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Abstract

Purpose: To investigate the molecular mechanisms underlying the pulmonary toxicity induced
by exposure to one form of multi-walled carbon nanotubes (MWCNT-7).

Materials and methods: Rats were exposed, by whole-body inhalation, to air or an aerosol
containing MWCNT-7 particles at target cumulative doses (concentration x time) ranging from
22.5 to 180 (mg/m?3)h over a three-day (6 hours/day) period and toxicity and global gene
expression profiles were determined in the lungs.

Results: MWCNT-7 particles, associated with alveolar macrophages (AMs), were detected

in rat lungs following the exposure. Mild to moderate lung pathological changes consisting

of increased cellularity, thickening of the alveolar wall, alveolitis, fibrosis, and granuloma
formation were detected. Bronchoalveolar lavage (BAL) toxicity parameters such as lactate
dehydrogenase activity, number of AMs and polymorphonuclear leukocytes (PMNs), intracellular
oxidant generation by phagocytes, and levels of cytokines were significantly (p < 0.05) increased
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in response to exposure to MWCNT-7. Global gene expression profiling identified several
significantly differentially expressed genes (fold change >1.5 and FDR p value <0.05) in all the
MWCNT-7 exposed rats. Bioinformatic analysis of the gene expression data identified significant
enrichment of several diseases/biological function categories (for example, cancer, leukocyte
migration, inflammatory response, mitosis, and movement of phagocytes) and canonical pathways
(for example, kinetochore metaphase signaling pathway, granulocyte and agranulocyte adhesion
and diapedesis, acute phase response, and LXR/RXR activation). The alterations in the lung
toxicity parameters and gene expression changes exhibited a dose-response to the MWCNT

exposure.

Conclusions: Taken together, the data provided insights into the molecular mechanisms
underlying the pulmonary toxicity induced by inhalation exposure of rats to MWCNT-7.
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Introduction

Carbon nanotubes composed of concentric layer(s) of graphene sheet(s) consisting of carbon
rings rolled into cylindrical fibers represent a major class among engineered nanomaterials
(ENMs). Single-walled carbon nanotubes consist of a single layer of a graphene sheet
whereas multiple layers of graphene sheets are present in multi-walled carbon nanotubes
(MWCNT). Multi-walled carbon nanotubes, like many other ENMs possess several
desirable properties for industrial applications. These include, but are not limited to, their
light weight, high aspect ratio and tensile strength, stiffness, and water insolubility which
contribute to their enhanced durability. The desirable physicochemical properties of many
of the ENMshave facilitated their use in commerce, industry, and medicine (Eatemadi et al.
2014; Stoner et al. 2014). Unfortunately, many of the same desirable properties of ENMs
are of concern with respect to their potential for human exposure resulting in adverse health
effects. For example, due to their light weight, some of the ENMs can be easily aerosolized,
and the air-borne particles may pose a significant threat of exposure by inhalation among
workers engaged in the manufacture of products and of consumers who use such products.
MWCNT-7, because of its resemblance to asbestos with respect to the thin and needlelike
shape and biopersistence, has raised concern about the potential to result in cancer and
mesothelioma (Donaldson et al. 2013).

Only limited epidemiological evidence exist for the adverse human health effects associated
with exposure to MWCNTSs. Many of the studies that investigated the toxicity of MWCNTS
have been conducted with a specific form, MWCNT-7, and by employing /n vitro cell
culture and /n vivo animal models. Compared with the limited evidence for MWCNT-7
exposure to result in cardiovascular (Stapleton et al. 2012) and neurological (Chen et al.
2013) effects, most of the studies have been focused on MWCNT-induced lung toxicity.
Exposure of primary cells and immortalized cell lines derived from lungs to MWCNT-7
resulted in cytotoxicity (Siegrist et al. 2014). Similarly, exposure of mouse and rats

to MWCNTSs following intratracheal administration (Poulsen et al. 2016), pharyngeal
aspiration (Porter et al. 2010), and nose-only (Seidel et al. 2021) or whole-body inhalation
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(Umeda et al. 2013) also resulted in lung toxicity. The lung toxicity resulting from exposure
to MWCNTSs was characterized by the induction of inflammation, fibrotic changes, and
granuloma formation (Ma-Hock et al. 2009; Porter et al. 2010; Erdely et al. 2013; Umeda
et al. 2013; Dong et al. 2015). There have also been a limited number of animal studies

that investigated the carcinogenic potential of MWCNT (Sargent et al. 2014; Kasai et al.
2016; Fukushima et al. 2018; Numano et al. 2019; Saleh et al. 2020). In a two-stage,
initiator/promoter carcinogenesis model, inhalation exposure of mice to MWCNT-7 resulted
in an enhancement in the incidence of methylcholanthrene initiated lung tumor formation
(Sargent et al. 2014) which suggested its role as a tumor promoter. Chronic whole-body
inhalation exposure of F344 rats to MWCNT-7 at doses of 0.02, 0.2, and 2 pg/m3 for 104
weeks resulted in dose-dependent increases in the incidence of pre-neoplastic and neoplastic
lung lesions suggesting that MWCNT-7 is a complete carcinogen (Kasai et al. 2016) and
justified its classification by the International Agency for Research on Cancer (IARC) as a
Group 2B human carcinogen (IARC (International Agency for Research on Cancer)) 2017).

Despite the demonstration that MWCNT-7 is toxic to the lungs, the molecular mechanisms
underlying its pulmonary toxicity are not fully understood. Determination of the molecular
mechanisms underlying the toxicity of MWCNT-7, like any other toxic agent, has
implications in assessing the potential risks associated with human exposure to them.
Furthermore, understanding the molecular mechanisms of toxicity may be helpful in
preventing the toxicity and associated health effects through development of therapeutic
agents that target relevant genes and proteins. The use of high content transcriptomics

data, in agreement with the US National Research Council’s vision of a paradigm

shift in toxicology (NRC (National Research Council)) 2007), has enormous potential

in determining the mechanisms underlying the target organ toxicity. Simultaneous
determination of all genes differentially expressed in a target organ/tissue in response to
exposure to a toxic agent, and subsequent bioinformatic analysis of the gene expression data
that identifies the significantly enriched pathways and networks have been instrumental in
understanding the molecular mechanisms underlying the toxicity of agents including ENMs
(Hamadeh et al. 2002; Heinloth et al. 2004; Labib et al. 2016; Nikota et al. 2016; Sager

et al. 2020). Therefore, in the current study, rats were exposed to air or increasing doses

of MWCNT-7 by whole-body inhalation and the resulting lung toxicity was assessed by
histology and BAL parameters of toxicity. Global gene expression profiles in rat lungs

were determined by next generation sequence analysis. The transcriptomic data was further
analyzed to understand the molecular mechanisms potentially involved in the lung toxicity
induced by inhalation exposure of the rats to MWCNT-7. This is the first report investigating
the application of global transcriptome analysis to determine the molecular mechanisms of
lung toxicity following whole-body inhalation exposure to MWCNT-7 in rats; the species in
which the carcinogenicity of MWCNT-7 has been demonstrated (Kasai et al. 2016).

Materials and methods

Generation of MWCNT aerosol and exposure of rats

The MWCNT-7 used in this study was obtained from Mitsui & Company (XNRI MWNT-7,
lot #05072001K28, Tokyo, Japan) and has been employed in several studies previously
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conducted at our institute (Mercer et al. 2010; Porter et al. 2010; Dong et al. 2015). Details
regarding characterization of the MWCNT used in the present study can be found elsewhere
(Porter et al. 2010). Stated briefly, the trace metal contamination of the MWCNT-7 sample
was 0.78% with sodium and iron accounting for 0.41 and 0.32%, respectively. No other
metals were present above 0.02%. The median length of the MWCNT-7 particles was 3.86
pum and the count mean diameter was 49 + 13.4 nm. Approximately 3-month old, male
Fischer 344 rats (CDF strain) were purchased from Charles River Laboratories (Wilmington,
MA) and employed in this study. The entire study was conducted in an AAALAC
International accredited animal facility (NIOSH, Morgantown, WV, USA) following a
protocol approved by the Institutional Animal Care and Use Committee. The rats were
allowed to acclimate to the animal facility conditions, at least for 10 days, prior to their

use in this study. Throughout the study, the rats were housed in groups of 3 rats/cage

and maintained on a 12-hour light-dark cycle in a temperature (68-72 °F) and humidity
(30-70%) controlled room. The rats were provided with Teklad rodent diet (Envigo,
Indianapolis, IN) and tap water ad /ibitum except when they were exposed to air or the
aerosol containing MWCNT as described below.

Generation of MWCNT aerosol and whole-body inhalation exposure of rats were conducted
using a previously described automated, computer-controlled system (McKinney et al. 2009,
2013). Aerodynamic particle mass size distribution of the MWCNT aerosol generated for
the rat exposure was determined using a micro-orifice uniform deposit impactor (MOUDI
Model 110 R, MSP Corporation, Shoreview, MN). Greased foils were used for the MOUDI
stages. The mass-median aerodynamic diameter of the air-born MWCNT particles in

the exposure chamber was 1.5 um with a geometric standard deviation (GSD) of 1.67
(Figure 1(A)). A scanning electron microscope (Hitachi S-4800) was used to analyze
particle physical morphology by drawing aerosol samples at a flow rate of 1 L/min from

the exposure chamber onto 25 mm (0.2 um pore size) polycarbonate filters (Whatman,

Inc., Maidstone, United Kingdom) for approximately 5 seconds. Micrographs showing
representative samples of MWCNT particles on the filters are shown in Figure 1(B) and
consisted of well dispersed and straight fibers. Groups of rats (7= 12) were exposed

by whole-body inhalation to the MWCNT aerosol at designated concentrations of 1.25

— 10 pg/m3, 6 hours/day for 3 consecutive days to result in target cumulative exposure

doses (concentration x time) ranging from 22.5 to 180 (mg/m3)h. Another set of rats (7
=12) exposed simultaneously to filtered air, served as controls. Throughout the inhalation
exposure, the target levels of temperature (22.2-25.6 °C), humidity (40-60%), and MWCNT
concentration in the exposure chamber were continuously monitored and controlled by
employing a calibrated mass concentration particle monitor, DataRAM4 (Thermo Fisher
Scientific, Waltham, MA, USA) as previously described (McKinney et al. 2009). The health
status of the rats was monitored throughout the study and their terminal body weights were
recorded.

Euthanasia of rats and collection of biospecimens

Approximately 16-hours following termination of exposure, the rats were euthanized
following an intraperitoneal injection of the euthanasia solution containing 2100 pg
sodium pentobarbital/kg body weight (Fort Dodge Animal Health, Fort Dodge, IA, USA).
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Blood was collected under anesthesia from the abdominal aorta into Vacutainer tubes
containing the anticoagulant, Ko;EDTA (Beckton-Dickinson, Franklin Lakes, NJ) and used
to determine various hematological parameters. The right lung of the rats was clamped-off
and bronchoalveolar lavage (BAL) performed in the left lung (Roberts et al. 2014). The BAL
fluid was processed into cellular and acellular fractions and used to determine lung toxicity
resulting from inhalation exposure of the rats to air or MWCNT. The apical lobe of the right
lung was cut into pieces and stored in RNALater (Invitrogen, Waltham, MA) until isolation
of RNA. The cardiac and diaphragmatic lobes of the right lung were inflated with 10%
neutral-buffered formalin and fixed in the same solution for histopathological analysis.

The hematological parameters analyzed included counts of white blood cells (WBC),

red blood cells (RBC), neutrophils (NEUT), lymphocytes (LMPH), monocytes (MONO),
eosinophils (EO), basophils (BASO), platelets (PLT), and reticulocytes (RET), red blood
cell distribution (RDW), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), platelet distribution width (PDW), mean
platelet volume (MPV), and platelet larger cell ratio (P-LCR). These parameters were
determined in the unclotted blood samples using an IDEXX Procyte instrument (IDEXX
Corporation, Westbrook, ME, USA) following the procedures described in the user guide.

BAL cell counts and lung toxicity determination

The BAL fluid obtained from the rats was centrifuged (570 x g, 15 minutes, 4 °C) to
separate the cellular and acellular fractions. The cellular fraction was resuspended in 1 ml
PBS and used to determine the number of cells present. Total number of BAL cells [alveolar
macrophages (AMs) and polymorphonuclear leukocytes (PMNSs)] was determined using a
Coulter Multisizer Il and Accu Comp software (Coulter Electronics, Hialeah, FL). BAL cells
(50,000) were spun onto microscope slides using a Cytospin 3 centrifuge (Shandon Life
Sciences International, Cheshire, UK) and stained with a Leukostat stain (Fisher Scientific,
Pittsburgh, PA) to differentiate AM from PMNs. Approximately two hundred cells were
counted per rat, and PMN percentages were multiplied back across the total cell count to
obtain total AM and PMN numbers. The cytospin slides were also examined under a light
microscope for the presence of MWCNT-7 particles. The acellular fraction of the BALF
was used to determine LDH activity, a marker for increased membrane permeability due to
damage or death of lung inflammatory and/or epithelial cells, using a Cobas c111analyzer
(Roche Diagnostic Systems, Mont Clair, NJ, USA).

Reactive oxidant generation by lung phagocytes

Intracellular levels of reactive oxidants generated by the lung phagocytes was estimated

by a luminol-dependent chemiluminescence assay using a Berthold LB 953 luminometer
(Wildbad, Germany) as described previously (Roberts et al. 2014). Stated briefly, phorbol
12-myristate 13-acetate (PMA), a soluble stimulant of total BAL phagocytes (AM and
PMNs) or nonopsonized, insoluble zymosan, a stimulant of AM only, were used to
determine the contribution of both AM and PMN to the overall production of intracellular
ROS by the lung phagocytes. The chemiluminescence assay was performed in the presence
or absence of the stimulants. The light generation was recorded for 15 minutes at 37 °C,
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and the integral of counts per minute (CPM) per 106 cells versus time was determined.

The difference in the CPM of the stimulated and corresponding unstimulated cells was
calculated. The calculated value was normalized to the total number of BAL cells for PMA-
stimulated chemiluminescence and total number of AM in the BAL for zymosan-stimulated
chemiluminescence.

Cytokine analysis

The acellular first fraction of BALF was used to determine cytokines, released by the
inflammatory and/or epithelial cells in response to pulmonary exposure to MWCNT
and play critical role in the influx of additional inflammatory cells resulting in lung
inflammation and/or injury. BALF levels of cytokines, viz: interleukin 1 (IL-1p),
interleukin 10 (IL-10), interleukin 13 (IL-13), interleukin 16 (IL-16), interleukin 18
(IL-18), tumor necrosis factor-a (TNF-a)), monocyte chemotactic protein-1 (MCP-1),
and macrophage inflammatory protein-2 (MIP-2) were determined by employing the rat
magnetic panel of a Milliplex Map Kit (Millipore, Inc. Billerica, MA) following the
instructions provided by the vendor.

Lung histopathology

The diaphragmatic and cardiac lobes of the left lung, fixed in formaldehyde, were embedded
in paraffin, sectioned at a thickness of 5 um, stained with hematoxylin and eosin or

Mason’s trichrome stain and examined for histological changes by a pathologist. The lung
histological changes were scored as none (normal histology), minimal (<10% thickening

of the alveolar wall in focal areas with little or no inflammatory cells occupying <10%

of the lung parenchyma and no granuloma per section), mild (10-25% thickening of the
alveolar walls in focal areas with a few inflammatory cells occupying 10-20% of the lung
parenchyma and 1-5 granuloma per section), or moderate (approximately 2-fold thickening
of the alveolar walls in focal areas with plenty of inflammatory cells occupying 20-40% of
the lung parenchyma and more than 5 granuloma per section).

RNA isolation and determination of global gene expression profile in lungs

Total RNA free of contaminating DNA and proteins was isolated from a piece of the lung
tissue stored in RNALater using miRNEasy Mini Kit (Qiagen, Inc. Valencia, CA) following
the procedure, including the on-column DNase digestion, provided by the manufacturer. The
RNA samples were quantified by UV-Vis spectrophotometry and their integrity and purity
were determined using an Agilent 2100 Bioanalyzer and RNA 6000 Nano Kit (Agilent
Technologies, Palo Alto, CA). All the RNA samples used in the gene expression studies
exhibited an RNA Integrity Number (RIN) =8.0.

The Illumina TruSeq® mRNA Library Prep Kit (Illumina, Inc. San Diego, CA, USA)
was used to create next generation sequencing (NGS) libraries following the procedures
described in our previous publication (Joseph et al. 2021). Briefly, RNA (1 mg/sample)
was fragmented (68 °C for 5 minutes) and purified following depletion of ribosomal
RNA (rRNA). The RNA fragments were reverse transcribed into first strand cDNA using
reverse transcriptase and random primers. For proper adaptor ligation, while synthesizing
the double stranded cDNA, dUTP was incorporated in place of dTTP followed by the
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addition of a single ‘A’ nucleotide to the 3 prime ends. Indexing adapters provided in

the library preparation kit were ligated to the ends of the ds cDNA. The adaptor-ligated
cDNA fragments were PCR amplified (12 cycles) using a Veriti™ 96 Well Thermal Cycler
(Applied Biosystems, Foster City, CA, USA) and quantified using a dsSDNA HS Assay Kit
(Invitrogen by ThermoFisher Scientific, Waltham, MA, USA) and Qubit 3.0 Fluorometer
(Invitrogen by ThermoFisher Scientific, Waltham, MA, USA). Average fragment size and
fragment distribution of the cDNA library samples were then assessed using an Agilent 2100
Bioanalyzer with High Sensitivity DNA Reagents (Agilent Technologies, Santa Clara, CA).

Individual sample libraries were sequenced (Genome Sequencing Laboratory, The Centers
for Disease Control and Prevention, Atlanta, GA) for 2 x 75 base pair, paired-end
sequencing using the Illumina Hiseq 2500 machine (Illumina, San Diego, CA, USA)

in rapid run mode using HiSeq Rapid Cluster Kit v2 and HiSeq Rapid SBS Kit

v2 (Illumina, San Diego, CA, USA). After demultiplexing the library sequences, the
quality of each sample library was assessed with respect to the number of reads per
sample, mean quality score, and FASTQC parameters (Andrews 2010). Reads were

then processed using Trimmomatic/0.35 with the options PE, ILLUMINACLIP:TruSeq2-
PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:85 to remove
any remaining adapter sequence, low quality reads, low quality read ends, and sequences
shorter than 85 bases in length (Bolger et al. 2014). Sequence quality was then reevaluated
via FASTQC. All sequences that passed the trimming and quality control with both reads
in a pair present were aligned to the Rattus norvegicus Rnor 6.0 genome from NCBI
downloaded July 315t, 2015 using HiSat2/2.1.0 (Kim et al. 2015). Raw gene counts

were assigned using Samtools/1.9 (Li et al. 2009), Python/2.7.3 and HTSeq/0.6.1. Rnrl
(Ribosomal 45S Cluster 1) and Rnr2 (Ribosomal 45S Cluster 2) displayed extremely high
counts and were manually removed before further analysis. Using edgeR, raw counts were
converted to counts per million (CPM), log-CPM, and normalized using the trimmed mean
of M-values (TMM) method. Finally, differentially expressed genes were calculated using
limma (Law et al. 2016; R Core Team 2018). Significantly differentially expressed genes
(SDEGS) were those genes with an absolute fold change greater than 1.5-fold and an
adjusted p-value less than 0.05.

Bioinformatic analysis of gene expression data

The SDEGs identified by NGS analysis were used as input for subsequent bioinformatic
analysis using the Ingenuity Pathway Analysis program (IPA, Ingenuity Systems, Redwood
City, CA). IPA software is designed to map the biological relationship of the uploaded genes
and classify them into categories according to published literature in the database. Non-lung
related IPA categories that are not relevant to the present study were filtered out. The
bioinformatic analysis of the gene expression data by employing the IPA program facilitated
the extraction of toxicologically meaningful information from the list of the large number

of SDEGs detected in response to inhalation exposure of the rats to MWCNT-7 aerosol
particles. Fisher’s exact test was conducted to calculate p-value to determine the significance
of a particular biological function or canonical pathway enriched by MWCNT-7 exposure in
the lungs (p < 0.05 was considered statistically significant).
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Statistical analysis of the data

Results

Data between the MWCNT-7 exposed and the control group of rats, excepting the NGS
data, were compared using the one-way analysis of variance (ANOVA\) test. Post hoc
comparisons were made with Fisher’s least significant difference (LSD) test. Data analyses
were performed using JMP version 13.2 for Windows. The level of statistical significance
was set at p< 0.05.

Clinical signs of toxicity

Statistically nonsignificant reductions in the terminal body-weights of rats exposed to
MWCNT-7 at the higher cumulative doses of 90 and 180 (mg/m3)h MWCNT-7, compared
with the respective controls, were observed (data not presented). There were no clinical
signs of toxicity in any of the rats in response to their exposure to MWCNT-7.

Lung deposition of MWCNT-7

Inhalation exposure of rats to the aerosol containing MWCNT-7 resulted in deposition of
the inhaled MWCNT-7 particles in the lungs, including in the deep alveolar regions (Figure
2(B)) where the particles were engulfed by the alveolar macrophages (Figure 2(D)). The
animal exposures to MWCNT-7 at cumulative doses of 22.5-180 (mg/m?3)h resulted in an
estimated alveolar deposited dose ranging from 8.2 to 69 mg based on the multi-path particle
dosimetry (MPPD) model (Anjilvel and Asgharian 1995). The MPPD version 3.04 with
semi-symmetric settings for rats with a breathing frequency of 102 breathing/minute and a
tidal volume of 2.1 ml was used. The MMAD and GSD from the MUODI data were used

in the MPPD mode to calculate the human equivalence of the dose exposed in the rats. The
exposure dose can be scaled to a human equivalent dose by using known alveolar surface
area values of 70 m? and 0.4 m2, respectively, for human and rat lungs (Butler 1976; Ohashi
et al. 1994). By using these values, the equivalent human alveolar lung burden resulting
from the MWCNT-7 exposures was estimated and found to range from 1,435 to 12,094 mg.
Assuming that the deposition efficiency of the particles is 14% in the human pulmonary
region and a human minute ventilation of 15 L/min, the rat exposures conducted in this
study would be equivalent to an average worker’s exposure over a single 40-hour work
week at a MWCNT-7 aerosol concentration ranging from 0.34 to 2.84 mg/m3. The NIOSH
recommended exposure limit (REL) of elemental carbon (EC), an indicator of occupational
exposure to CNM, is 1 pg/m3 for an 8-hour time-weighted average (NIOSH (National
Institute for Occupational Safety and Health)) 2013). The amount the EC present in the
inhalable size fraction of the aerosol samples collected from facilities manufacturing CNMs
was 6.22 pg/m3 (Dahm et al. 2018) and 3.51 — 17.14 ug/m3 (Fatkhutdinova et al. 2016). The
EC mass in the personal breathing zone samples collected from some of the U.S. facilities
engaged in the manufacture and handling of CNMs was 7.54 pg/m3 (Dahm et al. 2012) and
10.6 pg/m3 (Erdely et al. 2013).
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Lung histology

Moderate histological changes were detected in the lungs of the rats exposed to the highest
cumulative dose of 180 (mg/m3)h MWCNT-7 (Figure 3(D)). The most prominent lesion

in this group was intra-alveolar granulomas consisting of round-shaped accumulation of
inflammatory mononuclear cells. Typically, the granulomas were <100 microns in diameter
and often associated with particles/filaments that occupied the wall and protruded into the
alveolar lumina. The granulomatous lesions were prominent and were seen in all (12/12)
the exposed animals. Trichrome staining showed that these early granulomas contained

a slightly elevated number of collagen fibers, i.e., early fibrosis (data not presented). In
addition to the granulomatous lesions, there were areas of early alveolitis with increased
cellularity and increased alveolar wall thickness. Quite often these areas of alveolitis,

like the granulomas, were associated with black MWCNT-7 pigmented granules and
filaments, seen both inside the alveolar walls and in the alveolar and bronchiolar lumina.
Also, airway epithelial hyperplasia characterized by epithelial folding and crowding of

the pseudostratified columnar epithelium and sometimes excessive mucous cell numbers
(mucous metaplasia) was seen in all the lung sections.

In the 90 (mg/m3)h cumulative dose group, the same histological changes detected in the
180 (mg/m3)h group, were detected (Figure 3(C)). However, changes were markedly less
intense, especially at the level of the granulomatous lesions that were fewer in number
and smaller in size compared with the 180 (mg/m?3)h group. Nevertheless, the presence

of granulomatous inflammatory lesions (granuloma precursors because of their small size)
were seen in most cases (9/12). Trichrome stain also showed very early fibrosis associated
with the inflammatory and granulomatous lesions (but clearly less and more difficult to
detect than in the previous group). Airway epithelial hyperplasia was less prominent and
seen in only 7/12 MWCNT-7 exposed rats.

The 45 (mg/m3)h cumulative dose group of rats had minimal histological changes, i.e., small
areas of focal alveolitis and airway epithelial hyperplasia in less than 25% of the MWCNT-7
exposed rats (Figure 3(B)). No granulomatous lesions were detected in this group of rats.
Intra-alveolar macrophages were elevated in all exposed rats but at a much less prominent
level compared with the higher dose groups of rats. Small focal areas of alveolitis with
slightly increased cellularity and alveolar thickness was seen sporadically in some of the
control, air exposed rats which is considered as background lesions (Figure 3(A)). The lung
histology of the rats exposed to the lowest, 22.5 (mg/m3)h cumulative dose of MWCNT-7,
was similar to that of the control, air exposed rats (micrograph not presented).

BAL parameters of lung toxicity

None of the BAL parameters of toxicity analyzed in the rats, viz. LDH, total BAL cells,
AM, and PMN, exhibited any difference in the rats exposed to the lowest cumulative dose of
22.5 (mg/m3)h compared with the corresponding control group (Figure 4(A-D)). However,
all groups of the rats exposed to MWCNT-7 at cumulative doses of 45 (mg/m3)h and above,
exhibited alterations in all these parameters. These alterations were statistically significant
only in the higher dose groups of 90 and 180 (mg/m3)h in the case of LDH activity and the
PMN count (Figure 4(A,D)). On the other hand, the numbers of total BAL cells and AM
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were significantly higher (p < 0.05) in the rats exposed to MWCNT-7 at cumulative doses
of 45, 90, and 180 (mg/m3)h, compared with the corresponding controls (Figure 4(B,C)).
The highest increase among the BAL parameters of lung toxicity analyzed was detected in
the case of the PMN number which exhibited a 111.32-fold increase in the rats exposed

to 180 (mg/m3)h MWCNT-7, compared with the control rats. Additionally, the increases in
the BAL parameters of toxicity were dependent on the dose of the MWCNT-7 inhaled in
majority of the cases.

Lung oxidant generation

Both the zymosan- and PMA-stimulated chemiluminescence, in all groups of the rats
exposed to MWCNT-7 aerosol, compared with the respective controls, exhibited dose-
dependent increases (Figure 5(A,B)). Furthermore, these increases were statistically
significant (p < 0.05) in the rats exposed to MWCNT-7 at cumulative doses of 45, 90,
and 180 (mg/m3)h.

Lung cytokine analysis

Hematology

All eight cytokines analyzed in the rats showed increased BALF levels, compared with the
respective controls (Figure 6). Furthermore, the increases in the cytokines were dependent
on the dose of MWCNT-7 inhaled by the rats. In the case of IL-13, the increases in all 4
dose groups were statistically significant (o < 0.05) compared with the respective controls
(Figure 6) whereas for IL-1, I1L-10, and IL-16, statistically significant increases were
detected in the higher three dose groups (Figure 6). In the case of IL-18, TNF-a., MCP-1,
and MIP-2, statistically significant increases were detected in the rats that belonged to the
cumulative exposure groups of 90 and 180 (mg/m3)h MWCNT-7 (Figure 6).

Slight but statistically significant increases in hematological parameters such as WBC,
reticulocytes, MCV, and MCH were detected in the rats exposed to the highest cumulative
dose of 180 (mg/m3)h MWCNT-7 (data not presented).

Lung gene expression profile

Several SDEGs were identified in the lungs of the MWCNT-7 exposed rats (Figure 7). The
total number of SDEGs detected in the lungs were 405, 395, 612, and 980 in the rats that
were exposed to MWCNT-7 at the cumulative doses of 22.5, 45, 90, and 180 (mg/m3)h,
respectively. Among the SDEGs identified, at least 80% of the genes were overexpressed in
each of the four dose groups of the rats. Furthermore, 214 SDEGs were common to all four
dose groups while the number of unique SDEGs were 49, 56, 73, and 461, respectively in
the 22.5, 45, 90, and 180 (mg/m3)h groups (data not presented). Similar to the number of the
SDEGs, the fold changes in expressions of many of the SDEGs were also dependent on the
MWCNT-7 dose to which the rats were exposed (Table 1).

Bioinformatic analysis of the SDEGs identified the IPA biological functions and canonical
pathways that were significantly enriched in the rat lungs in response to MWCNT-7
exposure. Lung cancer, leukocyte migration, inflammatory response, mitosis, cell movement
of phagocytes, recruitment of leukocytes, inflammation of airway, accumulation of
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leukocytes, recruitment of phagocytes, and activation of macrophages were among the

top ranking, enriched IPA biological functions (Figure 8(A)). The IPA canonical pathways
that were significantly enriched and ranked high were kinetochore metaphase signaling
pathway, granulocyte adhesion and diapedesis, agranulocyte adhesion and diapedesis, acute
phase response signaling, LXR/RXR activation, complement system, TREM1 signaling,
phagosome formation, cell cycle control of chromosomal replication, and communication
between innate and adaptive immune cells (Figure 8(B)).

Discussion

Human exposure to MWCNT-7 is concerning because of its potential to result in serious
adverse health effects. The potential for MWCNT-7 to result in adverse health effects is
primarily because of its small, nanoscale size, its rigidity and durability as well as the
needlelike shape, similar to those of asbestos and other pathogenic fibers, and its ability

for biopersistence (Donaldson et al. 2013). While exposure to carbon-based nanomaterials
taking place among workers has been reported in the US (Beard et al. 2018) and elsewhere
(Lee et al. 2015), most of the evidence for potential adverse human health effects of
MWCNT-7 is derived from the results of animal studies. Primarily because of their light
weight, MWCNT-7 particles can be easily aerosolized, thus posing the highest risk for
exposure by inhalation potentially resulting in pulmonary and systemic toxicity. Lung
toxicity in mice and rats following pulmonary exposure to MWCNT by pharyngeal
aspiration, intratracheal instillation, or inhalation has been investigated in the past. In an
earlier dose-response and time-course study, Porter et al. (2010) administered MWCNT-7 in
mice by pharyngeal aspiration at doses of 0, 10, 20, 40, and 80 mg and the resulting lung
toxicity was determined at post-exposure time intervals of 1, 7, 28, and 56 days. Based on
the results of BAL parameters of toxicity and lung histology, the authors concluded that
MWCNT-7 exposure resulted in dose-dependent and persistent lung inflammation, damage,
and granuloma formation. Intratracheal administration of MWCNT particles also resulted
in inflammation, fibrosis, and granuloma formation in mice (Poulsen et al. 2016) and rats
(Muller et al. 2005). Lung toxicity has also been investigated, following inhalation exposure
to aerosolized MWCNT particles in mice (Mercer et al. 2013; Porter et al. 2013) and rats
(Ma-Hock et al. 2009; Delorme et al. 2012; Umeda et al. 2013; Kasai et al. 2015; Gate et
al. 2019). Results obtained from these studies also demonstrated that inhalation exposure

to MWCNT particles resulted in persistent inflammation, injury, fibrosis, and granuloma
formation in the rodent lungs. The MWCNT-7 particles deposited in the rodent lungs are
also capable of penetrating the alveolar wall (Mercer et al. 2010) and reaching the subpleural
tissue (Ryman-Rasmussen et al. 2009) to result in mesothelioma as reported following
intraperitoneal and intrascrotal administration of MWCNT in mice (Takagi et al. 2008) and
rats (Sakamoto et al. 2009), respectively.

In the current study, rats were exposed by whole body inhalation to an aerosol containing
increasing concentrations of MWCNT-7 which, as expected from the results of several
previously conducted /n vivo animal studies (Muller et al. 2005; Ma-Hock et al. 2009; Porter
et al. 2010 and 2013; Delorme et al. 2012; Umeda et al. 2013; Kasai et al. 2015; Poulsen

et al. 2016), resulted in lung toxicity. Granuloma formation, a feature characteristic to the
lung damage associated with pulmonary deposition of persistent and toxic fibrous particles,
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for example asbestos (Donaldson et al. 2006), was detected in the lungs of the MWCNT-7
exposed rats, especially those exposed to the highest cumulative dose of 180 (mg/m3)h
(Figure 3(A-D)) which was equivalent to ~69 mg deposited dose by MPPD calculation.
The LDH activity, considered to be an indicator of cytotoxicity including that induced by
exposure to inhalable, lung toxic particles (Sager et al. 2020; Joseph et al. 2021), was
increased in the rat lungs that were exposed to MWCNT-7 at cumulative doses of 45 (mg/
m3)h and higher (Figure 4(A)). Similarly, the BAL cell counts, determined in the MWCNT
exposed rats, were significantly (p < 0.05) increased except for the group that was exposed
to the lowest cumulative dose of 22.5 (mg/m3)h or approximately 8.2 g deposited dose
(Figure 4(B-D)). This suggested the induction of inflammation in the lungs of the MWCNT
exposed rats. Generation of reactive oxidants, found to be associated with the pathology

of respirable particles (Sager et al. 2020; Joseph et al. 2021), was also significantly higher
(0 < 0.05) in the rat lungs which were exposed to MWCNT-7 at cumulative doses 45 (mg/
m?3)h and higher (Figure 5(A,B)). Determination of the BALF levels of eight cytokines and
chemokines that are known to be involved in the inflammatory response to exposure to toxic
particles (Laskin and Laskin 2001) revealed significant elevations in the MWCNT-7 exposed
rat lungs, compared to those detected in the air exposed, control lungs (Figures 6). All

the parameters that were employed to determine the lung response to MWCNT-7 exposure
exhibited alterations, especially in the lungs exposed to the higher cumulative doses. These
results, therefore, suggested the induction of lung toxicity in the rats by their whole-body
inhalation exposure to MWCNT-7 particles under the conditions employed in the current
study. Furthermore, the alterations in the toxicity parameters determined were dependent on
the cumulative dose of MWCNT-7 to which the rats were exposed.

It has been well established that the transcriptome is a sensitive target that responds to
exposure to toxic agent(s) and, therefore, transcriptome profiling has been employed to
detect target organ toxicity (Joseph 2017). Similarly, determination of the global gene
expression profile in the target organ(s) of toxicity and further bioinformatic analysis

of the differentially expressed genes have been employed to understand the molecular
mechanism(s) involved in the toxicity (Hamadeh et al. 2002; Labib et al. 2016; Sager et

al. 2020; Joseph et al. 2021). Currently, determination of the global gene expression profile
in the rat lungs identified changes in the expression levels of several genes in response

to exposure to MWCNT-7. The number of the SDEGs detected in the rat lungs (Figure

7), like the alterations in the toxicity parameters detected, exhibited a dose-response to the
cumulative dose of MWCNT-7 exposed. A similar quantitative relationship was also noticed
between the alterations in the various lung toxicity parameters and the enrichment in the
IPA biological and canonical pathway categories (Figure 8(A,B) suggesting that the gene
expression changes detected in the rat lungs, in response to their exposure to MWCNT-7,
were mechanistically relevant to the lung toxicity induced by MWCNT-7.

Inhaled toxic particles such as MWCNT-7, upon deposition in the lungs, are engulfed

by phagocytes, mostly AMs, for their detoxification and elimination thus preventing their
participation in the induction of lung damage. In agreement with the results of previous
studies (Mercer et al. 2010, 2013; Kasai et al. 2015), MWCNT-7 particles deposited in the
rat lungs were found both associated with the AMs and free in the alveoli (Figure 2). The
significant increase in the number of the AMs detected in the MWCNT-7 exposed rat lungs
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(Figure 4(C)) may be considered an adaptive response due to the increased demand for the
AMs to facilitate the phagocytosis and thus detoxification of the toxic MWCNT-7 particles.
This view is further supported by the significant and MWCNT-7 dose-dependent enrichment
in the IPA categories recruitment of phagocytes, activation of macrophages, and phagosome
formation (Figure 8(A,B) as well as differential expressions of the genes involved in those
categories (Table 1). The interaction between the toxic particles deposited in the lungs and
the AMs may result in macrophage activation and the release of various signaling molecules.
Activation of AMs, in response to inhalation exposure to MWCNT-7, was supported by the
dose-dependent increase in the transcript, RETNLAL, a marker for macrophage activation
(Nair et al. 2009), in the MWCNT-7-exposed rat lungs (Table 1). Cytokines/chemokines
represent one major class of the signaling molecules released by the activated AMs (Becker
et al. 1991). The transcripts for several cytokines/chemokines viz. CCI2, CCl7, CCI9,
CCL22, CXCI2, CXCI3, CXCI6, and CXCL10were significantly overexpressed in the
MWCNT-7 exposed rat lungs (Table 1). Similarly, the BAL protein levels of all eight
cytokines/chemokines analyzed were significantly elevated in the MWCNT-7 exposed rats
(Figure 6). The cytokines/chemokines released by the macrophages are involved in the
recruitment of additional macrophages to the lungs, activation of the macrophages, and
phagocytosis of toxic particles by the AMs and, therefore, are important determinants
deciding the fate of the particles with respect to their potential to induce lung toxicity.
MWCNT-7 particles, mainly because of their insolubility, were poorly eliminated from

the alveoli which resulted in their accumulation, persistence, and the ensuing toxicity as
supported by the MWCNT-7 dose-dependent histological changes (Figure 3) and increases
in the LDH activity (Figure 4(A)) detected in the lungs.

Induction of inflammation has been identified as a major mechanism involved in the lung
toxicity and the potential for health effects resulting from exposure to MWCNT (Porter

et al. 2010 and 2013; Poulsen et al. 2016; Dong and Ma 2016a). In the present study,
inhalation exposure of rats to MWCNT-7 resulted in significant and dose-dependent lung
inflammation as evidenced by increases in the BAL levels of PMNs (Figure 4(D)) and all
eight cytokines/chemokines analyzed (Figure 6). One of the first responses to pulmonary
exposure to toxic foreign molecules is the recruitment of phagocytes, primarily PMNs, from
blood to the lungs. This takes place mainly in response to the pro-inflammatory signaling
molecules released in response to the interaction of the inhaled toxic particles with the

AMs and/or the lung epithelium. The recruitment of PMNSs from the circulatory system to
the lungs is a complex, multistep process which involves tethering, activation, adhesion to
the endothelium, rolling, and transmembrane release (Mizgerd 2002). The entire process

is controlled by many signaling molecules including the cytokines/chemokines that belong
to the CC and CXC families (Mizgerd 2002). The transcripts for several of these cytokines/
chemokines, similar to those reported in mice exposed to the same MWCNT-7 (Snyder-
Talkington et al. 2013; Dymacek et al. 2018) that was employed in our rat study, were
overexpressed in the lungs of the MWCNT-7 exposed rats (Table 1). The overexpression of
the transcripts for pro-inflammatory cytokines/chemokines in the lungs (Table 1), pulmonary
infiltration of the PMNs (Figure 4(D)), and the lung injury (Figures 3 and 4(A)) all exhibited
a response to the cumulative MWCNT-7 dose to which the rats were exposed suggesting a
possible relationship among overexpression of cytokines/chemokines, pulmonary infiltration
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of PMNSs, and the lung injury detected in the MWCNT-7 exposed rats. These results, in
agreement with the results of previous studies (Porter et al. 2010 and 2013; Poulsen et al.
2016; Dong and Ma 2016a), furthermore supported the important role inflammation played
in the MWCNT-induced lung injury in the rats.

Results of the bioinformatic analysis of the SDEGs further supported the involvement of
inflammation in MWCNT-7-induced lung toxicity as well as provided information about

the potential molecular mechanisms underlying the toxicity. This included the enrichment
of inflammation-related IPA biological functions such as inflammatory response and
inflammation of airways (Figure 8(A)) and canonical pathways such as acute phase response
signaling, LXR/RXR activation, complement system, and TREML signaling (Figure 8(B)) as
well as the significant increases in the expression levels of several genes belonging to those
categories in the MWCNT-7 exposed rat lungs (Table 1). The acute phase response is a rapid
inflammatory response to defend tissues/organs against invading microorganisms (Perez
2019) and injury resulting from exposure to toxic agents (Saber et al. 2014). However,
enhanced activation of the acute phase response and excessive release and accumulation of
acute phase response signaling molecules may result in tissue damage and toxicity. Serum
amyloid is a marker for acute phase response (Sack 2018) and a significant overexpression
of the Serum amyloid A like 1 (Saall)transcript was detected in the MWCNT-7 exposed

rat lungs (Table 1). Similarly, the transcript for another gene, Orosomucoid 1 (ORM1),
involved in the acute phase response and inflammation (Alfadda et al. 2012; Ligresti et

al. 2012) was highly overexpressed in the MWCNT-7 exposed rat lungs (Table 1), which
further supported the involvement of acute phase response in the lung inflammation and
toxicity induced by MWCNT-7, similar to that resulting from exposure to other particles
that are toxic to the lungs (Sager et al. 2020; Joseph et al. 2021). Like the acute phase
response, activation of the complement system is another important mechanism involved in
immunity and inflammatory response to tissue injury by toxic particles (Pandya and Wilkes
2014). Complement proteins, regulators of the complement system, are synthesized by lung
epithelial cells (Strunk et al. 1988; Varsano et al. 2000) and fibroblasts (\Volanakis 1995)

in response to the release of pro-inflammatory cytokines (Huber-Lang et al. 2002). The
complement proteins, in turn, may function as chemoattractants facilitating the infiltration of
PMNs into the lungs to result in the induction of inflammation such as that was currently
detected in the MWCNT-7 exposed rat lungs (Figures 4 and 6). The transcripts for many

of the genes involved in complement response, viz. Complement C1s (C1S), Complement

3 (C3), Complement 6 (C6), Complement factor B (CFB), Complement C1q A chain
(C1QA), Complement C1q B chain (C1QB), Complement C1q C chain (C1QC), Integrin
subunit alpha M (ITGAM), and Integrin subunit alpha X (ITGAX), and Integrin subunit beta
8 (ITGB 8) were overexpressed in the rat lungs and their overexpression was dependent

on the cumulative MWCNT-7 dose to which the rats were exposed (Table 1). Taken
together, these findings suggested the activation of the complement system and its potential
involvement in the MWCNT-7-induced lung inflammation and injury detected in the rats.
Triggering receptor expressed on myeloid cells 1 (TREML1) is a receptor that belongs to the
immunoglobulin family of cell surface receptors. The association between activated TREM1
and its partners, the toll-like receptors (TLR), facilitates the release of cytokines such as
MCP-1, MIP-2, and TNF-a (Bleharski et al. 2003; Ornatowska et al. 2007) resulting in
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a pro-inflammatory response. The significant overexpression of the transcripts for 7TREM1
and several 7LRs (Table 1) as well as the elevated BALF levels of cytokines (MCP-1,
MIP-2, and TNF-a) (Figure 6F-H) detected in the lungs are suggestive of the potential
involvement of the TREML1 signaling pathway in the induction of lung inflammation and
injury that resulted from inhalation exposure of the rats to MWCNT-7.

Generation of reactive oxidants and the resulting oxidative stress is a major mechanism
involved in the toxicity and pathology associated with exposure to particles of human health
concern. The toxic particles may possess ROS on their surface which, upon interaction with
the biological system, may result in oxidative stress and injury (Castranova 1994). Metals
such as iron present as impurities with particles may also generate ROS through Fenton
reaction to result in oxidative stress (Fubini et al. 1991). The third mechanism involved in
the induction of particle-induced oxidative stress is due to the interaction of the particles
with the phagocytes and the resulting oxidative burst and release of the particles and reactive
oxidants (Donaldson et al. 2013). It has been reported that MWCNT-7 particles do not
directly generate ROS (Fenoglio et al. 2006). Similarly, the MWCNT-7 sample that was
currently employed to generate the aerosol for rat inhalation exposure does not contain

iron that is either bioavailable or redox sensitive (Porter et al. 2010) thus ruling out the
involvement of Fenton reaction as a possible mechanism responsible for the ROS generation
detected in the rat lungs. The detection of intracellular levels of reactive oxidants in the

rat lungs, in response to their inhalation exposure to MWCNT-7 aerosol (Figure 5) may,
therefore, suggest that the oxidant generation detected was facilitated indirectly by the
interaction of the particles with the lung phagocytes.

The gene expression data and findings of the bioinformatic analysis also supported the
MWCNT-7-induced oxidative stress in the rat lungs. The nuclear factor erythroid-2 related
factor 2 (NRF2) is a redox sensitive transcription factor that regulates the expression of
key genes involved in protecting the biological system through detoxification of toxic
reactive oxidants (Kensler et al. 2007). The MWCNT-7-induced oxidative stress, pulmonary
inflammation, and fibrosis were significantly higher in the NRF2 knock-out mouse,
compared with the wild type mouse (Dong and Ma 2016a), suggesting a protective role

for NRF2 in the deleterious effects associated with MWCNT-7 exposure. Genes that are
members of the canonical pathway, NRF2-mediated oxidative stress, were significantly
overexpressed in the lungs of the MWCNT-7 exposed rats. For example, Superoxide
dismutase 2 (SODZ2)— an NRF2-regulated gene that was significantly overexpressed in the
lungs of the MWCNT-7 exposed rats (Table 1) is primarily responsible for the generation
of hydrogen peroxide, a toxic ROS, by dismutation of the superoxide anion. The NADPH
oxidase organizer 1 (NOX0O1) gene involved in the generation of toxic superoxide anion
(Katsuyama et al. 2012) was also highly overexpressed in the MWCNT-7 exposed rat
lungs (Table 1). Other genes involved in oxidative stress response such as Lactoperoxidase
(LPO) (Sharma et al. 2013), Hemeoxygenase 1 (HMOX1) (Nakashima et al. 2018), and
Lipocalin 2 (LCNZ2) (Roudkenar et al. 2007), also exhibited a significant and dose-dependent
overexpression in the MWCNT-7 exposed rat lungs (Table 1). The absence of efficient
detoxification of the ROS generated may facilitate their accumulation in the lungs resulting
in oxidative stress and injury including excessive inflammation and fibrosis, as previously
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reported in the case of NRF2 knock out mouse, in response to MWCNT-7 exposure (Dong
and Ma 2016a).

Physical characteristics of MWCNT-7 such as high aspect ratio, fibrous, needlelike shape,
rigidity, and insolubility contributing to biopersistence are concerning especially with
respect to their potential to result in fibrosis resembling that of a foreign substance-induced
fibrosis (Donaldson et al. 2006; Dong et al. 2015). The detection of collagen fibers by
trichrome staining, an indicator of fibrosis, in the MWCNT-7 exposed rat lungs (data not
presented) was mild in nature most likely due to the short duration of the current study.
Nevertheless, the results of our study, in agreement with those of several /n vivo studies
(Porter et al. 2010; Dong et al. 2015; Kasai et al. 2015, 2016), confirmed the fibrogenic
potential of MWCNT-7.

Many of the SDEGs identified in the MWCNT-7 exposed rat lungs were known for

their role in tissue fibrosis. The Serpine family E member 1 (SERPINEI) gene plays a
pivotal role in lung diseases through its involvement in chronic inflammation (Tiwari et

al. 2016), tissue remodeling (Chen et al. 2021), and fibrosis (Ghosh and Vaughan 2012).
Furthermore, SERPINE1 gene polymorphism is a risk factor for respiratory diseases (Chen
et al. 2021) and inhibitors of SERPINE1 protein have therapeutic application in treating
upper respiratory diseases (Huang et al. 2012). Considering the role of SERPINE1 gene in
respiratory diseases, the significant overexpression of its transcript currently detected in the
lungs of the rats (Table 1) should be of functional significance to the MWCNT-7-induced
lung fibrosis. Other genes whose expressions were significantly higher in the MWCNT-7
exposed rat lungs, compared with the controls, and potentially involved in the MWCNT-7-
induced fibrosis were Secreted phosphoprotein 1 (SPP1), TIMP metallopeptidase inhibitor
1 (TIMP1), Chitinase, acidic (CHIA), Adenosine A1 receptor (ADORA1), Pentraxin 3
(PTX3), and Matrix metallopeptidase 12 (MMP12). Osteopontin, the protein product of the
SPP1 gene, through activation of the TGF- signaling pathway, facilitates the activation
and differentiation of fibroblasts to myofibroblasts — a critical step involved in fibrosis
(Dong and Ma 2017). A similar role for TIMP1 in the MWCNT-7-induced lung fibrosis
through activation and proliferation of fibroblasts has been identified (Dong and Ma 2016b).
Extracellular matrix (ECM) formation, a critical event in fibrosis, is a complex process

that involves the synthesis and degradation of ECM proteins, most notably collagen. The
significant overexpression of ADORAI, CHIA, MMP12, and PTX3in the MWCNT-7-
exposed rat lungs, their established role in the maintenance of the ECM (Churg and Wright
2005; Cronstein 2011; Lee et al. 2012; Pilling et al. 2015), and the increase in collagen
detected in the lungs should be considered as evidence for their potential involvement in the
MWCNT-7-induced lung fibrosis in the rats.

The International Agency for Research on Cancer (IARC), based on the results of animal
studies, has classified one form of the MWCNT, MWCNT-7, the same material used in
this study, as a Group 2B human carcinogen (IARC (International Agency for Research
on Cancer)) 2017). Whereas MWCNT-7 was identified as a tumor promoter in a mouse
model (Sargent et al. 2014), prolonged inhalation exposure to MWCNT-7 alone resulted
in significant increases in pre-neoplastic and neoplastic lesions in the rat lungs suggesting
that MWCNT-7 is a complete carcinogen (Kasai et al. 2016). Despite the identification
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of MWCNT-7 as a carcinogen, the mechanisms underlying its carcinogenicity are yet to

be fully determined. The absence of positive results in the Ames test (Ema et al. 2012)
suggested that the carcinogenicity of MWCNT-7 may not be due to its role as a direct
mutagen. On the other hand, changes in chromosome number were detected in cultured cells
in response to exposure to MWCNT-7 (Asakura et al. 2010; Siegrist et al. 2014) attributing
induction of aneuploidy as a potential mechanism involved in the MWCNT-7-induced
carcinogenesis.

The gene expression data obtained in the present study further supported the previously
reported role of MWCNT-7 as a carcinogen in the rats (Kasai et al. 2016) and suggested
mechanisms potentially underlying its carcinogenicity. The IPA biological function category,
lung cancer, was significantly enriched in response to MWCNT-7 exposure in the rat lungs
(Figure 8) similar to that reported by Guo et al. (2012) in mice exposed to MWCNT-7

by pharyngeal aspiration. Similarly, cell cycle control of chromosomal replication and
kinetochore metaphase signaling pathway were two of the significantly enriched canonical
pathway categories in the MWCNT-7 exposed rat lungs (Figure 8). The enrichment of these
IPA categories and the over expression of the genes involved in those categories (Table 1),
similar to the results of the lung toxicity assessment parameters employed in the study, were
dependent on the MWCNT-7 dose to which the rats were exposed suggesting the potential
involvement of the over expressed genes in mediating the MWCNT-7-induced lung toxicity/
carcinogenesis.

Faithful replication of chromosomal DNA is essential for stable propagation of the genetic
information during cell division. This requires that chromosomal DNA replication, a very
complex process, regulated by the expression of multiple genes, takes place only once per
cell division. The genes that regulate the chromosomal DNA replication during cell division/
cycle belong to three major classes - origin recognition complex (ORC), minichromosome
maintenance (MCM), and cell division cycle (CDC), each regulating distinct and critical
events involved in the faithful replication of chromosomal DNA (Hizume et al. 2013; Dabral
et al. 2019; Perl et al. 2019). Overexpression of the ORC, MCM, and CDC genes resulting
in excessive production of the encoded proteins and modulation of their functions may
result in abnormal chromosomal DNA replication leading to cell transformation and cancer
(Semple and Duncker, 2004; Tomita et al. 2011; Issac et al. 2019). As presented in Table 1,
members of the ORC, MCM, and CDC gene families were significantly overexpressed in the
lungs of the MWCNT-7 exposed rats suggesting their potential involvement in lung cancer
due to exposure to MWCNT-7.

Another major event in cell division, relevant to carcinogenesis, is replication of the
chromosomes taking place during metaphase and their subsequent segregation, equally,
during anaphase to result in daughter cells with the same number of chromosomes as the
parental cell. The kinetochore-spindle assembly formation plays a critical role in the equal
segregation of the sister chromatids to the daughter cells. The entire process is controlled by
proteins that belong to the KMN network consisting of Knl1, Mis12, and Ndc80 complexes
(Varma and Salmon 2012). Transcripts for the genes whose protein products play important
roles in the kinetochore-spindle assembly formation, through their participation in the

KMN network, were found significantly overexpressed in the MWCNT-7 exposed rat lungs
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(Table 1). The established role of KMN genes in oncogenesis (Bai et al. 2019; Gao et

al. 2021), the observation that MWCNT-7-induced aneuploidy resulted in the acquisition
of an oncogenic phenotype in human airway epithelial cells (Siegrist et al. 2014), and the
significant overexpression of the KMN network gene transcripts in the MWCNT-7 exposed
rat lungs (Table 1) may suggest that deregulation of expression of the genes involved in
kinetochore metaphase signaling pathway is a potential mechanism underlying MWCNT-7
induced cancer.

The transcriptomic data obtained in the present study may suggest that the molecular
mechanisms underlying the lung toxicity of MWCNT-7 and other respirable, toxic particles
exhibit considerable similarity despite the differences in their physicochemical properties.
Many of the biological processes and pathways that were significantly enriched in response
to the whole-body inhalation exposure of rats to MWCNT-7 were also found significantly
enriched in response to pulmonary exposure of mouse to SWCNT (Fujita et al. 2015),

and rats to CNC (Joseph et al. 2021), or crystalline silica (Sager et al. 2020). Similarly,

the pathways that were significantly enriched in response to intratracheal (Poulsen et al.
2015), pharyngeal aspiration (Snyder-Talkington et al. 2013), and nose-only inhalation
exposure (Seidel et al. 2021) to MWCNT exhibited considerable similarity. These findings,
in agreement with the observations by Labib et al. (2016), may suggest the involvement of
common molecular mechanisms underlying the lung toxicity of different particles that differ
in their physicochemical properties despite the differences in the genes involved and their
fold-changes in expression.

In conclusion, the whole-body inhalation exposure of rats to MWCNT-7 resulted in dose-
dependent gene expression changes in their lungs. Bioinformatic analysis of the gene
expression data provided information regarding the molecular mechanisms underlying the
MWCNT-7-induced lung toxicity and its role as a carcinogen. Significant enrichment in
biological processes and pathways related to pulmonary infiltration of phagocytes and
their activation, reactive oxidant generation, induction of inflammation and fibrosis, and
carcinogenesis were identified suggesting the involvement of these mechanisms in the lung
toxicity and carcinogenesis of MWCNT-7 detected in animal models.
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Figurel.
Size distribution and morphology of MWCNT-7 particles in the aerosol generated for rat

whole-body inhalation exposure. An aerosol containing MWCNT-7 particles was generated
and used for inhalation exposure of rats. The aerosol generated was analyzed for particle
size distribution using a MOUDI (A) and for particle size using an electron microscope (B)
as described in the text. DAE: aerodynamic diameter; dC: concentration on each MOUDI
stage; C: total concentration on all MOUDI stages.
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BAL Cells

Figure 2.
Deposition of MWCNT-7 particles in rat lungs and uptake by alveolar macrophages. Rats

were exposed by whole body inhalation to air, or an aerosol containing MWCNT-7 and
euthanized as described in detail in the text. Sections of unlavaged right lung lobes prepared
were observed under a light microscope to detect MWCNT-7 particles deposited in the
lungs. Similarly, microscope slides containing BAL cells obtained following lavage of the
left lungs were observed under a light microscope to detect MWCNT-7 particles (indicated
by arrows in figure D). The lung sections and BAL samples obtained from rats exposed to
air or 90 (mg/m3)h MWCNT are presented as representatives.
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Figure 3.

Photomicrographs of lung sections from the control (air) and MWCNT-7 exposed rats.
Lung sections prepared following euthanasia of the air or MWCNT-7 exposed rats were
stained with hematoxylin and eosin and observed under a light microscope. Lungs of

the air exposed rats showed normal histology (A). Except for occasional accumulation

of pigmented nanoparticles in the alveolar lumina or inside macrophages (asterisk), no
parenchymal changes were seen with the lower dose group of 45 (mg/m3)h (B). With higher
doses [90 (mg/m3)h (C) and 180 (mg/m3)h (D)], early alveolitis, seen as mild alveolar wall
thickening and increased cellularity was noted (arrows), together with the presence of very
early intra-alveolar granulomas (g) and numerous deposits of black pigmented MWCNT-7
particles (asterisk). The parenchymal changes were more obvious in the highest dose group
(D). Inall panels, bar = 50 um and magnification = 40x,
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Figure 4.

Bronchoalveolar lavage parameters of toxicity in the rat lungs. The lungs of the control

and MWCNT-7 exposed rats were lavaged and BAL cells and BAL fluid were isolated and
analyzed for BAL parameters of toxicity, viz. LDH (1), total BAL cells (I1), macrophages
(1) and (PMN (1V).The filled and open bars correspond to the MWCNT-7 exposed and
the respective control (air) groups of rats. The asterisk represents the statistical significance
of the difference (p < 0.05) between the MWCNT-7 exposed and the corresponding control
groups (n=12).
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Figure5.
Intracellular oxidants generated by the lung phagocytes in rats. The BAL cells obtained

from the air or MWCNT-7 exposed rat lungs, following euthanasia, were analyzed

for chemiluminescence representing the generation of intracellular reactive oxidants.
Intracellular oxidants generated by the AMs only (1) and AMs and PMNs (1) are presented
in the MWCNT exposed (filled bar) and corresponding control groups (A, open bar). The
asterisk represents the statistical significance of the difference (p < 0.05) between the
MWCNT-7 exposed and the corresponding control groups (7= 12).
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Figure 6.

Cytokine analysis in the lungs of the rats. The BAL fluid samples obtained from the air or
MWCNT exposed lungs, following euthanasia of the rats, were analyzed and the protein
corresponding to the individual cytokines were quantified by ELISA. The filled and open
bars represent the MWCNT-7 exposed and the corresponding air exposed control (A) groups
of rats, respectively. Data is presented as mean + S.E. (7 =5 or 6) and the asterisks represent
the statistical significance (p < 0.05) of the data between the MWCNT-7 exposed and the
corresponding air exposed groups of rats.
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Figure7.

Gene expression profile in rat lungs in response to exposure to MWCNT-7. Total RNA
isolated from the control and MWCNT exposed lungs obtained from the euthanized rats
was analyzed for global gene expression profile and the significantly differentially expressed
(total, up-regulated, and down-regulated) genes were identified as described in the Materials
and Methods section.
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Figure8.
Biological functions and canonical pathways enriched in the lungs of the rats. Total RNA

isolated from the air or MWCNT-7 exposed lungs obtained from the euthanized rats were
analyzed for global gene expression profile and the SDEGs were identified as described in
the Materials and Methods section. The SDEGs were used as input in the Ingenuity Pathway
Analysis program and the classification categories significantly enriched in response to
MWCNT-7 exposure in the rats were identified. Ten of the significantly enriched biological
functions (A) and canonical pathways (B) and the number of SDEGs belonging to those
categories are presented.
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