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ABSTRACT
Humans exposed to asbestos and/or asbestiform fibers are at high risk of developingmany lung diseases
including asbestosis, lung cancer, andmalignantmesothelioma. However, the disease-causing potential
and specific metabolic mechanisms and pathways associated with various asbestos/asbestiform fiber
exposures triggering different carcinogenic and non-carcinogenic outcomes are still largely unknown.
The aim of this this study was to investigate gene expression profiles and inflammatory responses to
different asbestos/asbestiform fibers at the acute/sub-acute phase that may be related to delayed
pathological outcomes observed at later time points. Mice were exposed to asbestos (crocidolite,
tremolite asbestos), asbestiform fibers (erionite), and a low pathogenicity mineral fiber (wollastonite)
using oropharyngeal aspiration. Similarities in inflammatory and tissue damage responses, albeit with
quantitative differences, were observed at day 1 and 7 post treatment. Exposure to different fibers
induced significant changes in regulation and release of a number of inflammatory cytokines/chemo-
kines. Comparative analysis of changes in gene regulation in the lung on day 7 post exposure were
interpretable in the context of differential biological responses that were consistent with histopatholo-
gical findings at days 7 and 56 post treatment. Our results noted differences in the magnitudes of
pulmonary responses and gene regulation consistent with pathological alterations induced by expo-
sures to four asbestos/asbestiform fibers examined. Further comparative mechanistic studies linking
early responses with the long-term endpoints may be instrumental to understanding triggering
mechanisms underlying pulmonary carcinogenesis, that is lung cancer versus mesothelioma.

Introduction

Asbestos is a term for a set of commercially impor-
tant naturally occurring fibrous silicate minerals.
Crocidolite (asbestiform riebeckite), amosite (asbes-
tiform cummingtonite-grunerite), actinolite-tremo-
lite asbestos, and anthophyllite asbestos belong to the
amphibole minerals, while chrysotile is a serpentine
mineral (Wylie and Candela 2015). The term “asbes-
tiform” corresponds to a mineralogical habit or form
of a mineral in which single fibers (fibrils) occur in
bundles that can be detached into finer fibers and
display curvature (Lowers andMeeker 2002). Similar
to main asbestos types described above, there are
“other regulated asbestiform minerals” fibers such
as durable asbestiform zeolite minerals (e.g., erio-
nite). The term asbestos has been used in commerce

and regulations, but is not recognized in geology as
referring to species separate from non-asbestos ana-
logs of these minerals (Lowers and Meeker 2002).
These materials were widely used for textiles and in
construction, as well as in industrial application,
until the 1970’s in the USA (Williams, Phelka, and
Paustenbach 2007). Although the use has declined,
asbestos continues to be utilized for certain applica-
tions in the USA and elsewhere (Dodson 2016;
LaDou et al. 2010). Known human diseases asso-
ciated with exposure to asbestos/asbestiform fibers
include asbestosis, bronchial adenocarcinoma, squa-
mous cell carcinoma of the respiratory epithelium
and large/small cell lung carcinoma and diffuse
malignant mesothelioma (Andujar et al. 2016;
Lemen 2016; Ndlovu et al. 2017).
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Both carcinogenic and non-carcinogenic health
outcomes such as pleural fibrosis and plaques, pul-
monary fibrosis, have been observed in asbestos
workers. Much of our understanding regarding the
mechanisms for induction of carcinogenic and non-
carcinogenic outcomes is based upon studies invol-
ving the biological effects of asbestos/asbestiform
fibers (Kane 1996; Oberdorster 1996; Sanchez et al.
2009; Sayan andMossman 2016). The disease-causing
potential of asbestos related exposures is governed by
several factors, including (1) duration and frequency
of exposures, (2) individual susceptibility and bioper-
sistence, as well as (3) type, shape and surface char-
acteristics of the fibers (Fubini and Fenoglio 2007;
Kane 1996). However, not all fibers with similar char-
acteristics have the potential to trigger similar patho-
genic responses. For example, despite exhibiting
almost identical size distributions, erionite and croci-
dolite asbestos fibers lead to differential carcinogenic
outcomes (Andujar et al. 2016; Carbone et al. 2011;
Carbone and Yang 2012; Wagner et al. 1985). The
inhalation of fibrous erionite by rats produced
mesothelioma in 96.6% of animals but no apparent
lung cancers (Wagner et al. 1985). Crocidolite (in the
same experiment at 10-fold higher dose than erionite)
produced lung cancer in 3.6% of rats with no appear-
ance of mesotheliomas. However prolonged expo-
sures to high levels of crocidolite asbestos fibers was
reported to induce mesothelioma in approximately
5% of humans, albeit requiring additional factors
such as genetic predisposition and/or SV40 infection
(Carbone, Kratzke, and Testa 2002; Carbone et al.
1994; Comar et al. 2012; Dogan et al. 2006).
Additional individual risk factors, such as smoking
and other pre-existing lung diseases, further compli-
cate disease paradigms seen after asbestos exposures.
While smoking combined with asbestos exposure did
not appear to increase the risk of mesothelioma
occurrence (Frost, Darnton, and Harding 2011;
O’Reilly et al. 2007), it is known to enhance the risk
of developing lung cancer that is greater than the
individual risks from asbestos and smoking added
together (Moller et al. 2014; NTP 2016). Moreover,
both erionite and fibrous talc (asbestiform mineral
fibers) are thought to be biopersistent. Yet erionite is
a potent animal and human carcinogen while fibrous
talc is not (Wild 2006). These studies indicate that
morphology, fiber type/size/number and biopersis-
tence are not the only critical factors/indicators that

determine fiber-induced carcinogenesis (Boulanger
et al. 2014).

Animal models and cellular mechanistic studies
have greatly assisted in understanding the basis of
various pathologic changes observed during asbes-
tos/asbestiform fiber exposures (Albrecht, Borm,
and Unfried 2004; Bernstein et al. 2005; Cyphert
et al. 2016; Oberdorster 1996; Singh, Pruett, and
Hoang 2017). While previous in vitro and in vivo
studies provide details regarding asbestos-induced
toxicity and changes in gene expression, mechanistic
investigations comparing different asbestos/asbesti-
form fibers to define relative risk (RR) of initiating
non-carcinogenic and carcinogenic outcomes and
developing mesothelioma versus lung cancer remain
to be determined. The aim of this study was to assess
the ability of a known low-pathogenicity fiber—wol-
lastonite (Maxim and McConnell 2005; McConnell,
Hall, and Adkins 1991); high-pathogenicity fibrous
erionite (Rome, OR); and two amphibole asbestos
fibers—crocidolite (asbestiform riebeckite) and tre-
molite asbestos to induce inflammation, tissue
damage, and histopathological alterations in mouse
lung. In order to facilitate early detection of altera-
tions in genes relevant to each exposure as well as to
relate such changes to a particular outcome in lungs
(before a large number of genes are dysregulated),
alterations in gene expression profiles at day 7 post
exposure were determined and compared to histo-
pathological outcomes at a later time point (i.e.,
56 days). Such approaches are crucial for facilitating
early identification of biological molecules that dis-
tinguish between different fiber exposures and those
that correlate with initiation and/or progression of
asbestos-related diseases.

Methods

Characterization of asbestos particles

The structure and dimensions of a known low-
pathogenicity fiber wollastonite (Hubei, China);
high-pathogenicity erionite fibers (Rome, OR); and
two types of asbestos fibers - crocidolite (l’ Union
Internationale Centre le Cancer, UICC) and tremo-
lite asbestos (Lone Pine, CA; (Harper et al. 2015))
were characterized by transmission electron micro-
scopy (TEM). Asbestos/asbestiform fibers at 1mg/ml
concentration were vortexed to disperse the particles
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in solution. A tuberculin syringe was used to with-
draw a small amount of the solution, and a drop was
casted on a formvar-coated 200 mesh copper grid.
The grid was left to dry overnight. Asbestos fibers
were imaged using a JEOL 1400 transmission elec-
tron microscope (JEOL, Tokyo, Japan) at 80 kV, and
an XR81-MB Advanced Microscopy Techniques
(AMT) digital camera (Woburn, MA, USA) was
utilized to capture the images. Depending upon the
length of the fibers in each asbestos/asbestiform sam-
ples, varying magnifications were employed to
ensure that full lengths of the fibers could be visua-
lized in the imaging field. Higher magnification
images of thinner fibers were captured in order to
more accurately visualize and measure the width of
the fiber. Aminimumof 300 fibers per sample (n= 3)
were counted for accurate characterization of fibers
such as length, width and aspect ratio. “Fiber” defini-
tion for counting included the criteria of being more
than ≥5 µm in length or having ≥ 3:1 aspect ratio.

Animals

C57BL/6J female mice (8–9 weeks) used in these
studies were purchased from Jackson Laboratories
(Bar Harbor, ME). Specific pathogen-free mice
weighing 22 ± 1.9 g were housed individually in
cages receiving HEPA-filtered air, and supplied
with irradiated NIH-31 modified 6% mouse food
(Envigo RMS, Inc.) and water ad libitum. Beta
Chips (Northeastern Products Corp.,
Warrensburg, NY) were used for bedding and
changed weekly. Animals were acclimated in the
animal facility under controlled temperature and
humidity for at least one week before exposure.
Mice were monitored weekly and weights recorded
for each group before treatment and post-treat-
ment periods until the time of euthanasia. All
experimental procedures were conducted in accor-
dance with the Guide for the Care and Use of
Laboratory Animals, 8th ed. and approved by the
National Institute for Occupational Safety and
Health (NIOSH) Institutional Animal Care and
Use Committee.

Experimental design

Mice were exposed to asbestos/asbestiform mate-
rials including erionite, tremolite asbestos,

crocidolite and wollastonite. Suspensions of par-
ticles (80 μg/mouse, 50 μl) were administered by
pharyngeal aspiration to experimental mice while,
corresponding control group received sterile USP
grade Ca2+ and Mg2+ free phosphate buffered
saline (PBS). The selected dose was based upon
our estimated calculations of approximately 8.8 ×
107 fibers/mouse (Murray et al. 2012) with >5 μM
size comparable to human occupational expo-
sures estimated at 1010 – 1011 fibers during a
lifetime (National Research Council (U.S.).
Committee on Nonoccupational Health Risks of
Asbestiform Fibers 1984). Briefly, after anestheti-
zation with a mixture of ketamine and xylazine
(62.5 and 2.5 mg/kg subcutaneous in the abdom-
inal area), the mouse was placed on a board in a
near vertical position and the animal’s tongue
extended with lined forceps. A suspension of stu-
died materials prepared in USP grade PBS was
placed at the base of the tongue, which was held
until the suspension was aspirated into the lungs.
The mice revived unassisted after approximately
30–40 min. All mice in erionite, tremolite asbes-
tos, crocidolite, and wollastonite-treated experi-
mental and control groups survived this
treatment procedure. This technique provided
reliable distribution of particles widely dissemi-
nated in a peri-bronchiolar pattern within the
alveolar region as was reported previously using
histopathology (Rao et al. 2003). Animals treated
with the particulates or PBS recovered rapidly
after anesthesia with no behavioral or negative
health outcomes. Mice were sacrificed 1 and
7 days following exposure to assess the inflam-
matory responses as evidenced by total cell
counts and cell differentials, cytokine/chemokine
responses, tissue damage assessed by LDH activ-
ity test and/or changes in pulmonary gene expres-
sion profiles. To further assess how alterations in
gene expression profiles at acute/sub-acute phase
(e.g., at 7 days) relate to pulmonary outcomes at
extended time points of post exposure, additional
groups of animals were sacrificed at 7 and 56 days
to evaluate histopathological alterations in the
lungs. The 7 days post exposure time point, for
evaluating gene expression changes, was specifi-
cally selected as it is not overwhelmed by initial
acute phase responses and fibrosis is not seen yet
upon asbestos exposure (Table 3, 7 days).
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Bronchoalveolar lavage fluid collection

Mice were weighed and sacrificed with intraperito-
neal injection of sodium pentobarbital (>100 mg/kg)
and exsanguinated. The trachea was cannulated with
a blunted 22 gauge needle, and bronchoalveolar
lavage (BAL) was performed using cold sterile PBS
at a volume of 0.9 ml for first lavage (kept separate)
and 1ml for subsequent lavages. Approximately 5 ml
of BAL fluid per mouse was collected in sterile cen-
trifuge tubes. Pooled BAL cells for each individual
mouse were washed in PBS by alternate centrifuga-
tion (300 × g, 10 min, 4°C) and resuspension. Cell-
free first fraction BAL aliquots were frozen at −80°C
until processed.

Cell differentials

The degree of inflammatory response induced by the
pharyngeal aspiration exposure to erionite, tremolite
asbestos, crocidolite, or wollastonite was determined
by quantitating total cells, macrophages, and poly-
morphonuclear leukocytes (PMN) recovered from
the cell pellet fractions of the BAL. After re-suspend-
ing cells in 500 μl PBS, total cells were determined
using an electronic cell counter equipped with a cell
sizing attachment (Coulter model Multisizer II with
a 256C channelizer, Coulter Electronics, Hialeah,
FL). After estimating the volume needed to normal-
ize for 1 × 105 cells per slide, the cytospin BAL fluid
slides were centrifuged at 800 rpm for 5 min on a
cytocentrifuge (Cytospin 4, Thermo Fisher Scientific
Inc. Waltham, MA, USA). Following this, cellular
components were stained with HEMA 3 fixative,
solution I, solution II (Fisher Scientific, Kalamazoo,
MI). Cytospin slides were analyzed for cell differen-
tials (alveolar macrophages, PMN leukocytes,
including eosinophils and lymphocytes) by light
microscopy and evaluated using the Olympus
CellSens Dimension software (Tokyo, Japan). At
least 350 cells per slide were counted for each sample
and then corrected for total cells/μl BAL fluid.

Tissue damage

The activity of lactate dehydrogenase (LDH) in BAL
fluid was assayed spectrophotometrically using a
Synergy H1 Hybrid Reader (BioTek, Winooski, VT).
The reduction of nicotinamide adenine dinucleotide

in the presence of lactate to pyruvate using a Lactate
Dehydrogenase Reagent Set (Pointe Scientific, Lincoln
Park, MI) was monitored at 340 nm.

Preparation of lung tissue homogenates

The whole lung was dissected, weighed and homo-
genized using a tissue tearor (model 985–370,
Biospec Prod. Inc., Racine, WI) in cold PBS (pH
7.4, 4°C). The homogenate suspensions were imme-
diately aliquoted and stored at -80°C until further
use. All measurements performed using lung homo-
genates were further normalized by total protein
content in each sample. Quantity of total protein in
the tissue homogenates was evaluated a modified
Bradford assay according to the manufacturer’s
instructions (BioRad Laboratories, Hercules, CA).
The absorbance (595 nm) was measured using a
Synergy H1 hybrid multi-mode microplate reader
(BioTek Instruments, Inc., Winooski, VT) and pro-
tein amount calculated using bovine serum albumin
as a standard.

Inflammatory cytokine/chemokine responses

The levels of cytokines, chemokines and growth
factors in lung homogenates were measured in
exposed or control groups using the Bio-Plex
mouse cytokine assay kits (Bio-Rad, Hercules, CA,
USA). The concentrations were calculated using Bio-
Plex Manager 6.1 software from standard curves.

Preparation of lungs for histopathological
evaluations

Briefly, animals were administered a fatal intraper-
itoneal injection of sodium pentobarbital, once the
animal was unconscious, the trachea was cannu-
lated, and laparotomy was performed. Mice were
then euthanized by exsanguination. The pulmon-
ary artery was cannulated via the ventricle and an
outflow cannula inserted into the left atrium. In
quick succession, the tracheal cannula was con-
nected to a 5 cm H2O pressure source, and clear-
ing solution (saline with 100 U/ml heparin,
350 mM sucrose) was perfused to clear blood
from the lungs. The perfusate was then switched
to the fixative. Fixed lung volume was measured
by water displacement. Coronal sections were cut
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from the lungs. The lungs were embedded in par-
affin and sectioned at a thickness of 5 µm with an
HM 320 rotary microtome (Carl Zeiss,
Thornwood, NY). Lung sections for histopatholo-
gic evaluation were stained with hematoxylin and
eosin or trichrome blue and examined by a board
certified pathologist for morphological alterations.

Cluster analysis of cytokine data

In order to group different asbestos/asbestiform
materials based upon their cytokine responses,
hierarchical cluster analysis was performed. The
measured cytokine concentrations at day 1 and 7
post exposure were first converted to fold change
compared to their levels in control samples and
then log2-transformed. Cytokines having measure-
ment values below the limit of detection (LOD)
were not used in the analysis. Hierarchical agglom-
erative (bottom up) clustering analysis using R was
applied to group control and samples correspond-
ing to different materials employed. The analysis
was performed using “Euclidean” distance (Everitt
et al. 2011) similarity between different samples
and by employing ward.D2 linkage distance
(Murtagh and Legendre 2014; Ward 1963)
between the members of the clusters. By combin-
ing cytokine and sample clustering, heat maps
were created with colors corresponding to the
relative levels of the cytokines. The heat map and
cluster of similar cytokines profiles and samples
corresponding to various asbestos/asbestiform
fibers studied were produced with package heat
map built for R version 3.1.3 (R Development
Core Team 2010).

Microarray sample preparation and analysis

Global gene expression for each treatment was
determined using high-throughput mRNA micro-
array analysis following MIAME guidelines
(Brazma et al. 2001). Total RNA was isolated
from left lung tissues of control and erionite, tre-
molite asbestos, crocidolite or wollastonite
exposed mice 7 days post treatment (n = 3 for
each group). The RNA was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and pur-
ified using RNeasy MiniKits (Qiagen, Mississauga,
ON, Canada) as described by the manufacturer.

On-column DNase treatment was applied
(Qiagen, Mississauga, ON, Canada). Total RNA
from each sample was quantified by the
NanoDrop ND-1000 and RNA integrity was
assessed by standard denaturing agarose gel elec-
trophoresis. All RNA samples showed an absor-
bance (A260/280) ratio greater than 2.0. Total
RNA of each sample was utilized for labeling and
array hybridization as the following steps: 1)
Reverse transcription with Invitrogen Superscript
ds-cDNA synthesis kit; 2) ds-cDNA labeling with
NimbleGen one-color DNA labeling kit; 3) Array
hybridization using the NimbleGen 12 × 135 K
microarray followed by washing with the
NimbleGen wash buffer kit; 4) Array scanning
utilizing the Axon GenePix 4000B microarray
scanner (Molecular Devices Corporation).
Scanned images (TIFF format) were then imported
into NimbleScan software (version 2.5) for grid
alignment and expression data analysis.
Expression data were normalized through quantile
normalization and the Robust Multichip Average
(RMA) algorithm included in the NimbleScan
software. The Gene level (*_RMA.calls) files gen-
erated after normalization were imported into
Agilent GeneSpring GX software (version 12.1)
for further analysis. Differentially expressed genes
with statistical significance between two groups
were identified through Volcano Plot filtering (Li
2012). Genes showing expression changes of at
least 2.5-fold in either direction compared to
their controls and having p-values of less than or
equal to 0.05 (p ≤ 0.05) were considered signifi-
cantly differentially expressed and for further ana-
lysis. All gene expression data were uploaded to
NCBI’s Gene Expression Omnibus and are acces-
sible via accession number (GenBank ID:
GSE100900).

Enrichment of KEGG pathways and disease-
related responses

The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of differentially
expressed genes and those with similar gene
expression changes in disease versus normal con-
ditions was made using Enrichr (Kuleshov et al.
2016). The prediction of the disease-related altera-
tions in genes with similar expression
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perturbations upon exposure to erionite, tremolite
asbestos, crocidolite and wollastonite was per-
formed using Crowd module/tool in Enrichr
(Kuleshov et al. 2016). A p-value cutoff of ≤0.05
was considered significant in each case.

Functional analysis using ingenuity pathways
analysis tool

To identify pathways and signaling networks that are
significantly perturbed upon exposure to different
asbestos/asbestiform fibers in mice, Ingenuity
Pathway Analysis (IPA, ver. 8.6; Redwood City,
CA; www.ingenuity.com) was conducted on differ-
entially expressed genes. Tab delimited text files
containing gene IDs, expression data, t-test p-values
and false discovery rates (FDRs) were uploaded into
IPA for conducting a core analysis. A fold change
cutoff of 2.5, and p-value < 0.05 was set to identify
genes whose expression was significantly differen-
tially regulated in each case. Score rankings for the
top canonical pathways and IPA-identified gene sig-
naling networks (GSN) were calculated using IPA-
generated negative logarithm p-values that is, -log10
(p-value) and associated Z- and network scores. The
estimated Fisher’s exact p-values, pathway- and net-
work-activation scores reflect whether the probabil-
ity or likelihood of genes occurring in a given
pathway/biofunction/disease/network versus others
is based on pure chance or not.

Statistics

Statistical analysis was performed using SigmaPlot
11.0 (San Jose, CA). Treatment related differences
were evaluated using Student’s t-test or one-way
ANOVA, as appropriate. A p ≤ 0.05 was consid-
ered to be statistically significant. Data are pre-
sented as Mean + SE.

Results

Particle characteristics

The characterization of investigated samples indicates
the presence of fibers, as defined by OSHA 1926.1101
Standard (more than 5 µm in length and having an
aspect ratio more than 3:1) in comparable quantities.
While erionite was composed of bundles of fibers,

amphibole asbestos fibers—crocidolite and tremolite
asbestos—contained a combination of single fibers as
well as bundles (Figure 1). The general morphology of
erionite mineral fibers was similar to those reported
previously (Lowers et al. 2010). Median length, width,
and aspect ratio of the fibers—as estimated by TEM
analysis—is presented in Table 1. Overall while tre-
molite and crocidolite exhibited similar median
lengths and widths, the wollastonite followed by erio-
nite exhibited overall lower median lengths, higher
median widths and smaller aspect ratio compared to
the amphibole asbestos fiber materials investigated in
this study (Table 1). Of all the fibers investigated,
wollastonite exhibited the lowest median aspect ratio
(approximately 3.5).

Pharyngeal aspiration exposure to erionite
mineral and other amphibole asbestos fibers

To characterize lung injury and inflammatory
responses, cell differentials in BAL fluid of exposed
micewere determined 24 hr and 7 days post aspiration
exposure to erionite, tremolite asbestos, wollastonite,
and crocidolite fibers. While levels of total cells
remained at control levels at 24 hr post treatment to
different fibers investigated, a significant increase was
observed on day 7 post exposure with crocidolite,
tremolite asbestos and erionite (Figure 2). Despite

Figure 1. Representative TEM micrographs of different asbestos/
asbestiform fibers . The different fibers studied include a zeolite
fibrous material, erionite fibers from Rome, OR, two types of
amphibole asbestos fibers (tremolite and crocidolite) and a low
pathogenicity wollastonite fibers. The scale bar shown in the lower
left corner of each image corresponds to 2 µm size.
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Table 1. The Physical Dimensions of Various Mineral Fibers Estimated Using Transmission Electron Micrographs. A Minimum of Three
Hundred Fibers per Sample (N = 3) Were Counted for Characterizing Each Fiber Type

Erionite Crocidolite Tremolite Wollastonite

Median length, µm 2.32 4.45 6.74 2.77
Length Range (Min-Max), µm 0.23–51.24 0.18–75.89 0.49–59.0 0.43–45.10
Median width, µm 0.20 0.13 0.16 0.82
Width Range (Min-Max), µm 0.01–1.01 0.02–0.64 0.03–0.96 0.13–5.80
Median Aspect ratio, µm 12.94 35.95 43.39 3.5
AR Range (Min-Max), µm 1.93–234.21 2.50–820.84 2.71–317.44 0.33–39.44

Figure 2. Cellular differentials in the broncheoalveolar lavage (BAL) fluid in mice Total cells and the accumulation of neutrophils,
lymphocytes and eosinophils in BAL fluids of C57BL/6 mice 24 hr (A) and 7 days (B) after pharyngeal aspiration with different
amphibole asbestos and erionite mineral fibers (80 μg/mouse). Mean + SEM (n = 5 mice/group). *p < 0.05 compared to control.
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the lack of significant changes in total cells, BAL
cytology indicated an increased accumulation of
PMN on day 1 post exposure observed after pharyn-
geal aspiration with different asbestos and erionite
mineral fibers. A significant increase in eosinophils
and lymphocytes was observed 24 hr after aspiration
exposure to erionite and tremolite asbestos fibers
(Figure 2). These results indicate a differential inflam-
matory response with PMN influx peaking at day 1
and eosinophil response at day 7 post-treatment found
for both erionite and tremolite asbestos. In contrast,
exposure to crocidolite induced a “prolonged” inflam-
matory response with greater influx of neutrophils
and eosinophils occurring on day 7 post exposure.
The influx of both neutrophils and eosinophils—to a
similar extent—dominated the inflammatory
responses on day 7 post tremolite asbestos and croci-
dolite treatment, while a predominance of eosinophils
was observed after erionite exposure (Figure 2).

Tissue damage response detected in BAL fluid

The degree of pulmonary damage was assessed by
LDH activity in the BAL fluid recovered from mice
24 hr and 7 days post pharyngeal aspiration. LDH
activity levels were significantly elevated on days 1
and 7 post exposure to crocidolite, tremolite asbestos
and erionite fibers. More pronounced pulmonary
damagewas seen at day 7 post administrationwhereas

the magnitude of responses was higher for treatments
with tremolite or crocidolite asbestos than erionite
fibers (Figure 3, blue bars). This is also in agreement
with a “prolonged” inflammatory response with max-
imal PMN influx at day 7 post crocidolite exposure
and a sustained inflammatory response at 24 hr and
day 7 post treatment to tremolite asbestos (Figure 2).

Accumulation of inflammatory mediators
(cytokines/chemokines)

Cytokines and chemokines are important mediators
of biological responses. Therefore, 23 different cyto-
kines/chemokines were measured in the lungs at
24 hr (Table S1) and 7 days (Table S2) post exposure
to erionite, tremolite asbestos, crocidolite and wol-
lastonite particles. Of the four different fiber miner-
als tested, treatment with wollastonite indicated the
overall least effect in inflammatory responses both
after 24 hr and 7 days post exposure (Tables S1 &
S2). The cytokines IL-5 and G-CSF at 24 hr and IL-4,
IL-5, KC, IL-12p40 and MIP-1α at 7 days following
administration of erionite, tremolite asbestos and
crocidolite were found to be increased (Figure 4).
At both time points investigated, the levels of Rantes
were observed to be significantly elevated only after
exposure to erionite and not to othermaterials inves-
tigated in this study (Table S1 & S2). In particular,
the responses upon exposure to tremolite asbestos
and crocidolite were more similar and significantly
elevated secretion of pro-inflammatory cytokines
such as IL-6, MCP-1, and KC at 24 hr (Figure 4A)
and IL-6, G-CSF, MIP-1β and MCP-1 at 7 days post
exposure (Figure 4B). While the expression of MIP-
1α and MIP-1β was only found in tremolite asbestos
exposed lungs at 24 hr, a significant rise in IL-1α, IL-
1β and IL-13 concentrations was unique to crocido-
lite in lungs at 7 days (Figure 4B, Table S2).

Further the hierarchical cluster analysis was applied
to highlight differences between various materials
treatments at each time point. The dendrograms
after 24 hr and 7 days post exposure are illustrated in
Figure 4C and 4D, respectively. Both dendrograms
demonstrate that the Euclidean distance between tre-
molite asbestos and crocidolite and other treatments is
quite large. At both time points a close clustering of
tremolite asbestos fibers to crocidolite was observed.
Further, the dendrograms at 24 hr and 7 days seem to
separate amphibole asbestos (i.e., tremolite and

Figure 3. Tissue damage as evaluated by change in lactate dehy-
drogenase (LDH) activity Data presented in each case corresponds
to actual LDH values (U/ml). *p < 0.05 compared to control (PBS)
exposed mice. Means ± SE (n = 5 mice per group).
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crocidolite) from other treatments (Figure 4C–D).
Data indicate that the average cytokine responses
after tremolite asbestos administration were quite
similar to those induced by crocidolite. The distance
of wollastonite fiber samples, a known low-pathogeni-
city fiber, from the control group was less at both post
exposure time points, suggesting a diminished inflam-
matory responses compared to other asbestos/asbesti-
form fiber materials investigated as part of this study.
However, the distance of erionite fiber treatment from
tremolite asbestos and crocidolite cluster and from
that of control group was large at both post exposure
time points, indicating that the mean cytokine
responses after erionite exposure are quite different
from other asbestos fibers materials examined
(Figure 4C-4D).

Transcriptomics analysis and changes in gene
expression

Analysis of the genes responding to different asbes-
tos/asbestiform fiber treatments in the lungs at day
7 post exposure resulted in identification of a total
of 78, 1716, 413 and 133 genes with a significant
fold change ≥ ± 2.5 in erionite, crocidolite,

tremolite asbestos or wollastonite samples, respec-
tively (File S1). With the exception of wollastonite,
the transcriptional regulation/response in lungs fol-
lowed similar trends of inflammatory and pulmon-
ary damage observations noted on day 7 post
exposure to erionite, tremolite asbestos and croci-
dolite (Figure 2–3, 7 day). Detailed comparative
analysis of all differentially expressed genes (DEG)
revealed 31↑/47↓, 376↑/1340↓, 193↑/220↓ or
92↑/41↓ up (↑)/down (↓) regulated genes in
response to erionite, crocidolite, tremolite asbestos
or wollastonite exposures, respectively (Figure 5).
Aspiration treatment with all four materials up-
regulated 1 (Clca3) and down-regulated 3 (PER3,
KLHL2, HLF) common genes. These common
DEG were related to circadian rhythm/entrainment
or ion channel transport pathways, or transcrip-
tional activity processes (File S2). Compared to
erionite and tremolite asbestos, exposure to croci-
dolite fibers resulted in the greatest number of
DEG, albeit predominantly down-regulated genes
(approximately 84%). This observation is consistent
with “delayed” inflammatory and tissue damage
responses occurring on day 7 post crocidolite treat-
ment, in comparison to erionite and tremolite

Figure 4. Differential responses in the inflammatory mediators after 24 hr and/or 7 days. Venn diagram comparing the changes in
the cytokines/chemokines levels upon (A) 24 hr and (B) 7 day post exposure. The responses common to three types of fibers and
unique to each are highlighted and colored in red and blue, respectively. Hierarchical clustering analysis of cytokine responses in the
lungs at (C) 24 hr and (D) 7 day post exposure to different asbestos/asbestiform materials. The responses in cytokines/cytokines were
clustered based upon Euclidean distance metric and complete linkage clustering method and the samples dendrogram was
reordered based on their (dis-) similarities in cytokines responses, measured in the lungs at each post exposure time point. Each
branch in the dendrogram shows similarity between samples, that is, the shorter the branch, the more similar.
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asbestos (Figures 2 and 3) or other fibrous nano-
materials (Murray et al. 2012). With the exception
of wollastonite, exposure to the other three materi-
als resulted in predominantly down-regulated DEG.
However, upon administration of wollastonite most
of the DEG were found to be up-regulated
(approximately 70%). The top 10 most significantly
up- and down-regulated genes upon different expo-
sures are presented in Table 2. With the exception
of chloride channel accessory 1 (CLCA1), none of
the other top 10 significantly up- and down regu-
lated genes overlapped between all four exposed
groups. Overall, these results suggest that majority
of genes modulated by treatment with tremolite

responded similarly to crocidolite but not to erio-
nite or wollastonite (Figure 5).

Pathways perturbed by various asbestos/
asbestiform fibers

To identify pathways that are altered in mice upon
exposure to different asbestos/asbestiform fibers,
pathway enrichment analysis was performed using
Enrichr Pathways module for KEGG 2015.
Pathways analysis of DEG at 7 days treatment to
crocidolite, tremolite asbestos, erionite and wollas-
tonite in mouse lungs predicted the significant
involvement of a total of 39, 29, 11, and 6 pathways,

Figure 5. Total number of differentially regulated genes in the lungs at 7 days post exposure. Venn diagram showing differentially
(A) up and (B) down regulated genes common and unique to various asbestos/asbestiform fiber treatments.

Table 2. The Top Ten Most up and down Regulated Genes upon Exposure to Asbestos/Asbestiform Fibrous Materials. The Text
Highlighted in Bold Correspond to Genes that are Common to All Fiber Exposures

GeneSymbol (FC)

Crocidolite Tremolite Erionite Wollastonite

Top 10 UP Regulated Genes
A430060F13Rik (15.1) MMP12 (21.7) CLCA1 (9.3) ADIPOQ (9.7)
B430212C06Rik (11.4) Retnla (13.5) Retnla (9.2) Mup1 (8.8)
CLCA1 (10.9) Sprr2a3 (10.5) Gm3896 (5) ALB (7.6)
Prl3b1 (10.9) CLCA1 (9.8) Speer4a (3.4) CYP3A5 (5.8)
Defb10/Defb11 (9.4) ALB (9.8) SNORA69 (3.3) SERPINA1 (5.4)
Aym1 (8.3) Speer4a (9.3) SNORD22 (3.3) CHRNB3 (5.1)
MMP12 (8.1) REG3G (8.2) PRPF40B (3.2) CLCA1 (5)
Nrg1 (7.5) 4930572O03Rik (8.1) CUTA (3.2) Igh (4.9)
ELN (7.1) Ccl9 (7.3) GABARAP (3.2) ARNTL (4.3)
OARD1 (6.9) Saa3 (7) NT5C3B (3.1) 1700057H21Rik (4.3)
Top 10 DOWN Regulated Genes
SNORD61 (-9.8) CYP2F1 (-6.6) TNS2 (-4) SNORD61 (-3.3)
ATP8A1 (-8.1) HPGD (-6.4) ALB (-4) KLHL2 (-3.2)
EPB41L4A (-7.5) TNRC18 (-4.9) CARMIL1 (-3.5) CAPNS1 (-3.2)
SLC35A5 (-7.2) Ppbp (-4.8) POU2AF1 (-3.4) RPS25 (-3.1)
SARNP (-6) RAMP1 (-4.8) HIST1H4D (-3.3) NR1D1 (-3.1)
Gm4956 (-5.8) Gm6358 (-4.6) Ms4a4b (-3.2) SLC38A10 (-3.1)
TNS2 (-5.7) Gm8541 (-4.4) PER2 (-3.1) HLF (-3)
Ms4a4b (-5.7) Gm13301 (-4.4) CUL2 (3) RSPH4A (-3)
CSGALNACT2 (-5.7) C330024D21Rik (-4.3) PPP1R16B (2.9) Sik1 (-2.9)
API5 (-5.6) CLEC1A (-4) CAPNS1 (2.9) P4HA2 (-2.9)
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respectively (Figure 6A). None of the pathways
were common to all material exposure. With the
exception of crocidolite, enrichment of “circadian
rhythm” pathway was found to be common to the
other three particle treatments (File S2). Pathways
associated with the immune system such as leuko-
cyte transendothelial migration, complement and
coagulation cascades and toll-like receptor signaling
as well as stress and injury including cytokine-cyto-
kine receptor interactions and ECM-receptor inter-
actions, were uniquely represented by up-regulated
genes upon tremolite asbestos administration. Most
importantly, several pathways related to cancer
including pathways in cancer and non-small cell
lung cancer, signal transduction pathways such as
vascular endothelial growth factor (VEGF), and
cellular processes such as apoptosis, adherens junc-
tion and tight-junction signaling were uniquely
enriched by down-regulated genes upon crocidolite
exposure. The “transcriptional misregulation in
cancer” pathway was commonly enriched upon
treatment with either crocidolite or erionite.

IPA core analysis of DEG at 7 days exposure
to crocidolite, tremolite asbestos, erionite or
wollastonite in mouse lungs predicted the
involvement of a total of 51, 55, 28, and 32
enriched canonical pathways, respectively
(Figure 6B) and are presented in File S3. The
top canonical pathways associated with DEG on
day 7 post-treatment with erionite, crocidolite,
tremolite asbestos and wollastonite included
adipogenesis pathway, epithelial adherens junc-
tion signaling, LXR/RXR activation and circa-
dian rhythm signaling, respectively. While
altered inflammatory pathways such as acute
phase response signaling, clathrin-mediated

endocytosis signaling, LXR/RXR and FXR/RXR
signaling were observed to be commonly
enriched at day 7 post exposure to tremolite
asbestos or wollastonite fibers, B-cell receptor
signaling and apoptosis signaling were com-
monly perturbed upon administration of croci-
dolite or erionite. The circadian rhythm
signaling pathway was predicted to be com-
monly perturbed among tremolite asbestos,
erionite and wollastonite exposures. In addi-
tion, phosphatase and tensin homolog (PTEN),
nuclear factor kappa-B (NF-kB) activation and
apoptosis signaling pathways were predicted to
be activated upon exposure to crocidolite.
Several pathways related to cellular processes
such as transforming growth factor-beta
(TGFb-), VEGF-, platelet derived growth factor
(PDGF-), interleukin 8 (IL8-) and chemokine
signaling were predicted to be down-regulated
in the lungs treated with crocidolite. A pre-
dicted activation of mostly canonical pathways
related to inflammation including acute phase
response, toll-like receptor, p38 mitogen acti-
vated protein kinase (p38 MAPK), NF-kB and
Interleukin 6 (IL6) signaling was found upon
administration of tremolite asbestos (File S3).
Similarly, exposure to wollastonite resulted in
the predicted activation of pathways related to
inflammation including acute phase response
signaling and oxidative stress such as produc-
tion of nitric oxide and reactive oxygen species
in macrophages. Importantly, the DEG that
participate in signaling pathways, including
apoptosis, circadian rhythm/entrainment and
disease pathways related to cancer/systemic
responses, were previously reported (Nymark

Figure 6. Enrichment analysis of pathways associated with dysregulated genes in the lungs of erionite, crocidolite, tremolite
asbestos and wollastonite exposed mice. Venn diagrams showing common and unique enriched (A) KEGG signaling pathways
and (B) canonical pathways from IPA.
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et al. 2007; Roe et al. 2009) to be activated upon
exposure to asbestos materials (File S2 & S3).

Gene signaling network analysis

The IPA top-ranked gene signaling networks (GSN)
were examined to identify potential networks and
mechanisms perturbed upon fiber exposures. The
top 10 gene networks predicted using IPA, along
with significance scores, with number of DEG
involved in each network, are listed as Supplemental
material, File S5. The top-ranked signalingnetworks at
7 days post-treatment was as follows: (1) crocidolite
was “Cell Death and Survival, Tissue Morphology,
Hematological System Development and Function”
(score: 35); (2) tremolite asbestos was “Cellular
Movement, Immune Cell Trafficking, Cellular
Function and Maintenance” (score:51); (3) erionite
was “Cellular Development, Cellular Growth and
Proliferation, Hematological System Development
and Function” (score:20) and (4) wollastonite was
“Hematological System Development and Function,
Tissue Morphology, Cell-To-Cell Signaling and
Interaction” (score: 21). In the case of crocidolite, in
addition to the top GSN, the second and third most
significant GSN also displayed similar scores. The
molecules in the top rankedGSNwere predominantly
involved in “molecular mechanisms of cancer” and
“IL-8/VEGF/NF-kB/P53” signaling in the case of cro-
cidolite exposure. For tremolite asbestos it was “gran-
ulocyte/agranulocyte adhesion and diapedesis”,
“Rheumatoid Arthritis signaling”, “P38 MAPK

signaling” and “communication of innate and adap-
tive immune cells”; In the case of erionite it was “
glucocorticoid receptor signaling” and “rheumatoid
arthritis signaling”. Finally for wollastonite it was in
the “production of nitric oxide and reactive oxygen
species in macrophages” and “IL-12 signaling and
production in macropahges” (File S5, Charts).
Overall, these results suggest significant differences
in biological responses exerted by different asbestos/
asbestiform fibers, involving unique cellular regula-
tory processes. This is further supported by the hub
genes in the top-ranked GSN and genes that are
unique to each exposure (File S5,Highlighted in bold).

Histological alterations

The lungs were stained with hematoxylin and eosin
(H&E) and trichrome and quantitatively assessed for
histopathologic abnormalities, including abnormal-
ities of the parenchymal architecture (bronchioles,
alveoli, pleura, and vasculature), abnormal inflam-
matory infiltrates, presence or absence of acute lung
injury, and presence or absence of fibrosis.
Microscopic analysis of lungs from controls revealed
normal histology of conductive and respiratory air-
ways at 7 and 56 days (Figure 7; Table 3). Seven days
after exposure to erionite, sections reveal mild acute
peribronchial and parenchymal inflammatory infil-
trate, composed predominantly of neutrophils.
There was no significant bronchial hyperplasia or
endobronchial inflammation. Seven days after croci-
dolite or tremolite asbestos administration moderate

Figure 7. Pathological examination of lung tissue from C57BL6 mice at day 7 and 56 post exposure. The lung sections stained with
hematoxylin and eosin (H&E, x200), were used for histopathologic evaluations. The scale bar corresponds to 100 µm.
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acute and chronic endobronchial and peribronchial
inflammation and bronchial hyperplasia was
observed. Amoderate to severe parenchymal inflam-
mation with numerous epithelioid granulomata
along with mild perivascular chronic inflammation
was also detected but without evidence of fibrosis
(Figure 7). Fifty-six days after exposure to erionite,
mild chronic peribronchial and perivascular inflam-
mation were noted along with mild to moderate
parenchymal lymphocytic infiltration and fibrosis.
No granulomata were detected (Figure 7, 56 day).
Fifty-six days after administration of crocidolite or
tremolite asbestos microscopy revealed mild chronic
endobronchial inflammation and epithelial hyper-
plasia. Exposure to crocidolite induced severe peri-
bronchial, perivascular and parenchymal
inflammation with numerous epithelioid granulo-
mata. There was also moderate to severe peribron-
chial and perivascular fibrosis. (Figure 7). Similar
pattern of inflammation and fibrosis was seen in
tremolite asbestos group, but alterations were less
prominent (moderate) (Figure 7). Exposure to wol-
lastonite did not induce detectable inflammation,
hyperplasia or fibrosis at day 7. (Figure 7). At
56 days, there were no significant peribronchial or
parenchymal inflammation, but in some cases there
was mild perivascular inflammation and fibrosis.
Overall, the severity of the histological alterations
found in this study was in the order: crocidolite ≥
tremolite asbestos > erionite > wollastonite (Table 3).

Discussion

In the present study, global gene expression pro-
files and pulmonary toxicity were evaluated in
mice at day 7 post pharyngeal aspiration exposure
to 3 types of asbestos and/or asbestiform fibers
erionite, crocidolite, tremolite asbestos and a low
pathogenecity mineral fiber, wollastonite. Changes
in pulmonary gene expression profiles upon var-
ious asbestos/asbestiform fiber treatment were
identified and compared with each other.
Further, the identified genes and pathways per-
turbed upon fiber administration were consistent
with the corresponding pulmonary pathological
and biochemical outcomes.

Biological responses to airborne particulates are
orchestrated by release of a number of inflamma-
tory mediators. It was found that majority of

cytokines/chemokines including IL-4, IL-5, IL-
12p40, KC, and MIP-1α were up-regulated upon
aspiration exposure to all three pathogenic materi-
als—crocidolite, tremolite asbestos, and erionite
fibers (Figure 4B). Increased release of cytokines/
chemokines is consistent with the recruitment of
phagocytic cells including eosinophils, neutrophils,
and monocytes/macrophages (Figure 2). While
accumulation of IL-6, G-CSF, MIP1-β and MCP-
1 were common to tremolite asbestos and croci-
dolite exposure, up-regulation of Rantes was seen
only after treatment with erionite fibers (Figure 4).
The marked rise in IL-1α and IL-1β upon croci-
dolite and MCP-1 upon crocidolite and tremolite
asbestos treatment is further supported by an
increased accumulation of macrophages, and
PMN, key producers of pro-inflammatory cyto-
kines (Figure 2). The overexpression of IL-5 is
compatible with elevated number of eosinophils
and an important role of this cytokine is in eosi-
nophil growth and differentiation (Clutterbuck,
Hirst, and Sanderson 1989; Zabeau et al. 2003).
Similarly, the overall increased IL-5 levels at day 7
post exposure to crocidolite (Figure 2) are in
agreement with elevated general accumulation of
eosinophils, compared to other fiber exposures
(Figure 4;Table S2). Moreover, Rantes, a chemo-
kine upregulated only upon erionite exposure, is
known to be overexpressed in many cancers and
plays important roles in proliferation, invasion of
cancer cells, and angiogenesis (Aldinucci and
Colombatti 2014). Further, enhanced expression
of this gene in malignant mesothelioma (MM)
cells in vitro as well as its secretion in pleural
fluid of MM tumor-bearing mice was reported
previously (Hillegass et al. 2010; Shukla et al.
2013). This may account for the observed
increased incidence of MM in humans and mice
exposed to erionite (Carbone et al. 2011; Carbone
and Yang 2012; Wagner et al. 1985). Taken
together, data suggest that inflammatory and cyto-
kine responses might precede and be critical for
development of the carcinogenic outcomes such as
MM or lung cancer observed upon exposure to
different asbestos/asbestostiform fibers. These
findings also suggest that erionite mineral fibers,
regardless of having the same shape and size as
amphibole asbestos fibers, may induce differing
biological responses.
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Significant differences in the magnitude of var-
ious pathological alterations were observed upon
exposure to various asbestos/asbestiform fibers.
Administration of wollastonite induced signifi-
cantly less inflammation and fibrosis in lungs
compared to erionite, crocidolite or tremolite
asbestos (Figure 6 and S3). Previous studies
reported that fiber length and higher aspect ratio
might correlate directly with fibrosis severity of
different amphibole asbestos materials (Boulanger
et al. 2014; Cyphert et al. 2012). Thus a low bio-
logical response to wollastonite, possessing the
smallest aspect ratio compared to other materials
investigated, is not entirely unexpected and con-
sistent with previous observations (Cambelova and
Juck 1994 ; Governa et al. 1998). In contrast,
despite displaying similar fiber sizes as crocidolite
and tremolite asbestos, exposure to erionite also
induced consistently less pathological responses
with no granulomatous lesions in the lungs
(Figure 6 and S3). Epithelial cell injury, due to
increased reactive oxygen species (ROS) produc-
tion is generally regarded as a crucial step in the
onset of fibrotic pulmonary conditions (Aljandali
et al. 2001; Tatrai et al. 2005). Elevated numbers of
activated inflammatory cells with their potent
ROS-generating machinery may be the major con-
tributors to the production of injurious ROS.
Notably, transition metals, particularly iron (Fe),
may also play a catalytic role in redox-cycling
activity of ROS thus enhancing overall oxidative
damage (Fach et al. 2003; Ghio 2009). It has been
shown that both crocidolite and erionite exhibit
their toxicity, at least in part, through the forma-
tion of HO• radicals in Fenton reaction (Fach et al.
2003; Ghio et al. 2009; Goodglick and Kane 1986;
Mossman and Marsh 1989; Shatos et al. 1987). As
recent studies indicate that these fibers’ amorphi-
zation and dissolution rate in tissues are very slow
compared to chrysotile, requiring decades, not
days, this has been interpreted in a way, that Fe-
mediated potential toxicity may be relatively low
(Gualtieri et al. 2017; Pollastri et al. 2016). In our
study, the cytokines and other responses were
assessed 7 days post exposure, while several other
investigators only detected significant amounts of
Fe in mouse lungs after one month post-treatment
(Ghio et al. 2009; Pascolo et al. 2016; Trevisan
et al. 2016). However, Fe does not need to be

released in the free form to participate in the
redox cycling reactions. Thus, Fe-related redox
activity may contribute to alterations in redox-
environment and overall toxicity. Direct EPR
assessments of Fe-driven redox reactions may be
useful in specifying the role of this mechanism.
Alternatively, direct aspect ratio dependent
mechanical effects of the fibers are known to con-
tribute to the fibrous particles toxicity (Donaldson
et al. 1993; Pinkerton et al. 1990; Tatrai et al.
2005). Data suggest that, in addition to length,
fiber characteristics such as number, mineral com-
position, aspect ratio and/or other factors might be
responsible for decreased biological responses
upon erionite and/or wollastonite administration
noted in this study. It was observed that the total
number of fibers for erionite or wollastonite was
comparatively less to that of crocidolite or tremo-
lite asbestos materials (Figure 1). This possibility is
further supported by previous findings that
reported lower biological responses to erionite
than those to asbestos fibers when compared on
an equal mass basis (Brown, Davies, and Rood
1989; Palekar et al. 1987; Palekar, Most, and
Coffin 1988).

Biological interactions of asbestos materials
within body environment are able to switch cellu-
lar machinery through growth factors, inflamma-
tory mediators and other receptor ligands to up
and/or down regulate multiple signaling pathways
thus leading to abnormal growth of the exposed
cells (Churg 1996; Mossman and Churg 1998;
Ramos-Nino, Timblin, and Mossman 2002). In
this study, DEG in the top ranked GSN of IPA
analysis upon exposure to crocidolite and tremo-
lite asbestos fibers were associated with biological
functions involved in cellular movement, cell
death and survival, and cellular growth and pro-
liferation (File S5). The recruitment of inflamma-
tory cells (Quinlan et al. 1995; Rola-Pleszczynski,
Gouin, and Begin 1984) and development of
chronic inflammation is critical for cellular trans-
formation processes both benign and malignant
(Hillegass et al. 2010; Kamp, Shacter, and
Weitzman 2011). Increased inflammatory
responses and significant accumulation of macro-
phages and PMN was noted following crocidolite
or tremolite asbestos administration (Figure 2).
The enrichment analysis of DEG upon exposure
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to crocidolite or tremolite asbestos revealed “lung
cancer” and “pulmonary fibrosis” as the top two
datasets with similar disease gene expression pat-
terns (File S4). This is consistent with the inci-
dence of granulomatous lesions and increased
fibrosis observed upon exposure to amphibole
asbestos fibers (Boulanger et al. 2014; Gavett
et al. 2016). Enhanced expression of TH2 inflam-
matory cytokines in BAL fluid such as IL-4, IL-5,
IL-6, MIP1β, and MCP-1, known to play a key role
in fibrosis (Emad and Emad 2007; Gasse et al.
2007; Mastruzzo, Crimi, and Vancheri 2002;
Ogushi 1996; Wynn 2008; Zhang and Phan
1996), were found in mice treated with amphibole
asbestos fibers such as crocidolite or tremolite
(Figure 3). Moreover, elevated levels of IL-13, an
IL-4-like cytokine secreted by activated TH2 cells
(Zurawski and De Vries 1994), were detected only
in mice exposed to crocidolite fibers. In fact,
increased levels of both IL-4 and IL-13 are
known to play an important role in fibrotic dis-
eases (Doucet et al. 1998; Gharaee-Kermani et al.
2001; Zhu et al. 1999). This is consistent with
enhanced pulmonary fibrotic responses observed
in mice at day 56 post exposure to crocidolite
compared to other fibers (Figure 4; Table 3).

Another notable finding in this study was the
up-regulation of genes including CULA,
GABARAP and ALDH1A3 in the lungs exposed
to erionite with expression similar to “malignant
mesothelioma of pleura” (File S4), despite the lack
of severe fibrotic responses and no apparent gran-
uloma formation (Figure 7). Erionite mineral
fibers are known to trigger mesothelioma in
rodents and humans as well as possessing a higher
intrinsic transformation ability than other amphi-
bole asbestos fibers (Carbone et al. 2011; Carbone
and Yang 2012; Wagner et al. 1985). While the
biological responses as a consequence of exposure
to erionite are less pathogenic than crocidolite and
tremolite asbestos, several genes were found to be
uniquely regulated upon erionite administration.
Some of these genes were previously reported to
play key role in epithelial cancer including FGF2,
CAMKV, ALDH1A3, PPP1R3G, and PDK1), inva-
sion of epithelial tissue such as FGF2, TCF3, and
ALDH1A3 as well as cell death. Further, both
erionite and tremolite asbestos were reported to
induce TH17 responses and exert a role in

autoimmune diseases including rheumatoid arthri-
tis (Noonan et al. 2006; Pfau, Serve, and Noonan
2014). Consistent with this, the DEG in the top-
ranked GSN, upon treatment with erionite or tre-
molite asbestos were found to be involved in
“Rheumatoid Arthritis signaling” (File S5,
Erionite_Down_DEGs). While microarray analysis
indicated signaling pathways and mechanisms that
might suggest that erionite fibers exhibit the ability
to induce pathogenic/carcinogenic responses in
mice, histopathological sections did not show any
such manifestations. A possible explanation for the
lack of granulomatous lesions and decreased
pathological responses in mice exposed to erionite
may simply reflect that more time is needed for
development of pathology, thus requiring longer
duration studies. Another possibility might be that
the overall smaller lengths of erionite compared to
other amphiboles may have resulted in efficient
clearance from lungs (Figure 1; Table 1). This
observation is consistent with a recent study that
reported erionite fibers, because of their smaller
size, compared to crocidolite and other asbestos
fibers were successfully phagocytosed by cells
(Gandolfi et al. 2016). Frustrated phagocytosis of
long fibers (longer than ~15 μm in length (Poland
et al. 2008)) by macrophages is a determining
factor in initiating granuloma formation
(Donaldson et al. 2010; Searl et al. 1999).

Conclusions

In conclusion, a comprehensive assessment of
pulmonary responses was performed following
exposure to 4 types of asbestos/asbestiform
fibers. The results presented suggest that the
underlying mechanisms leading to asbestos/
asbestiform fiber-induced carcinogenic outcomes
may vary. Data demonstrated that both amphi-
bole asbestos and erionite mineral fibers elicited
tissue damage and increased inflammatory
responses; however, the extent of these responses
varied significantly depending upon the type of
fibrous material investigated. Specifically, of the
four different types of materials examined, cro-
cidolite followed by tremolite asbestos fibers, at
an equal mass concentration, were deemed more
pathologically active compared to other types.
Overall, data reported here provide insights into
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differing underlying mechanisms of non-carcino-
genic and carcinogenic outcomes after exposure
to amphibole asbestos versus asbestiform mineral
fibers (e.g., erionite). Further detailed mechanis-
tic long duration studies focusing on pulmonary
outcomes and those correcting for identical fiber
numbers and size distributions of various asbes-
tos/asbestiform fibers are warranted, as the per-
sistence of long fibers (>15 µm) and some of the
inflammatory signatures, found in this study,
indicate different chronic effects upon exposure
to erionite mineral and other amphibole asbestos
fibers. Such studies may also provide an oppor-
tunity to uncover the time dependent cellular
and molecular changes as well as biological
mechanisms associated with different asbestos/
asbestiform fiber-mediated carcinogenesis.
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