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Pulmonary toxicity and global gene expression changes in response to
sub-chronic inhalation exposure to crystalline silica in rats
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Toxicology and Molecular Biology Branch, Health Effects Laboratory Division, National Institute for Occupational Safety and Health (NIOSH),
Morgantown, WV, USA

ABSTRACT

Exposure to crystalline silica results in serious adverse health effects, most notably, silicosis. An
understanding of the mechanism(s) underlying silica-induced pulmonary toxicity is critical for the
intervention and/or prevention of its adverse health effects. Rats were exposed by inhalation to
crystalline silica at a concentration of 15 mg/m?, 6 hr/day, 5 days/week for 3, 6 or 12 weeks.
Pulmonary toxicity and global gene expression profiles were determined in lungs at the end of
each exposure period. Crystalline silica was visible in lungs of rats especially in the 12-week group.
Pulmonary toxicity, as evidenced by an increase in lactate dehydrogenase (LDH) activity and
albumin content and accumulation of macrophages and neutrophils in the bronchoalveolar
lavage (BAL), was seen in animals depending upon silica exposure duration. The most severe
histological changes, noted in the 12-week exposure group, consisted of chronic active inflamma-
tion, type Il pneumocyte hyperplasia, and fibrosis. Microarray analysis of lung gene expression
profiles detected significant differential expression of 38, 77, and 99 genes in rats exposed to silica
for 3-, 6-, or 12-weeks, respectively, compared to time-matched controls. Among the significantly
differentially expressed genes (SDEG), 32 genes were common in all exposure groups.
Bioinformatics analysis of the SDEG identified enrichment of functions, networks and canonical
pathways related to inflammation, cancer, oxidative stress, fibrosis, and tissue remodeling in
response to silica exposure. Collectively, these results provided insights into the molecular
mechanisms underlying pulmonary toxicity following sub-chronic inhalation exposure to crystal-
line silica in rats.
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Introduction concerns for the World Health Organization
(WHO), International Labor Organization (ILO),
Occupational Safety and Health Administration
(OSHA), and National Institute for Occupational
Safety and Health (NIOSH). Any occupation that
involves the movement of earth results in genera-
tion of dust containing crystalline silica.
Depending upon the type of activity and composi-
tion of dust, the amount of crystalline silica pre-

Silica is one of the most abundant minerals present
in the earth’s crust. Among the various forms of
silica, crystalline silica is the most important, from
a toxicological perspective. Crystalline silica interacts
with the biological systems to result in toxicity.
Crystalline silica exposure was found to result in
toxicity in in vitro cell culture systems (Sellamuthu
et al. 2011a) and in vivo animal models (Sellamuthu

et al. 2012, 2011b; Shi et al. 1998). In addition, a
definite relationship was established between expo-
sure to crystalline silica and adverse health effects
among workers (Cooper, Miller, and Germolec 2002;
Madl et al. 2008; Steenland and Goldsmith 1995).
Occupational exposure to crystalline silica and
resulting adverse health effects are the major

sent in dust varies. Occupations such as farm work
generate only limited amounts of crystalline silica
containing dust. On the other hand, occupations
such as construction, mining, sand blasting, dril-
ling, and hydraulic fracturing (fracking) generate
large quantities of dust potentially resulting in
exposure to substantial concentrations of
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crystalline silica among workers who are employed
in such occupations (Madl et al. 2008).

Crystalline silica is toxic and, therefore, occupa-
tional exposure to dust containing crystalline silica is
a major health threat for millions of workers. An
association between excessive exposure to crystalline
silica and diseases such as cancer (Gulumian et al.
2006; TARC 1997; Shi et al. 1998), autoimmune dis-
eases (Steenland and Goldsmith 1995), tuberculosis
(Rees and Murray 2007), and renal disease
(Vupputuri et al. 2012) was reported. Silicosis, a
potentially fatal and irreversible, but preventable
chronic obstructive pulmonary disease, is the most
consequential adverse health effect associated with
occupational exposure to crystalline silica (Hnizdo
and Vallyathan 2003). The single most effective strat-
egy to prevent silicosis is to avoid exposure to dust
containing silica. The NIOSH Recommended
Exposure Limit (REL) for crystalline silica is 50 pg/
m’ (NIOSH 2002). In order to adequately protect
workers from developing adverse health effects asso-
ciated with their occupational exposure to silica,
OSHA (2016) proposed to lower the Permissible
Exposure Limit (PEL) of respirable crystalline silica
to an 8-hr-time-weighted average in all industries
from 100 pg/m’ to 50 pg/m’. Workers in certain
occupations; however, are exposed to crystalline
silica at higher levels, reaching 100-fold higher com-
pared to the current PEL of 100 ug/m’ (Esswein et al.
2013). Exposures to excessive quantities of crystalline
silica may account for the death of over 100 workers/
year in the US (Mazurek et al. 2015) and thousands
of new cases being reported worldwide (Leung, Yu,
and Chen 2012).

Besides avoiding exposure to dust containing
excess crystalline silica, detection of silica exposure,
even prior to the appearance of the earliest clinically
detectable symptoms of the disease, is critical for its
prevention. By employing a rat inhalation exposure/
toxicity model, Sellamuthu et al. (2011b) previously
demonstrated that application of blood gene expres-
sion profiling was a highly sensitive surrogate
approach to detect early pulmonary toxicity asso-
ciated with crystalline silica exposure. A blood gene
expression signature consisting of seven genes was
able to distinguish silica exposed from air-exposed
control rats. In addition to early detection, a com-
prehensive understanding of the mechanism(s)
underlying development of silicosis has important

implications in prevention as well as management of
this disease. Global gene expression profiling by
employing microarray, or newer sequencing plat-
forms, and bioinformatic analysis of gene expression
data were noted to show great promise in determin-
ing the molecular mechanisms underlying the toxi-
city associated with exposure to toxic agents (Guo
et al. 2012; Huang 2013; Klaper et al. 2014;
Sellamuthu et al. 2012, 2013). Currently, by employ-
ing a rat inhalation exposure model for silica-
induced sub-chronic pulmonary toxicity, the aim of
this study was to investigate the molecular mechan-
isms underlying lung damage.

Materials and methods

Silica aerosol generation and rat inhalation
exposure system

Min-U-Sil 5 silica obtained from US Silica (Berkley
Springs, WV) was used to generate an aerosol for rat
inhalation exposures. The silica aerosol generation
and whole body rat inhalation exposure system were
designed and fabricated in the Health Effects
Laboratory Division, NIOSH (Morgantown, WV)
and details were described previously (McKinney,
Chen, and Frazer 2009). A Venturi dispenser
installed downstream of the aerosol generator facili-
tated dispersion of silica agglomerates to respirable
particles of smaller, respirable size (Figure 1A). The
mass median diameter of the silica particles
employed in inhalation exposure was 1.6 um with a
geometric standard deviation of 1.6 (Figure 1B)
which is within the respirable range recommended
for rats. The alveolar deposition of silica was esti-
mated as described previously (Chen et al. 2012),
utilizing concentration of particles in the chamber,
exposure period, minute volume for rats, and size
distribution of silica particles. The aerosol generation
and rat inhalation exposure system was fully auto-
mated with a computer controlling aerosol genera-
tion and delivery of uniformly dispersed airborne
silica particles in addition to temperature and
humidity within the exposure chamber.

Exposure of rats to crystalline silica aerosol

Approximately 3-months old, pathogen-free, male
Fischer 344 rats (CDF strain) weighing
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Figure 1. Characteristics of aerosol containing crystalline silica particles generated for inhalation exposure of rats. A. Scanning
electron micrograph showing the sizes of crystalline silica particles generated with the Venturi de-agglomerator/dilutor in the
inhalation exposure system, and B. Mass size distribution of particles determined with a MOUDI impactor.

approximately 200 g were purchased from Charles
River Laboratories (Wilmington, MA) and used to
conduct the studies in our AAALAC International
accredited facility (NIOSH, Morgantown, WYV)
following an Institutional Animal Care and Use
Committee approved protocol. The rats, upon
arrival, were allowed to acclimate for approxi-
mately 10 days prior to utilization. Subsequently,
groups of rats (n = 8) were exposed to filtered air
or an aerosol containing crystalline silica at a con-
centration of 15 mg/m”, 6 hr/day, 5 days/week for
3, 6 or 12 weeks. During the entire exposure per-
iod, the target levels of temperature (22.2-25.6°C),
humidity (40-60%), and silica concentration
(151 mg/m3 ) were monitored and maintained.
Throughout the experiment, animals were main-
tained on a 12-hr light-dark cycle with food and
tap water provided ad libitum except during the 6-
hr silica treatment.

Pulmonary toxicity parameter determination

Approximately 16 hr following conclusion of 3, 6,
or 12 weeks exposure to air or silica, rats were
injected intraperitoneally (ip)with a lethal dose of
sodium pentobarbital (>100 mg/kg body weight),
(Fort Dodge Animal Health, Fort Dodge, IA).
Blood drawn directly from the abdominal aorta
was transferred to Vacutainer tubes (Becton-
Dickinson, Franklin Lakes, NJ) containing EDTA
as an anticoagulant and further processed to deter-
mine hematological parameters as described
below. After exsanguination, right lungs were
clamped off and bronchoalveolar lavage (BAL)

was performed on the left lung as previously
described (Antonini and Roberts 2007). Cellular
and acellular fractions of BAL fluid (BALF) col-
lected from the left lung were used for further
biochemical analysis of lung injury and inflamma-
tion. The diaphragmatic and cardiac lobes of right
lung were inflated and preserved in 10% neutral-
buffered formalin for histopathological analysis of
injury, while the apical lobe was cut into pieces
and stored in RNAlater (Invitrogen, Carlsbad, CA)
for utilization in gene expression studies as
described below.

Biochemical analysis of pulmonary toxicity and
inflammation

Lactate dehydrogenase (LDH) activity, a general
indicator of pulmonary toxicity, and albumin con-
tent, an indicator of alveolar epithelial integrity,
were determined in the acellular fraction of BALF
using a COBAS MIRA autoanalyzer (Roche
Diagnostic Systems, Mont Clair, NJ) as described
previously (Antonini and Roberts 2007; Porter
et al. 2001). The cellular fraction of BALF was re-
suspended in 1 ml phosphate buffered saline and
total number of cells and alveolar macrophages
(AM) determined using a Coulter Multisizer II
and Accu Comp software (Coulter Electronics,
Hialeah, FL). BALF cells were deposited onto a
microscope slide using a Cytospin 3 centrifuge
(Shandon Life Sciences International, Cheshire,
UK) and stained with a Leukostat stain (Fisher
Scientific, Pittsburgh, PA) to differentiate cells.
Two hundred cells were counted per rat, and
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alveolar macrophage (AM) and polymorphonuc-
lear leukocyte (PMN) % multiplied back across the
total cell count to obtain total AM and PMN
counts and differential PMN counts.

Hematology

By employing a flow cytometer method using anti-
bodies specific to rat blood cells (BD Pharmingen,
San Diego, CA), total and differential white blood
cell (WBC) counts of un-clotted blood samples
were determined. By forward and side scattering,
leukocytes were separated into three gates (lym-
phocytes, monocytes, and neutrophils). Data were
analyzed using a Flow]o software (Treestar, Costa
mesa, CA) after collecting 3500 counting beads.

Lung histology

The diaphragmatic and cardiac lobes of lungs pre-
served in 10% neutral buffered formalin were sub-
sequently embedded in paraffin, sectioned at a
thickness of 5 um and stained with hematoxylin
and eosin (H&E) or Mason’s trichrome stain. The
slides were assessed for histological changes (H&E
stain) or fibrosis (trichrome stain) by a board-
certified pathologist (Experimental Pathology
Laboratory, Inc., Sterling, VA). The lung sections
were scored on a 1-4 scale where 1 = minimal,
2 = mild, 3 = moderate, and 4 = severe. Lung
sections were also examined using a polarized
light microscope for the presence of birefringent
crystalline silica particles.

RNA isolation and determination of global gene
expression profile

Total RNA was isolated from a piece of the apical
lung lobe using RNeasy Fibrous Mini Kit (Qiagen
Inc., Valencia, CA) as described previously
(Sellamuthu et al. 2012). The fibrous kit facilitated
better homogenization and yield of RNA from the
lung tissue samples. The RNA samples were
digested with RNase-free DNase and further pur-
ified utilizing the RNeasy Kit (Qiagen Inc,
Valencia, CA). The integrity and purity of RNA
samples isolated from lungs were determined
employing an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA) and RNA was

quantitated by UV-Vis spectrophotometry. Only
RNA samples exhibiting an RNA Integrity
Number (RIN) >8.0 were used to determine global
gene expression profiles.

RatRef-12 V1.0 Expression BeadChip microar-
ray (Illumina, Inc, San Diego, CA), as described by
Sellamuthu et al. (2011b), was employed to deter-
mine global gene expression profiles of RNA sam-
ples purified from lung samples. All microarray
experiments were performed to comply with
Minimal Information About a Microarray
Experiment (MIAME) protocols (Brazma et al.
2001). Biotin-labeled cRNA was generated from
375 ng RNA per sample by employing the
[lumina TotalPrep RNA Amplification Kit
(Ambion, Inc, Austin, TX). Chip hybridizations,
washing, Cy3-streptavidin staining, and scanning
of chips on the BeadStation 500 platform
(Ilumina, Inc, San Diego, CA) were performed
following the protocols provided by Illumina, Inc.
Prior to loading samples into Beadstudio
(Framework version 3.0.19.0) Gene Expression
module v.3.0.14, the metrics files from the bead
scanner were checked to ensure that all samples
fluoresced at comparable levels. Housekeeping,
hybridization control, stringency and negative
control genes were checked for proper chip detec-
tion. BeadArray expression data were then
exported with mean fluorescent intensity across
like beads and bead variance estimates into flat
files for subsequent analysis.

[llumina BeadArray expression data was ana-
lyzed in Bioconductor using the ‘lumi’ and
‘limma’ packages. Bioconductor is a project for
analysis and comprehension of genomic data and
operates in R, a statistical computing environment
(Thaka and Gentleman 1996). The ‘Tumi’
Bioconductor package was specifically developed
to process Illumina microarrays and encompasses
data input, quality control, variance stabilization,
normalization, and gene annotation (Gentleman
et al. 2004). Normalized data were then analyzed
using the limma’ package in R. Briefly, limma fits
a linear model for each gene, generates group
means of expression, and calculates p-values and
log fold-changes which are converted to standard
fold changes. The raw p values were corrected for
false discovery rate (FDR) using the Benjamini and
Hochberg (1995) procedure. The differentially
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expressed genes identified using a rather stringent
selection filter (fold change in expression >1.5 and
FDR p value <0.05) were considered as signifi-
cantly differentially expressed genes (SDEG) and
used in the bioinformatic analysis.

Quantitative real-time PCR confirmation of
microarray data

Sixteen of the SDEG identified by microarray ana-
lysis in the silica exposed lung samples, compared
with corresponding controls, were randomly
selected for quantitative real-time PCR (QRT-
PCR) analysis to confirm differential expressions.
The nucleotide sequences of primers used in the
QRT-PCR analysis of the target genes and house-
keeping gene (PB-actin) are presented in
Supplementary Table 1. The QRT-PCR amplifica-
tion, detection of the amplified PCR products, and
their quantitation were conducted utilizing a 7900
HT Fast Real Time PCR machine and SYBR Green
PCR MasterMix (Applied Biosystems, Foster City,
CA). The specificity and integrity of the PCR pro-
ducts were determined by analyzing the dissocia-
tion curves of PCR amplified gene products.
Expression levels of target genes were normalized
using P-actin, the house-keeping gene, and fold
changes in expression in the silica exposed samples
compared with air exposed controls were calcu-
lated using the formula 2A(-(ACt_target gene -
ACt_housekeeping gene).

Bioinformatic analysis of gene expression data

The SDEG identified were used as input for sub-
sequent bioinformatics analysis using Ingenuity
Pathway Analysis (IPA, Ingenuity Systems, www.
ingenuity.com). IPA software is designed to map
the biological relationship of uploaded genes and

classify them into categories according to pub-
lished literature in the database. Fisher’s exact
test was conducted to calculate p-value to deter-
mine the significance of a particular biological
function or canonical pathway enriched by silica
exposure in the lungs (p < 0.05 was considered
statistically significant).

Statistical analysis of the data

Non-microarray data between silica exposed and
controls were compared using one-way ANOVA
test. Post hoc comparisons were conducted using
Fisher’s least significant difference (LSD) test. The
level of statistical significance was set at p < 0.05.

Results

Calculated pulmonary deposition of crystalline
silica in rats: Cumulative crystalline silica exposure
estimated for rats belonging to the 3-, 6-, and 12-
weeks groups was 1363 (mg/m’) x hr, 2676 (mg/
m®) x hr, and 5389 (mg/mS) x hr, respectively
(Table 1). Inhalation treatment with crystalline
silica, under the exposure conditions employed in
this study, resulted in lung deposition of inhaled
silica particles. This was evident from detection of
birefringent crystalline silica, observed only in
BALF cells and lungs of the silica exposed animals,
especially those treated for the longest exposure
duration of 12 weeks (Figure 2). Under polarized
light microscopy, these particles were not detected
in rats from the 3-week exposure group; and the
amount of crystalline silica found in lung sections
after 12-weeks was markedly higher compared to
6-weeks. The estimated amounts of crystalline
silica deposited in the pulmonary alveolar region
following 3-, 6-, or 12-weeks were 1.45 mg,
2.85 mg, and 5.74 mg, respectively (Table 1).

Table 1. Inhalation exposure and estimated alveolar deposition of crystalline silica in rats.

Mean Concentration Mean exposure/day

Total exposure

Total alveolar deposition Human equivalence

Group (mg/m?) (minutes) (mg/m?>)xhour (mg)* (years)**
3 Weeks 14.9 366 1363 1.45 13.4 (26.8)
6 Weeks 14.5 369 2676 2.85 26.3 (52.6)
12 Weeks 14.9 361 5389 5.74 53 (106)

*The following assumptions were used in calculating the total alveolar deposition: crystalline silica particle deposition efficiency for rat = 8.3% and
human = 11%; minute volume for rat = 0.21L and human = 20L; and alveolar epithelium surface area for rat = 0.40 m? and human = 102.2 m?
**The human equivalence is calculated using the current PEL (100 ug/m®) for crystalline silica. The numbers in the parenthesis represent those

calculated using the proposed PEL (50 pg/m?) for crystalline silica.
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Figure 2. Photomicrographs illustrating deposition of crystalline silica particles in rat lungs. Lung sections of rats exposed by
inhalation to either air (A) or crystalline silica particles (B) were prepared and stained with H&E as described in the materials and
methods section. The arrows show the presence of birefringent material representing crystalline silica detected by polarizing light

microscope in the lungs of the silica exposed rats. Magnification

These correspond to 26.8, 52.6, and 106 years of
human exposure calculated using the 8-hr time
weighted average (TWA) of 50 pg/m” for crystal-
line silica recommended by OSHA (2016).
Pulmonary toxicity in silica exposed rats: LDH
activity and albumin content in BALF following
silica treatment was significantly higher compared
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with time-matched controls (Figure 3 A and 3B)
suggesting induction of pulmonary toxicity.
Significant increases in numbers of BALF cells
including AM and PMN were observed in silica
exposed lung samples compared to corresponding
controls (Figure 3C and 3D). In addition, BALF
inflammatory cell accumulation correlated with
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Figure 3. BAL parameters of pulmonary toxicity in the rats. Rats were exposed to air or crystalline silica particles by inhalation and
the various BAL parameters of pulmonary toxicity, viz. LDH activity (A), albumin content (B), number of AM (C) and number of
infiltrating PMNs (D), were determined as described under materials and methods section. Values represent mean * S.E. (n = 8).

*significantly different from time-matched controls (p < 0.05). ND — Not determined.
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the amount of silica deposited in lungs.
Histological analysis of lung sections further sup-
ported silica-induced pulmonary toxicity in
exposed animals. None of the control groups of
rats exhibited apparent observable pulmonary
pathology and lesions. Similarly, no histopatholo-
gic changes were detected in any of rats in the 3-
week silica exposure group (data not presented).
Among the 8 silica exposed rats in the 6-week
group, 2 exhibited minimal inflammation consist-
ing of a few macrophages and neutrophils within
the alveolar space and septa (data not presented).
Minimal to mild pathologic changes were noted in
all eight rats after 12-week silica treatment
(Figure 4A and 4B). The inflammation found in
the lungs of these rats was characterized as
chronic-active and consisted of aggregates of
foamy macrophages, a few lymphocytes, and rare
degenerative neutrophils admixed with necrotic
epithelial cells. Occasionally in areas of inflamma-
tion the alveolar septa were lined by plump, cuboi-
dal  epithelial cells (type-I  pneumocyte
hyperplasia). The macrophages displayed abun-
dant, foamy to grainy cytoplasm which when
exposed to polarized light contained low amounts
of the birefringent material, crystalline silica
(Figure 2). In addition, the septa were expanded

by minimal quantities of fibrosis that was only
evident upon examination with Mason’s trichrome
stain (Figure 4C and 4D). In spite of the evidence
for silica- induced pulmonary toxicity, during the
entire course of the study, animals belonging to
each of the silica exposure groups (3-, 6-, and 12-
weeks) exhibited physical activity, food and water
consumption, and body weight gains comparable
to corresponding time-matched, air-only exposed
controls.

Hematological changes in silica exposed rats:
Compared with time-matched controls, the total
number of neutrophils detected in blood was sig-
nificantly higher in all three silica treated groups
(Figure 5A). The number of natural killer (NK)
cells present in blood of silica exposed, compared
with corresponding controls, was numerically
lower in all the three treatment groups which
reached  significance only at  12-weeks
(Figure 5B). No other hematological parameters
determined exhibited any significant change
related to silica exposure (data not shown). The
decline in the number of NK cells detected in the
blood samples of silica exposed rats, especially
those belonging to the 12-week exposure group,
is in agreement with a previous study that reported
a reduction in the number of NK cells in silicosis

Silica

Figure 4. Photomicrographs of lung sections of rats. Lung sections of control and silica exposed rats were prepared and stained with
H&E (A and B) or Mason’s trichrome stain (C and D) as described under materials and methods section. In Figure B, the arrows
indicate plump, alveolar macrophages with abundant, vacuolated cytoplasm and the arrowheads indicate plump, cuboidal type-II
pneumocytes that typically line up along the alveolar area. Areas of thickened alveolar septa representing fibrosis are shown by
arrows in the trichrome stained lung sections of the silica exposed rats (D). Magnification — 200X.
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Figure 5. Hematological parameters in the rats. Various hematological parameters in the control and silica exposed rats were
determined as described under the materials and methods section. Number of PMN (A) and NK cells (B) in the blood samples are

presented. Values represent mean + S.E. (n = 8).
*significantly different from time-matched controls (p < 0.05)

patients compared with matching controls (Subra
et al. 2001).

Gene expression changes in rat lungs in response
to crystalline silica exposure: Compared with cor-
responding controls, significant changes in global
gene expression profiles were detected in lungs of
all three groups of rats exposed to silica. The
number of pulmonary SDEG found (38, 77, and
99 in the 3-, 6-, and 12-weeks group, respectively)
corresponded to silica treatment dose and result-
ing tissue toxicity (Figure 6). The vast majority of
the SDEG were overexpressed in the lungs in
response to silica exposure. The expressions of 3,
13, and 34 genes were unique to 3-, 6-, and 12-
month exposure groups, respectively (Figure 7).
Among the SDEG detected, 32 genes were com-
mon in all three treatment groups (Table 2 and
Figure 7). The fold changes in expression of many
of the common SDEG were higher in the 6 and
12 weeks exposure groups compared with the
3 weeks animals (Table 2). The top 20 SDEG,
expression fold changes, and FDR p values in
each silica exposure group, compared to time-
matched controls, is presented in Tables 3-5 and
a complete list of the SDEG provided in
Supplementary Table 2-4.

The gene expression alterations detected by
microarray analysis were confirmed by results of
QRT- PCR (Figure 8). In general, changes in gene
expression for the SDEG were higher when deter-
mined by QRT-PCR compared to microarray.
Similar observations were reported previously by
Sellamuthu et al. (2011a), and this is attributed to
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Figure 6. Number of significantly differentially expressed genes
(SDEG) in the lungs of the silica exposed rats. Global gene
expression profiles in the RNA samples isolated from the control
and silica exposed rat lungs were determined by microarray
analysis as described under materials and methods section.
Number of SDEG (total, up-regulated and down-regulated) in
the silica exposed rat lungs, compared with the corresponding
time-matched controls, are presented. Values represent mean
of 6 rats per group.

greater sensitivity and dynamic range offered by
QRT-PCR platform, compared with the microar-
ray platform, in detecting gene expression. The
QRT-PCR results, in agreement with microarray
data, further confirmed the correlation between
total amount of silica deposited in lungs, resulting
pulmonary toxicity, and alterations in gene
expression.

Bioinformatic analysis of SDEG: Bioinformatic
analysis of SDEG identified several biological func-
tion and canonical pathway categories that were
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Figure 7. Venn diagram of significantly differentially expressed
genes (SDEG) detected in the silica exposed rat lungs. The total
number of SDEG detected in the lungs of the silica exposed rat
lungs compared with the time-matched controls was deter-
mined by microarray analysis as descried under materials and
methods section and used as input to prepare the Venn dia-
gram. The number of SDGE unique to each of the exposure
groups and common among the exposure groups are
presented.

significantly enriched in response to crystalline silica
exposure. Cancer, cell death and survival, cell-to-cell
signaling and interaction, cellular growth and pro-
liferation, cell movement, free radical scavenging,
immune cell trafficking, inflammatory disease,
inflammatory response, organismal injury and
abnormalities, protein synthesis, and respiratory
disease were among the prominent biological func-
tion categories that were significantly enriched
(Figure 9). The canonical pathways that were sig-
nificantly enriched in response to silica exposure in
lungs included acute phase response signaling, agra-
nulocyte adhesion and diapedesis, complement sys-
tem, granulocyte adhesion and diapedesis, IL-10
signaling, and LXR/RXR activation (Figure 10).
Similar to various pulmonary toxicity parameters
determined, enrichment of each IPA biological
function and canonical pathway category in the
rats also corresponded to estimated amount of crys-
talline silica deposited in the rat lungs and resulting
pulmonary toxicity. A molecular network consisting
of 18 genes that were significantly different in all
three groups of silica exposed rats, compared with
time-matched controls, is presented in Figure 11.
The central molecules in the network, including
nuclear factor kappa B (NFkB), interleukin 1 (IL1),

Table 2. Fold changes in expressions of genes significantly
differentially expressed in the lung tissues of all three groups
of rats exposed by inhalation to crystalline silica.

Fold Changes in
Expressions

Gene Name (Gene Symbol) 3W 6W 12W
ATPase H+ Transporting VO Subunit D2 163 171 1.69
(ATP6VOD2)

B-cell leukemia/lymphoma 2 related protein 154 167 1.66
A1d (BCL2A1D)

Complement component 4 binding protein, 197 237 261
alpha (C4BPA)

Cd68 molecule (CD68) 163 176 1.64
Carcinoembryonic antigen-related cell 195 233 293
adhesion molecule 10 (CEACAM10)
Chitinase 3 like 1 (CHI3L1) 195 205 247
Carbohydrate sulfotransferase 1 (CHST1) 165 207 179
Claudin 10 (CLDN10_Predicted) 175 183 176
C-X-C motif chemokine ligand 1 (CXCL1) 197 405 280
Fetuin B (FETUB) 160 189 1.86
Haptoglobin (HP) 154 173 1.89
Immunoglobulin superfamily, member 7 167 219 204
(IGSF7)
Lipocalin 2 (LCN2) 285 416 4.26

Placenta expressed transcript 1 (LOC363060/ 153 167 163
Plet1)

Complement C3 (LOC497841/C3) 235 3.06 266

C2 calcium-dependent domain containing 4B 1.86 2.59 240
(LOC501015/C2cd4b)

Lymphocyte antigen 6B (LY6B) 189 242 174

Matrix metallopeptidase 12 (MMP12) 333 268 222

Metallothionein 1a (MT1A) 173 175 192

NADPH oxidase organizer 1 211 271 263
(NOXO1_Predicted)

Nuclear receptor subfamily 1, group D, —-3.23 -3.38 -3.17
member 1 (NR1D1)

PDZK1 interacting protein 1 (PDZK1IP1) 152 188 1.66

Platelet factor 4 (PF4) 170 203 171

Resistin like alpha (RETNLA) 246 260 4.39

CD177 antigen (RGD1562941_Predicted/ 466 630 5.18
CD177)

Ribonuclease A family member 9 (RNASE9) 184 249 224

Solute carrier family 13 member 2 (SLC13A2) 160 1.88 1.85
Solute carrier family 16 (monocarboxylic acid  1.50 1.66 1.59
transporters), member 11 (Predicted)
(SLC16A11_Predicted)
Solute carrier family 26 member 4 (SLC26A4) 3.62 6.07 5.68

Solute carrier family 7 member 7 (SLC7A7) 152 171 185
Superoxide dismutase 2, mitochondrial (SOD2) 1.60 2.07 2.24
Triggering receptor expressed on myeloid 157 185 164

cells 2 (TREM2_Predicted)

FDR p values for the SDEGs listed above can be found in
Supplementary Table 2-4.

vascular endothelial growth factor (VEGF), platelet
derived growth factor BB (PDGF BB), and low
density lipoprotein (LDL), with which the SDEG
interact, directly or indirectly, to form the network
are known to be involved in inflammation and/or
fibrosis - functions relevant to silica-induced pul-
monary toxicity (Castronova 2004; Fan et al. 2013;
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Table 3. Fold changes in expressions of the top 20 significantly
differentially expressed genes (SDEGS) in the lung tissues of rats
exposed by inhalation to crystalline silica for 3 weeks.

Table 5. Fold changes in expressions of the top 20 significantly
differentially expressed genes (SDEGs) in the lung tissues of rats
exposed by inhalation to crystalline silica for 12 weeks.

Fold Fold
Gene Name (Gene Symbol) Change Gene Name (Gene Symbol) Change
CD177 antigen (RGD1562941_Predicted/CD177) 4.66 Solute carrier family 26 member 4 (SLC26A4) 5.68
Solute carrier family 26 member 4 (SLC26A4) 3.62 CD177 antigen (Predicted) (RGD1562941_Predicted/ 5.18
Matrix metallopeptidase 12 (MMP12) 3.33 CD177)
Lipocalin 2 (LCN2) 2.85 Resistin like alpha (RETNLA) 439
Resistin like alpha (RETNLA) 2.46 Lipocalin 2 (LCN2) 4.26
Complement C3 (LOC497841/C3) 2.35 Secreted phosphoprotein 1 (SPP1) 3.51
NADPH oxidase organizer 1 (NOX01_Predicted) 2.11 Carcinoembryonic antigen-related cell adhesion 293
C-X-C motif chemokine ligand 1 (CXCL1) 1.97 molecule 10 (CEACAM10)
Complement component 4 binding protein, alpha 1.97 C-X-C motif chemokine ligand 1 (CXCL1) 2.80
(C4BPA) Complement C3 (LOC497841/C3) 2.66
Carcinoembryonic antigen-related cell adhesion 1.95 NADPH oxidase organizer 1 (Predicted) 2.63
molecule 10 (CEACAM10) (NOXO1_Predicted)
Chitinase 3 like 1 (CHI3L1) 1.95 Complement component 4 binding protein, alpha 2.61
Lymphocyte antigen 6B (LY6B) 1.89 (C4BPA)
C2 calcium-dependent domain containing 4B 1.86 Chitinase 3 like 1 (CHI3L1) 247
(LOC501015/C2cd4b) C2 calcium-dependent domain containing 4B 2.40
Ribonuclease A family member 9 (RNASE9) 1.84 (LOC501015/C2cd4b)
Claudin 10 (CLDN10_Predicted) 1.75 Ribonuclease A family member 9 (RNASE9) 2.24
Metallothionein 1a (MT1A) 1.73 Superoxide dismutase 2, mitochondrial (SOD2) 2.23
Platelet factor 4 (PF4) 1.70 Matrix metallopeptidase 12 (MMP12) 2.22
C-C motif chemokine ligand 20 (CCL20) 1.69 Immunoglobulin heavy chain 1a (Predicted) (IGH- 2.19
Immunoglobulin superfamily, member 7 (IGSF7) 1.67 1A_Predicted)
Carbohydrate sulfotransferase 1 (CHST1) 1.64 Immunoglobulin superfamily, member 7 (IGSF7) 2.04
FDR p values of the SDEGs listed above and a complete list of all SDEGs CX3-C mOt'f chen.woklr?e ligand 1 (CX3CL1) 2.03
detected in the rat lungs can be found in Supplementary Table 2. cC motlf_chgmokme ligand 2 (CCL2) 1.97
Metallothionein 1a (MT1A) 1.92

Table 4. Fold changes in expressions of the top 20 significantly
differentially expressed genes (SDEGS) in the lung tissues of rats
exposed by inhalation to crystalline silica for 6 weeks.

Fold

Gene Name (Gene Symbol) Change
CD177 antigen (RGD1562941_Predicted/CD177) 6.30
Solute carrier family 26 member 4 (SLC26A4) 6.07
Lipocalin 2 (LCN2) 4.16
C-X-C motif chemokine ligand 1 (CXCL1) 4.05
Complement C3 (LOC497841/C3) 3.06
C-X-C Motif Chemokine Ligand 5 (CXCL5) 2.88
NADPH oxidase organizer 1 (NOXO1_Predicted) 2.71
Matrix metallopeptidase 12 (MMP12) 2.68
Resistin like alpha (RETNLA) 2.60
C2 calcium-dependent domain containing 4B 2.59

(LOC501015/C2cd4b)
Ribonuclease A family member 9 (RNASE9) 249
Lymphocyte antigen 6B (LY6B) 242
Complement component 4 binding protein, alpha 237

(C4BPA)
Carcinoembryonic antigen-related cell adhesion 2.33

molecule 10 (CEACAM10)
Immunoglobulin superfamily, member 7 (IGSF7) 2.19
Carbohydrate sulfotransferase 1 (CHST1) 2,07
Superoxide dismutase 2, mitochondrial (SOD2) 2.07
Chitinase 3 like 1 (CHI3L1) 2.05
Platelet factor 4 (PF4) 2.03
Fetuin B (FETUB) 1.89

FDR p values of the SDEGs listed above and a complete list of all SDEGs
detected in the rat lungs can be found in Supplementary Table 3.

FDR p values of the SDEGs listed above and a complete list of all SDEGs
detected in the rat lungs can be found in Supplementary Table 4.

Min, Cho, and Kwon 2012; Shaik-Dasthagirisaheb
et al. 2013).

Discussion

Inhalation is the primary route for exposure to
dust containing crystalline silica and lungs repre-
sent the major target organ for the resulting toxi-
city and adverse health effects. Workers employed
in specific occupations such as mining, drilling,
sand blasting, construction, and hydraulic fractur-
ing are at an elevated risk for exposure to crystal-
line silica through dust inhalation. Recently,
Pavilonis and Mirer (2017) reported that workers,
especially drillers and dock builders, engaged in
the World Trade Center clean-up operations were
exposed to crystalline silica at levels significantly
higher than the OSHA PEL and NIOSH REL.
Similar excessive inhalation exposure to crystalline
silica was noted previously among workers
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Figure 8. Real-time quantitative PCR confirmation of microarray data. PCR amplification and quantitation of a set of 16 genes were
conducted as described under materials and methods section. PCR data represent the fold changes in the silica exposed rat lungs
compared with the time-matched control rats. For comparison, the fold changes in expressions of the genes as determined by

microarray analysis are also presented.

employed in hydraulic fracturing (Esswein et al.
2013). In the current study, the durations of inha-
lation exposures were adjusted to result in cumu-
lative alveolar deposition of silica particles in the
rat lungs that would correspond to exposure

Cancer [

among workers within the REL (3 weeks) or
higher (6 and 12 weeks).

Identification of the genes significantly differen-
tially expressed in response to exposure to toxic
agents and bioinformatic analysis of those genes

Cell death and survival 22222

Cell-to-cell signaling and Interaction [

Cellular growth and proliferation R R B S S N S N S

Cellular movement [ m———

Free radical scavenging £

Immune cell trafficking

Inflammatory di

Inflammatory response [
Organismal injury and abnormalities >
Protein synthesis 7277

Respiratory disease 7

m 12 Weeks
B6 Weeks
3 Weeks
0 20 40 60
Number of SDEGs

Figure 9. Enrichment of IPA biological functions in the lungs of the silica exposed rats. Ingenuity pathway analysis (IPA) software
was employed to conduct bioinformatic analysis of the lung gene expression data of the rats as described under materials and
methods section. A set of 12 IPA biological function categories significantly enriched in the lungs of the silica exposed rats,
compared with the time-matched controls, are presented. Data represent the mean of 6 rats per group.
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Figure 10. Enrichment of IPA canonical pathways in the lungs
of the silica exposed rats. Ingenuity pathway analysis (IPA)
software was employed to conduct bioinformatic analysis of
the lung gene expression data of the rats as described under
materials and methods section. A set of 6 IPA canonical path-
way categories significantly enriched in the lungs of the silica
exposed rats, compared with the time-matched controls, are
presented. Data represent the mean of 6 rats per group.

offer unique advantages in toxicity studies. It is
well established that gene expression changes exhi-
bit enhanced sensitivity to detect toxicity
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Figure 11. Enrichment of a molecular network in the silica
exposed rat lungs. For clarity, only 18 common SDEG detected
in the 3, 6, and 12 weeks of silica exposed rats and the
molecules with which they directly and indirectly interact are
shown in the network.

compared with traditional histological and bio-
chemical toxicity parameters (Heinloth et al.
2004; Umbright et al. 2010). This has enabled
development of gene expression signatures, espe-
cially in easily available surrogate biospecimens
such as blood, as sensitive biomarkers for detec-
tion of target organ toxicity (Bushel et al. 2007;
Lobenhofer et al., 2008; Sellamuthu et al. 2011b).
Similarly, bioinformatic analysis of gene expres-
sion data obtained from target organs and surro-
gate tissues provides insights into the mechanisms
underlying target organ toxicity (Lobenhoffer
et al., 2008; Sellamuthu et al. 2012, 2011b, 2013).

Crystalline silica particles, following inhalation,
are phagocytosed by AM for detoxification and
removal from lungs to prevent particle accumula-
tion and ensuing pulmonary and/or systemic toxi-
city. However, interaction between inhaled silica
particles and AM results in activation of macro-
phages. Activated macrophages release a variety of
mediators such as reactive oxygen species (ROS),
reactive nitrogen species (RNS), bioactive lipids,
proteases, inflammatory cytokines, and pro-fibro-
tic factors that play critical roles in pulmonary
toxicity (Laskin et al. 2011). The net result of
release of these mediators by AM in response to
the alveolar deposition of silica particles is induc-
tion of lung damage, inflammation, and fibrosis
culminating in silicosis or other adverse health
effects.

The interaction of inhaled silica particles with
AM and alveolar epithelium results in the genera-
tion of highly reactive molecules, including ROS,
which are known to play significant roles in the
pathology associated with silica exposure (Porter
et al. 2004). Results of bioinformatic analysis of the
SDEG detected in rat lungs, in addition to sup-
porting involvement of ROS in lung pathology,
provided an understanding of the molecular
mechanisms underlying the generation of ROS
potentially resulting in oxidative stress and pul-
monary toxicity in response to sub-chronic inhala-
tion exposure to silica. The SDEG detected in silica
treated rat lungs included both facilitators of ROS
generation and responders to the resulting oxida-
tive stress. The predicted transcript for NOXOI
gene that was significantly overexpressed in all
three silica groups codes the protein regulating
the gene, NOXI, responsible for generation of
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the highly reactive and, therefore, toxic superoxide
anion (Yamamoto et al. 2013). The superoxide
radical thus generated, under normal cellular con-
ditions, is dismutated to another ROS, H,O,, by
the catalytic activity of superoxide dismutases
(Winterbourn and Metodiewa 1999). SOD2, a
member of the superoxide dismutase family of
genes was significantly overexpressed in lungs of
all three treatment groups (Table 2).

The significant overexpression of NOXOI and
SOD2 genes in silica exposed rats suggested the
potential for generation of ROS to induce oxida-
tive stress and toxicity. This assumption is further
strengthened by the observation that several genes
known to be transcriptionally activated in
response to oxidative stress were significantly
overexpressed in lungs following silica treatment.
These included metallothionein 1A (MT1A)
(Chiaverini and De Ley 2010), heme oxygenase 1
(HMOX1) (Carosino et al. 2015; Joseph, He, and
Umbright 2008), haptoglobin (HP) (Belcher et al.
2016), secreted phosphoprotein 1 (SPP1) (Schunke
et al. 2013), lipocalin 2 (LCN2) (Alwahsh et al.
2014), and arginase 1 (ARGIl) (Ogino et al.
2011). All these genes belonged to the IPA biolo-
gical function category, free radical scavenging,
which was found significantly enriched in lungs
of all three silica exposed groups (Figure 9 and
Supplementary Table 5, 7, and 9).

Induction of inflammation plays a significant
role in silica-induced pulmonary toxicity and
adverse  health effects including silicosis
(Castranova 2004). A significant elevation in the
number of AM and PMN in the BAL as well as the
lung histological changes observed in silica treated
animals suggested induction of pulmonary inflam-
mation in agreement with previous reports (Porter
et al. 2004: Sellamuthu et al. 2011b). Results of
bioinformatic analysis of gene expression data
further supported silica-induced pulmonary
inflammation in the rats. Inflammatory response,
inflammatory disease, immune cell trafficking, and
cellular movement were among some of the top
ranked IPA biological functions that were signifi-
cantly enriched in pulmonary tissue of particle
treated rats (Figure 9 and Supplemental Table 5,
7,and 9). Similarly, a significant enrichment of the
IPA canonical pathways acute phase response sig-
naling (Shannahan et al. 2012), complement

system (McGeer, Klegeris, and McGeer 2005),
granulocyte and agranulocyte adhesion and dia-
pedesis (Thomas et al. 2004), IL-10 signaling
(Liao et al. 2016), and LXR/RXR activation
(Archer et al. 2013; Ning et al. 2013) (Figure 10
and Supplementary Tables 6, 8, and 10) further
supported involvement of inflammation in pul-
monary toxicity mediated by silica.

The signaling molecules released by AM in
response to their activation by inhaled silica parti-
cles include those that mediate an inflammatory
response in lungs. Endogenous danger signals or
alarmins are one such class of molecules released
by activated AM that play a significant role in
inflammation (Cantin et al. 1992; Eklund et al.
1991). The transcript for SIO0AS, an alarmin, was
significantly overexpressed in pulmonary tissue of
silica inhaled rats (Supplementary Tables 3 and 4).
Innate immune receptors such as pattern recogni-
tion receptors (PRRs) are down-stream targets for
S100A8 (Chen and Nunez 2010) resulting in an
inflammatory response, similar to that noted in
lungs following silica treatment. Many of the
inflammatory molecules released by activated AM
are chemotactic in nature and might facilitate
recruitment of pro-inflammatory cells into the
lungs, the site of silica deposition. The two major
classes of inflammatory chemokines are the C-C
and C-X-C motif chemokines. Several members of
the C-C and C-X-C motif chemokines, such as
CCI2, CXCL2, CXCL9, CXCL11, CXCLISe,
CXCL17 and CX3CLI1 were significantly overex-
pressed in pulmonary tissue of rats in response
to sub-chronic inhalation exposure to silica
(Supplementary Table 2-4). Platelet Factor 4
(PF4), another significantly overexpressed chemo-
kine in lungs of silica treated rodents is a potent
chemoattractant for neutrophils, monocytes and
fibroblasts (Lasagni et al. 2003). Shi et al. (2013)
demonstrated involvement of PF4 in the phenoty-
pic changes in response to tissue injury including
generation of inflammatory molecules. Similarly,
the SLC26A4 gene whose transcript was highly
overexpressed in all three silica groups (Table 2)
is known to activate the C-X-C family of cytokines
to facilitate neutrophil infiltration into lungs
resulting in pulmonary inflammation (Nakao
et al. 2008). The significant increase in number
of AM and PMN detected in the BALF following
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the silica treatment demonstrated the chemotactic
response noted in the lungs of the rats in response
to inhalation exposure (Figure 3). The significant
accumulation of inflammatory cells in lungs and
subsequent release of excess amounts of inflam-
matory mediators, such as cytokines, along with
other toxic mediators such as ROS and RNS gen-
erated in response to crystalline silica exposure are
key events that contributed to the ensuing pul-
monary toxicity found in rats.

Silicosis, a serious adverse health effect resulting
from excessive exposure to crystalline silica, is an
obstructive pulmonary disease characterized by
lung fibrosis. Pulmonary fibrosis, characteristic of
silicosis, is a complex process resulting from excess
deposition of collagen-rich extracellular matrix
(ECM). Thickening of the lung epithelial septum
in silica exposed rats as well as positive staining to
Masson’s trichrome stain suggested induction of
fibrosis in pulmonary tissue (Figure 4). Significant
changes in the expression of several genes that are
known/likely to be involved in fibrosis were found
in lungs of silica exposed rats. Matrix metallopro-
teinases (MMP) are a family of proteins that play
critical roles in cell migration, leukocyte activation,
tibroblast activation, collagen production, and che-
mokine processing - cellular processes related to
fibrosis (Kang et al. 2007; Manicone and McGuire
2008; Parks, Wilson, and Lopez-Boado 2004).
MMPI12, a prominent pro-fibrotic member of the
MMP family of genes (Kang et al. 2007; Madala
et al. 2010; Matute-Bello et al. 2007), was highly
overexpressed in lungs of all three silica treated
groups (Table 2). The gene CHI3L1 codes the
chitinase-3-like protein 1 whose overexpression
in serum is considered a biomarker for pulmonary
fibrosis (Furuhashi et al. 2010). By employing a
transgenic mouse model, Kang et al. (2007)
demonstrated that IL-18-induced pulmonary
fibrosis is mediated via CHI3L1. RETNLAI,
whose expression was significantly higher in trea-
ted lungs (Table 3) has multiple cellular functions
including mitogenesis, angiogenesis and vascular
remodeling (Angelini et al. 2009; Teng et al. 2003;
Yamaji-Kegan et al. 2006). RETNLAI stimulates
type 1 collagen and a-smooth muscle actin expres-
sion in lung fibroblasts indicative of myofibroblast
differentiation, a key feature in lung fibrosis (Xu
et al. 2012). RETNLAI is also induced in

bleomycin-induced pulmonary fibrosis (Liu et al.
2014). Osteopontin, a glycoprotein encoded by the
SPP1 gene is often considered a biomarker for
pulmonary inflammation and/or fibrosis (Pardo
et al. 2005). Compared to controls, SPP1, involved
in extracellular matrix remodeling (O’Regan
2003), was highly overexpressed in the lungs of
all three groups of silica exposed rats (Table 2).
A significant overexpression of SPPI, as noted in
the present study, was reported under conditions
of asbestos-induced lung fibrosis (Sabo-Attwood
et al.,, 2011). The overexpression of all these pul-
monary genes (Table 2) and results of histological
analysis showing fibrosis in the same lung samples
(Figure 4) suggest involvement of these genes in
the pulmonary fibrotic changes detected following
sub-chronic inhalation exposure to crystalline
silica.

The International Agency for Research on
Cancer (IARC) has classified crystalline silica a
2A human carcinogen since there is sufficient evi-
dence for its carcinogenicity in experimental ani-
mals and in humans (IARC 1997). Even though
the carcinogenic aspect of crystalline silica was not
currently investigated, data obtained in the present
study supported previous findings that crystalline
silica is a carcinogen (IARC 1997). Bioinformatic
analysis of SDEG detected in lungs of silica
exposed rats identified the IPA category, cancer,
as one of the most significantly enriched biological
function categories (Figure 9). The silica-induced
oxidative stress may result in oxidative damage to
DNA with potential to result in cancer
(Kurfurstova et al. 2016; Peluso et al. 2015; Shi
et al. 1998). A significant relationship is known
to exist between inflammation and cancer
(Todoric, Antonucci, and Karin 2016). Silicosis is
mainly an inflammatory disease (Pollard 2016).
Therefore, any of the mechanisms underlying
silica-induced inflammation may be expected to
contribute indirectly to the carcinogenic potential
of crystalline silica.

Gene expression changes in response to expo-
sure to a toxic agent, whether overexpression or
down-regulation in expression, should not always
be considered as an event leading to toxicity.
Alternatively, gene expression changes may repre-
sent an adaptive response to detoxify the toxic
agent to protect the biological system against
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potential toxicity. Silica exposure is known to
induce hemolysis (Pavan et al. 2014) which might
result in the generation of free hemoglobin (Hb)
(Olsson et al. 2012). Free Hb is a pro-oxidant and,
therefore, needs to be detoxified to prevent its
cellular accumulation potentially resulting in toxi-
city. The binding of Hb with haptoglobin (HP),
catalyzed by heme oxygenase (HMOX), is an
essential step involved in Hb detoxification
(Alayash et al. 2013). In silica exposed rats, tran-
scripts for both HP and HMOX1 were significantly
overexpressed (Supplementary Table 2-4) and this
needs to be considered as an adaptive response by
rat lungs to avert Hb-mediated pulmonary toxi-
city. Similarly, the release of cytokines and result-
ing chemotaxis of AM and PMN is primarily an
adaptive response by rodents to detoxify and elim-
inate inhaled silica particles to prevent ensuing
pulmonary toxicity found in this study. However,
an uncontrolled or excessive release of chemokines
and ensuing pulmonary accumulation of inflam-
matory cells and release of toxic intermediates may
result in tissue injury. The observation that signif-
icant pulmonary toxicity, including fibrosis, was
observed in rats suggested that such adaptive
responses were overwhelmed following silica expo-
sure. This is further supported by the observation
that severity of silica-induced pulmonary toxicity
in rats corresponded to the amount of crystalline
silica that was estimated to be deposited in their
lungs following inhalation exposure.

Various studies as well as those reported pre-
viously from our lab (Sellamuthu et al. 2011a,
2012, 2011b, 2013, 2017) contributed to under-
standing molecular mechanisms underlying
silica-induced pulmonary toxicity. Previously, a
rat model was employed where inhalation expo-
sure to crystalline silica was conducted for one
week (15 mg/m®, 6 hr/day, 5 days/week) and
pulmonary toxicity and gene expression profiles
were determined at latency periods of 1-16 weeks
(Sellamuthu et al. 2013), 32 weeks (Sellamuthu
et al. 2011a), or 44 weeks (Sellamuthu et al.,
2017). In the current investigation rats were
exposed to the same concentration of silica, but
for longer durations (3-, 6-, or 12-weeks) such
that significantly higher cumulative exposure and
alveolar deposition of crystalline silica occurred.
Compared to the present study, where toxicity

and gene expression profile were determined
immediately following termination of inhalation
exposure, the severity of pulmonary toxicity as
well as number of SDEG and their expression
level changes were higher as opposed to when
the latency period following inhalation exposure
to silica was longer (Sellamuthu et al. 2012, 2013,
2017). These findings suggest that post-exposure
latency period, as expected from the progressive
nature of silicosis, may be more important than
the cumulative dose of silica exposure with
respect to severity of pulmonary toxicity. In
spite of these differences, a reliable similarity
was found between the two groups of silica
exposed rats (one-week exposure followed by
varying latency periods vs. sub-chronic exposure
of 3, 6, or 12 weeks with no latency periods) with
respect to the SDEG detected and biological func-
tions and canonical pathways that were signifi-
cantly enriched in their lungs.

A large number of SDEG were detected in
lungs of rats in response to inhalation exposure
to crystalline silica in this study as well as those
published previously from our lab (Sellamuthu
et al. 2011a, 2012, 2013, 2017). Bioinformatic
analysis of SDEG and interpretation of findings
suggested involvement of many of the SDEG
identified and pathways/networks mediated by
those genes in silica-induced pulmonary toxicity.
However, the precise role of any of the SDEG in
the silica-mediated pulmonary toxicity remains
to be determined. This will require future studies
involving transgenic models (in vitro cell culture
and/or in vivo animal models) for the individual
SDEG and investigating silica-induced pulmon-
ary toxicity in such models. In addition, phar-
macological agents capable of blocking the
function of the protein coded by the SDEG
may be helpful in such studies determining the
precise role of the SDEG in silica-induced pul-
monary toxicity.

Disclaimer

The findings and conclusions in this report are those of the
authors and do not necessarily represent the views of NIOSH.

The microarray data have been deposited in the Gene
Expression Omnibus Database, http://www.ncbi.nlm.nih.
gov/geo (accession number GSE49114).
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