol and embedded in epon following standard protocols for the TAAB 812
resin kit, TAAB Laboratories Equipment.

Ultramicrotomy of the samples was performed on a Leica Ultracut with a diamond-knife-
angle of 6° and a cutting speed of 1.5 mm/s. Due to extensive microtomy artefacts caused by
the hard CNTs [27], we used thicker TEM sections (approximately 200–300 nm) on selected
CNTLarge and Mitsui-7 samples. TEM sections were post-stained with uranyl acetate and lead
citrate (Ultrastain-2, Leica Microsystems), and imaged on a CM 100 BioTWIN (Philips) oper-
ated at 80 kV. For 3D imaging of ECP crystals, focused ion beam scanning electron microscopy
(FIB-SEM) imaging was performed using a FEI QuantaFEG 3D with a dedicated vC backscat-
tered electron detector operated at 3 kV and spot 1. Milling was performed on the ultramicrot-
omy prepared blocks and the images processed as previously described [27].
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Results

BAL fluid cell composition
Intratracheal instillation of the three different CNTs resulted in pulmonary inflammation in
terms of increased number of cells in BAL (S2 Table). In general, similar changes in BAL cell
composition were observed for the three different CNT types as described previously [16] and
(Poulsen et al. in peer review). The BAL cell influx was dominated by a large neutrophil influx
that peaked on day 3 compared to vehicle-exposed controls.

Increased eosinophil counts were observed for all the CNT types on day 1 and 3, and eosinophil
counts were higher for CNTLarge andMitsui-7 compared to CNTSmall (Table 1). On day 28, only
the eosinophil counts of Mitsui-7 were statistically significantly different from vehicle controls.

Electron microscopy
The interactions between the three types of CNTs with lung tissue were studied over time
using TEM. We compared CNT-tissue interactions of CNTSmall (850 nm long and 10 nm wide)
and CNTLarge (4 mm long and 70 nm wide) for structurally induced differences.

The reproducibility of the interactions was evaluated by comparing CNTLarge and Mitsui-7
(5.7 mm long and 75 nm wide). TEM imaging showed that these two fairly similar tubes also
showed similar CNT-cell interactions, and thus we only show images of CNTSmall and
CNTLarge (Fig. 1). Lung tissue from vehicle-exposed mice revealed no CNT-like structures
and there was no discernible difference between the different suspension media.

On post exposure day 1, minimal CNT-cell interaction was observed (Fig. 2 A-B). The
CNTs were primarily aggregated outside cells in the alveolar lumen (Fig. 1 ‘between cells’). The
individual CNTs were in close proximity to cells. In a few cases, CNTs were observed apparent-
ly in the process of entering the cell via physical indentation and subsequent piercing of the cel-
lular membrane (Fig. 1 ‘piercing’). However, these observations were rare, and for CNTLarge

and Mitsui-7 it was difficult to ascertain if cells were pierced due to ultramicrotomy artefacts
caused by the large CNTs. We did not observe any clear signs of vesicular uptake at this time
point, and only few immune cells were seen.

On post exposure day 3, we observed increasing cell-CNT interaction and increased numbers
of what appeared to be inflammatory cells (Fig. 2 C-D), in agreement with the increased number
of BAL cell counts observed at this time point. Large and small open cytoplasmic inclusions were
observed containing agglomerated CNTs, apparently in the process of being taken up by the cells
(Fig. 1 ‘inclusions’). Again, CNTSmall were observed directly entering the cytosol by direct pierc-
ing of the membrane, whereas this could not be verified for CNTLarge (Fig. 1 ‘piercing’). Three
days post exposure, CNTSmall were primarily observed enclosed within vesicles (Fig. 1 ‘in vesi-
cles’), and few CNTs were observed as free in the cytosol. CNTLarge uptake resulted in CNTs
being enclosed in vesicles (Fig. 1 ‘in vesicles’), in addition to single CNTs found freely in the cyto-
sol (Fig. 1 ‘in cytosol’). In a few cases, CNTLarge caused clear deformation of the vesicles inside al-
veolar macrophages, which was not observed to the same extent for CNTSmall, and appeared to
be involved in the process of vesicular escape (Fig. 1 ‘vesicular escape’).

There were fewer CNTs present 28 days post exposure compared to three days post expo-
sure, and the CNTs were almost exclusively found inside cells and not in the alveolar lumen.
CNTs were located within single alveolar macrophages and in larger inflammatory sites within
multinucleate giant cells [30] (S1 Fig.). CNTSmall were found in both small and large vesicles
with large amounts of CNTs inside some individual cells (Fig. 2 E). In certain cases, CNTs were
found deforming vesicle membranes or between vesicles (Fig. 1 ‘vesicular escape’). CNTLarge

was found inside deformed vesicles or sporadically distributed in the cytosol on day 28 (Fig. 2 F).
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Generally, there were fewer obvious CNT-containing vesicular structures compared to day 3 for
CNTLarge.

At all the studied time points, CNTs were found in alveolar macrophages, identified by their
ultrastructure and location in the alveoli. We did not observe any CNTs in what appeared to be
type II pneumocytes, but we observed a few CNTSmall that appeared to be inside what looked
like type I pneumocytes. Likewise, CNTs were not observed inside well-defined neutrophils or
eosinophils. Cells were identified and classified according to their morphological traits [31].
However, in some instances, especially in lung tissue on day 28, it was difficult to unambigu-
ously determine the cell types of the cells containing the CNTs because the cell morphology
was strongly perturbed by the CNTs (Fig. 2 E), and cells were found in agglomerates. CNTs
were never observed inside the nucleus, except for what appeared to be caused by ultramicroto-
my artefacts showing obvious drag marks. CNTs occasionally caused indentation of the nucle-
us, as previously observed in vitro for cells grown on nanowires [32,33].

Eosinophilic crystalline pneumonia
TEM images revealed crystalline bodies in the cytosol of alveolar macrophages (Fig. 3 A-C)
and multinucleated-cells (S1 Fig.) in the CNTLarge and Mitsui-7 exposed mice. Similar crystal
structures have been observed in mice with eosinophilic crystalline pneumonia (ECP) [34–37].
Crystal bodies were observed in lung tissues fromMitsui-7 exposed mice for the highest dose
on day 3, and in lung tissue from mice exposed to both the medium and high doses on day 28.
For CNTLarge treated mice, crystalline bodies were observed on day 28 for the medium and
high doses (S3 Table).

Table 1. Overview of Chi3L3 mRNA levels, BAL eosinophil counts and presence of eosinophilic crystals in BAL cell fluid.

Dose [μg] Day 1 Day 3 Day 28

Chi3L3 Eos (×103) Chi3L3 Eos (×103) Chi3L3 Eos (×103) ECP

0 - 1.0 - 3.9 - 10.5 1/12

CNTSmall 18 2.0 17* 1.4 69* 1.0 0.5 2/6

54 1.0 1.4* 0.5 72* 0.9 0.2 1/6

162 1.0 3.4* 0.7 7.1 1.7 0.0 3/6

CNTLarge 18 2.8* 51* 5.8* 317* 1.8 34 6/6

54 3.1* 86* 4.3* 138* 2.5 32 5/6

162 1.1 1.7 1.1 1.8 9.2* 46 4/6

Mitsui-7 0 - 0.3 - 0.4 - 0.3 1/6

18 2.9* 39* - 341* - 5.5* 6/6

54 1.8 23* - 268* 3.9* 22* 6/6

162 2.0 2.2* - 102* - 46* 6/6

Chi3L3 expression is given as the relative fold-increase in Chi3L3 mRNA levels relative to concurrent controls, where values below 1 indicate a decreased

mRNA level. Eos denotes the number of eosinophils. The control groups for CNTSmall and CNTLarge were pooled, since these were instilled using the

same instillation vehicle (2% serum) and BAL cell composition of the control groups was not significantly different from each other. Mitsui-7 was instilled

using a different vehicle (10% BAL in 0.9%NaCl), and BAL cell composition of Mitsui-7 controls was statistically different from the other control groups.

Asterisk (*) denotes data statistically significantly different from controls (p<0.05). ECP indicates how many of the samples (n = 6) contained eosinophilic

crystals. Dashes (–) indicate no data available.

doi:10.1371/journal.pone.0116481.t001
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In some cases, the crystals appeared as needle-like structures similar in size to CNTLarge and
Mitsui-7, but occasionally massive crystalline bodies up to 40 mm long and 5 mmwide were ob-
served (Fig. 3 A). The structures were found in two variants: sharply defined enclosed in vesi-
cles, and more diffusely defined enclosed in vesicles (S2 Fig.). ECP crystals were also observed
outside cells, as previously documented [35,36,38]. Some of the observed structures had peri-
odic lattice structures in the longitudinal direction (about 5 nm), a feature previously described
[37], and the structures were clearly not CNTs as they did not cause characteristic microtomy
artefacts of CNTs [27].

In order to elucidate the three dimensional structure of the crystals, we examined a sample
containing crystals with slice-and-view 3D FIB-SEM (Fig. 3 D-F). In single slices the crystals
were very similar to those observed in TEM with an inverted contrast (Fig. 3 E), but assembled
crystals appeared as orthorhombic plates that often were stacked and piled up (Fig. 3 F and S1
Movie).

BAL cells were examined in light microscopy to confirm the presence of extracellular
crystals related to ECP [36,38]. There was an increased crystal incidence in the CNTLarge and
Mitsui-7 exposed samples on day 28. This was not observed to the same degree in CNTSmall

exposed samples or the control samples (Table 1). In addition, the crystals found in CNTSmall

and control samples were fewer in number and smaller compared to the crystals observed in
CNTLarge and Mitsui-7 exposed samples. Generally, the crystals varied vastly in size and were
mostly stained blue or had a blue periphery (Fig. 4 and S2 Fig.). In BAL slides from exposed
mice, CNTs were observed inside alveolar macrophages and in agglomerations apparently out-
side of the cells (Fig. 4). No CNTs were observed in vehicle controls.

After the discovery of crystals in the present study, BAL cells previously recovered from
mice 28 days after intratracheal instillation with similar doses of carbon black [39], and two
single walled carbon nanotubes (SWCNT) [40], were also screened for the presence of crystals.
10% (2/17) of carbon black (Printex 90) samples contained crystals, whereas the two SWCNTs
had a 50% crystal incidence in the 18 samples investigated per SWCNT (S3 Table).

Gene expression
Eosinophilic crystals consist of the protein Chi3L3 encoded by Chi3L3 [38,41,42]. Chi3L3 pro-
tein, also known as Ym1 and ECF-L, accumulates in alveolar macrophages and is associated
with inflammatory diseases and parasite infestations [41,42]. We therefore assessed Chi3L3
mRNA expression using available global gene expression data. Detailed description of the glob-
al gene expression analysis of lung tissues following pulmonary exposure to Mitsui-7 has been
published [16], and will be published elsewhere for CNTSmall and CNTLarge (Poulsen et al. in
peer review).

Both Mitsui-7 and CNTLarge induced statistically significant increases in Chi3L3mRNA
levels whereas no change in Chi3L3 expression was observed following CNTSmall exposure
(Table 1). Chi3L3 expression was increased on post-exposure day 1 and 3 following CNTLarge

exposure for the two lower doses, whereas a significant increase was observed for the highest
dose on day 28 (Table 1), coinciding with the observation of ECP crystals on day 28. Similar
observations were made following Mitsui-7 exposure (Table 1).

In addition to the increased expression of Chi3L3, the expression of several chemokines and
cytokines specific to eosinophil activity were increased following exposure to all three CNTs

Figure 1. Overview of the observed CNT-cell interactions. Each interaction has a descriptive sketch, an example image of how the interaction was
expressed in CNTSmall and CNTLarge exposed samples, and a description of the differences and progression of the interaction. White arrowheads indicate the
presence of CNTs in TEM images.

doi:10.1371/journal.pone.0116481.g001
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(S4 Table). Eosinophil migration and influx into the lung lumen is highly dependent on CCR3,
a chemokine receptor that is abundant on eosinophils [43]. The chemokines CCL11 (eotaxin 1)
and CCL24 (eotaxin 2) are produced by epithelial cells, smooth muscle cells and macrophages,
and they have a high affinity for CCR3 [43–46]. The expression of these chemokines varied
greatly following exposure to Mitsui-7, CNTSmall and CNTLarge (S4 Table). Ccl11 and Ccl24
were differentially expressed only at the high dose on day 3 following exposure to CNTSmall,
whereas both chemokines were expressed continuously at all doses on day 1 and 3 following
exposure to CNTLarge and Mitsui-7. This correlates with the higher eosinophil influx observed
following CNTLarge and Mitsui-7 exposure, as compared to CNTSmall.

Discussion
Cellular interactions of three different CNT were characterized at acute and intermediate time
points. The observed cellular interactions of the three different CNTs were quite similar, with
uptake following a general CNT distribution progression as illustrated in Fig. 5. The initial cell

Figure 2. Representative images of the samples 1 day (a-b), 3 days (c-d), and 28 days (e-f) post exposure for CNTSmall (a,c,e) and CNTLarge (b,d,f).
(a-b) Shows CNTSmall and CNTLarge, respectively, on day 1, where CNTs were mainly found in the alveolar lumen or in the interface between cells. (c-d) On
day 3 CNTs were increasingly found in vesicles inside what appeared to be alveolar macrophages, but some CNTs were observed outside cells. (e) On day
28, CNTSmall was found inside vesicles and in the cytosol of cells in large cell agglomerations, but were also found inside vesicles in singular cells. (f) On day
28, there were fewer vesicles containing CNTLarge and the CNTs were more individually spaced in the cytosol. In addition, immune cells were found in large
agglomerations indicating inflammation at this stage. Arrowheads points to CNTs.

doi:10.1371/journal.pone.0116481.g002

Figure 3. TEM (a-c) and SEM (d-f) images of crystalline bodies observed on day 28 in CNTLarge samples. (a) Low magnification TEM image showing
large crystals, some up to 40 μm long. (b) Image showing scattered crystalline bodies and CNTs in clusters. (c) Ordered crystalline bodies in the cytosol.
(d) SEM image of the ultramicrotomed block revealing the underlying cells prior to milling. The image also shows a few protruding CNTs (white arrowhead)
[27]. (e) FIB-SEM image of crystals in a cell. (f) 3D representation of the FIB-SEM stack where a few of the crystals have been traced (yellow), revealing their
plate-like structure. Black arrowheads indicate ECP crystals while white arrowheads indicate the CNTs.

doi:10.1371/journal.pone.0116481.g003
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response on day 1 was dominated by CNTs situated in the alveoli, with only a few CNTs ob-
served in the apparent process of piercing cellular membranes. Three days post exposure CNTs
were observed as free in the cytosol and in intracellular vesicles, with a majority of CNTs being
agglomerated in vesicles. On day 28, more individually dispersed CNTs were observed intracel-
lularly for CNTLarge and Mitsui-7, whereas CNTSmall mainly were found in vesicles. In addition,
deformed vesicles were observed, where CNTs deformed or penetrated the enclosing membrane.
This was particularly evident for CNTLarge and Mitsui-7. This time-dependent progression

Figure 4. Representative image of stained eosinophilic crystals in BAL frommice exposed to the
highest dose (162 μg) of CNTLarge 28 days post exposure. Large amounts of crystals were also observed
for the two lower doses (18 μg and 54 μg), and similarly for Mitsui-7 samples on day 28. Black arrowheads
point to crystals, whereas white arrowheads indicate CNT agglomerations or cells containing CNTs.

doi:10.1371/journal.pone.0116481.g004

Figure 5. Model showing CNT interactions with lung tissue over time in vivo. At day 1, most CNTs were found in the alveolar spacing, while a few CNTs
were found freely inside cells apparently having entered the cells using a non-endocytotic pathway. At day 3, CNTs are found in the alveolar spacing and a
larger number of CNTs are found within vesicles, indicating an endocytotic-pathway. At day 28, most of the CNTs were either taken up by cells or in close
relation to cells. Compared to post exposure day 3, the two larger CNTs had more CNTs outside vesicle bounds, indicating CNT escape from vesicles.

doi:10.1371/journal.pone.0116481.g005

Time-Dependent Subcellular Distribution and Effects of CNTs in Lungs

PLOS ONE | DOI:10.1371/journal.pone.0116481 January 23, 2015 11 / 17



agrees well with a previously proposed model for CNT uptake in cells based on in vitro experi-
ments [24]. The model states that CNTs can be taken up into endosomes or by directly piercing
through the cellular membrane. Subsequently, CNTs can escape vesicle enclosure, and in cer-
tain cases free CNTs in the cytosol can cross the nuclear membrane. We however only observed
CNTs in the nucleus when ultramicrotomy artefacts were suspected [27].

The TEM studies revealed two different pathways by which CNTs may enter cells. First, the
presence of agglomerates of CNTs in cellular inclusions indicates an endocytic and actively
driven uptake mechanism [47]. Second, single CNTs traversing the cellular membrane may be
indicative of physical piercing of the cell membrane, as also observed in vitro [7,23,25]. The
ratio between CNTs taken up via physical piercing and via endocytosis was not quantified, but
physical piercing was observed on day 1 whereas endocytic uptake was not. On day 3, CNTs
were predominately found inside vesicles, suggesting a preceding endocytic uptake. It is unclear
whether the CNTs are taken up by piercing and subsequently enter vesicles as some propose
[12,24]. Nevertheless, the overall observed non-phagocytic uptake was small compared to the
extensive phagocytic uptake seen on post exposure day 3 for all CNTs.

We found that CNTs appear to escape vesicle encapsulation over time in vivo as described pre-
viously in in vitro studies [23,24]. This is based on an observed decrease in the number of intracel-
lular CNT-containing vesicles, the deformed vesicles observed on day 28, and also the higher level
of cytosolic CNTs, particularly for CNTLarge and Mitsui-7 exposed samples, altogether indicating
that CNTs can escape vesicles. The mechanism could be size related, as the observed CNT escape
was less significant for CNTSmall. In animal studies, CNTs similarly sized to CNTLarge have been
observed freely in the cytosol of subpleural and alveolar macrophages weeks to months after expo-
sure [21,22], whereas smaller and tangled CNTs have been found predominantly within phago-
somes weeks [48] to months [49] after exposure. Thus, although the CNTs in the size range
studied here did not incur frustrated phagocytosis, the longest of the studied CNTs may disrupt
the endosomes and phagosomes and thereby cause single cell damage and be more difficult to
clear. This may also explain why we see a more pronounced long-term toxicological effect for
CNTLarge compared to CNTSmall in terms of pulmonary inflammation and cytokine expression.

Eosinophilic crystalline pneumonia
Several mice in this study developed eosinophilic crystalline pneumonia (ECP). At first glance,
the crystals appeared to be needle-like in the TEM sections (Fig. 3 A-C), whereas they in the
light microscopy of BAL cell samples, were more cuboid or hexagonal (Fig. 4). 3D FIB-SEM
imaging revealed that the needle-like structures in the TEM sections were caused by the sec-
tioning, and that the crystals were in fact more plate-like and in the 3D imaging appeared to be
similar to those observed in the BAL cell samples.

ECP is especially prevalent in the C57BL/6 mouse strain [34]. The incidence of ECP in aged
female C57BL mice (10–30 months old) is approximately 16% [50], and generally younger
mice develop ECP granulation less often than aged mice [42]. Therefore, the observed 10%
incidence (2 out of 18) of ECP in the vehicle exposed mice on day 28 is in agreement with pre-
vious observations (Table 1). The more than 80% crystal incidence observed in both the
CNTLarge and Mitsui-7 samples indicates a substantial increase (S3 Table). The 30–50% ECP
incidence observed for CNTSmall and the additionally two SWCNTs BAL samples suggest
smaller, but still increased ECP incidence. In contrast our BAL samples from carbon black
nanoparticle exposure did not increase crystal incidence. This suggests that the increased devel-
opment of ECP crystals may be related to the shape and dimensions of carbon-based particles.

In support of the crystals being related to ECP, we found increased gene expression of
Chi3L3 [38]. Increased Chi3L3 expression on days 1, 3 or 28 coincided with increased incidence
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of crystals (Table 1). Increased Chi3L3 protein levels have previously been observed in lungs of
mice exposed to SWCNT and asbestos [51], but the presence of ECP was not assessed.

Eosinophilic response
The larger observed eosinophilic response to CNTLarge and Mitsui-7 than CNTSmall suggests
that these larger CNTs cause a stronger allergy-like effect [17,52]. Eosinophilic inflammation is
not a typical response following a single pulmonary exposure to particles [39,53,53,54].

The data suggests that ECP and eosinophilic response may correlate: The very large eosino-
philic response on day 3 for the two larger CNTs (Table 1) correlated with the observation of
crystals in BAL cell fluids on day 28. Likewise, the lower eosinophil response and Chi3L3 ex-
pression levels of CNTSmall, compared to CNTLarge and Mitsui-7, correlate with fewer ECP pos-
itive samples at post exposure day 28.

An eosinophilic response induced byMWCNTs has been observed in literature, but this has
often been in studies using C57BL/6 or other ECP sensitive strains [10,16–18,55]. In contrast, stud-
ies noting an eosinophil influx using non-ECP sensitized strains as a response to CNT exposure are
relatively few; e.g., experiments conducted on rats [19] or experiments involving allergens [52,56].

It has been reported that eosinophils are able to biodegrade CNTs [57], although they are
normally thought to be involved in extracellular degradation of parasites which can be larger
than the cell [57]. We speculate that the increased eosinophilic response, prevalent primarily in
Mitsui-7 and CNTLarge, might be due to long and thick CNTs being more difficult to internalize
and degrade by alveolar macrophages. This correlates with the high extracellular CNT content
on days 1 and 3 where the eosinophil influx was observed and the subsequent decrease in eo-
sinophil number on day 28 when most tubes have been internalized.

Conclusion
Our ultrastructural investigations revealed that all of the CNTs examined in this study ap-
peared to follow the same overall progression over time: CNTs were taken up either by a diffu-
sion mechanism or via endocytosis, CNTs agglomerated in vesicles, and lastly the CNTs
appeared to escape vesicle enclosure. Our in vivo studies agree with in vitro studies [24] show-
ing a similar overall sequence of events for uptake of MWCNTs.

TEM imaging further suggests that CNTLarge and Mitsui-7 were better able to perturb and
escape vesicular enclosures in immune cells compared to CNTSmall. The larger CNTs’ apparent
ability to better escape vesicle enclosures, also correlate well with information gained by com-
paring multiple in vivo studies [21,22,48,49]. We speculate that comparably large and stiff
CNTs (30–70 nm wide and 0.5–5 mm long) more frequently escape the endosomal system than
smaller and more tangled CNTs.

The longer and thicker CNTs induced more ECP and BAL eosinophil influx, which was less
pronounced for CNTSmall and SWCNTs. The ECP and eosinophil response appear correlated and
given an ECP incidence in excess of 80% this could be an important factor to test in future studies.

Supporting Information
S1 Table. Physicochemical characterization of the studied carbon nanotubes.Mean CNT
diameter and length were determined by TEM with the range describing the standard deviation
(SD). The specific surface area (SSA) was determined by nitrogen adsorption using BET
(Braunauer-Emmett-Teller). DLS describes the average aggregate size determined by Dynamic
Light Scattering (DLS) of well-dispersed CNTs. Chemical composition was determined by
wavelength dispersive X-ray fluorescence (WDXRF), results were manually post-processed for
each individual element, to account for low concentration and peak overlaps, and data was
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calculated as wt% of the oxides of the elements.
�Data from the Nanogenotox joint action programme funded by EUHealth Programme (2009
21 01).
#Data from Jackson et al. 2014 (submitted for publication elsewhere).
(DOCX)

S2 Table. BAL cell count. Differential BAL cell counts (×103) and SEM in the parentheses for
the three CNTs. Values for vehicle instilled mice are based on N = 22–25, and N = 5–6 for
CNT exposed mice. The control groups for CNTSmall and CNTLarge were pooled, since these
were instilled using the same instillation vehicle (2% serum) and BAL cell composition of the
control groups was not significantly different from each other. Mitsui-7 was instilled using a
different vehicle (10% BAL in 0.9%NaCl), BAL cell composition of Mitsui-7 controls was statis-
tically different from the other control groups. The Mitsui-7 exposure groups were therefore
analysed separately. Statistically significantly different data (p< 0.05) from vehicle instilled
mice are marked with an asterisk (�).
(DOCX)

S3 Table. ECP overview. Overview of the Chi3L3 level, eosinophil count (Eos) and ECP crystal
positive samples using light microscopy (LM) or TEM (yes indicates positive findings, no nega-
tive findings). Dash (-) denotes no data available, while an asterisk (�) denotes statistically sig-
nificant data (p<0.05). Thomas Swan and Sigma Long BAL cell slides were acquired from a
previous study: Saber AT, Lamson JS, Jacobsen NR, et al. (2013) Particle-Induced Pulmonary
Acute Phase Response Correlates with Neutrophil Influx Linking Inhaled Particles and Cardio-
vascular Risk. PLoS ONE 8:e69020. doi: 10.1371/journal.pone.0069020
(DOCX)

S4 Table. Ccl11 and Ccl24mRNA levels. Ccl11 and Ccl24mRNA levels are given as the relative
fold-increase in mRNA levels relative to concurrent vehicle controls, where values below 1 indi-
cate a lowered mRNA level. Statistically significant changes (p<0.05) are marked with an asterisk
(�).
(DOCX)

S1 Fig. Multinucleate cells.Multinucleate cells as observed in light microscopy of BAL cells
(CNTLarge, 54 mg, day 3) and transmission electron microscopy images of tissue (CNTLarge,
162 mg, day 28).
(TIF)

S2 Fig. Eosinophilic crystal variation. Light microscopy images of the eosinophilic crystals in
BAL fluid (a-c). TEM images of eosinophilic crystals in the lung tissue (d-f). The crystals varied
greatly in size (a), and also in how well they were stained (b-c). (d) Crystals in TEM were ob-
served intracellularly as sharply defined or with more blurred edges, and were also found extra-
cellularly (e). (f) Shows a periodic*5 nm structure in a crystal.
(TIF)

S1 Movie. 3D FIB-SEM video of ECP crystals. The image volume is 16.6 × 12.5 × 5.8 mm
large, and crystals have manually been traced in the individual slides.
(AVI)
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Appendix 

Experimental methods 

Overview of experimental design 
The thesis is part of two large studies, which both involve animal exposure to a wide range of 
engineered nanomaterials (ENM). From the first study, the large and straight Mitsui7 was selected 
(Paper III and Paper IV) for endpoint analysis, and from the second study, the short and entangled 
CNTSmall and the large and straight CNTLarge (Paper I-III) were selected. The analyses resulted in the 
four papers described in this thesis. Tables S1-2 outline the experimental models, dosage used, time 
points evaluated and analyses employed for each paper.  

Table S1. Schematic presentation of the experimental design for Paper I-III. 

  

Exposure CNTSmall CNTLarge Mitsui7 

Model Female C57BL/6 mice 
Time 1, 3 and 28 days 
Doses 0 μg, 18 μg, 54 μg and 162 μg 

Paper I 

Analyses 

Imaging of MWCNT in the lung 
Lung global gene expression 
qRT-PCR 
BAL fluid cell composition 
Characterization of MWCNT 
DNA damage 
Acellular ROS generation 
Lung histology 

  

Paper II 

Liver global gene expression 
qRT-PCR 
Plasma acute phase proteins 
Plasma lipid composition 
Liver cholesterol concentration 
Liver histology 

  

Paper III 
Imaging of MWCNT in the lung 
mRNA expression 
BAL fluid composition 
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Table S2. Schematic presentation of the experimental design for Paper IV. 

Paper IV 

Exposure Mitsui7 
Analyses 

Model FE1 cells Female C57BL/6 mice 
Time 24 hours 

  

Cell global gene expression 

qRT-PCR  

Characterization of MWCNT 

Dose 

0 μg/ml 
0.00125 μg/ml 
0.125 μg/ml 
1.25 μg/ml 
12.5 μg/ml  
25 μg/ml  
100 μg/ml  

Time 

  

24 hours Lung global gene expression 

qRT-PCR  

BAL fluid composition 

Characterization of MWCNT 
Dose 

0 μg 
2 μg 
6 μg 
18 μg 
54 μg 
162 μg 

 

MWCNT 
Mitsui7 (MWCNT- XNRI-7; lot 05072001K28) was a gift from Mitsui. CNTSmall (Nanocyl NC7000 
CNT) was commercially available from Nanocyl located in Sambreville, Belgium. CNTLarge (CP-
0006-SG) was kindly donated by the European Union Joint Research Centre, Ispra, Italy. 

Proper MWCNT dispersion in the vehicle is of high importance for both biological and mechanical 
applications. In the present studies, all MWCNT dispersions were performed using sonication to 
disperse the MWCNT aggregates into the instillation media. Different dispersion procedures and 
instillation media were employed for the different MWCNT. This is mainly due to time progression 
between the two large, ENM studies. At any time of the studies, the selected dispersion procedures 
were considered the gold standard [1]; however, nanotoxicology is a new and evolving field, and 
due to observations made in the first study and observed in the literature, the dispersion procedures 
were changed for the second study. 

Mitsui7 was suspended by sonication into 1 ml of MilliQ water containing 0.9 % NaCl and 10 % 
v/v acellular broncho-alveolar lavage (BAL) fluid collected from C57BL/6 mice. Total sonication 
time was 8 min, with alternating 5 s and pauses at an amplitude of 10%. 
CNTSmall and CNTLarge were suspended by sonication into NanoPure water containing 2% serum 
collected from C57BL/6 mice. Total sonication time was 16 min at 40 W, with alternating 10 s 
pulses and pauses at amplitude of 10%.  
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Characterization 
Toxicological testing of ENM is without meaning if thorough physicochemical characterization has 
not been conducted. The three MWCNT were therefore characterized according to size, shape, level 
of agglomeration, metal impurities, and surface area. The combined characterization data obtained 
are shown in Table S3. Due to previous extensive characterization and description of Mitsui7 [2], 
its characterization data in Table S3 are obtained from the literature. The mean length of CNTSmall 
and CNTLarge could not be determined through Transmission Electron Microscopy (TEM) imaging, 
and these data were obtained through the Nanogenotox project [3]. 

Below the different techniques for measuring physicochemical properties are described. Detailed 
descriptions of the performed procedures can be found in the enclosed manuscripts. 

Dynamic light scattering 
In Paper IV, dynamic light scattering (DLS) was used to evaluate the average size distribution and 
levels of agglomeration of Mitsui7 in the dispersion medium. When suspended, the MWCNT will 
move by Brownian motion induced by the impact of the materials in the dispersion medium. Three 
factors determine the speed of motion of the MWCNT: 

 Temperature 
 Solvent viscosity 
 The size of the MWCNT 

If temperature and viscosity are kept constant, the only variable parameter is the size of the 
MWCNT. DLS measures this by illuminating the MWCNT in the dispersion medium with a laser 
beam and simultaneously detecting the fluctuations of the scattered light as a function of time. 
Small molecules will move more rapidly in the dispersion medium than larger will, and the 
variation in the intensity of the scattered light is directly related to MWCNT hydrodynamic 
diameter, which can be calculated using a mathematical model. Besides size, DLS can also provide 
information regarding size distribution and polydispersity of the MWCNT in solution. 

However, due to the non-spherical nature of MWCNT, DLS results must be interpreted with 
caution. The generated size-spectra could include signals arising from more than one MWCNT 
dimension and metal impurities. DLS was therefore only used as an indication of the successful 
dispersion of the MWCNT [4]. 

Thermal gravimetric analysis 
The primary purpose of the thermal gravimetric mass analysis (TGA) is to measure the oxidation of 
carbon from the MWCNT into gaseous carbon dioxide during heating in a helium atmosphere. Thus 
TGA determines the weight loss of a material as a function of temperature, and from a TGA curve it 
is possible to determine the mass % of organic content and to determine the thermal stability of the 
MWCNT. After complete decomposition, it is possible to measure the wt% of impurities. TGA was 
performed on CNTSmall and CNTLarge in Paper I. 
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Brunauer-Emmett-Teller Surface Area Analysis 
The Brunauer–Emmett–Teller (BET) analysis enables the determination of the surface area of the 
MWCNT. This was conducted on CNTSmall and CNTLarge in Paper I. The BET theory was developed 
by Brunauer, Emmett and Teller in 1938 [5] and the surface analysis relies on the adsorption of a 
gas, most often nitrogen, to the surface of a solid material, here MWCNT. Several factors, such as 
temperature, nitrogen gas pressure, and nitrogen-MWCNT interaction strength, influence the 
amount of nitrogen gas adsorbed on the surface of the MWCNT. First, known amounts of nitrogen 
gas are released stepwise into the MWCNT in a controlled environment. After formation of the 
adsorption layers, the MWCNT are removed from the nitrogen atmosphere and then heated to 
release the adsorbed nitrogen from the MWCNT. This release can be quantified and displayed in the 
form of a BET isotherm, which plots the amount of gas adsorbed as a function of the relative 
pressure.  

Scanning Electron Microscopy 
The MWCNT were visualized in the exposure medium (Mitsui7, CNTSmall and CNTLarge) and as 
pristine powder (Mitsui7) in Paper I and IV using Scanning Electron Microscopy (SEM). The 
microscope is equipped with a field emission electron source and is operated under high vacuum 
conditions. The samples can be coated with a conductive coating, e.g. Au, to prevent charging of 
the sample and for increasing the signal to noise ratio. A beam of electrons is generated by the field 
emission source, which is then accelerated and passed through a system of apertures and 
electromagnetic lenses to produce a thin beam of electrons. The beam then scans the surface of the 
MWCNT sample and the electrons emitted in this process are collected by a secondary electron 
detector. The SEM images are visualized from these data. 

Transmission Electron Microscopy 
Pristine MWCNT and lung sections from mice exposed to Mitsui7, CNTSmall or CNTLarge were 
visualized using TEM (Paper I and III-IV). In principle, the TEM uses the same basic concept as the 
light microscope. But instead of light, TEM uses high energy electrons that are accelerated to high 
speed, focused and sent through a sample. This requires that the sample is very thin, so that 
sufficient electrons can transmit with minimum energy loss. When the electron beam hits the 
sample, parts of it are transmitted depending on the thickness and electron transparency of the 
sample. The transmitted part is then focused by the objective lens into an image. The smaller 
wavelength of the electrons compared to light makes it possible to obtain resolutions that are much 
higher than that from a light microscope.  
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Table S3. Characterization of the MWCNT utilized in the papers. 

*From Porter et al. 2010 [2]. SD: Standard deviation. SEM: Standard error of mean. 

 

Experimental models 

C57BL/6 mice 
Animal models were used to evaluate MWCNT induced changes in all papers. The advantage of 
using animal models compared to in vitro models is that they resembles humans more than cell 
cultures do, and that effects of MWCNT exposure influence many biological processes, which can 
be difficult to mimic in an in vitro setting. The chosen animal model for all 4 papers was female 
C57BL/6 mice. This widely used inbred mouse model has previously been used in our laboratories 
[6-11], and direct comparisons of observed responses can therefore be performed. 

The mice were allowed to acclimate prior to the exposures, and experimentation began at 8 weeks 
of age. Before and during the entire experiment, the mice were fed ad libitum and had unlimited 
access to water. They were housed in groups of 10 animals in polypropylene cages with sawdust 
bedding and enrichment at controlled temperature 21±1°C and humidity 50±10 % with a 12-h 
light/12-h dark cycle.  

All animal procedures followed the guidelines for the care and handling of laboratory animals 
established by the Danish law and regulation of animal experimentation. The Animal Experiment 
Inspectorate under the Ministry of Justice approved these studies (#2010/561-1779). 

Dose selection 
The selected doses for Mitsui7, CNTSmall and CNTLarge in vivo exposure were: 18, 54 and 162 μg per 
animal. Same doses have been used in previous and ongoing studies in our group [6-11], which 
enables comparison of the responses observed after exposure to different ENM. These doses are 
within the dose ranges of other instillation/aspiration studies [2,12-15], and correspond to 1, 3, and 
9 days of exposure (8h/day) to CNT, assuming 33 % deposition rate [16,17] and a ventilation rate of 
1.8 l/h for mice, at the current Danish occupational exposure level for carbon black (3.5 mg/m3). If 
considering the recommended exposure limit for CNTs of 1 μg/m3 per 8 hour work shift [18], the 
lowest dose of 18 μg/mouse corresponds to the expected human work life exposure assuming a 10 

  Mitsui7* CNTSmall CNTLarge 

Producer Hadoga Chemical 
industry (Mitsui) 

Nanocyl 
(NC-7000) 

IO-LE-TECNanomaterials 
(CP-0006-SG) 

Dispersion PBS and dispersion 
media 

NanoPure water 
with 2% serum 

NanoPure water 
with 2% serum 

CNT length Median length: 
3.86 μm 

847 
(SEM±102 nm) 

4048 
(SEM±366 nm) 

CNT diameter 49 
(SD±13.4 nm) 

11 
(SEM±1 nm) 

67 
(SEM±4 nm) 

BET (m2/g) ND 245.8 14.6 
Impurities  Fe: 0.35%, Na: 0.41% 13% 3% 
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% deposition [16], a ventilation rate of 1.8 l/h, a 40 h working week and a 40 year work life. The 
dose of 56 μg corresponds to 3 times the life-long dose and 162 μg/mouse corresponds to 9 times 
the proposed life dose. In a follow-up experiment in Paper IV, the doses were lowered to 2, 6 and 
18 μg Mitsui7/mouse. 

Intratracheal instillation 
The MWCNT are suspended in instillation media and afterwards injected into the lumen of the 
trachea, while the mice are under general anesthesia (Figure S1). This means that the deposited dose 
easily can be accurately determined, and that animal to animal dose variation is limited. But 
MWCNT deposition using intratracheal instillation delivers the dose as a bolus, which completely 
bypasses the upper respiratory tract. Instillation exposure may therefore not always be fully 
comparable to inhalation exposure. Nonetheless, instillation is cost-effective, highly useful for 
preliminary screening of ENM toxicology and widely used in the nanotoxicology community 
[11,19-22]. 

 

 

Figure S1. Intratracheal instillation. The mice were kept on their backs at a 40-degree angle during the 
entire procedure. After the instillation the catheter was removed and breathing was observed in order to 
assure that the delivered material did not block the airways. Photo from Nicklas R Jacobsen. 

 

Cell culture 
To study the comparability between in vivo and in vitro models (Paper IV), a suitable complement 
to the pulmonary environment was needed, and the MutaTM Mouse lung epithelial cell line (FE1) 
was chosen. This immortalized cell line developed from a male MutaTM Mouse by Paul White and 
co-workers has a confirmed stability of its genome through 50 generations [23]. Microscopy and 
biochemical analysis of FE1 showed an origin of either alveolar epithelium (type 1 or 2) or Clara 
cells [23]. The epithelial origin was confirmed by further analysis, showing similarities with both 
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type 1 and type 2 alveolar cells [24]. Gene expression analysis showed high similarity between FE1 
cells and the primary cultures of MutaTM Mouse lung epithelial cells, but also an overall similarity 
to whole lung. The FE1 cells and whole lung responded in similar manner to benzo(a)pyrene 
exposure [24]. These characteristics emphasize the usability of the FE1 cells for in vitro lung 
toxicology studies. 

The FE1 cells were kindly donated by Paul White. The cells were cultured in T150 bottles with 
DMEM/F-12 +GlutaMaxTM-1, supplemented with 2 % serum, 1 % penicillin/streptomycin 
solution, and 100 ng/μl murine epidermal growth factor and they were incubated at 37.0°C with 5 % 
CO2 and 90 % humidity. Media were replaced 24 hours after seeding and subsequently every 2-3 
days. For the experiments, the FE1 cells were seeded at 105 cells/ml density to a total of 6.81 
ml/well in 4-well plates and were allowed to settle under incubation for 24 hours. At the time of 
treatment, cells showed ~ 80 % confluence. In the initial experiment, cells were exposed to 0, 12.5, 
25, and 100 μg Mitsui7/ml for 24 h, corresponding to approximately 0, 3.9, 7.8 and 31.19 μg/cm2. 
In a follow-up experiment, doses were lowered to 0.00125, 0.125 and 1.25 μg Mitsui7/ml. 

 

Genomics 
DNA microarray 
DNA microarrays were used to analyze the global transcriptional responses in the lungs (Paper I) 
and in the livers (Paper II) of mice intratracheally exposed to CNTSmall and CNTLarge. The same 
method was also used to assess global transcriptional responses in FE1 cells and mice lungs after 
Mitsui7 exposure (Paper IV). Differential expression of selected genes was validated by real time 
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). 

The DNA microarray technique offers the ability to analyze the entire transcriptome, which enables 
the identification of changes in pathways and biological functions related to toxicological endpoints 
and prediction of possible health outcomes. This is a major advantage compared to qRT-PCR, as a 
broader view of the mechanisms affected is provided. However, microarray analyses are costly, and 
analyzing the result can be very time consuming. This often limits the amount of samples analyzed, 
which makes it sensitive to both outliers, and false positives and negatives. qRT-PCR has a higher 
sensitivity than DNA microarray, and therefore validation of the microarray analysis and 
quantification of the results are required. 

The DNA microarray platform used in the present thesis, the G3 Mouse GE 8x60K Microarray Kit 
from Agilent Technologies, relies on the hybridization of oligonucleotides to labelled, 
complementary cDNA (Figure S2). It is a two-color microarray assay able to detect the 
transcription of close to 40,000 Entrez Gene RNAs simultaneously. These thousands of probes, 
with specific gene codes, are spotted at high density onto a glass chip by the manufacturer. Purified 
sample RNA and universal mouse reference RNA from Stratagene were used. Both were reversely 
transcribed into cDNA, and then synthesized into cyanine labelled cRNA. The separately labelled 
cRNA samples were mixed and hybridized to the chip at 60°C overnight. The arrays were washed, 
and the level of hybridization was quantified by measuring the fluorescence emitted in a microarray 
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scanner. Data were acquired using Agilent Feature Extraction software version 9.5.3.1. A reference 
design [25,26] was used to analyze the gene expression data. After the statistical analysis, genes 
were classified according to their up- or downregulation. Fold changes of at least 1.5 in either 
direction compared to the matched controls and p-values of less than or equal to 0.05 were 
considered as significantly differentially expressed and were used in the downstream analysis. 

Analyses of the toxicogenomic data were primarily conducted using the Database for Annotation, 
Visualization and Integrated Discovery (DAVID) v6.7 [27,28] and Ingenuity Pathway Analysis 
(IPA, Ingenuity Systems, Redwood City, CA, USA). These tools enabled the extraction of 
biologically meaningful information from the long list of differentially expressed genes. Functional 
Gene Ontology (GO) analysis was performed using DAVID. GO classifications consist of three 
structured controlled vocabularies (ontologies) that describe gene products in terms of their 
associated biological processes, cellular components and molecular functions in a species-
independent manner. Benjamini–Hochberg corrected GO biological processes with p-values ≤ 0.05 
in a Fisher's exact test were considered to be significantly enriched. Specific biological functions, 
pathways and networks associated with the differentially expressed genes were identified using 
IPA. Only functions, pathways and networks with a Benjamini–Hochberg Multiple Testing 
Correction p-value of ≤0.05 were considered for discussion.  

 

 

Figure S2. Work flow of DNA microarray gene expression analysis. RNA isolated from the tested tissues 
and reference RNA are reversely transcribed, followed by synthesis, amplification and labelling of cRNA 
with fluorescent dyes to differentiate the tested and reference samples. The cRNA is purified and then 
mixed and applied to the array chip, which are scanned. Extracted data are statistically analyzed, followed 
by a gene expression analysis and a functional analysis. 
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qRT-PCR 
qRT-PCR was used to validate the DNA microarray results (Paper I-II and IV) and to further 
determine the expression of target genes at lower doses than evaluated through DNA microarray 
(Paper II and Paper IV). Normalization and quantification of target mRNA were done relative to 
reference mRNA, resulting in a fold change compared to the reference and not the exact amount of 
mRNA. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used as reference gene in Paper 
I, and Gapdh, hypoxanthine-guanine phosphoribosyltransferase (Hprt), actin β (Actb) and Gapdh 
were used as reference genes in Paper II and IV. They were selected based on their stable 
expression levels in the treated and control samples in the microarray results. For Paper II and IV, 
custom RT2 Profiler PCR Arrays and a BioRad CFX96 Real-Time PCR detection system were 
used. The advantage of the PCR arrays is that the expression of a panel of genes can be evaluated 
simultaneously under uniform cycling conditions. The RT2 Profiler PCR Arrays uses SYBR® Green 
which fluoresces when bound to dsDNA and exposed to light at a suitable length. The increase in 
PCR product during the PCR cycles leads to an increase in the fluorescence intensity, which is 
measured at each cycle [29]. This allows cDNA concentrations of a specific gene to be quantified. 
For Paper I, the qRT-PCR was conducted with the LightCycler® 480 Instrument, which uses a pair 
of single-stranded, fluorescent-labled oligoprobes. A 3´ donor fluorophore is attached on the 
upstream oligoprobe, and the downstream probe is labelled with an acceptor fluorophore at the 5´-
terminus (Figure S3). A phosphate group is added to the 3´ of the downstream probe to prevent 
DNA polymerase extension. When both oligoprobes are hybridized to the PCR product, the two 
fluorophores are located at close proximity to each other. The donor fluorophore is excited by light 
from the LightCycler ® 480 Instrument, and energy is transferred from the donor to the acceptor 
fluorophore. The emission wavelength of the acceptor fluorophore is detected as the light intensity 
builds up during the PCR cycles.  

 

Figure S3. qRT-PCR through the LightCycler® 480 technique. Description of the process can be seen in the 
text. From [30]. 

The quantitative results of both methods are evaluated by assessing the cycle threshold value (Ct). 
This is the cycle where the fluorescence of the PCR product becomes significantly different from 
the baseline signal, which also marks the point of linearity on the amplification plot. The 
normalization is achieved by subtracting the Ct value of the reference gene from the Ct value of the 
target gene in parallel samples. The relative expression of the normalized target mRNA is 
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calculated with the comparative 2-ΔCt method [31]. With a standard curve consisting of serial 
dilutions of cDNA, the amplification efficiency can be assessed of both the target and the reference 
gene, which must be close to equal for this method to be valid. Extracted Ct values from the target 
and the reference gene are plotted versus log(cDNA). The PCR reaction is considered quantitative if 
the efficiency is close to 100% corresponding to a slope of -3.32, as determined by E=10(-1/slope)-1 
[31].  

 

Cell composition in BAL fluid 
Pulmonary lung inflammation was evaluated in Paper I, III and IV by analyses of the cell 
composition profile in bronchoalveolar lavage (BAL) fluid. The BAL fluid analysis is a fast and 
valuable tool for assessing the infiltration of immune cells into the lung lumen. The introduction of 
foreign material, such as ENM, into the pulmonary lumen is characterized by activation of alveolar 
macrophages, which then recruit polymorphonuclear neutrophils through cytokine release. 

BAL was collected immediately after cardic puncture by flushing the lungs twice using (1 ml/25 g 
body weight) sterile physiological saline water through the trachea. The BAL was then put on ice 
until BAL fluid and BAL cells were separated by centrifugation. After re-suspension in cell 
medium, the number of neutrophils, macrophages, lymphocytes, eosinophils and epithelial cells 
were determined by differential count of 200 cells. A representative light microscopy image of BAL 
cells can be seen in Figure S4. The total number of cells was determined using the NucleoCounter, 
following the standard procedure. 

 

 

Figure S4. Representative light microscopy image of the BAL fluid from a mouse exposed to MWCNT. 
Neutrophils, macrophages, eosinophils, free MWCNT and MWCNT engulfed by macrophages can be 
observed. Photo from Zdenka O Kyjovska. 
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Acellular ROS generation using the dichlorodihydrofluorescein assay 
ENM impurities, such as adhered transition metals or chemicals, are known to induce reactive 
oxygen species (ROS) [32,33]. ROS are highly reactive, resulting in damage to cellular components 
such as lipids and DNA. The observed different levels of impurities in CNTSmall and CNTLarge 
indicate a possible difference in their ROS generating potential. This was assessed in an acellular 
model in Paper I with the 20,70-dichlorofluorescein diacetate (DCFH-DA) assay [34]. Before the 
addition of CNTSmall and CNTLarge, DCFH-DA was chemically hydrolyzed to 20,70-
dichlorodihydrofluorescin (DCFH) in an alkaline solution to mimic the hydroxylation in cells. 
DCFH can be oxidized by hydroxyl radicals, peroxynitrite, and nitric oxide released from the 
MWCNT to the fluorescent 20,70-dichlorofluorescein (DCF) (Figure S5)(LeBel et al., 1992; Rota 
et al., 1999), which can be measured and quantified in a fluorescence spectrophometer at λex = 490 
and λem = 520 nm. MWCNT suspensions of 0, 1.4, 2.8, 5.6, 11.3, 22.5, 45, 90 and 135 μg/ml 
CNTSmall or CNTLarge in Hank’s buffered saline solution were incubated with DCFH and the 
fluorescence was measured. 

 

Figure S5. Overview of the chemical structures in the dichlorodihydrofluorescein assay. DCFH-DA (left), 
deacetylated DCFH (middle), and the deacetylated and oxidized product, DCF (right) [35]. 

 

DNA damage estimated by the comet assay 
DNA damage in lung tissue following exposure to CNTSmall and CNTLarge (Paper I) was analyzed 
using the comet assay (single cell gel electrophoresis assay). This reliable and versatile assay 
measures single strand breaks, double strand breaks, alkaline labile sites and DNA repair-induced 
transient breaks in cells and disaggregated tissues. It is therefore a widely used screening technique 
to test both environmental agents and ENM [36-38]. Deep frozen lung tissue samples were pressed 
through a metal stapler into Merchant’s media for inhibition of endogenous DNA cleaving enzymes 
[17]. Control and sample suspension were then embedded in agarose. The cells were lysed and 
subjected to alkaline conditions, which causes the supercoiled DNA to unwind. Electrophoresis 
resulted in migration of the DNA in the nucleoids towards the anode, forming comet-like images 
observed through fluorescence microscopy. All readable comets were scored, and %DNA in tail 
and tail length were quantified. The comet analysis used in the present thesis was based on a 
previously published protocol [17], which had been modified and validated to a fully-automated 
scoring system (IMSTAR) [39].  
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Systemic acute phase markers 
The plasma levels of acute phase proteins serum amyloid A3 (SAA3) and haptoglobin after 
pulmonary CNTSmall and CNTLarge exposure were measured in Paper II using enzyme-linked 
immunosorbent assay (ELISA). SAA3 protein was detected with the sandwich ELISA method, 
whereas haptoglobin was detected using a competitive inhibition ELISA. The principle of the 
ELISA method is the utilization of antibodies that bind to epitopes on the target protein. This 
binding is then visualized enzymatically and quantified spectrophotometrically. However, three 
overall types of ELISA exist; direct-, sandwich- and competitive inhibition ELISA. In the 
following, sandwich and competitive inhibition ELISA will be described. 

Sandwich ELISA 
Plasma SAA3 was measured at all time points following all dose exposures with sandwich ELISA 
kits from Millipore (Cat.#EZMSAA3-12K). In this assay, the target protein is captured between two 
layers of antibodies. Thus the target protein must contain at least two antigenic sites, which makes 
the sandwich assay restrictive, especially towards small peptides and proteins. The advantage of the 
sandwich ELISA is that it is highly specific, due to its use of two antibodies, and therefore is useful 
if the concentration of antigens is low or if they are mixed with contaminating proteins. The 
procedure of the sandwich ELISA used in present the thesis is illustrated in Figure S6 (wash 
procedures not illustrated). In the last step, an acidic stop solution was added to the blue solution 
turning the color yellow. The absorption was read spectrophotometrically at 450 nm. The observed 
increase in absorbency is directly proportional to the amount of SAA3 in the plasma sample, which 
was quantified using a reference curve generated from reference standards of known concentrations 
of SAA3.  

 

 

Figure S6. The principle of the sandwich ELISA used for detection of plasma SAA3 protein. From [40]. 
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Competitive inhibition ELISA 
Plasma haptoglobin was measured at all time points following high dose (162 μg) and control 
exposures with competitive inhibition ELISA kits from Cusabio (Cat. #CSB-E08586m). Different 
variants of competitive inhibition ELISA are available, often divided into two categories: Antigen-
antigen competition or antibody-antibody competition. The assay used in this thesis utilized 
antigen-antigen competition, in which sample antigen and assay antigen compete for the same 
antibodies (Figure S7). Due to this competition, sample antigens do not need to be purified if they 
are mixed with contaminating proteins. In the competitive inhibition assay an inverse relationship 
between the obtained optical signal and the concentration of the target protein in the sample is 
observed, which is in contrast to the other ELISA types. This means that the higher target protein 
concentration is in the sample, the lower the observed optical signal is. 

 

 

Figure S7. The principle of the competitive inhibition ELISA used for detection of plasma haptoglobin 
protein. Modified from[41]. 

 

In this procedure, the provided microtiter plate had been pre-coated with haptoglobin antigens 
(Figure S7). Standards or samples were added to designated wells in the microtiter plate, along with 
horseradish peroxidase conjugated antibodies specific for haptoglobin. A competitive inhibition 
then occurred between pre-coated haptoglobin and haptoglobin in the samples. A substrate solution 
was added to the wells, resulting in the development of color. This color development was stopped 
after a certain amount of time, and the intensity of the color was read spectrophotometrically at 450 
nm. 

Plasma lipid composition 
The plasma levels of total cholesterol, triglycerides, high density lipoprotein (HDL) and low density 
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lipoprotein/very low density lipoprotein (LDL/VLDL) were determined colorimetrically at all time 
points and at all doses (6 animals per treatment group) after exposure to CNTSmall or CNTLarge in 
Paper II. Total cholesterol, HDL and LDL/VLDL levels were determined by means of the 
EnzyChromTM AF HDL and LDL/VLDL assay kit (EHDL-100, BioAssay Systems) according to 
the manufacturer’s instructions. A standard sample was produced from a standard cholesterol 
reference supplied by the manufacturer. The HDL and LDL/VLDL fractions were isolated 
following centrifugation of a 1:1 plasma-precipitating reagent solution. HDL was located in the 
supernatant, whereas the LDL/VLDL fraction was collected from the pellet and resuspended in 
PBS. The separated total cholesterol, HDL and LDL/VLDL samples were then in one step subjected 
to enzymatic hydrolysis of their cholesterol esters (Figure S8A), oxidation of the cholesterol by 
cholesterol oxidase (Figure S8B), and a color reaction of the liberated perioxide. Fluorescence 
measurements were recorded on Victor2 1420 Multi label counter (Wallac, Perkin-Elmer) at OD 
340 nm and cholesterol concentrations were determined by comparison to the standard sample. 

 

 

Figure S8. Chemical processes of the cholesterol, HDL and LDL/VLDL kit. (A) Hydrolysis of cholesterol 
esters. (B) Oxidation of cholesterol by cholesterol oxidase. 

 

Plasma triglyceride levels were determined using the EnzyChromTM AF Triglyceride assay kit 
(BioAssay Systems, ETGA-200) according to the manufacturer’s instructions. A 10-fold serial 
diluted standard curve was produced from a standard cholesterol reference supplied by the 
manufacturer. Triglyceride hydrolysis and glycerol determination were conducted in one step, in 
which a dye reagent was oxidized to form a colored product. The color intensity of the reaction 
product was determined spectrophotometrically at OD 570 nm on a Victor2 1420 Multi label 
counter, and total triglyceride concentrations were determined using the standard curve. 
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Hepatic cholesterol concentrations 
The hepatic cholesterol levels were determined colorimetrically at all time points and at all doses (6 
animals per treatment group) after exposure to CNTSmall or CNTLarge in Paper II. Hepatic lipids were 
extracted from tissue according to the Folch method [42]. Approximately 4-5 mg liver tissue were 
collected and weighed from liver tissue samples. The liver tissue was homogenized in 1:1 
methanol/water, then a double volume of 5:1 chloroform/methanol was added, and phases were 
separated by centrifugation. The lower layer containing chloroform/lipid was collected, and the 
chloroform removed under nitrogen gas flow. Lipids were resuspended in EnzyChrom assay buffer 
and stored at -20 °C until analysis. 

Colorimetric quantification of hepatic cholesterol levels was determined with the EnzyChromTM AF 
Cholesterol assay kit (BioAssay Systems, E2CH-100) according to the manufacturer’s instructions. 
A 10-fold serial diluted standard curve was produced from a standard cholesterol reference supplied 
by the manufacturer. Cholestrol samples were then in one step subjected to enzymatic hydrolysis of 
their cholesterol esters (Figure S8A), an oxidation of the cholesterol by cholesterol oxidase (Figure 
S8B), and a color reaction of the liberated perioxide. The color intensity of the reaction product was 
spectrophotometrically measured at OD 570 nm on a Victor2 1420 Multi label counter, and total 
cholesterol concentrations were determined by comparison to the standard curve, with 
normalization to extracted tissue weight. 

Histology 
Histology analyses were performed on lung (Paper I) and liver (Paper II) tissues samples. This 
technique is essential for assessing MWCNT-induced morphological changes in the tissue. Before 
the microscopic analysis, lung and liver tissue samples were fixed. In Paper I, this was performed 
with 2% glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2), and in Paper II, it was performed 
with 4% neutral buffered formaldehyde. Both lung and liver tissue samples were then embedded in 
paraffin and sectioned in 4-6 μm sections. The slides were stained. Hematoxylin and eosin (HE) 
straining was used in both Paper I and Paper II, and trichome staining was additionally used in 
Paper I. 

HE is a very common stain. Hematoxylin binds to basophilic substances (e.g. DNA/RNA) and 
stains them violet, whereas eosin binds to acidophilic substances (such as intracellular membranes 
and extracellular fibers) and stains them pink. Trichrome staining is a three-color staining method 
that often is used to distinguish cells from extracellular components. It stains the cell nucleus with a 
reddish/purple color, the cytoplasm pink and collagen fibers are colored blue. Therefore it is a very 
useful tool for identifying excessive collagen deposition, which is hallmark of fibrosis.  
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