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Blood gene expression profiling was investigated as a minimally
invasive surrogate approach to detect silica exposure and resulting
pulmonary toxicity. Rats were exposed by inhalation to crystalline
silica (15 mg/m?, 6 h/day, 5 days), and pulmonary damage and
blood gene expression profiles were determined after latency
periods (0-16 weeks). Silica exposure resulted in pulmonary
toxicity as evidenced by histological and biochemical changes in
the lungs. The number of significantly differentially expressed
genes in the blood, identified by microarray analysis, correlated
with the severity of silica-induced pulmonary toxicity. Functional
analysis of the differentially expressed genes identified activation
of inflammatory response as the major biological signal. Induction
of pulmonary inflammation, as suggested by the blood gene
expression data, was supported by significant increases in
the number of macrophages and infiltrating neutrophils as well
as the activity of pro-inflammatory chemokines observed in the
lungs of the silica-exposed rats. A gene expression signature
developed using the blood gene expression data predicted the
exposure of rats to lower, minimally toxic and nontoxic concen-
trations of silica. Taken together, our findings suggest the potential
application of peripheral blood gene expression profiling as
a minimally invasive surrogate approach to detect pulmonary
toxicity induced by silica in the rat. However, further research is
required to determine the potential application of our findings
specifically to monitor human exposure to silica and the resulting
pulmonary effects.
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Occupational exposure to respirable crystalline silica is
a major health threat to millions of workers in the United States
and elsewhere (Sanderson, 1986). Repeated exposure to
crystalline silica such as those taking place in sandblasting,
silica milling, surface mining, and tunneling is associated with
the development of autoimmune diseases, rheumatoid arthritis,

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

chronic renal diseases, lupus, and cancer (Parks ef al., 1999;
Steenland ef al., 2001). The major health effect of occupational
exposure to crystalline silica, however, is the development of
silicosis. Silicosis is an irreversible, but preventable, interstitial
lung disease characterized by alveolar proteinosis and diffuse
fibrosis, resulting in progressively restrictive lung function
(Castranova and Vallyathan, 2000). Currently, chest x-ray and
pulmonary function tests are employed to help detect silicosis.
Both of these techniques, unfortunately, depend on the clinical
manifestations of the disease and, therefore, may not predict or
detect silicosis subclinically. Because silicosis is an irreversible
and life-threatening pulmonary condition, from an intervention
or prevention standpoint, any exposure to crystalline silica
should be carefully monitored and documented. More
importantly, practical and sensitive techniques capable of
predicting the silicosis outcome well before the appearance of
clinical symptoms of the disease should be developed and
employed. In fact, the National Institute for Occupational
Safety and Health (NIOSH) has recommended developing
noninvasive or minimally invasive and sensitive techniques
capable of predicting or detecting silicosis subclinically
(NIOSH, 2002).

Traditionally, blood has been used as a surrogate tissue to
detect toxicity or disease conditions in target organs that are not
easily accessible for human experimental or epidemiological
studies or clinical evaluations. Global gene expression profiling
of peripheral blood has been employed successfully as
a surrogate diagnostic approach to detect disease conditions
affecting organs that are difficult to access (Glatt et al., 2005;
Scherzer et al., 2007). There has also been limited effort
recently to employ peripheral blood gene expression profiling
to detect target organ toxicity induced by exposure of animals
to toxic chemicals. The superior sensitivity of peripheral blood
gene expression profiling, compared with the traditional
biochemical, hematological, and histological toxicity markers,
to detect hepatotoxicity has been demonstrated in the rat
(Bushel et al., 2007). In a subsequent study, Lobenhofer et al.
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(2008) demonstrated the classification of histopathological
differences induced by hepatotoxic chemicals in the rat, likely
reflecting differences in mechanisms of cell-specific toxicity,
using blood transcriptomics data. Recently, we have reported
the superior sensitivity of blood gene expression markers,
compared with established biochemical markers of target organ
toxicity, to detect hepatotoxicity and neurotoxicity induced by
model chemicals in the rat (Umbright et al., 2010).

Whether peripheral blood gene expression profiling may be
used to detect and study pulmonary toxicity induced by toxic
agents, including silica, is not known. Therefore, in compliance
with the recommendation of NIOSH, we initiated a research
project to investigate whether peripheral blood gene expression
profiles may be employed as minimally invasive surrogate
biomarkers to detect subclinical silicosis. As a prelude to this
project, a proof-of-concept study was undertaken using rat as
the experimental model to determine whether silica exposure
and pulmonary damage induced by inhalation of crystalline
silica could be detected by peripheral blood gene expression
profiling. The results of our study demonstrated the potential
application of peripheral blood gene expression profiling as
a minimally invasive and efficient surrogate approach to detect
silica exposure and study pulmonary toxicity induced by silica.
In the future, this approach may lead to the development of
biomarkers for subclinical silicosis in humans.

MATERIALS AND METHODS

Exposure of Rats to Silica Aerosol

Approximately 3 months old, pathogen-free male Fisher 344 rats (CDF
strain) were purchased from Charles River Laboratories (Wilmington, MA) and
used in this study. The entire study was conducted in an Association for
Assessment and Accreditation of Laboratory Animal Care International—
approved animal facility (NIOSH, Morgantown, WV) following a protocol
approved by the Institutional Animal Care and Use Committee. The rats, upon
arrival, were allowed to acclimate to the animal facility for 10 days prior to their
use in the study. Silica aerosol for inhalation exposure of the rats was generated
from a bulk supply of Min-U-Sil 5 silica (U.S. Silica, Berkeley Springs, WV).
An automated computer-controlled exposure system was used to deliver precise
concentrations of uniformly dispersed airborne silica particles. The design of
the silica aerosol exposure system was based on a modified version of
a previously developed system (McKinney er al., 2009). Because the silica
powder is sticky and tends to form agglomerates, a Venturi disperser was
installed downstream of the generator to break up the agglomerates. A diagram
of the silica exposure system is shown in Supplementary figure 1. The mass
median aerodynamic diameter of the airborne silica particles within the
exposure chamber was 1.6 um with a geometric standard deviation of 1.6
(Supplementary fig. 2). This size distribution is within the respirable range
recommended for rats. For this study, target levels of temperature (22.2—
25.6°C), humidity (40%—60%), and silica concentration (15 + 1 mg/m3) in the
exposure chamber were monitored and controlled continuously by the exposure
system. Rats were exposed to crystalline silica at a concentration of 15 mg/m?,
6 h/day for five consecutive days. Rats exposed simultaneously to filtered air
served as the controls. Throughout the period of the experiment, the rats were
maintained on a 12-h light-dark schedule with free access to food and tap water
except during the 6-h silica exposure period. Eight rats each from the control
and silica-exposed groups were sacrificed at postexposure time intervals of 0, 1,

2,4, 8, and 16 weeks for the determination of pulmonary toxicity and blood
gene expression profile. Calculation of each of the postexposure time interval
started from 16 h following termination of silica exposure on the fifth day.

In a separate experiment, rats were exposed to air (controls) or lower
concentrations of silica (1 or 2 mg/m3, 6 h/day, 5 days) and sacrificed 16 h
following termination of the last day of silica exposure to determine pulmonary
toxicity and a blood gene expression profile. The 16-h postexposure time
interval selected to sacrifice these rats corresponded to the O-week postexposure
time interval of the rats, which were exposed to the higher silica concentration
(15 mg/m®, 6 h/day, 5 days).

Determination of Pulmonary Toxicity

At the above specified postexposure time intervals, the control and silica-
exposed rats were euthanized with an ip injection of > 100 mg sodium
pentobarbital/kg body weight (Fort Dodge Animal Health, Fort Dodge, IA).
Blood collected directly from the abdominal aorta was transferred to Vacutainer
tubes (Becton-Dickinson, Franklin Lakes, NJ) containing EDTA as anticoag-
ulant and further processed to determine a global gene expression profile and
hematological parameters as described in corresponding sections below.

The right lung of the control and silica-exposed rats were clamped off and
bronchoalveolar lavage (BAL) was performed in the left lung as previously
described (Antonini and Roberts, 2007). The cellular and acellular fractions of
the bronchoalveolar lavage fluid (BALF) collected from the left lung were used
for further biochemical analysis of lung injury. The lower lobe of the right lung
was inflated and preserved in 10% neutral-buffered formalin for histopatho-
logical analysis of lung injury.

Biochemical Parameters of Pulmonary Toxicity

Albumin and total protein contents, indices of alveolar epithelial integrity
and lactate dehydrogenase (LDH) activity, a general cytotoxicity indicator,
were determined in the acellular fraction of BALF obtained from the rats. The
measurements were performed with a COBRAS MIRA autoanalyzer (Roche
Diagnostic Systems, Mont Clair, NJ) as described previously (Antonini and
Roberts, 2007; Porter et al., 2001).

Determination of Silica-Induced Pulmonary Inflammation

Levels of inflammatory cytokines, monocyte chemotactic protein-1 (MCP-1),
and macrophage inflammatory protein-2 (MIP-2) were assayed in the acellular
fraction of BALF. Protein concentrations of the selected cytokines were
determined using ELISA kits (Invitrogen, Carlsbad, CA) and a Spectramax 250
plate spectrophotometer using Softmax Pro 2.6 software (Molecular Devices,
Sunnyvale, CA). The cellular fraction of BALF was resuspended in 1 ml of PBS
buffer, and the total number of cells (alveolar macrophages [AM] and
polymorphonuclear leukocytes [PMNs]) was determined using a Coulter
Multisizer II and Accu Comp software (Coulter Electronics, Hialeah, FL).
BAL cells (5 X 10% were spun onto microscopic slides using a Cytospin
3 centrifuge (Shandon Life Sciences International, Cheshire, UK) and stained
with a Leukostat stain (Fisher Scientific, Pittsburgh, PA) to differentiate AM and
PMN. Two hundred cells were counted per rat, and PMN percentages were
multiplied back across the total cell count to obtain total AM and PMN numbers.

Histopathology of Lungs

The diaphragmatic lobes of the right lung from the control and silica-
exposed rats were fixed in 10% neutral-buffered formaldehyde solution,
embedded in paraffin, sectioned at a thickness of 5 pm, and stained with
hematoxylin and eosin. The slides were examined by board-certified
pathologists (Experimental Pathology Laboratory, Inc., Sterling, VA) for
histological changes.

Hematology

The total and differential white blood cell counts of the blood samples
obtained from the control and silica-exposed rats were performed by the
previously described flow cytometer procedure (Erdely er al., 2011) using rat
antibodies purchased from BD PharMingen, (San Diego, CA). The leukocytes
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were separated by side scattering and forward scattering into three gates:
lymphocytes, monocytes, and neutrophils. After collecting 3500 counting
beads, the data were exported for further analysis using FlowJo software
(Treestar, Costa Mesa, CA).

Gene Expression Profiling of Blood Samples

Preparation of globin messenger RNA-depleted total RNA. Total RNA
was isolated from the blood samples using the Mouse Ribopure Blood Isolation
Kit (Ambion, Inc., Austin, TX) following the protocol provided by the kit
manufacturer. The total RNA isolated was digested with RNase-free DNase
(Qiagen, Inc., Valencia, CA) and further purified using RNeasy Mini Kit
(Qiagen, Inc.) following the recommendations of the supplier. Globin
messenger RNA (mRNA), present in abundance in the blood RNA samples,
was depleted using the Globinclea—Mouse/Rat Globin mRNA Removal Kit
(Ambion Inc.). The integrity of the globin-depleted RNA samples thus obtained
was determined using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA) and quantitated by UV spectrophotometry. Only RNA samples
exhibiting an RIN > 8.0 were used in gene expression analysis.

Microarray analysis of gene expression profile. The global gene
expression profile of the RNA samples purified from the blood samples of
the control and silica-exposed rats was determined using RatRef-12 V1.0
Expression BeadChip array (Illumina, Inc., San Diego, CA). All microarray
experiments were performed to comply with Minimal Information About
a Microarray Experiment protocols. Biotin-labeled complementary RNA was
generated from 375 ng globin mRNA-depleted RNA samples each by
employing the Illumina TotalPrep RNA Amplification Kit (Ambion, Inc.).
Chip hybridizations, washing, Cy3-streptavidin staining, and scanning of the
chips on the BeadStation 500 platform (Illumina, Inc.) were performed
following the protocols provided by the manufacturer.

Metrics files from the bead scanner were checked to ensure that all samples
fluoresced at comparable levels before samples were loaded into Beadstudio
(Framework version 3.0.19.0) Gene Expression module v.3.0.14. Housekeep-
ing, hybridization control, stringency, and negative control genes were checked
for proper chip detection. BeadArray expression data were then exported with
mean fluorescent intensity across like beads and bead variance estimates into
flat files for subsequent analysis.

Illumina BeadArray expression data were analyzed in Bioconductor using
the “lumi” and “limma” packages. Bioconductor is a project for the analysis
and comprehension of genomic data and operates in R, a statistical computing
environment (lhaka and Gentleman, 1996). The lumi Bioconductor package
was specifically developed to process Illumina microarrays and covers data
input, quality control, variance stabilization, normalization, and gene
annotation (Gentleman er al., 2004). Normalized data were then analyzed
using the limma package in R. In short, limma fits a linear model for each gene,
generates group means of expression, and calculates p values and log fold
changes that are converted to standard fold changes. The raw p values were
corrected for false discovery rate (FDR) using the Benjamini and Hochberg
procedure (Benjamini and Hochberg, 1995). Only genes with FDR p value <
0.05 compared with the controls were considered as significantly differentially
expressed and used as input for subsequent bioinformatic analysis using the
Ingenuity Pathway Analysis (IPA, Ingenuity Systems, www.ingenuity.com).
IPA software is designed to map the biological relationship of the uploaded
genes and classify them into categories according to published literature in the
database.

Blood gene expression markers to detect/predict silica exposure and
pulmonary toxicity. Whether a peripheral blood gene expression profile may
be employed to develop a predictive molecular signature to detect exposure of
rats to silica and the resulting pulmonary damage was investigated. The gene
expression data obtained from the control rats and those exposed to silica at
15 mg/m>, 6 h/day for 5 days (O-week postexposure group), were used as the
training set to develop the predictive signature. Application of a test filter
(alpha = 0.05) to the total number of genes detected on the chip using RNA
from the training set identified 1115 genes. Thirty-five genes were selected
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from this group of genes using a correlation-based feature subset selection
algorithm (Hall, 1999). A further reduction of the 35 gene signature was
performed by ranking using Relief methodology (Kira and Rendel, 1992;
Kononeko, 1994) and the top seven genes were selected as the predictor
signature genes. The predictor signature thus identified was tested by using
linear discriminant analysis (Duda, 2000) in the data obtained from a test set
of rats that were exposed to lower concentrations of silica (1 or 2 mg/m3 ,6h/
day, 5 days).

Statistical analysis of the data. Statistical significance of the data (LDH,
albumin, protein, PMNs, AMs, MIP-2, and MCP-1 in the BALF and
neutrophils in the blood samples) presented as mean + SE was analyzed by
Student’s “¢”-test (comparison was done between the silica-exposed and the
time-matched control group of rats). The level of statistical significance was set
at p < 0.05.

RESULTS

BALF Parameters of Pulmonary Toxicity

With the exception of the 2-week postexposure time interval,
the BALF parameters of pulmonary toxicity, viz, LDH activity
and total protein and albumin content, were significantly (p <
0.05) elevated in the silica-exposed (15 mg/m®, 6 h/day,
5 days) rats compared with the time-matched controls at all
postexposure time intervals analyzed (Figs. 1 A—C). In general,
the time course of these parameters following the 5 days of
silica exposure exhibited a biphasic or U-shaped response in
the rats.

Lung Histopathology

Histological changes in the rat lungs, indicative of silica-
induced pulmonary damage, exhibited a similar trend as that of
the BALF parameters of pulmonary toxicity (Fig. 2). Acute
inflammatory response, as evidenced from the accumulation of
PMNs around small- and medium-sized airways, was noticed
in all the silica-exposed rats at the 0-week postexposure time
interval (Fig. 2, left panel). No significant histological change,
indicating pulmonary toxicity, was noticed in the lungs of the
silica-exposed rats during the intermediate postexposure time
intervals of 1, 2, and 4 weeks. A further progression in
histological changes of the lungs was noticed during the late
postexposure time intervals of 8 and 16 weeks (Fig. 2, middle
and right panels). In addition to infiltration of PMNs, the lungs
of these rats exhibited a significant increase in the number of
AMs both in the alveolar space and alveolar septa. The
histological changes observed in the lungs of the silica-exposed
rats were more significant at 16 weeks and consisted mainly of
type II pneumocyte hyperplasia in addition to the infiltration of
PMNs and accumulation of AMs.

Hematology

Compared with the control rats, a statistically significant
(p < 0.05) increase was noticed in the percentage of neutrophils
in the silica-exposed rats at postexposure time intervals of 2, 4,
8, and 16 weeks (Fig. 3). All other hematological parameters
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FIG. 1. BALF parameters of pulmonary damage in control and silica-
exposed rats. Rats were exposed to silica (15 mg/m>, 6 h/day, 5 days) or air
(control). BALF parameters of pulmonary damage, viz, LDH (A), albumin (B),
and total protein (C) were determined at the indicated postexposure time
intervals. Values represent mean + SE of eight rats per group. *Statistically
significant (p < 0.05) compared with the time-matched control rats.

were comparable in the silica-exposed rats compared with the
time-matched control rats at all postexposure time intervals
analyzed (data not presented).

Blood Gene Expression Profile

Exposure of rats to silica resulted in significant differential
expression (FDR p < 0.05) of a large number of genes in the
blood of the rats at all postexposure time intervals analyzed.
The number of differentially expressed genes in the blood of
the silica-exposed rats at the various postexposure time

Silica

' 16 Weeks B

FIG. 2. Photomicrograph of the lung from control and silica-exposed rats.
Rats were exposed to silica (15 mg/m3, 6 h/day, 5 days) or air (control). Lung
sections prepared at the indicated postexposure time intervals were stained with
hematoxylin and eosin. Arrows indicate PMNs surrounding airways (left
panel), AMs in alveolar space (middle panel), and type II pneumocyte
hyperplasia (right panel). Magnification = X20.

0 Wéek. 5 8 Weel;é B

intervals followed the same U-shaped trend (Fig. 4) that was
noticed in the case of indicators of pulmonary toxicity (BALF
biochemical parameters and lung histology).

IPA analysis of the differentially expressed genes in the
blood of the silica-exposed rats compared with the control rats
identified several functional categories of genes such as
inflammatory response, inflammatory diseases, cancer, re-
spiratory diseases (lung damage), oxidative stress/free radical
scavenging, energy production, and organismal injury and
abnormalities (fibrosis) (Supplementary table 1). Activation of
an inflammatory response was the most prominent biological
signal identified in the blood of the silica-exposed rats.
A selected list of genes belonging to cellular functions such
as oxidative stress, inflammation, and fibrosis/tissue remodel-
ing and their differential expression at each postexposure time
interval is presented in Table 1, and the functional significance
of their differential expression with respect to the silica-
induced pulmonary damage is discussed in the “Discussion”
section.

45
OJAir M Silica

% Neutrophils in Blood

0 1 2 4 8 16
Post-exposure Time Intervals (Weeks)

FIG. 3. Percent neutrophils in the peripheral blood of control and silica-
exposed rats. Rats were exposed to silica (15 mg/m®, 6 h/day, 5 days) or air
(control). The number of neutrophils in the blood samples was determined at
the indicated postexposure time intervals. Values represent mean + SE of eight
rats per group. *Statistically significant (p < 0.05) compared with the time-
matched control rats.
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FIG. 4. Number of differentially expressed genes in the blood of the silica-
exposed rats. Rats were exposed to silica (15 mg/m®, 6 h/day, 5 days) or air
(control). Global gene expression profile was determined in rats by microarray
analysis, and the number of differentially expressed genes (FDR p value <
0.05) in the silica-exposed rats compared with the controls at the indicated
postexposure time intervals is presented. Values represent the mean of six rats

per group.

Inflammatory Response in the Silica-Exposed Rats

The number of PMNs and AMs in the BALF of the silica-
exposed rats was significantly (p < 0.05) higher than that of the
controls (Figs. 5A and 5B, respectively) at most of the
postexposure time intervals analyzed, suggesting the induction
of pulmonary inflammation in response to silica exposure in the
rats. The increase in the number of PMNs observed in the
silica-exposed rats at the various postexposure time intervals
followed the same U-shaped trend as those of the BALF
parameters of pulmonary damage, histological changes, and
differential blood gene expression profile. The BALF levels of
inflammatory chemokines, MIP-2 and MCP-1, were signifi-
cantly (p < 0.05) elevated in the silica-exposed rats compared
with the controls at most of the postexposure time intervals
analyzed (Figs. 5C and 5D, respectively), further supporting
the activation of an inflammatory response in the silica-
exposed rats as suggested by the blood gene expression data.

Detection of Silica Exposure/Pulmonary Toxicity Using

Blood Gene Expression Signature

Exposure of rats to silica at the lower concentration of
2 mg/m’, 6 h/day for 5 days, resulted in less severe but
statistically significant pulmonary toxicity compared with those
exposed to silica at 15 mg/m>, 6 h/day for 5 days. This was
evidenced by the observation of a significant (p < 0.05)
elevation in the LDH activity and total protein and albumin
content in the BALF of these rats (Figs. 6A—C). Lung histology
of these rats was comparable to that of the controls (data not
presented). Rats exposed to the lowest concentration of silica (1
mg/m°’, 6 h/day, 5 days) did not show any pulmonary toxicity
as evidenced from results of BALF parameters of toxicity
(Figs. 6A—C) and histological analysis (data not presented).

The blood gene expression signature consisting of the seven
marker genes for pulmonary toxicity is presented in Table 2.
Most of the marker genes (five out of seven) were involved in
inflammatory response. All the genes belonging to the gene
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expression signature were differentially expressed in all eight
rats that were exposed to silica at the highest dose of 15 mg/m?,
6 h/day, 5 days (0-week postexposure group) (Table 3). Seven
out of eight rats (87.5%) that were exposed to the lower, less
toxic concentration of 2 mg/m3 silica, 6 h/day, 5 days, were
correctly identified as silica-exposed rats based on the
expression pattern of the marker genes in their blood (Table 3).
Six out of eight rats (75%) exposed to the nontoxic dose of
1 mg/m’ silica, 6 h/day, 5 days, were correctly identified as
belonging to silica-exposed groups by the blood gene expression
signature (Table 3). The gene expression signature also
identified the rats exposed to the higher, more toxic silica
concentration (15 mg/m®, 6 h/day, 5 days) at the various
postexposure time intervals with significant accuracy (87.5% for
the 1-week, 75% for the 2- and 4-week, and 100% for the 8- and
16-week postexposure time intervals) (data not presented).

DISCUSSION

Recent advances in toxicogenomics have demonstrated the
superior sensitivity of gene expression changes taking place in
target organs of laboratory animals as reliable and mechanis-
tically informative indicators of target organ toxicity compared
with the traditional biochemical and histological toxicity
markers (Heinloth ez al., 2004). However, obtaining specimens
of lung samples for routine monitoring of workers to determine
their exposure to silica potentially capable of resulting in
silicosis and other disease conditions is not feasible. This could
be overcome by using surrogate tissues obtained by safe and
minimally invasive procedures. For this to work, the gene
expression changes taking place in the surrogate tissues must
represent target organ toxicity accurately. Blood appears to be
the most suitable surrogate tissue to detect gene expression
changes relevant to target organ toxicity induced by toxic
agents (Rockett, 2006). Therefore, studies were undertaken
using a rat model to determine whether peripheral blood gene
expression profiling can be employed as a minimally invasive
surrogate approach to detect pulmonary damage induced by
exposure to crystalline silica.

The present study was designed and conducted based on the
results of several previous studies reported by investigators at
NIOSH (Castranova et al., 2002; Porter et al., 2001, 2002a,
2002b). As expected and in agreement with the previous
reports (Castranova et al., 2002; Porter et al., 2001, 2002a,
2002b), inhalation exposure of rats to silica resulted in mild to
moderate pulmonary damage that was detected at all post-
exposure time intervals with the exception of the 2-week
interval. LDH activity—a sensitive indicator of general
cytotoxicity—and protein and albumen contents—reliable
indicators of alveolar epithelial integrity—were significantly
elevated in the BALF of the silica-exposed rats compared with
the time-matched controls. Similarly, lung histological
changes, including type II pneumocyte hyperplasia, noticed
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TABLE 1
Differentially Expressed Genes in the Blood of Silica-Exposed Rats Compared with the Time-Matched Controls

Postexposure time intervals (weeks)

Gene
0 1 2 4 8 16
Reactive oxygen species
CYBA Cytochrome b-245, alpha polypeptide Up Up* Up* Dn Up Up
NCF1I Neutrophil cytosolic factor 1 Up* Up* Up Dn Up Up
NCF2 Neutrophil cytosolic factor 2 Up Up* Dn Up Up* Up*
SOD2 Superoxide dismutase 2, mitochondrial Up* Dn Dn Dn Up Up
CAT Catalase Dn Dn* Dn* Up Dn Dn
XDH Xanthine dehydrogenase Up* Dn Dn Dn Up* Up
NOS2 Nitric oxide synthase, inducible (NOS Up* Dn Up Up Up* Up*
type II) nitric oxide synthase 2, inducible
Antioxidant
NFE2L2 Nuclear factor, erythroid-derived 2, like 2 Up* Up Up Dn Up* Up*
FOS FBJ osteosarcoma oncogene Up Up Up Dn Up* Up*
JUNB Jun B proto-oncogene Up Up Dn Up Up* Up*
Danger signals or alarmins
S100A8 S100 calcium-binding protein A8 Up* Up* Up* Up Up* Up*
S100A9 S100 calcium-binding protein A9 Up Up Up Dn Up* Up*
Inflammation
NLRP3 NLR family, pyrin domain containing 3 Up* Up Up Up Up* Up*
TLR2 Toll-like receptor 2 Up* Up* Up Up Up* Up*
CLEC4E C-type lectin domain family 4, member e Up* Up* Up* Dn Up* Up*
FPRI Formyl peptide receptor 1 Up* Up* Up Up Up* Up*
TLRI13 Similar to toll-like receptor 13 Up* Up Up Dn Up* Up*
TREM1 Triggering receptor expressed on myeloid Up* Up* Up* Dn Up Up*
cells 1
CD44 Cd44 molecule Up* Up* Up* Dn Up* Up*
P2RX4 Purinergic receptor P2X, ligand-gated ion Up* Up Up Up Up* Up*
channel 4
MYDSS8 Myeloid differentiation primary response Up* Up Up Up Up* Up*
gene 88
CASP1 Caspase 1 Up* Up Up Dn Up Up
ILIB Interleukin 1 beta Up* Up Up* Up Up* Up*
PTAFR Platelet-activating factor receptor Up* Up* Up Up Up* Up*
CXCR2 Interleukin 8 receptor, beta Up* Up Up Up Up* Up*
LGALS3 Lectin, galactoside-binding, soluble, 3 Up* Up* Up* Up Up* Up*
ILRI7A Interleukin 17 receptor A Up* Up* Up* Dn Up* Up*
ALOX5AP Arachidonate 5-lipoxygenase-activating Up* Up* Up* Up Up* Up*
protein
Fibrosis/tissue remodeling
ALOXS5 Arachidonate 5-lipoxygenase Dn Up Up Up Up Up*
CCR2 Chemokine (C-C motif) receptor 2 Up Dn Dn Up Dn Up*
CCL17 Chemokine (C-C motif) ligand 17 Up Up Up Dn Up Up*
FAS Fas (TNF receptor superfamily, member 6) Up Up Up Dn Up Up*
FOS FBJ osteosarcoma oncogene Up Up Up Dn Up* Up*
JUNB Jun B proto-oncogene Up Up Dn Up Up* Up*
MMPS Matrix metallopeptidase 8 Up* Up* Up Up* Up* Up*
MMP9 Matrix metallopeptidase 9 Up Up* Up* Up Up* Up*

Note. Up, Increased; Dn, decreased gene expression in the silica-exposed rats compared with the time-matched controls.
*Statistically significant (FDR p < 0.05) compared with the time-matched control rats.

in the rats further indicated silica-induced pulmonary damage. response in the silica-exposed rats during the postexposure
It is worth mentioning that, in agreement with the results of periods. It has been fairly well established that the pulmonary
several previous studies (Porter er al., 2001, 2002b), all the response to silica exposure progresses well even after cessation
pulmonary damage parameters (BALF LDH, albumen and of the exposure (Porter er al., 2004). Typically, inhalation
protein, and lung histology) exhibited a biphasic or U-shaped exposure to silica results in an initial acute inflammatory
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FIG. 5. BALF parameters of pulmonary inflammation in the control and silica-exposed rats. Rats were exposed to silica (15 mg/m?, 6 h/day, 5 days) or air
(control). BALF parameters of pulmonary inflammation, viz, number of PMNs (A), number of AMs (B), MIP-2 protein (C), and MCP-1 protein (D), were
determined at the indicated postexposure time intervals. Values represent mean + SE of eight rats per group. *Statistically significant (p < 0.05) compared with the

corresponding control rats.

response, which is followed by further progression of the
response culminating in the development of pulmonary fibrosis
and silicosis. Such a response to silica exposure is attributed to
the initial engulfment of silica particles by AMs and their later
release along with apoptotic bodies, autoantigens, and in-
flammatory molecules following excessive apoptotic death of
the AMs (Fubini and Hubbard, 2003; Hamilton ez al., 2008). In
addition, the relatively long persistence of silica in the body,
continued recruitment of neutrophils and macrophages into
lung alveoli, and the continued generation of biochemical
mediators such as reactive oxygen species (ROS) and reactive
nitrogen species (RNS) and inflammatory cytokines that are
involved in silica-induced pulmonary toxicity may account for
the biphasic response (Absher et al., 1989; Castranova et al.,
2002; Porter et al., 2001, 2002a, 2002b).

Traditionally, blood has been employed as the preferred
surrogate tissue to detect toxicity induced by chemicals in
target organs that are difficult to access. Thus, alterations in the
blood level of certain biomolecules, e.g., specific enzymes,
have been employed as reliable surrogate markers of target
organ toxicity (Zira et al., 2009). Significant structural and/or
functional impairment of the target organs has often been
a prerequisite for observing alterations in the blood level of the
majority of the traditionally employed toxicity biomarkers. In
contrast, alterations in the global gene expression profile taking

place in response to target organ toxicity have been detected in
the blood even prior to the observation of histological and
biochemical alterations indicative of target organ toxicity
(Bushel er al., 2007; Umbright et al., 2010). This, along with
the fact that small quantities of blood may be obtained by
a minimally invasive procedure from almost every human
being, has prompted the potential use of blood gene expression
profiling as an attractive surrogate approach to detect target
organ toxicity subclinically. In the present study, the number of
significantly differentially expressed genes in the blood
correlated with the various pulmonary damage parameters,
viz, lung histology, LDH activity, and albumin and protein
content in BALF. The observation that the number of
significantly differentially expressed blood genes at various
postexposure time intervals in the silica-exposed rats exhibited
a biphasic or U-shaped response similar to the various
parameters of pulmonary toxicity suggests the potential use
of blood gene expression profiling as an alternative approach to
detect silica-induced pulmonary damage.

In addition to demonstrating the potential of crystalline silica
to cause pulmonary toxicity, numerous studies conducted over
the past several years have provided valuable information
regarding the mechanisms potentially underlying silica-induced
pulmonary toxicity (Castranova et al., 2002; Porter et al., 2001,
2002a, 2002b). It is very well known that crystalline silica
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FIG. 6. BALF parameters of pulmonary damage in the control and silica-
exposed rats. Rats were exposed to silica (1, 2, or 15 mg/m?, 6 h/day, 5 days) or
air (control). At 16 h following the last day of exposure to silica or air, all the
rats were sacrificed and BALF parameters of pulmonary damage, viz, LDH
activity (A), total protein (B), and albumin (C) were determined. Values
represent mean + SE of eight rats per group. *Statistically significant (p < 0.05)
compared with the corresponding control rats.

particles, following inhalation exposure, interact with AMs and
alveolar epithelium to result in the generation of ROS and RNS
(Porter et al., 2002a, 2002b), induction of inflammation
(Castranova et al., 2002), and pulmonary damage including
fibrosis (Castranova et al., 2002; Porter et al., 2001)
culminating in silicosis. As presented and discussed above,
significant pulmonary damage was noticed in the rats exposed
to crystalline silica in our study. Functional analysis of the
blood genes that were differentially expressed in response to
silica exposure indicated many cellular events taking place in

the blood that are relevant to the silica-induced pulmonary
damage. This, too, supports the use of blood gene expression
profiling as an appropriate surrogate approach to detect and
study the pulmonary effects of silica exposure.

Inhaled crystalline silica particles, either directly or due to
their interaction with the AMs, result in the generation of ROS
and RNS that play a significant role in silica-induced
pulmonary damage (Porter et al., 2002a, 2002b). Functional
analysis of the differentially expressed genes in the blood of the
silica-exposed rats supported the existing evidence for the
involvement of ROS and RNS in the silica-induced pulmonary
toxicity. Compared with the corresponding time-matched
control rats, significant differential expression of several genes
that code for enzymes that are involved in the generation and/or
detoxification of ROS and RNS was noticed in the blood of the
silica-exposed rats. The nicotinamide adenine dinucleotide
phosphate, reduced (NADPH) oxidase (NOX) family of
NADPH oxidases (NCF1, NCF2, CYBA, and CYBB), NOS2,
XDH, and SOD2 were significantly overexpressed, whereas the
expression of catalase was significantly downregulated in the
blood of the silica-exposed rats. The NOX family of NADPH
oxidases is involved in the generation of toxic superoxide anion
(Bedard and Krause, 2007; Nunoi et al., 1988). Similarly,
through its involvement in purine metabolism, XDH plays
a significant role in the generation of ROS (Bai er al., 2005;
Dobson et al., 1988). Significant SOD overexpression along
with downregulated catalase expression, as noticed in the blood
of the silica-exposed rats, may facilitate excess production and
accumulation of toxic hydrogen peroxide. As a result, hydrogen
peroxide may induce oxidative stress—mediated pulmonary
toxicity. NOS2, primarily responsible for the generation of
RNS, may also facilitate the interaction of superoxide anion with
nitric oxide to form toxic peroxynitrite (Hamilton ez al., 2008).
The significant overexpression of oxidative stress—responsive
genes such as Nrf2, jun-B, and fos, as observed in the blood of
the silica-exposed rats, further supported the induction of
oxidative stress in the silica-exposed rats (Chan er al., 2001;
Vulin and Stanley, 2004).

Microarray analysis of the blood gene expression profile and
further functional analysis of the differentially expressed genes
in the silica-exposed rats provided evidence for the induction of
inflammation and insight into the various molecular events that
are relevant to silica-induced pulmonary inflammation and
damage. It has been well documented that, following inhalation
exposure, crystalline silica causes cellular damage resulting in
necrosis and death of AMs (Hamilton et al., 2008). This is
often associated with the release of intracellular molecules,
referred to commonly as endogenous danger signals or
alarmins (Cantin et al., 1992; Eklund et al., 1991), that play
a significant role in the inflammatory response. The transcripts
for two such alarmins, S/00AS8 and S100A9 (Foell et al., 2007),
were significantly overexpressed in the blood of the silica-
exposed rats. The alarmins are recognized by innate immune
receptors such as the pattern recognition receptors (PRRs) that
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TABLE 2
Blood Genes Comprising the Prediction Signature for Crystalline Silica Exposure and Pulmonary Toxicity

Postexposure time interval (weeks)

Gene

1 2 4 8 16
LDHC Lactate dehydrogenase C Up* Up* Up* Up* Up* Up*
CLEC4D C-type lectin domain family 4, member D Up* Up Dn Up* Up* Up*
CLEC4E C-type lectin domain family 4, member E Up* Up* Up* Dn Up* Up*
BST1 Bone marrow stromal cell antigen 1 Up* Up* Up* Up Up* Up*
MMPS8 Matrix metallopeptidase 8 Up* Up* Up Up* Up* Up*
CD97 CD97 molecule Up* Up* Up Up Up* Up*
PIRA2 Leukocyte immunoglobulin-like receptor, Up* Up* Up* Up Up* Up*

subfamily B (with transmembrane and
immunoreceptor tyrosine-based inhibitory
motif domains), member 3-like; paired Ig-
like receptor A2

Note. Up, Increased and Dn, decreased gene expression in the silica-exposed rats compared with the time-matched controls.
*Statistically significant (FDR p < 0.05) compared with the time-matched control rats.

are involved in the induction of inflammation (Chen and
Nunez, 2010). Transcripts for the PRRs, viz, NLRP3, CLEC4E,
TLR2, and FPRI, were significantly overexpressed in the blood
of the silica-exposed rats suggesting their potential activation
and involvement in the silica-induced pulmonary inflammation.
In addition to the PRRs, transcripts for other receptors of the
alarmins-mediated signaling pathway such as TREM I, P2RX4,
and CD44 (Babelova et al., 2009; Sharif and Knapp, 2008;
Yamasaki er al., 2009) were also significantly overexpressed in
the blood of the silica-exposed rats suggesting their potential
involvement in silica-induced inflammatory response. Tran-
script for MyD88, an adaptor molecule for TLR (Xiang and
Fan, 2010), and CASPI, an adaptor molecule for the NLRP3
inflammasome complex (Cassel er al., 2008), were also
significantly overexpressed in the blood of the silica-exposed
rats. A definite role for the NLRP3 inflammasome complex in
silicosis and asbestosis has been demonstrated previously
(Cassel et al., 2008). The net result of the activation of the
PRRs and other inflammatory response receptors along with
their respective pathways is the release of pro-inflammatory
cytokines and chemokines resulting in the induction of
inflammation. The transcript for ILIf, the pro-inflammatory
cytokine that plays a major role in silica-induced pulmonary
inflammation and damage, was significantly overexpressed in
the blood of the silica-exposed rats (Table 1).

TABLE 3
Prediction of Crystalline Silica Exposure/Pulmonary Toxicity in
Rats Using Blood Gene Expression Signature

Prediction accuracy

1 mg/m3 (test set 2)
6/8 = 75%

2 mg/m3 (test set 1)
718 = 87.5%

15 mg/m?® (training set)
8/8 = 100%

Induction of inflammation as a major biological signal in
response to silica exposure, as indicated by the blood gene
expression data, was further confirmed by results of pulmonary
inflammation analysis in the rats. An increase in the number of
AMs, as observed in the BALF of the silica-exposed rats in the
present study, may be considered an adaptive inflammatory
response to remove silica particles from the lungs. The
significant increase in the pro-inflammatory cytokines, MIP-2
and MCP-1, in the BALF (Figs. 5C-D, respectively) as well as
the significant increase in the number of infiltrating PMNs (Figs.
2 and 5A) in the lungs of the silica-exposed rats further
supported the findings of the blood gene expression analysis.
Thus, as expected and in agreement with the results of previous
studies (Castranova et al., 2002; Porter et al., 2002a, 2002b) and
as suggested by the blood gene expression data of the present
study, the pulmonary damage induced by crystalline silica in the
rats was associated with significant induction of inflammation.

Silicosis, one of the most devastating health outcomes of
silica exposure, is characterized by the development of fibrosis
resulting in progressively restrictive pulmonary function. Type
II cell hyperplasia noticed in the lungs of the silica-exposed rats
at the 16-week postexposure time interval may be considered
an early indication of fibrosis (Degryse er al., 2010). Functional
analysis of the differentially expressed genes in the blood of the
silica-exposed rats indicated the activation of several cellular
processes relevant to type II pneumocyte hyperplasia and
fibrosis. Hyperplasia is the result of rapid cell proliferation, and
the involvement of the redox-sensitive transcription factor,
API1, in cell proliferation has been very well documented
(Canettieri et al., 2009). The individual constituents of the AP1
element, fos and jun, were significantly overexpressed in the
blood samples of the silica-exposed rats at the 8- and 16-week
postexposure time intervals. Many tissue remodeling and
fibrosis-related genes, e.g., CCII7 (Belperio et al., 2004),
CCR2 (Moore et al., 2001; Okuma et al., 2004), Fas
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(Chapman, 1999; Matute-Bello er al., 2007), MMPS
(Garcia-Prieto et al., 2010), MMP9 (Scabilloni et al., 2005),
and MyD88 (Gasse et al., 2007), were significantly overex-
pressed in the blood of the silica-exposed rats, especially at the
16-week postexposure time interval.

The findings of this study demonstrate the potential
application of blood gene expression profiling to develop
minimally invasive and, therefore, practical tests to detect
subclinical silicosis that may not be detected by the currently
available techniques. The blood gene expression signature
consisting of the seven marker genes for pulmonary toxicity
(Table 2) identified the rats that were exposed to slightly toxic
2 mg/m3 ) and nontoxic (1 mg/m3) concentrations of silica with
significant accuracy (88 and 75%, respectively). This may be
attributed to the superior sensitivity of blood gene expression
markers, compared with lung histology and BALF biochemical
parameters of toxicity, to detect silica-induced pulmonary
damage. This argument is supported by previous reports
(Bushel et al., 2007; Umbright et al., 2010) suggesting the
superior sensitivity of blood gene expression changes as
indicators of target organ toxicity compared with the already
established biochemical and histological endpoints of toxicity.
However, it remains to be determined whether some or all the
gene expression changes that are noticed in the absence of
significant biochemical and histological changes indicative of
target organ toxicity may also represent physiological adaptive
changes to protect the organs against the toxicity or repair
processes involved in frank target organ toxicity.

The superior sensitivity of blood gene expression profiles to
detect silica-induced subclinical pulmonary damage may have
implications in early detection and prevention of occupational
silicosis. Occupational exposure to silica typically takes place
at very low concentrations and over a prolonged period of time.
Chest x-ray and pulmonary function test, the currently
employed techniques to detect silicosis, do not detect the
disease subclinically. Because silicosis is an irreversible and
potentially life-threatening pulmonary condition, the ability to
detect subclinical silicosis by employing peripheral blood gene
expression markers may provide the opportunity to apply
strategies to intervene or prevent silicosis.

The findings of our study, for the first time, have
demonstrated that peripheral blood gene expression profiling
can be employed to detect pulmonary response to crystalline
silica exposure. A major factor that would determine the
potential application of blood gene expression profiling to
detect the pulmonary effects of silica exposure in human is the
specificity of the gene expression signature, i.e., whether the
peripheral blood gene expression signature can specifically
detect the pulmonary response induced by silica exposure. In
this regard, it is important to mention that a significant
specificity has been demonstrated between target organ toxicity
and blood gene expression profile, especially, in the case of
agents that cause hepatotoxicity (Brown et al., 2002;
Miyamoto et al., 2008; Wetmore et al., 2010). In addition,

the blood gene expression signature reported by Bushel et al.
(2007) for hepatotoxicity prediction in rats is quite different
from the signature that we have identified for pulmonary
toxicity in spite of the predominance of inflammatory response
genes in both the signatures. Because most of the genes
constituting the silica-responsive blood gene expression
signature developed in our study are involved in an in-
flammatory response, it is reasonable to question whether
a similar gene expression profile may be noticed with any
exposure that involves induction of inflammation. Recently,
Charlesworth e al. (2010) have identified 342 genes that are
significantly differentially expressed in the blood samples
obtained from a population consisting of 297 current smokers.
It has been fairly well established that inflammation plays
a major role in many of the pulmonary effects associated with
cigarette smoking (Bhalla er al., 2009). In spite of the central
role played by inflammation in the pulmonary effects of
crystalline silica and cigarette smoke, none of the genes
constituting the silica-responsive blood gene expression
signature was found differentially expressed in the blood of
cigarette smokers (Charlesworth ez al., 2010). Similarly, none
of the blood signature genes identified for the silica-induced
pulmonary toxicity was found differentially expressed in blood
under conditions of inflammation induced by diesel exhaust
particles (Peretz et al., 2007) or endotoxin (Calvano et al.,
2005). LDH3 isoenzyme, which is considered as an indicator
of pulmonary damage (Drent er al., 1996), is the protein
product of LDHC, a member of the blood gene expression
signature identified in our rat model. Significant elevation in
the blood level of LDH3 has been found associated with the
pulmonary damage observed in miners who are exposed to
silica (Cobben et al., 1997, Kuempel et al., 2003). The
available evidence, therefore, suggests that the blood gene
expression signature developed in our study may be specific to
the pulmonary effects of silica exposure. Currently, we are
conducting additional animal and human studies to determine
the potential application of peripheral blood gene expression
profiling as a practical approach to monitor human exposure to
silica and the possible detection of preclinical silicosis. The
outcome of these investigations is expected to have a major
implication in the prevention/intervention of silicosis.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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