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Abstract

Objective: Human exposure to cellulose nanocrystal (CNC) is possible during the production 

and/or use of products containing CNC. The objectives of the current study were to determine the 

lung toxicity of CNC and the underlying molecular mechanisms of the toxicity.

Methods: Rats were exposed to air or CNC (20 mg/m3, six hours/day, 14 d) by whole-body 

inhalation and lung toxicity and global gene expression profile were determined.

Results: Significant increases in lactate dehydrogenase activity, pro-inflammatory cytokine 

levels, phagocyte oxidant production, and macrophage and neutrophil counts were detected in the 

bronchoalveolar lavage cells or fluid from the CNC exposed rats. Mild lung histological changes, 

such as the accumulation of macrophages and neutrophils, were detected in the CNC exposed rats. 

Gene expression profiling by next generation sequencing identified 531 genes whose expressions 

were significantly different in the lungs of the CNC exposed rats, compared with the controls. 

Bioinformatic analysis of the lung gene expression data identified significant enrichment in several 

biological functions and canonical pathways including those related to inflammation (cellular 

movement, immune cell trafficking, inflammatory diseases and response, respiratory disease, 
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complement system, acute phase response, leukocyte extravasation signaling, granulocyte and 

agranulocyte adhesion and diapedesis, IL-10 signaling, and phagosome formation and maturation) 

and oxidative stress (NRF2-mediated oxidative stress response, production of nitric oxide and 

reactive oxygen species in macrophages, and free radical scavenging).

Conclusion: Our data demonstrated that inhalation exposure of rats to CNC resulted in lung 

toxicity mediated mainly through the induction of inflammation and oxidative stress.
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Introduction

Cellulose, the most abundant organic polymer in the biosphere, is formed by hydrogen 

bonding between adjacent glucose monomers and is a major component of plants, bacteria, 

fungi, and tunicates (Siro and Plackett 2010). Cellulose, widely considered as nontoxic, 

has numerous applications. It is a major component of the food cycle. Cellulose insulation, 

manufactured by the shredding and milling of old newspapers and the addition of fire 

retardant(s), is widely used as a type of thermal insulation in the construction industry 

(Morgan 2006). Aerosolization of respirable cellulose particles, during the manufacture and 

use of cellulose insulation is possible resulting in exposure of workers to the particles. 

This prompted the US National Toxicology Program (NTP) to conduct a study regarding 

the toxicity potential and health effects of cellulose. Based on the results of human 

studies, the NTP has concluded that inhalation exposure to the cellulose particles generated 

from cellulose insulation resulted in only minimal pulmonary toxicity which is attributed 

mainly to the chemical elements present in the fire retardant(s) added during manufacturing 

the cellulose insulation (Morgan 2006). Currently, the Occupational Safety and Health 

Administration (OSHA) regulates exposure to cellulose at a permissible exposure limit 

(PEL) of 15 mg/m3 (total particulate) and 5 mg/m3 (respirable particulate) (NIOSH 2019).

A reduction in size of materials facilitates the generation of nanomaterials (<100 nm at 

least in one dimension) with many unique and desirable physical and chemical properties. 

Nanocellulose can be generated from large sized cellulose fibers either by physical or 

chemical processing. Acid hydrolysis of cellulose results in the generation of cellulose 

nanocrystal (CNC) while mechanical processing, for example shearing of cellulose by 

homogenization, results in the generation of cellulose nanofibril (CNF) (Charreau et al. 

2013). The whisker-shaped CNC is characterized by a high degree of crystallinity (~54–

88%) and high aspect ratio (Moon et al. 2011). The many desirable physical properties of 

CNC, viz. high tensile strength and rigidity, high aspect ratio and surface area, low density, 

liquid crystalline behavior, high water absorption capacity, thermal stability, and ability to be 

easily obtained by chemical modifications (Habibi et al. 2010; Rol et al. 2020) offer many 

valuable applications as composites (Lee et al. 2012), in electronic products (Hubbe et al. 

2008), in biomedical engineering (Mathew et al. 2013), and in drug delivery (Seabra et al. 

2018). Additionally, CNC is inexpensive, biodegradable, biocompatible, and sustainable.
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Despite the numerous applications of nanomaterials like CNC, mainly due to their many 

highly desirable physical and chemical properties, they may present unique challenges and 

significant concern with respect to human safety and health. Due to their small size, CNC 

and other nanomaterials are easily aerosolized and the air-born nanoparticles, following 

inhalation, may be deposited deep in the lungs to result in toxicity. The toxicokinetics 

of nanomaterials such as absorption, distribution, metabolism, and elimination may be 

considerably different compared with the parent, large sized particles. These can potentially 

result in either novel toxicity or alteration in severity of toxicity exerted by the nanomaterial 

compared with the large-sized parent material. In the past, few studies have been conducted 

investigating the toxicity potential of CNC. The lung bio-durability of CNC and its ability to 

generate hydroxyl radical, a toxic reactive oxygen species (ROS), in a cell-free system was 

significantly higher compared with micron-sized cellulose particles (Stefaniak et al. 2014). 

In an in vitro study conducted by Endes et al. (2014), a 3D human airway multi-cellular 

barrier model was exposed to CNC extracted by acid hydrolysis from paper and tunicates 

at concentrations ranging from 0.14 to 1.57 μg/cm2. No significant cytotoxicity, oxidative 

stress, or proinflammatory responses were reported up to the highest concentration of the 

CNC employed. Menas et al. (2017) compared the toxicity of CNC and CNF particles 

in human lung epithelial A549 cells. The CNF particles resulted in higher cytotoxicity 

and oxidative damage whereas the CNC particles resulted in a more robust inflammatory 

response in the A549 cells. In vitro exposure of non-cancerous human bronchial epithelial 

cells, BEAS-2B, to CNC resulted in DNA damage and cellular neoplastic transformation 

characteristics such as increased proliferation, colony formation, anchorage-independent 

growth, and cell migration and invasion (Kisin et al. 2020). In a C57BL/6 mouse study, 

Yanamala et al. (2014) administered two physical forms of CNC - a suspension and a 

powder, by pharyngeal aspiration and the resulting pulmonary toxicity was compared with 

that induced by asbestos. Overall, on a mass basis, the quantitative differences in the toxicity 

parameters assessed were more significant in the mice administered both the CNC particles 

compared to those administered asbestos. Between the two groups, the responses were more 

pronounced in the CNC gel suspension compared with the CNC powder suspended in water 

and administered by pharyngeal aspiration to mice. Based on these results, the authors 

concluded that the CNC particles are more toxic than asbestos and the suspension form of 

CNC is more toxic than the powder form. In a subsequent study (Shvedova et al. 2016), the 

lung toxicity following pharyngeal aspiration of the CNC powder form was investigated in 

male and female C57BL/6 mice. A more pronounced lung toxicity, in response to the CNC 

exposure, was detected in the female mice compared to their male counterparts implying that 

the CNC-induced lung toxicity in mice is gender-dependent (Shvedova et al. 2016; Shatkin 

and Oberdorster 2016). It has also been reported that pharyngeal aspiration of CNC in mice 

modulated their immune system (Park et al. 2018) and resulted in deleterious effects in the 

male reproductive system (Farcas et al. 2016).

In the current study, the lung toxicity potential of CNC in response to whole-body inhalation 

exposure in rats was investigated and the molecular mechanisms underlying the toxicity was 

determined. To the best of our knowledge, this is the first study in which rats were exposed 

to CNC by inhalation, the most likely route for occupational exposure to CNC, to investigate 

the lung toxicity potential and the underlying molecular mechanisms.
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Materials and methods

Animals

The entire animal study was conducted in an AAALAC International accredited 

animal facility (NIOSH, Morgantown, WV) following a protocol approved by the CDC-

Morgantown Institutional Animal Care and Use Committee. Approximately 3 months old, 

healthy, male Fischer 344 rats (CDF strain) purchased from Charles River Laboratories 

(Wilmington, MA) were used in this study. Throughout the entire period of the study, the 

rats were housed in groups of 3 rats/cage and maintained on a 12h 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 libitum except when 

they were exposed to air or CNC as described below.

Cellulose nanocrystal

CNC obtained from the Forest Products Laboratory, United States Forest Services (Madison, 

WI), without any further processing or purification, was used in this study. Details regarding 

the physical and chemical characterization of the CNC sample have been reported by 

investigators from our institute who have used the same material in their studies (Stefaniak 

et al. 2014; Yanamala et al. 2014; Shvedova et al. 2016).

Generation and characterization of CNC aerosol

An aerosol for inhalation exposure was generated from a bulk supply of CNC. 

An automated, computer-controlled system was used to generate and deliver precise 

concentrations of dispersed airborne CNC particles to the inhalation exposure chamber 

containing the rats. The design of the aerosol generation and exposure system was based on 

a previously developed system (McKinney et al. 2013). In brief, a custom-built acoustical 

generator with a venturi stage was used to generate an aerosol containing CNC particles. 

The aerosol generation and exposure system, combined air flow controllers, aerosol particle 

monitors, data acquisition devices, and custom software with automatic feedback control to 

achieve constant and repeatable chamber temperature, relative humidity, pressure, aerosol 

concentration, and particle size distribution.

Aerodynamic particle mass size distribution of the CNC 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 distribution for the CNC particles within the exposure chamber is presented in 

Figure 1(A). MOUDI readings were taken with fresh CNC powder and after six hours of use 

inside the particle generator. There was no significant difference between the two readings. 

Mass size distribution was also measured at two chamber concentration levels (5 mg/m3 and 

20 mg/m3), and again there was no significant difference between the two measurements. 

The MOUDI data showed a bimodal mass size distribution with mass median aerodynamic 

diameters of 140 nm, and 2.5 μm (Figure 1(A)). The particle sizes spanned from 50 nm to 15 

μm.
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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 sample chamber 

onto 25 mm (0.2 μm pore size) polycarbonate filters (Whatman, Inc., Maidstone, United 

Kingdom) for approximately 5 s. Figure 1(B) shows examples of CNC particles on the 

filters. Unlike the freeze-dried CNC sample which consisted of large compact aggregates 

(Beck et al. 2012), the physical sizes of the uniformly distributed CNC particles generated in 

the aerosol ranged from 100 nm diameter up to over 10 μm diameters. The shapes and sizes 

of the particles also varied: some were fiber like, sheet like, small and spherical, or large 

chunks with jagged edges (Figure 1(B)).

Inhalation exposure of rats to CNC aerosol

Two groups of rats (n=12), following an acclimatization period to the animal facility 

conditions of at least 10 days, were exposed simultaneously by whole-body inhalation 

to air (control) or CNC aerosol. The concentration of CNC particles in the aerosol was 

maintained at a target level of 20 mg/m3, six hours/day, five consecutive days/week for 

14 days (Monday to Friday during the first two weeks and Monday to Thursday during 

the third week). The CNC concentration employed in the study was selected based on the 

results of a preliminary study (20 mg/m3, six hours/day, four days) that did not result in 

any detectable lung toxicity in the rats. The selected concentration was approximately three 

times the OSHA PEL and National Institute for Occupational Safety and Health (NIOSH) 

recommended exposure limit (REL) for respirable size cellulose (NIOSH 2019). Since, 

currently, there is no REL or PEL established for CNC, the dose selected in this study was 

based on those for respirable size cellulose. In addition, due to the very low mass of CNC 

particles, it was impossible to generate higher concentrations of CNC aerosol to conduct a 

dose-response study. The animals were not provided with food and water while they were 

in the exposure chamber for the whole-body inhalation exposure. Sixteen hours following 

termination of the last exposure to air or CNC aerosol, the rats were euthanized, and lung 

toxicity and gene expression profile determined as described in the following sections.

Euthanasia of rats and collection of biospecimens

For euthanasia, the rats were given an intraperitoneal injection of pentobarbital euthanasia 

solution (Fort Dodge Animal Health, Fort Dodge, IA). Blood was collected, under 

anesthesia, directly from the abdominal aorta into Vacutainer tubes (Becton-Dickinson, 

Franklin Lakes, NJ) containing EDTA and mixed well. Bronchoalveolar lavage (BAL) was 

performed in the left lung lobes as previously described (Roberts et al. 2014). The BAL 

samples collected were centrifuged (500xg, 10 min, 4 °C) to separate the cellular and 

acellular fractions. The cell pellet obtained was resuspended in 1 ml PBS buffer and used 

along with the BAL fluid for assessment of lung toxicity as described in the corresponding 

sections below. The diaphragmatic and cardiac lobes of the unlavaged right lung were 

inflated with 10% neutral buffered formaldehyde and stored in the same solution until 

used for histopathological analysis. The unlavaged right apical lung lobe was cut into 

small pieces, stored in RNALater (Invitrogen, Carlsbad, CA), and used to determine gene 

expression profile.

Joseph et al. Page 5

Inhal Toxicol. Author manuscript; available in PMC 2023 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hematology

Various hematological parameters were determined in the unclotted blood samples using an 

IDEXX Procyte instrument (IDEXX Corporation, Westbrook, ME) following the procedures 

described in the user guide. The hematological parameters analyzed included counts of 

white blood cells (WBCs), red blood cells (RBCs), neutrophils (NEUTs), lymphocytes 

(LMPHs), monocytes (MONOs), eosinophils (EOs), basophils (BASOs), 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).

Lung histopathology

The fomaldehyde fixed lung lobes were paraffin embedded, sectioned at a thickness of 5 

μm, stained with hematoxylin and eosin (H&E) and examined by a pathologist using bright 

field and polarizing light microscopy (for visualizing particles/crystals). The severity of 

non-neoplastic lung lesions was graded using a 4-point scoring system (0=Within normal 

limits. The tissue is considered to be normal; 1= Minimal. This corresponds to a histologic 

change that is barely noticeable; 2=Mild. This corresponds to a histologic change that is 

noticeable but is not a prominent feature of the tissue; 3=Moderate. This corresponds to a 

change that is a prominent feature of the tissue; and 4=Severe. This corresponds to a change 

that is an overwhelming feature of the tissue) (Shackelford et al. 2002; Mann et al. 2012).

Lactate dehydrogenase activity

Lactate dehydrogenase (LDH) activity, a general indicator of cytotoxicity (Ameen et al. 

2003), in the acellular BAL fluid (BALF) was determined with a COBAS C111 analyzer 

(Roche Diagnostic Systems, Mountclair, NJ) as previously described (Sellamuthu et al. 

2011).

BAL cell counts

The total number of cells present in the BAL cellular fraction prepared was determined 

using a Coulter Multisizer II and Accu Comp software (Coulter Electronics, Hialeah, 

FL). BAL cells (5×104) were spun onto microscope slides using a Cytospin 3 centrifuge 

(Shandon Life Sciences International, Cheshire, England) and stained with a Leukostat stain 

(Fisher Scientific, Pittsburgh, PA) to differentiate alveolar macrophages (AM) and PMN. At 

least 200 cells were counted per BAL sample and percentages were multiplied back across 

the total cell count to obtain total number of AM, PMN, and any other cells present in the 

sample. The number of multinucleated AMs present in a sub-set of BAL samples (n=6) was 

also recorded. CNC particles engulfed by the BAL cells were detected by examining the 

cytospin slides using a polarizing light microscope.

BALF cytokines

The BALF levels of 6 inflammatory cytokines (IL-1β, IL-10, IL-12, MCP-1, MIP-2, and 

TNF-α) were determined using a multiplexing ELISA kit (Millipore Corporation, Billerica, 

MA) and a Luminex MAGPIX® reader (Luminex Corporation, Austin, TX). The ELISA 
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data was acquired with Luminex Xponent software and analyzed with MILLIPLEX Analyst 

5.1 (EMD Millipore Corporation, Billerica, MA).

Reactive oxygen species (ROS) generation by BAL cells

The generation of ROS by the phagocytes, AM and PMN, present in the BAL was 

determined by a luminol-dependent chemiluminescence assay (Roberts et al. 2014). The 

contribution of AM and PMN in the production of ROS was determined using the 

stimulants, phorbol 12-myristate 13-acetate (PMA) – stimulant of AM and PMN, and 

non-opsonized, insoluble zymosan – a stimulant of AM only. A resuspension of the BAL 

cells, equivalent to 5×105 total BAL cells or 5×105AM, was incubated with the luminol for 

10 min at 37 °C which was followed by stimulation of the cells with either 10 μM PMA 

or 1 μg zymosan, respectively, in a total volume of 500 ml. The oxidant production by the 

BAL cells in the absence of the stimulants was measured and considered as the baseline. A 

Berthold LB 953 luminometer (Wildbad, Germany) was used for the measurement of CL for 

15 min at 37° C, and the integral of counts per minute (cpm) per one million cells versus 

time was calculated. The cpm of the stimulated cells minus the cpm of the corresponding 

resting cells was calculated and the value was normalized to the total number of BAL cells 

for PMA-stimulated CL and total number of AM for zymosan-stimulated CL.

Lung gene expression profile

Total RNA, free of contaminating proteins and DNA, was isolated from a piece of the lung 

tissue stored in RNALater using a miRNeasy Mini Kit (Qiagen, Inc. Valencia, CA). The 

procedure, including the on-column DNase digestion, provided by the manufacturer was 

followed for RNA isolation. The RNA samples were analyzed for their integrity and purity 

using an Agilent 2100 Bioanalyzer and RNA 6000 Nano Kit (Agilent Technologies, Palo 

Alto, CA) and quantified by UV-Vis spectrophotometry. Undegraded RNA samples with an 

RNA Integrity Number (RIN) >8.5 were used in the gene expression studies.

One microgram total RNA/sample was used to create sequencing libraries using the Illumina 

TruSeq® Stranded mRNA Library Prep Kit (Illumina, Inc. San Diego, CA) following 

the protocol provided by the manufacturer. Stated briefly, the poly-A containing mRNA 

molecules were isolated using poly-T oligo attached magnetic beads to remove ribosomal 

RNA and any other non-mRNA. The purified mRNA samples were fragmented (68 °C for 5 

min) and reverse transcribed into first strand cDNA using reverse transcriptase and random 

primers. While synthesizing the double stranded cDNA, dUTP was incorporated in place of 

dTTP followed by the addition of a single ‘A’ nucleotide to the 3 prime ends to ligate the 

indexing adapters provided in the library preparation kit. The samples were PCR amplified 

(12 cycles) to enrich the DNA fragments containing the adapter molecules in the library 

using a Veriti™ 96 Well Thermal Cycler (Applied Biosystems, Foster City, CA). The PCR 

amplified cDNA library samples were quantified using a dsDNA HS Assay Kit (Invitrogen 

by ThermoFisher Scientific, Waltham, MA) and Qubit 3.0 Fluorometer (Invitrogen by 

ThermoFisher Scientific, Waltham, MA). 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).
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Individual sample libraries were provided to the Centers for Disease Control and Prevention 

Genome Sequencing Laboratory (GSL; Atlanta, GA) for 2×75 base pair, paired- end 

sequencing using the Illumina Hiseq 2500 (Illumina, San Diego, CA) in rapid run mode 

using HiSeq Rapid Cluster Kit v2 (Illumina, San Diego, CA) and HiSeq Rapid SBS Kit 

v2 (Illumina, San Diego, CA). After the library sequences were demultiplexed by the 

GSL, 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:60 to remove 

any remaining adapter sequence, low quality reads, low quality read ends, and sequences 

shorter than 60 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 31st, 2015 using HiSat2/2.1.0 (Kim et al. 2015). Raw gene counts were 

assigned using Samtools/1.8 (Li et al. 2009), Python/2.7.3 and HTSeq/1.11.2. 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 differentially expressed genes

Bioinformatic analysis of the SDEGs was performed using Ingenuity Pathway Analysis 

(IPA) (Qiagen, Inc, Valencia, CA) and Gene Ontology (GO) enrichment analysis (http://

geneontology.org/) programs. These programs map the biological relationship of the input 

genes and classify them into categories such as biological functions and processes, canonical 

pathways, diseases, and networks.

Statistical analysis of data

All data except for NGS data between the exposed and control groups were compared using 

Student’s t-tests. The level of statistical significance was set at p < 0.05.

Results

Clinical signs of toxicity in the rats

Except for a 5.7% reduction (p < 0.05) in body weight by the end of the study (Figure 2), 

no other clinical sign of toxicity was detected in the CNC exposed rats, compared with the 

controls.

Lung deposition of CNC particles

Exposure of rats to CNC resulted in lung deposition of the inhaled particles as evidenced 

by the detection of birefringent CNC particles in the lung sections under polarizing light 

(Figure 3(A,B)). Furthermore, the inhaled CNC particles were mostly found engulfed by 

the AMs (Figure 4(A,B)). The animal exposure of CNC to 20 mg/m3, 6 hrs/day for 14 

days will result in an alveolar deposited dose of 1.190 mg based on the MPPD model 
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(Anjilvel and Asgharian 1995). This dose can be scaled to a human equivalent dose by 

using known alveolar surface area values of 70 m2 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 CNC exposure was estimated and found to 

be 208 mg. Assuming that the deposition efficiency of the particles is 14% in the human 

pulmonary region, based on the MPPD model, the rat exposure conducted in this study will 

be equivalent to an average worker’s exposure for approximately 8.25 weeks at the PEL of 

5 mg/m3 for respirable size cellulose (NIOSH 2019). Both the alveolar deposition and the 

human equivalence of CNC estimated in our rat study were comparable to those reported by 

Shvedova et al. (2016) in their mouse study.

Lung histopathology

Lungs from 10 of the 12 control animals were essentially normal, 2 controls had focal areas 

of inflammation or accumulations of alveolar macrophages. All animals exposed to CNC 

had diffuse, minimal to mild accumulation of alveolar macrophages (alveolar histiocytosis) 

sometimes accompanied by small foci of alveolar inflammation/alveolitis (4/12 animals). 

Alveolar inflammation in these animals was minimal and consisted of small numbers of 

macrophages and neutrophils (Figure 3(C,D)). No other histological change indicative of 

pathology was detected in the airways, alveoli, or blood vessels of the CNC exposed rats. 

The alveolar histiocytosis scores in the air and CNC exposed rats were 0.17 ± 0.17 and 

1.58 ± 0.15, respectively. Similarly, alveolitis scores in the control and CNC exposed rats 

were 0.083 ± 0.08 and 0.42 ± 0.15, respectively. Particle-laden macrophages were often seen 

using polarizing light microscopy (birefringent crystals). These macrophages were typically 

randomly distributed, or less frequently located at terminal bronchioles or alveolar ducts 

(Figure 3(A,B)).

BAL parameters of toxicity

Results obtained from the various BAL parameters of toxicity evaluated in the rats indicated 

lung toxicity induction in the CNC exposed rats, compared with those exposed to air alone. 

Lactate dehydrogenase activity was significantly (p<0.05) elevated in response to CNC 

exposure in the rat lungs (Figure 5(A)). Similarly, the number of total BAL cells, AM, 

and PMN in the lungs of the CNC exposed rats was significantly (p<0.05) higher than 

those in the control group of rats (Figure 5(B–D)). The number of total BAL cells and 

AMs increased by 21.4% and 13.5%, respectively, in the CNC exposed rat lungs compared 

with those in the controls. The number of PMNs, on the other hand, showed a much 

higher 22.7-fold, increase in the CNC exposed rat lungs, compared with the control lungs. 

However, the increase in PMN in the rats was lower than the 31-fold increase reported by 

Shvedova et al. (2016) in the male mouse exposed to CNC by pharyngeal aspiration. A 

statistically significant (p<0.05) increase (2.68-fold) in the number of binucleated AMs was 

also detected in the CNC exposed rat lungs compared with the controls (Figures 4(C,D) and 

Figure 6).
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Oxidant generation in rat lungs

The PMA and zymosan-stimulated oxidant generation by the phagocytes obtained from the 

CNC exposed rat lungs showed a statistically significant (p<0.05) increase of 13.11- and 

2.95-fold, respectively, compared with those obtained from the control rat lungs (Figure 7).

Induction of inflammation in rat lungs

A statistically significant increase in three out of the six cytokines analyzed was detected in 

the BALF obtained from the CNC exposed rat lungs compared with the controls (Figure 8). 

The BALF level of MIP-2 was 89% higher in the CNC exposed rat lungs compared with 

the controls while those of MCP-1 and TNF-α were 41% and 20%, higher, respectively. 

The increase in the BALF MCP-1 in the CNC exposed rats was lower compared to the 

2.35-fold increase reported by Shvedova et al. (2016) in the male mouse exposed to CNC by 

pharyngeal aspiration.

Hematology

Mild, but statistically significant differences (p>0.05), between the control and CNC 

exposed groups of rats were noticed in six out of the 26 hematological parameters analyzed 

(Table 1). The number of red blood cells (RBCs) and the percentage of neutrophils among 

the white blood cells were higher in the CNC exposed rats compared with the controls. On 

the other hand, RDW-SD, RET, P-LCR were significantly lower in the blood of the rats in 

response to CNC exposure.

Lung gene expression profile

Any gene that exhibited a > 1.5-fold change in the expression and an adjusted p value <0.05 

for the change between the CNC exposed and control groups of rat lungs was considered 

an SDEG. Using this selection criteria, the expressions of 531 genes were found to be 

significantly different between the CNC exposed and the air exposed groups of rats (a list of 

the SDEGs with fold changes in their expressions and the adjusted p values is presented in 

Supplemental Table 1). Among the 531 SDEGs, the expression of 424 and 107 transcripts 

were up- and down-regulated, respectively, in response to the CNC exposure. The SDEG 

with the highest overexpression was Defensin b5 (DEFb5) (17.21-fold change) while among 

the down-regulated SDEGs, Delta like non-canonical notch ligand 1 (DLK1) ranked first 

(−20.03-fold change) (Tables 2 and 3). The changes in gene expressions in response to CNC 

exposure was confirmed by the results of real time PCR analysis (data not presented).

Bioinformatic analysis of the SDEGs detected in the CNC exposed rat lungs identified 

significant enrichment in multiple IPA diseases and biological function categories. The 

top 10 most significantly enriched IPA diseases and biological function categories were 

transport of molecules, quantity of cells, inflammation of organ, rheumatic disease, 

inflammation of absolute anatomical region, cell movement of blood cells, leukocyte 

migration, inflammatory response, cell movement of leukocytes, and recruitment of 

granulocytes (Figure 9). Many other IPA biological functions related to cancer, oxidative 

stress, and fibrosis were also significantly enriched in response to CNC exposure 

(Supplemental Table 2). The top 10 most significantly enriched IPA canonical pathways 

were acute phase response signaling, granulocyte adhesion and diapedesis, agranulocyte 
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adhesion and diapedesis, LXR/RXR activation, FXR/RXR activation, altered T cell and B 

cell signaling in rheumatoid arthritis, communication between innate and adaptive immune 

cells, phagosome formation, complement system, and role of IL-17A in psoriasis (Figure 

10). Other significantly enriched canonical pathways included GADD45 signaling, circadian 

rhythm signaling, role of pattern recognition receptors in recognition of bacteria and viruses, 

production of nitric oxide and ROS in macrophages, NRF2-mediated oxidative stress 

response, toll-like receptor signaling, NFκB signaling, PPAR signaling, IGF-1 signaling, 

HIF1α signaling, calcium signaling, mTOR signaling and many cancer-related pathways 

(Supplemental Table 3). Gene Ontology (GO) enrichment analysis of the SDEGs confirmed 

the significant enrichment in many of the functions and pathways detected by the IPA 

analysis (data not presented).

Discussion

Human exposure to toxic materials takes place under a variety of occupational settings. 

Inhalation of air containing toxic materials is a major mechanism for entry of toxic 

agents with significant health consequences among workers. Nanomaterials can be easily 

aerosolized resulting in a significant risk for inhalation exposure in humans. The inhaled 

nanoparticles are deposited in the lungs, including the alveoli, and may result in pulmonary 

toxicity (Bakand et al. 2012). Additionally, primarily due to their very small size, rigidity, 

and ability to penetrate membranes, nanoparticles may easily cross the lung epithelium to 

enter the circulation leading to their distribution to distant organs and exert systemic toxicity 

(Husain et al. 2015).

Cellulose, the most abundant polymer present in the biosphere has multiple uses. 

Manufacturing and use of products containing cellulose for various industrial and 

commercial purposes may result in the generation of aerosolized particles posing a 

significant threat for human exposure to cellulose by inhalation. However, it is known that 

respirable cellulose particles of larger sizes (>100 nm at least in one dimension) present 

little or no health risk to humans (Cullen et al. 2000; Morgan 2006; Clift et al. 2011). 

It has been demonstrated that the toxicity of materials is dependent on their sizes; many 

nontoxic materials exert toxicity when their particle size is reduced to the nano scale, 

i.e. less than 100 nm at least in one dimension (Papageorgiou et al. 2007; Mroz et al. 

2008). Consistent with this observation, exposure to nano-sized cellulose particles resulted 

in toxicity in in vitro cell culture (Menas et al. 2017; Kisin et al. 2020) and in vivo animal 

(Yanamala et al. 2014; Farcas et al. 2016; Shvedova et al. 2016; Park et al. 2018) models 

of toxicity. Considering the importance of lungs, both as a route for occupational exposure 

to nanosized cellulose particles and the resulting toxicity, CNC-induced pulmonary toxicity 

has been the focus of investigation in many of the toxicity studies involving CNC. In all 

the animal pulmonary toxicity studies conducted to date, CNC administration was done by 

oropharyngeal aspiration (Yanamala et al. 2014; Farcas et al. 2016; Shvedova et al. 2016; 

Park et al. 2018). Recently, the literature on CNC-induced pulmonary toxicity was reviewed 

by Ede et al. (2019) and Sai and Fujita (2020) and emphasized the need to conduct studies 

aimed to investigate lung toxicity following whole-body inhalation exposure, the most 

relevant method for human exposure to CNC. To date, there is no study in the peer-reviewed 
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literature reporting the toxicity of CNC following inhalation (whole-body or nose-only) 

exposure to CNC.

The results of the current study in which rats were exposed by whole-body inhalation to air 

or an aerosol containing aggregated CNC demonstrated the lung toxicity potential of CNC. 

The detection of birefringent CNC particles in the lungs (Figure 3), mostly associated with 

AMs (Figure 4), indicated the lung deposition of inhaled CNC particles in the rats. As a 

mode of pulmonary particle clearance, the inhaled toxic particles are phagocytosed, by AMs 

for their elimination protecting the lungs and other potential target organs from the toxicity. 

However, the deposited particles, in the absence of efficient elimination, become available 

to interact with the lung epithelium and the cells present in the alveoli potentially resulting 

in pulmonary and systemic toxicity. The mild, but statistically significant, reduction in the 

body weights of the CNC exposed rats, compared with the controls (Figure 2), suggested 

that CNC exposure adversely affected the health of the rats. The significant increase in 

LDH activity (Figure 5(A)), a cytotoxicity marker (Ameen et al. 2003), in the BALF of 

the exposed rats suggested that CNC exposure resulted in lung toxicity in the rats. Further 

evidence for CNC-induced lung toxicity included lung histological changes (Figure 3), an 

increase in the number of BAL cells (Figure 5(B–D)) and binucleated AMs (Figure 6), 

enhanced oxidant generation (Figure 7), an increase in the BALF levels of inflammatory 

cytokines (Figure 8), and alteration in the global gene expression profile (Tables 2 and 3 and 

Supplemental Table 1) in the CNC exposed rats compared with the controls. Collectively, 

these data, as expected and in agreement with the results of previous animal studies 

(Yanamala et al. 2014; Shvedova et al. 2016; Farcas et al. 2016; Park et al. 2018), suggested 

that the whole-body inhalation exposure to CNC, under the conditions employed in our 

study, resulted in lung toxicity in the rats. Our findings that rats, similar to mouse, also 

exhibited lung toxicity in response to CNC exposure suggested that the CNC-induced lung 

toxicity is not species-specific and rats, a commonly employed animal model in toxicity 

studies, is also useful in determining the lung toxicity of CNC. However, whether the 

lung response to CNC exposure exhibit any gender difference in rats, like that reported 

in mouse (Shvedova et al. 2016), needs to be determined. Similarly, the hematological 

changes detected in the exposed rats (Table 1) may suggest the potential for CNC to 

result in systemic toxicity, especially under chronic exposure conditions, and needs further 

investigation.

Inhaled toxic particles in the lungs interact with phagocytes, primarily resident 

macrophages, and this may result in cytotoxicity and death of the macrophages. One of 

the consequences of particle-induced cytotoxicity and death of AMs is the release of reactive 

intermediates including those involved in an inflammatory response (Greenberg et al. 2007). 

The inflammatory intermediates released may function as signaling molecules to recruit 

additional phagocytes to the site of lung injury. A significant increase in the number of 

BAL cells, including AMs and PMNs, in the CNC exposed rat lungs compared with the air 

exposed controls (Figure 5(B–D)), suggested the recruitment of additional phagocytes, as 

part of an inflammatory response to the CNC-induced lung toxicity. The resident as well 

as the phagocytes infiltrating into the lungs, in response to the lung injury, may release 

pro-inflammatory cytokines and chemokines. The significant increase in the BALF levels of 

Joseph et al. Page 12

Inhal Toxicol. Author manuscript; available in PMC 2023 August 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MCP-1, MIP-2, and TNF-a, detected in the CNC exposed rats (Figure 8) were additional 

evidences for the induction of inflammation, in response to CNC exposure.

Bioinformatic analysis of the SDEGs identified, further supported the induction of 

inflammation, and provided important information with respect to the molecular 

mechanisms potentially underlying the CNC-induced lung inflammation and injury in the 

rats. Many of the significantly enriched and top-ranking IPA biological functions and 

canonical pathways detected were related to inflammation (Figures 9 and 10). A key 

event in the lung inflammation in response to injury by toxic particles such as CNC, is 

the recruitment of blood cells to the lungs (Yanamala et al. 2014; Sager et al. 2020). 

The movement of blood cells to the lungs is a complex process that involves processes 

such as activation and adhesion of blood cells, their movement through the circulatory 

system, and transmembrane migration from the blood vessels to the injury site(s) in the 

lungs. The transcripts for many cytokines and chemokines belonging to both the CXC and 

CCL groups, viz. CCL2, CCL3, CCL4, CCL7, CCL17, CCL19, CCL22, CXCL1, CXCL2, 
CXCL4, CXCL6, and CXCL17 that serve as signaling molecules in the recruitment of 

inflammatory cells (Luster 1998; Lukacs et al. 1999; Gerard and Rollins 2001; Ono et al. 

2003; Fulkerson et al. 2004) were significantly overexpressed in the CNC-exposed lungs 

suggesting their potential involvement in the recruitment of blood cells and the resulting 

lung inflammation induced by CNC. Macrophages undergo activation and differentiation 

prior to their recruitment in response to tissue injury and inflammation. The alternatively 

activated macrophages are characterized by the overexpression of genes such as Arginase 1 
(Arg1), Chitinase (Chia), and Resistin like alpha (Retnla) (Loke et al. 2002; Raes et al. 2002; 

Gordon 2003; Nair et al. 2006). The significant overexpression of Arg1, Chia, and Retnla in 

the CNC exposed rat lungs (Supplemental Table 1) suggested their potential involvement in 

the activation of macrophages to engulf and eliminate the inhaled CNC particles from the 

lungs. The solute carrier 26a4 (Slc26a4) gene codes the protein, pendrin, which plays an 

active role in lung inflammation by facilitating the recruitment of PMNs (Nakao et al. 2008). 

The significant overexpression of the Slc26a4 transcript (11.72-fold; Table 2) detected in the 

CNC exposed rat lungs was associated with a significant increase in the number of PMNs in 

the BAL (22.7-fold; Figure 5(D)). This suggested the potential involvement of the Slc26a4 

gene in CNC-induced lung toxicity and inflammation like the role of this gene previously 

reported in crystalline silica-induced lung toxicity and inflammation (Sager 2019).

Activation of the complement system is a key event associated with the immune and 

inflammatory response to several stimuli including diseases and tissue injury by toxic 

particles (Pandya and Wilkes 2014; Husain et al. 2015). The complement system, 

functioning as a link between the innate and adaptive immunity, is regulated by complement 

proteins which are also synthesized by lung cells including alveolar type II epithelial 

cells (Strunk et al. 1988), bronchoalveolar epithelial cells (Varsano et al. 2000), and 

fibroblasts (Volanakis 1995). Additionally, AMs and PMNs can initiate the synthesis of 

complement proteins in response to inflammatory cytokines (Huber-Lang et al. 2002). The 

complement proteins in turn may function as chemoattractants for neutrophils, resulting in 

their infiltration into organs and induction of inflammation (Pandya and Wilkes 2014) such 

as that noticed in response to the lung injury caused by CNC exposure in rats. Activation of 

the complement system results in the formation of the membrane attack complex resulting in 
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cell lysis and tissue injury, a well-recognized consequence of complement system activation 

in the lungs (Sarma et al. 2006). The IPA canonical function, complement system, was 

significantly enriched in the CNC exposed rat lungs (Figure 10) and the transcripts for genes 

involved in complement response, viz. Complement C1q A chain (C1QA), Complement 
C1q B chain (C1QB), Complement C1s (C1S), Complement 3 (C3), Complement 6 (C6), 
Complement factor B (CFB), Integrin subunit alpha M (ITGAM), and Integrin subunit 
alpha X (ITGAX), were significantly overexpressed (Supplemental Table 1) suggesting the 

potential activation of the complement system and involvement in the lung response to CNC 

exposure in the rats.

Like the complement system, activation of acute phase response, is another key event 

involved in inflammatory response to tissue injury by toxic particles (Saber et al. 2014). 

Nanoparticles, compared with their larger counterparts, are more powerful inducers of 

acute phase response since the induction of acute phase response corresponds to the 

particle surface area (Saber et al. 2014). A significant enrichment in the acute phase 

response pathway (Figure 10) and overexpression of several acute phase response genes 

(Supplemental Tables 1 and 3) suggested the involvement of acute phase response in CNC-

induced lung inflammation and toxicity. The transcript for the orosomucoid 1 gene that 

responds to tissue injury (Ligresti et al. 2012) and involved in inflammation (Alfadda et 

al. 2012) was 14.97-fold overexpressed in the CNC exposed rat lungs, compared with the 

control lungs (Table 2). Several other acute phase response genes were also significantly 

differentially expressed in the CNC-exposed rat lungs (Supplementary Tables 1 and 3). 

The serum level of serum amyloid A (SAA) protein is often considered a marker for 

the acute phase response (Sack 2018) and the transcript Saal1 (Saa-like 1) was 5.74-fold 

overexpressed in response to CNC exposure in the rat lungs. The significant differences 

in the expression of several genes involved in acute phase response in the CNC exposed 

rat lungs, compared with the controls, and the established role of acute phase response in 

inflammation may suggest the activation of acute phase response as a potential mechanism 

involved in the CNC-induced lung toxicity and inflammation.

The role of oxidative stress, resulting from excessive generation of reactive oxidants and/or 

the reduced detoxification of the oxidants generated in cells, in toxicity induced by particles 

(Sager et al. 2020), including that by nanoparticles (Manke et al. 2013), is well established. 

In agreement with the results of previous in vitro (Menas et al. 2017; Kisin et al. 2020) 

and in vivo (Yanamala et al. 2014; Farcas et al. 2016; Shvedova et al. 2016) studies, 

we found that the whole-body inhalation exposure of rats to CNC aerosol resulted in the 

generation of reactive oxidants in their lungs (Figure 7). This was accompanied by the 

significant enrichment in canonical pathways involved in oxidative stress, for example, 

NRF2-mediated oxidative stress response and production of nitric oxide and ROS in 

macrophages (Supplemental Table 3), and overexpression of genes involved either in the 

generation or detoxification of reactive oxidants (Supplemental Table 1). Reactive oxidants, 

like the pro-inflammatory molecules, are another class of molecules generated because 

of the interaction between the inhaled toxic particles, CNC for example, and the lung 

phagocytes which is regulated by the expression of several genes. The catalytic function 

of the protein encoded by the NADPH oxidase organizer 1 (NOXO1) gene results in the 

generation of superoxide anion (Katsuyama et al. 2012), which is subsequently dismutated 
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by superoxide dismutase (SOD) to generate hydrogen peroxide (H2O2). The NOXO1 and 

SOD2 transcripts were 2.98- and 2.42-fold, respectively, overexpressed in the CNC exposed 

lungs (Supplemental Table 1), thus favoring the generation of toxic H2O2 in the lungs. If not 

detoxified, H2O2 may result in toxicity and its interaction with free hemoglobin (Hb) is one 

such mechanism underlying the H2O2-induced toxicity (Schaer et al. 2013). Haptoglobin 

(HP), in addition to its role as an acute phase protein, may also function as an antioxidant 

by forming a complex with free Hb, thus preventing the generation of toxic, reactive oxygen 

species (Bertaggia et al. 2014). The significant overexpression of HP transcript detected 

(Supplemental Table 1) may, therefore, be considered as a modified response to prevent 

toxicity potentially resulting from oxidative stress in the lungs of the CNC exposed rats.

In addition to providing key information regarding the molecular mechanisms underlying 

the CNC-induced lung toxicity, the transcriptomic data obtained in this study suggested the 

potential for CNC exposure to result in cancer and extrapulmonary toxicity. The significant 

enrichment in the acute phase response pathway detected in the rats (Figure 10) may suggest 

the potential for CNC exposure to result in cardio-vascular diseases since activation of an 

acute phase response is both a risk factor (Lowe 2001) and a hallmark (Pai et al. 2004) for 

cardio-vascular diseases. Similarly, the significant enrichment in the functions and pathways 

related to cancer along with the physical properties of CNC such as its high aspect ratio 

and bio-persistence and the ability to induce inflammation and oxidative stress may be 

concerning from a human safety perspective. Currently there is no information whether CNC 

is bio-persistent in the lungs; however, the observation that CNC particles were not degraded 

in artificial alveolar macrophage phagolysosomal fluid over 9 months (Stefaniak et al. 2014) 

may suggest that CNC particles are likely to be persistent in the lungs. The bio-persistence 

of CNC in the lungs along with its ability to induce inflammation may result in chronic 

inflammation whose role in carcinogenesis is well established (Sollie et al. 2019). The 

suspected carcinogenic potential of CNC is further supported by its ability to transform cells 

in vitro to acquire neoplasitc properties (Kisin et al. 2020). In addition, the CNC-induced 

oxidant generation may also present a carcinogenic risk since oxidative stress is known to 

result in DNA damage – a major mechanism involved in carcinogenesis (Kurfurstova et al. 

2016).

In conclusion, the data obtained in this study demonstrated lung toxicity in rats as an 

outcome to whole-body inhalation exposure to CNC and the involvement of inflammation 

and oxidant generation in the toxicity. The data, besides providing information regarding 

the molecular mechanisms underlying CNC-induced lung toxicity, suggested the potential 

risk for cardiovascular diseases and cancer in response to CNC exposure. However, further 

functional analysis of the significantly differentially expressed genes, for example, by 

transgenic techniques is required to validate the significance of the gene expression changes 

reported in this study. Based on the findings of the current study, future studies investigating 

CNC toxicity under realistic workplace exposure conditions of chronic, low level inhalation 

exposure are warranted. Such studies are required to determine the human safety of CNC 

– an emerging nanomaterial with many desirable properties and commercial and industrial 

applications.
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Figure 1. 
Size distribution and morphology of CNC particles in the aerosol generated for rat whole-

body inhalation exposure. An aerosol containing CNC particles was generated as described 

in the Materials and Methods section. The aerosol was analyzed for particle size distribution 

using a MOUDI (A) and for particle size using an electron microscope (B) as described in 

the Materials and Methods section.
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Figure 2. 
Body weights of rats. Body weights (g) of the air and CNC exposed rats were determined 

at the end of the study immediately before euthanasia. Body weights (g) are represented as 

mean ± S.E. (n=12). *p<0.05.
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Figure 3. 
Photomicrographs of lung sections from the control and CNC exposed rats. Rats were 

exposed to air or an aerosol containing CNC and the lung sections were stained with 

hematoxylin and eosin and analyzed for histological changes as described in the Materials 

and Methods section. Polarizing light microscopy demonstrated numerous birefringent 

crystals (white dots) within an accumulation of alveolar macrophages (white arrows) (B). 

Increased numbers of alveolar macrophages (black arrows) are present in the alveolar duct 

of a rat exposed to CNC (D). Panels A and C show normal pulmonary architecture in an 

air-exposed control animal. Panels A and B magnification is 400x and Panels C and D 

magnification is 200x.
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Figure 4. 
Bronchoalveolar lavage cells showing binucleated AMs and AMs containing CNC particles. 

Rats were exposed to air (control) or an aerosol containing CNC and lung lavage following 

euthanasia was conducted and cytospin slides were prepared as described in the Materials 

and Methods section. The cytospin slides were stained with a Leukostat stain and observed 

under a microscope. A and B – micrographs of cells observed under polarizing light showing 

the presence of birefringent CNC particles engulfed by AMs (arrows) in the CNC exposed 

lung cells (B). C and D – micrographs of cells observed under a light microscope showing 

binucleated AMs (arrows) in the CNC exposed lung cells (D). AMs with more than two 

nuclei were not detected.
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Figure 5. 
Bronchoalveolar lavage parameters of lung response in the control and CNC exposed rats. 

Groups of rats were exposed to air or CNC and lung lavage was performed following 

euthanasia as described in the Materials and Methods section. Bronchoalveolar lavage 

(BAL) parameters of lung response, viz. LDH activity (A), total BAL cells (B), AMs (C), 

and PMNs (D) were determined as described in the Materials and Methods section. Data 

represent mean ± S.E. [(n=11 (Total BAL cells, Macrophages, and PMN) or 12 (LDH)]. 

*p<0.05.
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Figure 6. 
Binucleated AMs in the BAL cells. Rats were exposed to air (control) or an aerosol 

containing CNC and lung lavage following euthanasia was conducted and cytospin slides 

were prepared and stained with a Leukostat stain as described in the Materials and Methods 

section. The cytospin slides were observed under a light microscope and the number of 

binucleated cells were recorded. Data represent mean ± S.E. (n=6). *p<0.05.
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Figure 7. 
Oxidant generation by BAL phagocytes in the control and CNC exposed rats. Groups of 

rats were exposed to air (control) or an aerosol containing CNC and lung lavage following 

euthanasia was conducted. The oxidants generated by the phagocytes present in the BAL 

cells were determined as described in the Materials and Methods section. Data represent 

mean ± S.E. (n=12). *p<0.05.
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Figure 8. 
Cytokines in the BALF of the control and CNC exposed rats. Groups of rats were exposed to 

air (control) or CNC as described in the Materials and Methods section. The BAL collected 

following euthanasia of the rats were processed to obtain cell-free BALF and analyzed for 

the various cytokines by ELISA as described in the Materials and Methods section. Data 

represent mean ± S.E. (n=12). *p<0.05.
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Figure 9. 
IPA Biological functions and disease categories enriched in the lungs of the CNC exposed 

rats. Genes exhibiting significant differential expression (FC > 1.5 and adjusted p value 

<0.05) in the lungs of the CNC exposed rats, compared with the controls, were identified by 

NGS analysis as described in the Materials and Methods section. Enrichment analysis of the 

significantly differentially expressed genes was performed using the IPA program. Ten of the 

top ranking enriched biological function and disease categories are presented. A complete 

list of the enriched biological functions and diseases categories and the genes involved in 

each category are presented in Supplemental Table 2.
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Figure 10. 
IPA Canonical pathways enriched in the lungs of the CNC exposed rats. Genes exhibiting 

significant differential expression (FC > 1.5 and adjusted p value <0.05) in the lungs of 

the CNC exposed rats, compared with the control lungs, were identified by NGS analysis 

as described in the Materials and Methods section. Enrichment analysis of the significantly 

differentially expressed genes was performed using the IPA program. Ten of the top ranking 

enriched canonical pathways are presented. A complete list of the enriched canonical 

pathways and the genes involved in each pathway are presented in Supplemental Table 

3.
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Table 1.

Results of the hematology parameters determined in the rats.

Exposure

Parameter Air CNC

Red Blood Cells (RBC) (M/ml) 8.97 ± 0.06 9.2 ± 0.04*

RDW-SD 30.73 ± 0.34 29.35 ± 0.02*

Reticulocytes (RET) (K/ml) 285.65 ± 6.62 229.25 ± 5.80*

Reticulocytes (RET) (%) 3.19 ± 0.08 2.49 ± 0.06*

P-LCR (%) 9.16 ± 0.29 8.35 ± 0.03*

Neutrophils (%) 20.92 ± 0.65 23.7 ± 0.86*

None of the other hematology parameters analyzed showed a statistically significant difference between the control and CNC exposed groups and 
the results are not presented. Data represent mean ± S.E. (n=11).

*
p<0.05

Inhal Toxicol. Author manuscript; available in PMC 2023 August 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Joseph et al. Page 32

Ta
b

le
 2

.

To
p 

20
 u

p-
re

gu
la

te
d 

ge
ne

s 
in

 th
e 

ra
t l

un
gs

 in
 r

es
po

ns
e 

to
 C

N
C

 e
xp

os
ur

e.

T
ra

ns
cr

ip
t

F
ol

d 
ch

an
ge

A
dj

us
te

d 
p 

va
lu

e

D
ef

en
si

n 
be

ta
 5

 (
D

ef
b5

)
17

.2
1

2.
40

E
-0

5

M
em

br
an

e-
sp

an
ni

ng
 4

-d
om

ai
ns

, s
ub

fa
m

ily
 A

, m
em

be
r 

6B
-l

ik
e 

(M
s4

a6
bl

)
15

.5
7

3.
16

E
-0

3

O
ro

so
m

uc
oi

d 
1 

(O
rm

1)
14

.9
7

5.
88

E
-0

7

So
lu

te
 c

ar
ri

er
 f

am
ily

 2
6 

m
em

be
r 

4 
(S

lc
26

A
4)

11
.7

2
1.

45
E

-0
6

Te
tr

as
pa

ni
n 

10
 (

T
sp

an
10

)
10

.3
2

5.
26

E
-0

6

Pr
ot

ea
se

, s
er

in
e,

 3
0 

(P
rs

s3
0)

9.
11

1.
17

E
-0

3

C
D

17
7 

m
ol

ec
ul

e 
(C

D
17

7)
7.

84
1.

30
E

-0
6

In
te

r-
al

ph
a 

tr
yp

si
n 

in
hi

bi
to

r, 
he

av
y 

ch
ai

n 
1 

(I
tih

1)
7.

10
4.

50
E

-0
6

R
es

is
tin

 li
ke

 a
lp

ha
 (

R
et

nl
a)

6.
82

3.
63

E
-0

6

M
ab

-2
1 

lik
e 

3 
(M

ab
21

l3
)

6.
70

1.
51

E
-0

4

Ly
m

ph
oc

yt
e 

an
tig

en
 6

 c
om

pl
ex

, l
oc

us
 A

-l
ik

e 
(L

y6
al

)
6.

36
4.

29
E

-0
5

L
ip

oc
al

in
 2

 (
L

C
N

2)
6.

06
9.

20
E

-0
7

C
-X

-C
 m

ot
if

 c
he

m
ok

in
e 

lig
an

d 
6 

(C
xc

l6
)

5.
81

7.
98

E
-0

6

Se
ru

m
 a

m
yl

oi
d 

A
-l

ik
e 

(s
aa

l1
)

5.
74

1.
30

E
-0

6

M
at

ri
x 

m
et

al
lo

pe
pt

id
as

e 
12

 (
M

M
P1

2)
5.

58
1.

89
E

-0
5

R
ho

m
bo

id
 li

ke
 2

 (
R

hb
dl

2)
5.

51
4.

90
E

-0
6

T
ra

ns
m

em
br

an
e 

pr
ot

ei
n 

45
 b

 (
T

m
em

45
b)

5.
42

1.
75

E
-0

5

C
-C

 m
ot

if
 c

he
m

ok
in

e 
lig

an
d 

22
 (

C
cl

22
)

5.
20

6.
95

E
-0

5

B
PI

 f
ol

d 
co

nt
ai

ni
ng

 f
am

ily
 B

, m
em

be
r 

1 
(B

pi
fb

1)
5.

16
1.

89
E

-0
3

A
T

Pa
se

 H
 +

 tr
an

sp
or

tin
g 

V
0 

su
bu

ni
t D

2 
(A

tp
6v

0d
2)

4.
58

3.
93

E
-0

6

A
 c

om
pl

et
e 

lis
t o

f 
th

e 
53

1 
SD

E
G

s 
an

d 
th

ei
r 

fo
ld

 c
ha

ng
es

 in
 e

xp
re

ss
io

n 
an

d 
ad

ju
st

ed
 p

 v
al

ue
s 

ar
e 

pr
es

en
te

d 
in

 S
up

pl
em

en
ta

l T
ab

le
 1

.

Inhal Toxicol. Author manuscript; available in PMC 2023 August 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Joseph et al. Page 33

Ta
b

le
 3

.

To
p 

20
 d

ow
n-

re
gu

la
te

d 
ge

ne
s 

in
 r

at
 lu

ng
s 

in
 r

es
po

ns
e 

to
 C

N
C

 e
xp

os
ur

e.

T
ra

ns
cr

ip
t

F
ol

d 
ch

an
ge

A
dj

us
te

d 
p 

va
lu

e

D
el

ta
 li

ke
 n

on
-c

an
on

ic
al

 n
ot

ch
 li

ga
nd

 1
 (

D
lk

1)
−

20
.0

3
6.

53
E

-0
5

Si
m

ila
r 

to
 G

T
L

2,
 im

pr
in

te
d 

m
at

er
na

lly
 e

xp
re

ss
ed

, u
nt

ra
ns

la
te

d 
(R

G
D

15
66

40
1)

−
9.

03
1.

92
E

-0
4

R
ib

os
om

al
 p

ro
te

in
 L

10
-l

ik
e 

(R
pl

10
l)

−
4.

39
6.

39
E

-0
3

Po
ta

ss
iu

m
 c

al
ci

um
-a

ct
iv

at
ed

 c
ha

nn
el

 s
ub

fa
m

ily
 M

 r
eg

ul
at

or
y 

be
ta

 s
ub

un
it 

2 
(K

cn
m

b2
)

−
3.

10
8.

63
E

-0
6

Si
m

ila
r 

to
 h

yp
ot

he
tic

al
 p

ro
te

in
 (

R
G

D
15

66
22

6)
−

2.
81

6.
37

E
-0

3

C
oi

le
d-

co
il 

do
m

ai
n 

co
nt

ai
ni

ng
 1

52
 (

C
cd

c1
52

)
−

2.
48

1.
28

E
-0

2

So
m

at
om

ed
in

 B
 a

nd
 th

ro
m

bo
sp

on
di

n,
 ty

pe
 1

 d
om

ai
n 

co
nt

ai
ni

ng
 (

Sb
sp

on
)

−
2.

41
4.

11
E

-0
2

M
eg

al
en

ce
ph

al
ic

 le
uk

oe
nc

ep
ha

lo
pa

th
y 

w
ith

 s
ub

co
rt

ic
al

 c
ys

ts
 1

 (
M

lc
1)

−
2.

35
4.

75
E

-0
4

N
at

ri
ur

et
ic

 p
ep

tid
e 

re
ce

pt
or

 3
 (

N
pr

3)
−

2.
34

3.
21

E
-0

4

A
ra

ch
id

on
at

e 
15

-l
ip

ox
yg

en
as

e 
(A

lo
x1

5)
−

2.
33

7.
78

E
-0

5

C
-C

 m
ot

if
 c

he
m

ok
in

e 
lig

an
d 

24
 (

C
cl

24
)

−
2.

08
3.

35
E

-0
3

E
la

st
in

 (
E

ln
)

−
2.

07
2.

62
E

-0
6

Sp
on

di
n 

2 
(S

po
n2

)
−

2.
06

5.
37

E
-0

6

Sy
na

pt
on

em
al

 c
om

pl
ex

 p
ro

te
in

 2
 (

Sy
cp

2)
−

2.
01

1.
29

E
-0

3

C
al

ci
ne

ur
in

-l
ik

e 
E

F 
ha

nd
 p

ro
te

in
 2

 (
C

hp
2)

−
1.

95
5.

17
E

-0
4

A
ry

l h
yd

ro
ca

rb
on

 r
ec

ep
to

r 
nu

cl
ea

r 
tr

an
sl

oc
at

or
-l

ik
e 

(A
rn

tl1
)

−
1.

94
1.

16
E

-0
4

A
ry

ls
ul

fa
ta

se
 f

am
ily

, m
em

be
r 

I 
(A

rs
i)

−
1.

93
8.

07
E

-0
5

Po
ta

ss
iu

m
 c

ha
nn

el
 te

tr
am

er
iz

at
io

n 
do

m
ai

n 
co

nt
ai

ni
ng

 8
 (

K
ct

d8
)

−
1.

92
6.

57
E

-0
4

D
ua

l s
pe

ci
fi

ci
ty

 p
ho

sp
ha

ta
se

 1
4-

lik
e 

1 
(D

us
p1

4l
1)

−
1.

91
1.

33
E

-0
2

Si
m

ila
r 

to
 a

nk
yr

in
 r

ep
ea

t d
om

ai
n 

26
(L

O
C

68
52

15
)

−
1.

91
1.

37
E

-0
2

A
 c

om
pl

et
e 

lis
t o

f 
th

e 
53

1 
SD

E
G

s 
an

d 
th

ei
r 

fo
ld

 c
ha

ng
es

 in
 e

xp
re

ss
io

n 
an

d 
ad

ju
st

ed
 p

 v
al

ue
s 

ar
e 

pr
es

en
te

d 
in

 S
up

pl
em

en
ta

l T
ab

le
 1

.

Inhal Toxicol. Author manuscript; available in PMC 2023 August 22.


	Abstract
	Introduction
	Materials and methods
	Animals
	Cellulose nanocrystal
	Generation and characterization of CNC aerosol
	Inhalation exposure of rats to CNC aerosol
	Euthanasia of rats and collection of biospecimens
	Hematology
	Lung histopathology
	Lactate dehydrogenase activity
	BAL cell counts
	BALF cytokines
	Reactive oxygen species ROS generation by BAL cells
	Lung gene expression profile
	Bioinformatic analysis of differentially expressed genes
	Statistical analysis of data

	Results
	Clinical signs of toxicity in the rats
	Lung deposition of CNC particles
	Lung histopathology
	BAL parameters of toxicity
	Oxidant generation in rat lungs
	Induction of inflammation in rat lungs
	Hematology
	Lung gene expression profile

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Table 1.
	Table 2.
	Table 3.

