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ABSTRACT

Smoking may modify the lung response to silica exposure including cancer and silicosis. Nevertheless, the precise role of
exposure to tobacco smoke (TS) on the lung response to crystalline silica (CS) exposure and the underlying mechanisms
need further clarification. The objectives of the present study were to determine the role of TS on lung response to CS
exposure and the underlying mechanism(s). Male Fischer 344 rats were exposed by inhalation to air, CS (15 mg/m3, 6 h/day,
5 days), TS (80 mg/m3, 3 h/day, twice weekly, 6 months), or CS (15 mg/m3, 6 h/day, 5 days) followed by TS (80 mg/m3, 3 h/day,
twice weekly, 6 months). The rats were euthanized 6 months and 3 weeks following initiation of the first exposure and the
lung response was assessed. Silica exposure resulted in significant lung toxicity as evidenced by lung histological changes,
enhanced neutrophil infiltration, increased lactate dehydrogenase levels, enhanced oxidant production, and increased
cytokine levels. The TS exposure alone had only a minimal effect on these toxicity parameters. However, the combined
exposure to TS and CS exacerbated the lung response, compared with TS or CS exposure alone. Global gene expression
changes in the lungs correlated with the lung toxicity severity. Bioinformatic analysis of the gene expression data
demonstrated significant enrichment in functions, pathways, and networks relevant to the response to CS exposure which
correlated with the lung toxicity detected. Collectively our data demonstrated an exacerbation of CS-induced lung toxicity
by TS exposure and the molecular mechanisms underlying the exacerbated toxicity.
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Exposure to silica is almost unavoidable because of its natural
occurrence and rich abundance in earth’s crust. However, the
most significant exposure to crystalline silica (CS)—the more
toxic form of silica—occurs in specific tasks such as mining,
construction, tunneling, sand blasting, silica milling, and

hydraulic fracturing. The National Institute for Occupational
Safety and Health (NIOSH) recommended exposure limit (REL)
and the Occupational Safety and Health Administration (OSHA)
permissible exposure limit (PEL) for CS is 50 mg/m3 per day
(National Institute for Occupational Safety and Health, 1996;
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Occupational Safety and Health Administration, 2013).
However, occupational exposure to CS as high as 10 times the
NIOSH REL or OSHA PEL has been reported (Doney et al., 2020).

Inhalation exposure to CS at levels exceeding the NIOSH REL
or OSHA PEL may result in adverse health effects among the ex-
posed workers. The most serious health effects associated with
occupational exposure to CS are those affecting the pulmonary
system. Based on the results obtained from animal and human
studies, the International Agency for Research on Cancer (IARC)
has classified CS as a human carcinogen (IARC, 1997). Another
major adverse health effect potentially associated with excess
occupational exposure to CS is silicosis—an irreversible, pro-
gressive, and potentially fatal obstructive pulmonary pneumo-
coniosis (Greenberg et al., 2007). Despite the progress made in
the prevention of silicosis over the past few decades, morbidity
and mortality associated with silicosis continues to be a prob-
lem in the United States (U.S. Department of Health and Human
Services, 2008). Both the International Labor Organization and
the World Health Organization are seriously concerned about
the large number of deaths associated with occupational expo-
sure to CS, especially in developing countries.

The pulmonary response to CS and the associated adverse
health effects may be modified by multiple factors, most nota-
bly gene polymorphisms and cigarette smoking. Yucesoy et al.
(2001), based on the results obtained from a case-control study
involving male Caucasian underground miners (325 cases and
164 controls), found a strong association between silicosis inci-
dence and polymorphisms of the TNF-a gene. Similarly, based
on the results of a meta-analysis involving 1990 silicosis and
1898 healthy controls, Zhang et al. (2019) concluded that TNF-a
polymorphisms are associated with susceptibility to silicosis.
Nevertheless, contrary to the findings of these reports, there are
studies that failed to demonstrate an association between sili-
cosis and TNF-a polymorphisms (Qu et al., 2007; Wu et al., 2008).
Another factor that has been studied extensively with respect
to its role in modifying the pulmonary response to CS, espe-
cially lung cancer and silicosis, is cigarette smoking. The carci-
nogenic potential of CS has been the subject of many animal
and human studies. Overall, these studies suggested an associa-
tion between exposure to CS and an increased risk for lung can-
cer justifying the classification of CS as a human carcinogen
(IARC, 1997). However, the findings of many of the human stud-
ies linking CS exposure and cancer outcome are difficult to in-
terpret because they do not correctly consider the contribution
by coexposure to tobacco smoke (TS), another known human
carcinogen (IARC, 2004). Hessel et al. (2003) reviewed the evi-
dence gathered from 13 human studies with respect to the role
of TS exposure on silicosis and concluded that more studies
were needed to precisely determine the relationship between
silicosis and smoking. Of the 13 studies reviewed, 3 supported a
positive involvement of smoking in silicosis, whereas 8 provided
only limited support. Although one study did not support a role
for smoking on silicosis, the findings of another study suggested
an inverse relationship between smoking and silicosis. The con-
troversial role of cigarette smoking on the health effects associ-
ated with CS exposure is further illustrated by the results
obtained from a study in which the joint effects of smoking and
CS exposure on lung diseases [cancer, chronic obstructive pul-
monary disease (COPD), silicosis, and tuberculosis] were investi-
gated in a cohort consisting of over 3000 silicosis cases (Tse
et al., 2014). The findings of the study differed considerably
depending on whether the data are corrected for “smoking ad-
justment factors (SAFs).” The standardized mortality ratio cal-
culated when SAFs were not taken into consideration were

biased and higher for cancer, COPD, silicosis, and tuberculosis
among smokers compared with never smokers. However, the
SAFs-corrected standardized mortality ratio for lung cancer,
COPD, and silicosis was lower among CS-exposed smokers com-
pared with never smokers. The SAF-corrected independent risk
ratio effect of CS exposure on the lung diseases such as cancer,
COPD, and silicosis was 81%–95% of that among never smokers.
Tuberculosis associated with CS exposure among smokers, on
the other hand, was 21% higher than that in never smokers. In
addition to gene polymorphisms and cigarette smoking, coex-
posure to toxicants such as arsenic, radon, and polycyclic aro-
matic hydrocarbons has been shown to modify the pulmonary
response to CS exposure in human subjects (Cocco et al., 2001).

The presence of confounders or modifiers of CS toxicity,
which are very difficult to control in a human study, makes it
difficult to interpret the findings of human studies investigating
the adverse health effects associated with CS exposure. On the
other hand, in animal studies, the presence of modifiers of tox-
icity can be easily controlled which enables the precise linking
of the toxicity detected, if any, to CS and/or the modifier(s). The
objectives of the current rat inhalation toxicity study were (1) to
determine precisely whether TS exposure modifies CS-induced
pulmonary toxicity and (2) to determine the molecular mecha-
nisms underlying the modification, if any, of CS-induced pul-
monary toxicity by TS exposure.

MATERIALS AND METHODS

Animals. Approximately 3 months old, pathogen-free, and
healthy male Fischer 344 rats (CDF strain) purchased from
Charles River Laboratories (Wilmington, Massachusetts) were
used in this study. The entire animal study was conducted in an
AAALAC International accredited animal facility (NIOSH,
Morgantown, WV) following a protocol approved by the
Institutional Animal Care and Use Committee. The rats, upon
their arrival, were acclimated to the animal facility conditions
for 12 days prior to their use in the study. Throughout the entire
period of the study, the rats were housed in groups of 3 rats/
cage and maintained on a 12-h light-dark cycle in a temperature
(68�F–72�F) and humidity (30%–70%) controlled room. Food and
water were provided ad libitum except when the rats were ex-
posed by inhalation to the agents as described below.

Silica aerosol generation. An aerosol containing Min-U-Sil5 CS (US
Silica, Berkley Springs, West Virginia) was generated using the
same system and procedure employed in our previous study
(Sellamuthu et al., 2011).

Tobacco smoke aerosol generation. The 3R4F reference cigarette
(University of Kentucky Tobacco Research and Development
Center, Lexington, Kentucky) was used in this study. The ciga-
rettes were stored at 70�F and 60% relative humidity in a humi-
dor at all times when not in use. An inhalation exposure system
(Supplementary Figure 1) was designed and constructed to gen-
erate and deliver TS to a whole-body rat inhalation exposure
chamber. The system automatically controlled and monitored
chamber pressure, air flow, smoke concentration, CO2, CO, tem-
perature, relative humidity, and exposure time using custom
software.

Tobacco smoke was generated using the inExpose Smoking
Machine (SCIREQ Scientific Respiratory Equipment Inc,
Montreal, Canada). The smoking machine used a 24-cigarette
carousel. The cigarettes were lit and smoked by the machine in
groups of 8. The machine drew a single puff from cigarette 1,
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then move to cigarette 2, and so on until the eighth cigarette.
The machine would then repeat this pattern 10 times resulting
in 10 total puffs per cigarette. After 3 groups of 8 (24 total ciga-
rettes), a new carousel was loaded as needed until the desired
exposure dose was reached. A smoke puff was generated every
7.5 s while a bank of 8 cigarettes were active. The puff flow pro-
file was set to a standard human smoking profile (International
Standard ISO 3308). For reference, this flow is a bell-shaped
curve with a duration of 2.0 s, a total volume of 35 ml, and a puff
frequency of 1 every 60 s per cigarette.

The mainstream smoke puffs generated by the smoking ma-
chine were mixed with a constant stream of filtered air (45 l/
min) provided by a mass flow controller (MCRW-50, Alicat
Scientific, Tucson, Arizona). This provided enough ventilation
for the exposure chamber to maintain CO2 at levels � 5000 ppm
which were continuously monitored using an electronic probe
(GMP222 0–10 000 PPM, Vaisala Corporation, Helsinki, Finland)
placed in the exposure chamber’s exhaust air stream. CO levels
were also continuously monitored and maintained below
190 ppm by the software using a CO monitor (5001-B, NOVA
Analytical Systems, Niagara Falls, New York) and a mass flow
controller (MC-5-DS, Alicat Scientific) with its downstream port
connected to house vacuum to remove portion of the smoke
and CO2 before it was mixed with the dilution air.

An airtight 22 � 22 � 40 in. (L � W � H) exposure chamber
was constructed out of 16-gauge stainless steel with a clear
polycarbonate door. Two stainless steel cage racks that could
hold up to 12 rats each in individual cage partitions were used
to house animals during exposures. The cage rack rested on top
of cage support beams which were stainless steel tubes (3/8 in.
outside diameter) with small holes (0.13-in. diameter) drilled
into the undersides. The holes were placed at the center of each
cage partition such that smoke would be drawn to each ani-
mal’s breathing space. The exposure chamber air was
exhausted into a carbon/HEPA filter bank. The exhaust air flow
was controlled by a mass flow controller (MCRW-50-DS, Alicat
Scientific) that had its downstream port connected to house
vacuum. During exposures, this flow was automatically con-
trolled by the exposure system software to maintain the pres-
sure inside the exposure chamber at zero. Exposure chamber
pressure was monitored using a differential pressure transducer
(Model 264, Setra Systems, Inc, Boxborough, Massachusetts).
The temperature and relative humidity inside the exposure
chamber were also continuously monitored using an electronic
probe (HMP60, Vaisala Corporation) and maintained at
73.4 6 1.3�F and 36.7 6 5.6%, respectively, throughout the
exposure.

The TS aerosol mass concentration inside the exposure
chamber was continuously monitored with a Data RAM (DR-
40000) (Thermo Andersen Co, Smyrna, Georgia) and gravimetric
determinations (37 mm cassettes with 0.45 mm pore-size Teflon
filters, 0.2 l/min sample flow) were used to calibrate and verify
the Data RAM readings during each exposure run. For this
study, a 3-h average concentration of 80 mg/m3 was the daily
target. Aerosol particle size data were collected using a 10-stage
impactor (MOUDI model 110-R, TSI Inc, Shoreview, Minnesota)
with greased foils on each stage.

Exposure of rats to silica and tobacco smoke aerosols. The 24 rats
used in this study, following their acclimatization to the animal
facility conditions, were divided into 2 equal groups. The group
1 rats were exposed by whole-body inhalation to the TS aerosol,
whereas the group 2 rats were simultaneously exposed to fil-
tered air. The TS total particulate matter concentration in the

exposure chamber was maintained at target level of 40 and
80 mg/m3, respectively, during the first and second week of ex-
posure. The target level of TS was set at 80 mg/m3 in order to
limit the concentration of CO generated in the chamber to <

200 ppm. Furthermore, the target level of TS during the first
week of exposure was maintained at a lower concentration of
40 mg/m3 for acclimatization of the rats to TS exposure. The
whole-body inhalation exposure to TS aerosol was done for 3 h/
day on 2 nonconsecutive days/week. During the third week of
the study, one half of the rats each from groups 1 and 2 were ex-
posed by whole-body inhalation to the CS aerosol at a target
concentration of 15 mg/m3, 6 h/day for 5 consecutive days. The
CS exposure conditions were selected based on the results of
our previous studies (Sellamuthu et al., 2011, 2013). The remain-
ing rats belonging to both the groups were simultaneously ex-
posed to air. No rats were exposed to TS during week 3. From
the fourth week onwards, the rats were exposed to air or TS for
a period of 6 months exactly as was done during the second
week of the study resulting in 4 groups of rats—exposed to air,
TS, CS, or CS plus TS. At the end of the 6 months exposure pe-
riod, the rats were euthanized to determine pulmonary toxicity
as described in the following sections.

Euthanasia of rats and collection of biospecimens. The rats were eu-
thanized with an intraperitoneal injection of � 100 mg sodium
pentobarbital/kg body weight (Vortech Pharmaceuticals,
Dearborn, Michigan). Blood collected directly from the abdomi-
nal aorta was transferred to Vacutainer tubes (Becton-
Dickinson, Franklin Lakes, New Jersey) containing EDTA as an
anticoagulant and mixed well by rotating the tubes. The right
lung of the rats was clamped off and bronchoalveolar lavage
(BAL) was performed in the left lung as previously described
(Roberts et al., 2014). The cellular and acellular fractions of the
BAL were separated by centrifuging the samples (570 � g,
15 min, 4�C). The cell pellet obtained was resuspended in 1 ml
PBS buffer and used for determination of pulmonary toxicity as
described in the corresponding sections below. The diaphrag-
matic and cardiac lobes of the unlavaged right lung were in-
flated with 10% neutral buffered formaldehyde and stored in
the same solution for histopathological analysis. The apical
lobe of the unlavaged right lung was cut into pieces, weighing
approximately 30 mg each, and stored in RNALater (Invitrogen,
Carlsbad, California) and used to determine gene expression
profile.

Hematology. Various hematological parameters, listed in Table 1,
were determined in unclotted blood samples using an IDEXX
Procyte instrument (IDEXX Corporation, Westbrook, Maine) fol-
lowing the procedures described in the user guide.

Lung histology. The lung lobes fixed in formaldehyde were paraf-
fin embedded, sectioned at a thickness of 5 mm, stained with he-
matoxylin and eosin or Masson’s trichrome stain and examined
by a pathologist (Temple Health, Philadelphia, Pennsylvania).
The lung histopathological changes were scored as none (nor-
mal histology), minimal (< 10% thickening of alveolar walls in
focal areas with little or no inflammatory cells occupying < 10%
of the lung parenchyma and 1 or 2 small foci per section), mild
(10%–25% thickening of alveolar walls in focal areas with few in-
flammatory cells occupying 10%–20% of lung parenchyma and 1
or 2 large foci/section), or moderate (approximately 2-fold thick-
ening of the alveolar walls in focal areas with plenty of inflam-
matory cells occupying 20%–40% of the lung parenchyma and
2–5 large foci/section).
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Lactate dehydrogenase activity. Lactate dehydrogenase (LDH) ac-
tivity in the acellular BAL fluid (BALF) was determined with a
COBAS C111 analyzer (Roche Diagnostic Systems, Mount Clair,
New Jersey) as previously described (Sellamuthu et al., 2011).

BAL cell counts. The cellular fraction of BAL was resuspended in
1 ml of PBS buffer and the total number of BAL cells was deter-
mined using a Coulter Multisizer II and Accu Comp software
(Coulter Electronics, Hialeah, Florida). BAL cells (5 � 104) were
spun onto microscope slides using a Cytospin 3 centrifuge
(Shandon Life Sciences International, Cheshire, England) and
stained with a Leukostat stain (Fisher Scientific, Pittsburgh,
Pennsylvania) to differentiate alveolar macrophages (AMs) and
polymorphonuclear leukocytes (PMN). In total, 200 cells were
counted per rat and percentages were multiplied back across
the total cell count to obtain total number of AM and PMN.

BALF cytokines, chemokines, and growth factors. The BALF levels of
27 rat cytokines, chemokines, and growth factors were deter-
mined using a MILLIPLEX Rat Cytokine/Chemokine 27-plex kit
(Millipore, St Charles, Missouri) and a Luminex 100 system
(Luminex, Austin, Texas) by Eve Technologies Corporation
(Calgary, Alberta, Canada). The 27-plex consisted of G-CSF,
Eotaxin, GM-CSF, IL-1a, Leptin, MIP-1a, IL-4, IL-1b, IL-2, IL-6, EGF,
IL-13, IL-10, IL-12 (p70), IFNc, IL-5, IL-17, IL-18, MCP-1, IP-10,
GRO/KC, VEGF, Fractalkine, LIX, MIP-2, TNF-a, and RANTES.

Reactive oxygen species generation by BAL cells. A previously de-
scribed luminol-dependent chemiluminescence (CL) assay
(Roberts et al., 2014) was performed to determine the generation
of reactive oxygen species (ROS) by the lung phagocytes (AM
and PMN). Phorbol 12-myristate 13-acetate (PMA), stimulant of
AM and PMN, and nonopsonized, insoluble zymosan, a stimu-
lant of AM only, were used to determine the contribution of
both AM and PMN to the overall production of ROS in the rat
lungs. A BAL cell volume equivalent to 5 � 105 total BAL cells or
5 � 105AM was incubated with luminol for 10 min at 37�C prior
to stimulating the cells with either 10 M PMA or 2 mg/ml zymo-
san, respectively. Baseline oxidant production by the BAL cells
was measured in the absence of the stimulants. Measurement
of CL was recorded using a Berthold LB 953 luminometer
(Wildbad, Germany) for 15 min at 37�C, and the integral of
counts per minute (cpm) per 1 million cells versus time was cal-
culated. Chemiluminescence was calculated as the cpm of the
stimulated cells minus the cpm of the corresponding resting
cells, and the value was normalized to the total number of BAL

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

Lung gene expression profile. A piece of the lung tissue stored in
RNALater was used to isolate total RNA free of contaminating
DNA and proteins using miRNEasy Mini Kit (Qiagen, Inc,
Valencia, California) following the procedure, including the on-
column DNase digestion, provided by the manufacturer. The in-
tegrity and purity of the RNA samples isolated were determined
using an Agilent 2100 Bioanalyzer and RNA 6000 Nano Kit
(Agilent Technologies, Palo Alto, California). Total RNA was
quantified by UV-Vis spectrophotometry. Only RNA samples
exhibiting an RNA integrity number � 8.0 were used in the gene
expression studies.

One microgram total RNA/sample was used to create se-
quencing libraries using the Illumina TruSeq Stranded Total
RNA Library Prep Kit (Illumina, Inc, San Diego, California) fol-
lowing the protocol provided by the manufacturer. Stated
briefly, following depletion of ribosomal RNA, the RNA samples
were purified and fragmented (68�C for 5 min). The RNA frag-
ments were purified using a bead cleanup procedure and re-
verse transcribed into first strand cDNA using reverse
transcriptase and random primers. While synthesizing the
double-stranded cDNA, deoxyuridinetriphosphate (dUTP) was
incorporated in place of deoxythymidine triphosphate (dTTP)
followed by the addition of a single “A” nucleotide to the 30 ends
to facilitate proper adapter ligation. Indexing adapters provided
in the library preparation kit were ligated to the ends of the ds
cDNA. After adapter ligation, the samples were PCR amplified
(12 cycles) to enrich the DNA fragments containing the adapter
molecules and to enhance the amount of DNA in the library us-
ing a Veriti 96 Well Thermal Cycler (Applied Biosystems, Foster
City, California). The PCR amplified cDNA library samples were
quantified using a dsDNA HS Assay Kit (Invitrogen by
ThermoFisher Scientific, Waltham, Massachusetts) and Qubit
3.0 Fluorometer (Invitrogen by ThermoFisher Scientific).
Average fragment size and fragment distribution of the cDNA li-
brary samples were then assessed using an Agilent 2100
Bioanalyzer with High Sensitivity DNA Reagents (Agilent
Technologies, Santa Clara, California).

Individual sample libraries were provided to the Centers for
Disease Control and Prevention Genome Sequencing Laboratory
(GSL; Atlanta, Georgia) for 2 � 100 base pair, paired-end se-
quencing using the Illumina Hiseq 2500 (Illumina, San Diego,
California) in rapid run mode using HiSeq Rapid Cluster Kit v2
(Illumina) and HiSeq Rapid SBS Kit v2 (Illumina). After the

Table 1. Hematology Parameters in Rats Exposed to Air, Tobacco Smoke, Silica, or Silica Plus Tobacco Smoke

Parameter Air Tobacco Smoke Silica Silica þ Tobacco Smoke

Red blood cells (RBC) (M/ml) 8.89 6 0.08b 9.06 6 0.08a,b 8.92 6 0.04b 9.19 6 0.10a

Hemoglobin (HGB) (g/dl) 14.50 6 0.05b 14.63 6 0.11a,b 14.38 6 0.09b 14.85 6 0.18a

Hematocrit (HCT) (%) 43.85 6 0.31b 44.82 6 0.34a,b 44.07 6 0.26b 45.65 6 0.60a

Mean corpuscular hemoglobin
concentration (MCHC) (g/dl)

33.07 6 0.26a 32.65 6 0.10a,b 32.63 6 0.11a,b 32.52 6 0.10b

Reticulocytes (RET) (K/ml) 285.40 6 5.30a 244.87 6 6.74b 281.67 6 9.21a 253.83 6 7.14b

Reticulocytes (RET) (%) 3.21 6 0.05a 2.70 6 0.05b 3.16 6 0.10a 2.77 6 0.10b

White blood cells (WBCs) (K/ml) 3.76 6 0.12b 4.51 6 0.18a 4.30 6 0.35a,b 4.73 6 0.27a

Neutrophils (K/ml) 0.87 6 0.08c 1.19 6 0.05b 1.40 6 0.07a 1.40 6 0.05a

Neutrophils (%) 22.98 6 1.57c 26.67 6 0.83b 32.92 6 1.37a 29.77 6 0.58a,b

Lymphocytes (%) 71.65 6 1.75a 68.78 6 0.54a 61.53 6 1.05c 65.10 6 0.71b

Only those parameters that showed a statistically significant (p< .05) difference in at least one of the exposure groups, compared with the controls (Air), are presented.

A difference in the alphabet(s) in superscript following the SE indicates statistical significance (p< .05) among the 4 groups of rats.
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library sequences were demultiplexed by the GSL, the quality of
each sample library was assessed with respect to the number of
reads per sample, mean quality score, and FASTQC parameters
(Andrews, 2010). Reads were then processed using
Trimmomatic/0.35 with the options PE, ILLUMINACLIP:TruSeq2-
PE.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:85 to remove any remaining adapter sequence, low
quality reads, low quality read ends, and sequences shorter
than 85 bases in length (Bolger et al., 2014). Sequence quality
was then reevaluated via FASTQC. All sequences that passed
the trimming and quality control with both reads in a pair pre-
sent were aligned to the Rattus norvegicus Rnor 6.0 genome from
NCBI downloaded July 31, 2015 using HiSat2/2.1.0 (Kim et al.,
2015). Raw gene counts were assigned using Samtools/1.9 (Li
et al., 2009), Python/2.7.3 and HTSeq/0.6.1. Rnr1 (Ribosomal 45S
Cluster 1) and Rnr2 (Ribosomal 45S Cluster 2) displayed ex-
tremely high counts and were manually removed before further
analysis. Using edgeR, raw counts were converted to counts per
million (CPM), log-CPM, and normalized using the trimmed
mean of M-values method. Finally, differentially expressed
genes were calculated using limma (Law et al., 2016; R Core
Team, 2018). Significantly differentially expressed genes
(SDEGs) were those genes with an absolute fold change > 1.5-
fold and an adjusted p value < .05.

Quantitative real-time polymerase chain reaction analysis. Nine of
the SDEGs identified by NGS analysis in the CS only exposed
lung samples, compared with the control samples, were se-
lected for quantitative real-time polymerase chain reaction
(QRT-PCR) analysis to confirm differential expression. The nu-
cleotide sequences of the primers used in the QRT-PCR analysis
of the target genes and the house-keeping gene (b-actin) can be
found in our previous publication (Sellamuthu et al., 2013).
Reverse transcription of RNA to synthesize cDNA was con-
ducted using the Advantage RT-for-PCR-Kit (Takara Bio USA,
Mountain View, California). The QRT-PCR amplification, detec-
tion of the amplified PCR products, and their quantitation were
conducted with a 7900 HT Fast Real Time PCR machine and
SYBR Green PCR MasterMix (Applied Biosystems). The expres-
sion levels of the target genes were normalized using that of b-
actin, the house-keeping gene.

Bioinformatic analysis of gene expression data. Bioinformatic analy-
sis of the SDEGs was conducted using Ingenuity Pathway
Analysis (IPA) software (Qiagen, Inc, Valencia, California). The
IPA program is designed to map the biological relationship of
the input genes and classify them into categories of biological
functions, canonical pathways, diseases, and networks.

Statistical analysis of data. All data with the exception of NGS
data between the exposed and control groups were compared
using the one-way analyses of variance. Post hoc comparisons
were made with Fisher’s least significant difference test.
Analyses were performed using JMP version 13.2 for Windows.
The level of statistical significance was set at p< .05.

RESULTS

Test Atmospheres
The mass median aerodynamic diameter of CS and TS particles
present in the aerosols generated for rat inhalation exposure
was 1.69 mm (rg ¼ 1.9) and 0.469 mm (rg ¼ 1.75), respectively
(Supplementary Figs. 2 and 3). Based on the mass weight filter

measurements, the actual aerosol concentrations of CS and TS
particulate matter in the rat exposure chamber were 16.25 6 2.3
and 78.7 6 5 mg/m3, respectively. The alveolar lung burden of CS
and TS resulting from inhalation exposure of rats under the
study conditions estimated using the MPPD model (Anjilvel and
Asgharian, 1995) was 51 and 7974mg, respectively. The rat expo-
sure to CS employed in our study corresponded to a worker be-
ing exposed to CS for 40 years at 1.2 mg/m3 (Gehr et al., 1978;
National Institute for Occupational Safety and Health, 1976;
Ohashi et al., 1994). Similarly, the TS exposure employed in the
rats corresponded to a human smoking 2.33 cigarettes/day for
6 months (Chen et al., 1990).

Clinical Effects
The terminal body weights of the rats exposed to TS alone or TS
plus CS were approximately 3% less compared with those ex-
posed to air or CS alone (data not presented). Except for the
slight body weight loss noticed among the TS- and TS plus CS-
exposed rats, no other clinical sign of toxicity was detected in
any of the rats.

Lung Gross Morphology and Histology
The gross lung morphology of the TS alone-exposed rats was
normal and same as that of the control, air-exposed rats
(Supplementary Figure 4). On the other hand, inhalation expo-
sure of rats to CS resulted in a mild nodular appearance of the
lungs consisting of few, off-white patches. A quantitative in-
crease with respect to the nodular appearance of the lungs was
observed among the rats exposed to both TS and CS, compared
with exposure to CS alone (Supplementary Figure 4).

The lungs of all control, air-exposed rats exhibited normal
histology (Figure 1A). The only histological change noticed in
the lungs of the TS alone-exposed rats was a slight increase in
the number of AM and PMN infiltrated into the lungs
(Figure 1B). Inhalation exposure of rats to CS alone resulted in
mild changes in lung histology. The main lesion detected in the
lungs of the CS-exposed rats was focal cellular alveolitis (FCA)
which consisted of an approximately 2-fold thicker alveolar
wall, compared with the normal, in association with accumula-
tion of AMs, PMNs, fibroblasts, and AP2 cells (Figure 1C). Most of
the CS-exposed lungs showed up to 2 FCAs per lung section.
The increased thickness of the alveolar wall was further con-
firmed with trichrome stain (Supplementary Figure 5). The his-
tological changes detected in the CS plus TS-exposed rat lungs
were similar to those exposed to CS alone except for slight
quantitative increases in the lesions. The alveolar wall was 2–3-
fold thicker compared with normal and the number of FCAs per
lung section was 3–5. In addition, 2 out of 6 CS plus TS-exposed
rat lungs showed the presence of small granuloma
(Supplementary Figure 6) that was not detected in the rats ex-
posed to CS alone.

BAL LDH and Cell Counts
BALF LDH activity, an indicator of lung cytotoxicity, did not
change in the lungs of the TS alone-exposed rats compared
with the control, air-exposed rats (Figure 2A). CS exposure, both
alone and with TS, resulted in a statistically significant increase
(p< .05) in BALF LDH activity compared with both the control
(air) and TS alone-exposed rats (Figure 2A). Similar to the BALF
LDH activity, the number of BAL cells (total, AMs, and PMNs)
detected in the lungs of the rats exposed to TS alone was com-
parable to that of the air-exposed controls (Figs. 2B–D). On the
other hand, statistically significant increases in the number of
the total BAL cells, AMs, and PMNs were detected in the rat
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lungs exposed to CS alone or CS plus TS. The increase in cell
number was most significant in the case of PMNs which was
141- and 490-fold higher in the CS- and CS plus TS-exposed rat
lungs, respectively, compared with those exposed to air alone
(Figure 2D). In addition, all BAL parameters of lung toxicity (LDH
activity, number of total cells, AMs, and PMNs) exhibited a sta-
tistically significant difference (p< .05) between the CS alone-
and CS plus TS-exposed rat lungs.

Oxidant Generation by BAL Phagocytes
The generation of reactive oxidants by the BAL phagocytes
obtained from the TS alone-exposed rats, in the presence of zy-
mosan or PMA, was comparable to that generated by the air-
exposed, control phagocytes (Figure 3). On the other hand, the
zymosan and PMA-stimulated oxidant generation by the phago-
cytes obtained from the CS alone-exposed rats showed a
17- and 77-fold increase, respectively, compared with the
controls. A further and statistically significant increase in both
the zymosan- and PMA-stimulated oxidant generation (30- and
188-fold increase, respectively) compared with the controls was
detected in the phagocytes obtained from rats exposed to CS
plus TS.

Hematology
Many of the hematological parameters measured were signifi-
cantly affected by exposure of the rats to TS, CS, and/or CS plus

TS (Table 1). However, the number of hematological parameters
that were significantly affected was more in the group that was
exposed to CS plus TS compared with those exposed to the
agents individually. The number of white blood cells was higher
in all 3 groups of the exposed rats, compared with the controls,
and this was associated with a corresponding increase in the
percent of neutrophils present in the blood. Conversely, the per-
cent of lymphocytes decreased in all 3 groups of the exposed
rats compared with the air controls.

BALF Cytokines
The BALF levels of several of the cytokines analyzed were signif-
icantly affected by exposure of the rats to TS, CS, or CS plus TS
(Figure 4 and Supplementary Table 1). Compared with the air
controls, the BALF levels of only 3 cytokines (G-CSF, IL-12, and
IL-5) were significantly different in the TS only exposed rats. On
the other hand, exposure of rats to CS alone resulted in signifi-
cant differences in the BALF levels of 11 cytokines (GM-CSF, IL-
1a, MIP-1a, IL-18, MCP-1, IP-10, VEGF, LIX, MIP-2, TNF-a, and
RANTES) compared with the air controls. The most significant
change was noticed in the case of LIX which showed a 19-fold
increase in the CS-exposed rats compared with the controls.
Exposure to CS plus TS, compared with air, resulted in signifi-
cant changes in the BALF levels of 2 more cytokines (EGF and
GRO/KC) in addition to the 11 cytokines which were signifi-
cantly affected by the CS alone exposure.

Figure 1. Photomicrographs of lung sections from the control, tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Rats were exposed to air, CS,

TS, or TS plus CS as described in the text. Lung sections were stained with hematoxylin and eosin. Normal pulmonary architecture with occasional intra-luminal alveo-

lar macrophages (single asterisk) was noted in air alone-exposed (A) and TS alone-exposed animals (B). Rats exposed to CS alone (C) and those exposed to TS plus CS

(D) showed increased intra-alveolar macrophages (single asterisk) as well as occasional polymorphonuclear leukocytes inside the alveolar lumina (double asterisks).

Areas of focal interstitial alveolitis (long thicker arrows) were seen in both the CS- and CS plus TS-exposed groups (C and D). These lesions consisted of thickened alveo-

lar walls (indicated by short thinner arrows) with increased number of macrophages, pneumocytes, and round mononuclear cells. The bar in all panels equals 50 mm

and the magnification �400.
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Lung Gene Expression Profile
NGS analysis detected 16 588 transcripts in the lungs of the rats
(Supplementary Table 2). Among the transcripts detected, com-
pared with the air controls, the expressions of 16, 610, and 1571
transcripts were significantly different (fold change > 1.5 and
FDR p< .05) in the TS-, CS-, or CS plus TS-exposed rat lungs, re-
spectively (Figure 5A). In each of the exposed groups, the num-
ber of overexpressed transcripts was much higher compared
with the downregulated genes. In general, the number of SDEGs
(total, upregulated, and downregulated) detected in the rat
lungs corresponded to the severity of the pulmonary toxicity in-
duced by the agent(s). Six of the SDEGs detected were common
in all 3 exposure groups, whereas 3, 103, and 1057 SDEGs were
unique to the TS, CS, or CS plus TS exposure group, respectively
(Figure 5B). The fold changes in expressions of many of the
SDEGs also corresponded of the severity of lung toxicity being
highest in the CS plus TS group which was followed by the CS
and the TS group, respectively (Table 2). Results of the RT-PCR
analysis confirmed the findings of NGS analysis (Table 3).

Bioinformatic Analysis of the SDEGs
The number of biological functions and diseases, canonical
pathways, and networks significantly enriched in the rat lungs
corresponded to the alterations in the various lung toxicity
parameters detected in the rats. A highest number of signifi-
cantly enriched IPA biological functions and diseases, canonical
pathways, and networks were detected in the lungs of the CS
plus TS-exposed group of the rats which also exhibited the
most significant changes in the various parameters assessed to
determine lung toxicity in response to their exposure to the

Figure 2. Bronchoalveolar lavage parameters of lung response in the air, tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Groups of rats were

exposed to air, CS, TS, or TS plus CS and lung lavage was performed following euthanasia as described in the text. Bronchoalveolar lavage (BAL) parameters of lung re-

sponse, viz, lactate dehydrogenase (LDH) activity (A), total BAL cells (B), alveolar macrophages (AMs) (C), and PMNs (D) were determined as described in the text. Data

represent mean 6 SE (n¼6). Statistical significance (p< .05) among the different groups of rats is represented by differences in the letters (a, b, and c) above the corre-

sponding bars.

Figure 3. Oxidant generation by bronchoalveolar lavage (BAL) phagocytes in the

air, tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats.

Groups of rats were exposed to air, TS, CS, or TS plus CS and the generation of

oxidants by the BAL cells isolated following euthanasia and lung lavage were de-

termined as described in the text. A, Oxidant generation by AMs and PMN. B,

Oxidant generation by AMs. Data represent mean 6 SE (n¼6). Statistical signifi-

cance (p< .05) among the different groups of rats is represented by differences

in the letters (a, b, and c) above the corresponding bars.
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toxic agent(s). Some of the top-ranking IPA biological functions
and diseases that were significantly enriched in the lungs of the
rats exposed to CS were respiratory diseases, cellular growth
and proliferation, free radical scavenging, cell death and sur-
vival, cell-to-cell signaling and interaction, inflammatory dis-
eases, inflammatory response, organismal injury and
abnormalities, cancer, immune cell trafficking, and cellular
movement (Figure 6). It is noteworthy that the enrichment of all
these disease and biological function categories, as represented
by the number of SDEGs belonging to each of them, was highest
among the CS plus TS group followed by the CS and the TS
group, respectively. For example, the number of SDEGs that
belonged to the IPA category, cancer, was 6, 274, and 642, re-
spectively, in the TS, CS, and CS plus TS group of rats. Similar
observations were made with respect to the significantly
enriched canonical pathways or networks and the various lung
toxicity parameters assessed in the rats (Supplementary Tables
3–5). These results, therefore, demonstrated an overall agree-
ment between the results obtained from the bioinformatic anal-
ysis of the SDEGs and the severity of lung toxicity detected in
the rats exposed to the toxic agent(s).

Bioinformatic analysis of the SDEGs further supported the
very low pulmonary response noticed in the rats exposed to TS
alone as well as exacerbation of the CS-induced pulmonary re-
sponse by the TS exposure. This is illustrated, for example, by
the results of the significantly enriched cancer-related IPA bio-
logical functions detected in the 3 groups of the rats (Figure 7).
No cancer-related biological function was significantly (p< .05)
enriched in the lungs of the rats exposed to TS alone. Exposure
of the rats to CS alone resulted in a significant enrichment of
102 cancer-related functions in their lungs. On the other hand,
the combined exposure of rats to CS and TS resulted in a

significant enrichment of 156 cancer-related functions includ-
ing 62 unique functions.

DISCUSSION

Human exposure to TS may result in significant morbidity and
mortality (U.S. Department of Health and Human Services
[USDHHS], 2014) because it contains many chemicals, particles,
and gases including well characterized mutagens and carcino-
gens (Roemer et al., 2012; Schaller et al., 2016). It is estimated
that millions of Americans are living with a TS exposure-related
disease resulting in hundreds of billions of dollars in health care
cost alone (Xu et al., 2015). Although smoking is the number one
cause for lung cancer, other pulmonary outcomes of exposure
to TS include asthma, COPD, emphysema, and chronic bronchi-
tis (USDHHS, 2014). Despite the significant decline in the preva-
lence of adult cigarette smoking, TS exposure remains the
number one preventable cause of diseases and death in the
United States (USDHHS, 2014).

The pulmonary toxicity in response to exposure of rats to TS
has been investigated previously (Carter and Misra, 2010; Choi
et al., 2016; Dorman et al., 2012) by employing the reference ciga-
rette (3R4F) that was used in the present study. Compared with
the previous studies, which reported significant loss in body
weight and induction of lung toxicity in the TS-exposed rats, no
adverse effects except a marginal (< 3%) loss in body weight
and mild lung inflammation were detected in our rat model.
Our results, therefore, suggested that the TS exposure condi-
tions employed in our study were below the threshold required
to result in any significant toxicity in the rats.

Human exposure to dust is almost unavoidable and silica,
the most abundant mineral present in the earth’s crust, can be
a major constituent of dust. Exposure to CS, like TS, especially

Figure 4. Cytokines in the bronchoalveolar lavage fluid (BALF) of the air, tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Groups of rats were

exposed to air (control), TS, CS or TS plus CS and the BALF obtained following euthanasia of the rats and lung lavage were analyzed for various cytokines and chemo-

kines as described in the text. Data represent mean 6 SE (n¼6). Statistical significance (p< .05) among the different groups of rats is represented by the differences in

the letters (a, b, and c) above the corresponding bars. BALF levels of the remaining cytokines analyzed in the rats are presented in Supplementary Table 1.
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at levels exceeding the OSHA PEL, is known to have a significant
impact on human respiratory health. CS is a human carcinogen
(IARC, 1997) and can cause silicosis (Greenberg et al., 2007), a
progressive and potentially fatal fibrotic lung disease.

Crystalline silica particles are engulfed by AM for elimina-
tion from the lungs. The interaction of CS particles with the AM
may result in AM damage and activation. The damaged/acti-
vated AMs release various molecules that act as mediators,
playing key roles in the lung’s response to CS exposure. The
mediators released in response to the interaction of CS particles
with the AM include ROS, reactive nitrogen species, free radi-
cals, transcription factors, inflammatory cytokines and chemo-
kines, growth factors, and fibrogenic factors (Greenberg et al.,
2007). The net result of the complex interactions between these
molecules and lungs often causes lung damage potentially
resulting in diseases such as silicosis and cancer. However, the
actual molecular mechanisms underlying the complex interac-
tions taking place among these molecules as well as with the
lung resulting in CS-induced adverse health effects require fur-
ther understanding. Furthermore, the molecular mechanisms
underlying the potential modification of CS-induced pulmonary
toxicity by confounders, for example TS exposure, need to be
determined for a better understanding of the health effects as-
sociated with CS exposure.

Consistent with the results of our previous studies
(Sellamuthu et al., 2011, 2013), exposure to CS resulted in signifi-
cant lung toxicity in the rats. This was evidenced by the signifi-
cant increases in the BAL parameters of toxicity such as the

LDH activity and the AM and PMN counts (Figure 2) and histo-
logical changes which included FCA, thickening of the alveolar
epithelium, and collagen deposition (Figure 1 and
Supplementary Figure 5) in the CS-exposed rats. A significant
increase in the reactive oxidants generated by the BAL cells
(Figure 3) and alterations in the BAL levels of cytokines and che-
mokines (Figure 4 and Supplementary Table 1) in the lungs of
the CS-exposed rats, compared with the controls, provided ad-
ditional evidence supporting the induction of lung toxicity by
CS in our rat model.

Alterations in the various lung toxicity parameters deter-
mined in the CS plus TS-exposed rats were of a greater magni-
tude compared with those detected in the rats exposed to TS or
CS alone. For example, exposure of rats to TS or CS alone
resulted in 4- and 141-fold increase, respectively, in the BAL
PMN cells. Exposure to TS in addition to CS, on the other hand,
resulted in a 490-fold increase in the BAL PMN count compared
with the air-exposed controls. The number of areas affected by
FCA, thickening of the alveolar wall, and intensity of trichrome
staining was more in the TS plus CS-exposed rat lungs com-
pared with those exposed to the agents individually (Figure 1
and Supplementary Figure 5). Exposure of rats to CS alone did
not result in granuloma formation. On the other hand, exposure
to TS in addition to CS resulted in the formation of small granu-
lomas in the lungs (Supplementary Figure 6). Similar differences
were noticed between the CS alone- and CS plus TS-exposed
rats with respect to the oxidants generated by the BAL phago-
cytes and the BALF levels of several cytokines/chemokines ana-
lyzed. Collectively, these results show that TS exposure
exacerbated the CS-induced lung toxicity in the rats, in agree-
ment with the previous report by Dorman et al. (2012).
Decreased mucociliary clearance in TS-exposed lungs is known
to result in prolonged retention of particles (Cohen et al., 1979).
Similarly, particles may affect the barrier properties of lung epi-
thelium facilitating enhanced uptake and toxicity of the par-
ticles (Bhalla, 1999). However, the focus of the current study was
the molecular mechanisms potentially underlying the exacer-
bated lung toxicity in response to exposure to CS and TS.

Gene expression changes taking place in target organs in re-
sponse to exposure to a toxic agent may be the manifestation of
the toxicity resulting from the exposure. Alternatively, exposure
to a toxic agent may result in gene expression changes with cor-
responding alterations in the functions mediated by the af-
fected genes which may ultimately result in target organ
toxicity. Therefore, gene expression profiling in target organs
followed by diligent bioinformatic analysis of the differentially
expressed genes may provide information critical to the molec-
ular mechanisms underlying the toxicity. The number of the
SDEGs detected in the lungs (Figure 5) corresponded to the se-
verity in lung toxicity (Figs. 1 and 2). Similarly, the fold changes
in expressions of the vast majority of the SDEGs corresponded
to the severity of lung toxicity detected in the rats (Tables 2 and
4). For instance, SPP1—a gene involved in lung inflammatory
and fibrotic responses of toxic particles (Dong and Ma, 2017)—
was overexpressed by 2.85-, 36.69-, and 72.61-fold, respectively,
in the TS-, CS-, and TS plus CS-exposed rats, compared with the
air controls. The vast majority of the top-ranking IPA diseases
and biological function categories, canonical pathways, and
networks that were significantly enriched in the rat lungs were
those known to be involved in lung toxicity. Furthermore, the
enrichment of each of the biological functions and disease cate-
gories corresponded to the severity of lung toxicity induced by
the toxic agent(s). Collectively, these results suggested that the
gene expression changes detected in the lungs were related to

Figure 5. Differentially expressed genes in the lungs of the of the tobacco smoke

(TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Global gene expres-

sion profiles in the rat lungs were determined by next generation sequence

analysis as described in the text. Significantly differentially expressed genes

(SDEGs) are those with a fold change > 1.5 and an adjusted p value < .05 com-

pared with the control (air) group. A, The number of total, upregulated, and

downregulated SDEGs in each exposure group of the rats compared with the

control group. B, Venn diagram of the SDEGs showing the number of unique and

overlapping genes in each exposure group.
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the toxicity induced by the toxic agent(s) reflecting the severity
of toxicity.

The role of oxidative stress in the pathological effects associ-
ated with CS exposure is well established (Sato et al., 2018).
Superoxide anion (O�:2 ), a highly reactive and, therefore, toxic
ROS is generated in cells by the activities of genes that belong to
the nicotinamide adenine dinucleotide phosphate, reduced
(NADPH) oxidase (NOXO) family (Bedard and Krause, 2007). The
transcripts for several members of the NOXO family of genes,
viz, NOXO1, NCF1, NCF2, NCF4, DUOX1, and DUOXA1, involved in
oxidative stress-mediated toxicity (Ameziane-El-Hassani et al.,
2015; Carnesecchi et al., 2009; Jacob et al., 2012; Sato et al., 2008),
were significantly overexpressed, especially in the CS- and CS
plus TS-exposed rat lungs, compared with the controls
(Table 4). The fold changes in the expression of these genes
(Table 4), corresponded to the severity of TS-, CS- and CS plus

TS-induced lung toxicity (Figs. 1 and 2), suggesting their in-
volvement, through the generation of ROS, in the lung toxicity
induced by CS as well as the exacerbation of CS-induced lung
toxicity by TS in the rats.

Hydrogen peroxide (H2O2), the dismutation product of O�:2

mediated by the SUPEROXIDE DISMUTASE (SOD) enzyme, is re-
active and may exert toxicity if not detoxified by CATALASE
(Antunes et al., 2002). Significant overexpression of the SOD2
transcript with no corresponding increase in the Catalase tran-
script was detected in the CS- and CS plus TS-exposed rat lungs
(Table 4). Such a scenario is favorable for the accumulation of
toxic H2O2 in the CS- and CS plus TS-exposed rat lungs and may
contribute to the toxicity detected. LACTOPEROXIDASE (LPO)-
catalyzed oxidation represents a major step in the detoxifica-
tion of H2O2 which serves as the electron donor in the reaction
(Sharma et al., 2013). Compared with the controls, the LPO

Table 2. Top 20 Differentially Expressed Transcripts in the Rat Lungs

Fold Change in Expression Versus Control

Transcript TS CS TS þ CS

Lactoperoxidase (LPO) 9.79 217.22 354.13
Secreted phosphoprotein 1 (SPP1) 2.85 36.69 72.61
Resistin like alpha (RETNLA) 1.23 15.80 31.34
Solute carrier family 26 member 4 (SLC26A4) 4.09 24.15 30.58
Orosomucoid 1 (ORM1) 1.84 12.77 28.70
C-C motif chemokine ligand 2 (CCL2) 3.49 18.75 26.84
BPI fold containing family B, member 1 (BPIFB1) 2.31 15.74 26.08
Copine 5 (CPNE5) 1.79 11.25 23.91
C-C motif chemokine ligand 7 (CCL7) 2.89 13.74 22.77
Transmembrane protein 72 (TMEM72) 2.56 6.63 20.92
Matrix metallopeptidase 12 (MMP12) 2.42 14.21 18.82
Chitinase, acidic (CHIA) 2.21 7.64 14.52
Complement factor I (CF1) 1.96 7.65 13.13
CD177 antigen-like (LOC100909700) 2.57 5.80 12.76
Kininogen 1 (KNG1) 1.37 5.48 12.42
Uncharacterized LOC102552631(LOC102552631) 3.14 10.62 12.38
Transmembrane protein 45 b (TMEM45B) 1.98 10.81 11.99
C-X-C motif chemokine ligand 6 (CXCL6) 4.06 21.96 11.97
Sodium voltage-gated channel alpha subunit 10 (SCN10A) 1.79 7.48 11.84
Immune-responsive gene 1 (IRG1) 1.33 3.51 11.73

The transcripts listed are the top 20 differentially expressed (FC > 1.5 and FDR p< .05) in the TS þ CS group of rats. The fold changes in expressions of the same tran-

scripts in the TS and CS group of rats are also presented for comparison.

Table 3. RT-PCR Validation of NGS Results

Fold Change in Expression

Transcripts NGS RT-PCRa

C-C motif chemokine ligand 2 (CCL2) 18.75 13.20 (8.32–20.94)
C-C motif chemokine ligand 3 (CCL3) 2.95 1.90 (1.28–2.84)
C-X-C motif chemokine ligand 1 (CXCL1) 2.93 2.22 (1.44–3.40)
Lipocalin 2 (LCN2) 2.90 5.98 (4.23–8.46)
Matrix metallopeptidase 12 (MMP12) 14.21 9.48 (6.22–14.45)
Metallothionein 1a (MT1A) 1.76 1.93 (1.36–2.75)
Solute carrier family 13 member 2 (SLC13A2) 2.80 2.03 (1.36–3.05)
Solute carrier family 26 member 4 (SLC26A4) 24.15 15.66 (9.40–26.10)
Superoxide dismutase 2 (SOD2) 2.38 1.71 (1.14–2.56)

The data presented are for the CS group of rats compared with the controls (Air).
aFold change range with standard deviation factored in.
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transcript was 9.79-, 217.22-, and 354.13-fold overexpressed in
the TS-, CS-, and CS plus TS-exposed rat lungs, respectively
(Table 4), and this may represent an attempt by the exposed rat
lungs to defend against the H2O2 toxicity. Despite the presumed
role of LPO in protecting the lungs against the toxicity of H2O2,
the functional significance of the LPO gene overexpression
detected in the lungs of the exposed rats deserves further atten-
tion. This is because the LPO-mediated oxidation product(s) of
certain substrate(s), for example, estrogens, is a risk factor for
cancer (Lovstad, 2006; Sharma et al., 2013). Therefore, it remains
to be determined whether the LPO overexpression, as detected
in our study, may also contribute to the carcinogenic risk asso-
ciated with exposure to TS or CS—2 well known carcinogens
(IARC, 1997, 2004)—as well as the exacerbation of CS-induced
lung cancer by TS as previously reported (Liu et al., 2013).

Activation of the mitogen-activated protein kinases
(MAPKs), through the generation of ROS, has been suggested as
a mechanism underlying the CS-induced lung toxicity (Ding
et al., 1999). The MAPKs are activated by various stimuli, includ-
ing but not limited to, oxidative stress (Huang et al., 2009).
Bioinformatic analysis of the SDEGs detected in the current
study identified the enrichment of canonical pathways involv-
ing MAPKs (Supplementary Tables 3–5). It is noteworthy that
the number of significantly enriched MAPK-related canonical
pathways in the lungs corresponded to the severity of toxicity
induced by the agent(s). Both the number of SDEGs belonging to
the MAPK-related canonical pathways and their fold changes in
expression were higher in the CS plus TS-exposed lungs com-
pared with those exposed to CS alone (Supplementary Tables 2–
5). Similarly, the fold changes in expressions of several MAPK-
regulated genes, for example, DUOX1 (Ameziane-El-Hassani
et al., 2015), HMOX1 (Nakashima et al., 2018), S100A8 and S100A9
(Kwon et al., 2013), MMP12 (Liu et al., 2018), and SPP1 (Beck and
Knecht, 2003), corresponded to the severity of the lung toxicity
(Figs. 1 and 2). Collectively, the correlation between the severity
of lung injury and the changes in the MAPK pathways and the
fold changes in expressions of the genes involved in and

Figure 6. Biological functions and disease categories enriched in the lungs of the tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Enrichment

analysis of the significantly differentially expressed genes (SDEGs) detected by NGS analysis of the gene expression data was performed by Ingenuity Pathway Analysis

(IPA) as described in the text. Eleven of the top-ranking-enriched biological function and disease categories, compared with the control, are presented. In the TS versus

Air group of rats, the number of SDEGs belonging to the biological functions and disease categories presented ranged from 0 to 9 (please see Supplementary Table 3 for

the number of SDEGs in individual categories).

Figure 7. Enrichment of cancer-related biological functions in the lungs of the

tobacco smoke (TS)-, crystalline silica (CS)-, and TS plus CS-exposed rats. Gene

expression profiles in the lungs of the rats were determined by next generation

sequencing and significantly differentially expressed genes (SDEGs) in the TS,

CS, and TS þ CS exposure groups, compared with the control group, were identi-

fied as described in the text. The SDEGs identified in the TS-, CS-, and TS þ CS-

exposed rat lungs were used as input to identify the significantly enriched

(p< .05) cancer-related biological functions using the Ingenuity Pathway

Analysis (IPA) program as described in the text. The number of unique and over-

lapping cancer-related biological functions significantly enriched (p< .05) in the

lungs of the rats is presented.
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regulated by those pathways may suggest the involvement of
MAPK pathways in CS-induced lung toxicity as well as the exac-
erbation by TS.

Inflammation plays a major role in the health effects associ-
ated with CS exposure. Myelin-related proteins (MRPs) play an ac-
tive role in the migration of neutrophils, from blood to the site
of tissue injury, resulting in an inflammatory response
(Ryckman et al., 2003). The transcripts of both S100A8 and
S100A9, 2 calcium-binding MRPs involved in neutrophil migra-
tion (Wang et al., 2018), were significantly overexpressed in the
lungs of all 3 groups of the exposed rats. However, the fold
changes in their overexpressions were highest in the CS plus TS
group, followed by the CS and the TS alone group, respectively
(Table 4). The correlation in the number of neutrophils and the
fold changes in the expression of S100A8 and S100A9 transcripts
in the rat lungs, therefore, suggested their potential involve-
ment in the CS-induced neutrophil infiltration as well as its ex-
acerbation by the exposure to TS.

Damage/activation of AM by inhaled particles may result in
the release of reactive intermediates, including those involved
in an inflammatory response, potentially playing a key role in
the ensuing lung pathology. Eicosanoids, a functionally diverse
group of lipid mediators, are released by the AMs in response to
exposure to toxic particles (Serhan, 2007). Phospholipases play a
critical role in the cleavage of phospholipids to generate free
fatty acids and lysophospholipids (Schaloske and Dennis, 2006).
Among the phospholipases, the role of phospholipase A2 (PLA2)
is most critical because they mediate the cleavage of

phospholipids to arachidonic acid, a rate-limiting step in the
synthesis of eicosanoids (Saiga et al., 2005). The transcripts for 3
PLA2 genes, viz, PLA2g1b, PLA2g4e, and PLA2g7, were significantly
overexpressed in the lungs of the CS plus TS-exposed rats. On
the other hand, in the CS- and TS alone-exposed rat lungs, only
2 (PLA2g4e and PLA2g7) and one of the transcripts (PLA2g1b), re-
spectively, were significantly overexpressed. In addition, the
fold changes in the overexpression of the PLA2 transcripts corre-
sponded to the severity of lung inflammation and toxicity
detected in the rats. The eicosanoids generated from the PLA2-
meadiated cleavage of phospholipids may result in lung inflam-
mation and toxicity by functioning as chemoattractants
(Granata et al., 2006). The potential role of PLA2 genes in the CS-
induced lung inflammation and toxicity and their exacerbation
by TS is further supported by corresponding increases in the
number of neutrophils infiltered into the lungs (Figure 2) and
the BALF levels of several cytokines and chemokines detected
in the rats (Figure 4).

Silicosis, perhaps the most serious health outcome of expo-
sure to CS, is characterized by lung fibrosis with accompanied
reduction in lung function. Degradation and rebuilding of the
extracellular matrix (ECM), the key events in lung remodeling
and fibrosis, are regulated by several genes. Several lines of evi-
dence suggest a prominent role for the CCL2 gene that encodes
the MCP-1 protein in fibrosis (Distler et al., 2001; Ferreira et al.,
2006; Yamamoto and Nishioka, 2003). MATRIX
METALLOPROTEINASES (MMPs), a family of proteins, play a cen-
tral role in tissue remodeling by cleaving ECM and non-ECM

Table 4. Fold Changes in the Expressions of Differentially Expressed Transcripts in the Lungs of the TS-, CS-, and TS þ CS-Exposed Rats

Fold Change in Expression

Transcript TS CS TS þ CS

Adenosine A1 receptor (ADORA1) 1.47 4.02 5.24
C-C motif chemokine ligand 2 (CCL2) 3.49 18.75 26.84
Chitinase, acidic (CHIA) 2.21 7.64 14.52
Dual oxidase 1 (DUOX1) 1.06 1.97 3.78
Dual oxidase maturation factor 1 (DUOXA1) 1.07 2.34 2.45
Estrogen receptor 1 (ESR1) 1.36 3.67 4.99
Heme oxygenase 1 (HMOX1) 1.37 2.74 3.17
Lactoperoxidase (LPO) 9.79 217.22 354.13
Matrix metallopeptidase 7 (MMP7) 1.28 6.01 7.90
Matrix metallopeptidase 12 (MMP12) 2.42 14.21 18.82
Matrix metallopeptidase (MMP14) 1.07 1.34 1.66
Matrix metallopeptidase 19 (MMP19) 1.07 1.21 1.57
Neutrophil cytosolic factor 1 (NCF1) 1.26 1.65 2.58
Neutrophil cytosolic factor 2 (NCF2) 1.18 1.84 2.03
Neutrophil cytosolic factor 4 (NCF4) 1.16 1.62 1.76
NADPH oxidase organizer 1 (NOXO1) 1.95 4.08 3.64
PENTRAXIN3 (PTX3) 2.01 3.46 5.41
Phospholipase A2 group IB (PLA2G1B) 1.24 1.83 2.09
Phospholipase A2, group IVE (PLA2G4E) 1.02 4,06 5.88
Phospholipase A2 group VII (PLA2G7) 1.19 1.88 2.50
Resistin like alpha (RETNLA) 1.23 15.80 31.34
S100 calcium-binding protein A8 (S100A8) 1.80 3.89 4.83
S100 calcium-binding protein A9 (S100A9) 2.31 8.87 9.92
S100 calcium-binding protein A10 (S100A10) 1.00 1.32 1.61
Solute carrier family 26 member 4 (SLC26A4) 4.09 24.15 30.58
Superoxide dismutase 2 (SOD2) 1.34 2.38 2.35
Secreted phosphoprotein 1 (SPP1) 2.85 36.69 72.61

The transcripts listed are those that are discussed in detail in the manuscript with respect to their potential role in CS-induced lung toxicity and exacerbation of the

toxicity by TS. A complete list of all the transcritps detected in the rat lungs, fold changes in their expressions, and the adjusted p values are presented in

Supplementary Table 2.
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molecules (Page-McCaw et al., 2007). The transcripts for 4 of the
MMPs, viz, MMP7, MMP12, MMP14, and MMP19, were overex-
pressed in the exposed lungs (Table 4). MMP12, the most signifi-
cantly overexpressed MMP detected in the present study, is
secreted by activated AM and codes for a protein with elasto-
lytic activity (Wagner et al., 2016). The underlying mechanism
responsible for the role of MMP12 in lung damage is attributed
to its proteolytic activity toward ECM, antiproteases, and proin-
flammatory cytokines (Churg and Wright, 2005; Hautamaki
et al., 1997; Zheng et al., 2000). A correlation between Chitinase
(CHIA) activity and disease severity exists in human interstitial
lung diseases characterized by lung remodeling and fibrosis
(Cho et al., 2015; Lee et al., 2012). The Adenosine receptor A1
(ADORA1) promotes lung ECM formation and fibrosis
(Cronstein, 2011). In a murine lung fibrosis model, Pentraxin 3
(PTX3) facilitated the differentiation of monocytes to fibrocytes
and deposition of collagen, a key component of ECM (Pilling
et al., 2015). In a mouse pulmonary toxicity model, Osteopontin
(SPP1) promoted the differentiation of fibroblasts to myofibro-
blasts (Dong and Ma, 2017), a key event involved in lung fibrosis.
The profibrotic role of 17 b-estradiol, mediated by Estrogen recep-
tor 1 (ESR1), involves an increase in collagen and the associated
ECM remodeling (Aida-Yasuoka et al., 2013). The increase in the
abundance of all these transcripts, viz, CCL2, MMP7, MMP12,
MMP14, MMP19, CHIA, ADORA1, PTX3, SPP1, and ESR1, involved
in fibrosis, corresponded to the lung toxicity and fibrosis
detected in the rats. These results thus suggested the contribu-
tion of the above-mentioned genes in the CS-induced lung fi-
brosis and toxicity as well as their exacerbations by TS.

The current study, in addition to demonstrating the involve-
ment of oxidative stress, inflammation, and fibrosis in the lung
toxicity induced by CS and its exacerbation by TS, indicated
other mechanisms potentially involved in the toxicity.
Enrichment of the circadian rhythm signaling pathway detected
in the CS- or TS-exposed lungs was further increased in the CS
plus TS-exposed lungs. The role of circadian rhythm signaling,
if any, in the lung toxicity induced by CS and its exacerbation by
TS have not been previously recognized despite the identifica-
tion of circadian rhythm disruption in tumorigenesis (Savvidis
and Koutsilieris, 2012). Calcium (Ca), due to its established role
as perhaps the most pleiotropic second messenger, mediates a
variety of cellular functions including those relevant to CS-
induced toxicity such as signal transduction and cell growth, di-
vision, and motility (Calpham, 2007). Even though the role of Ca,
if any, in CS-induced lung toxicity was not investigated in this
study, several lines of evidence suggested the potential involve-
ment of Ca in CS-induced lung toxicity and its exacerbation by
TS. The S100A8, S100A9, and S100A10 transcripts that code for
prominent Ca-binding proteins were overexpressed in the lungs
of the rats. Like many other transcripts, the overexpression of
these Ca-binding transcripts corresponded to the pulmonary
toxicity detected. A similar trend was also noticed in the enrich-
ment of the Ca signaling and axonal guidance signaling canoni-
cal pathways in the lungs of the exposed rats (Supplementary
Tables 3–5). The enrichment in the axonal guidance signaling
canonical pathway, corresponding to the severity of lung toxic-
ity detected in the rats, may suggest the potential involvement
of lung neurological network through Ca-mediated modulation
of axonal transport (Morotz et al., 2012) in CS-induced lung tox-
icity and its exacerbation by TS. Despite the reported involve-
ment of Ca in CS-induced inflammation in an in vitro cell
culture model (Liu et al., 2007), additional studies are required to
determine the potential role of Ca as a second messenger in the
lung response to CS exposure as well as its exacerbation by TS.

Future studies are required to validate the findings of the
current study. This would include the determination of protein
expression profiles to corroborate the transcriptomic changes
detected in the lungs. Similarly, the functional significance of
the gene expression changes needs to be determined in order to
attribute a definite role for any of the differentially expressed
genes in the CS-induced lung toxicity as well as its exacerbation
by TS. This will involve conducting functional (toxicity) studies
by employing transgenic cell culture and/or animal models of
the genes or studies that involve the inhibition of protein func-
tion by employing pharmacological agent(s). In this regard, it is
worth mentioning the findings of a recent study conducted in
our laboratory in which the functional significance of the Solute

carrier family 26 member 4 (SLC26A4) overexpression with respect
to the CS-induced lung toxicity was investigated using trans-

genic mice (Sager, 2019). In the current rat study, the SLC26A4

overexpression corresponded to the severity of lung toxicity
suggesting the potential involvement of the gene in CS-induced
lung toxicity as well as its exacerbation by TS. The lung re-
sponse to CS exposure was significantly higher in the SLC26A4þ/

þ mice compared with the SLC26A4�/� littermates (Sager, 2019)
showing that the significant overexpression of the SLC26A4

transcript detected in the CS-exposed rat lungs was functionally
relevant to the lung toxicity as well its exacerbation by TS.

In summary, the results of the current study demonstrated a
significant exacerbation of the CS-induced lung toxicity by TS in
the rats. The CS-induced oxidative stress, inflammation, and fi-
brosis in the rat lungs were augmented by TS exposure.
Bioinformatic analysis of the transcriptome data identified
novel targets and molecular mechanisms potentially underly-
ing the CS-induced lung toxicity as well as its exacerbation by
TS. Further studies, especially functional genomics of the differ-
entially expressed genes, are required to validate the findings
and better understand the excess risk of coexposure to TS, an
avoidable life-style factor, on the adverse health effects associ-
ated with CS exposure. This, in turn, is expected to be useful in
the management and potential reduction/prevention of the ad-
verse health effects, including silicosis and cancer, that are po-
tentially associated with CS exposure.
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