A novel approach for a toxicity prediction model

of environmental pollutants

Junichi Hosoya

Doctoral Program in Life and Food Sciences
Graduate School of Science and Technology

Niigata University



Contents

Abstract 1
1. Introduction 3
2. Materials and Methods 6
2.1 Treatment with DEP and chemicals 6
2.2 DTT assay 6
2.3 Cell culture -6
2.4 Cytotoxicity test 7
2.5 DNA microarray analysis 7
2.6 Construction of the in silico prediction model 8
3. Results 9
3.1 Oxidative activity of 64 chemicals related to diesel emissions 9
3.2 Cytotoxicity of the 64 chemicals related to diesel emissions 9
3.3 Analysis of Gene ontology features in DNA microarray data 9
3.4 Arbitrary gene expression analysis
3.5 Cluster analysis of DNA microarray data 13
3.6 Construction of the in silico prediction model of IL-8 13
3.7 Validation of the in silico prediction model 14
4. Discussion 16
4.1 Cytotoxicity and oxidative activity. 16
4.2 Efficient exploitation of gene expression analysis for toxicity evaluation ----------- 17
4.3 The potential of the in silico prediction model -- 20
5. Conclusion 23
Acknowledgements 24
References 25
Abbreviation --- 32

11



Abstract

There are myriad environmental pollutants on the earth, and a large amount of new
environmental pollutants may be produced in future. The identification of newly emerging
pollutants predicted from limited information is important in human health risk
management. From the viewpoints of cost and ethics, development of two effective
approaches, instead of the conventional animal experiment, is expected. One'is
toxicogenomics, representing the DNA microarray analysis; and the other is in silico
approaches based on the quantitative structure-activity relationship (QSAR).
Toxicogenomics has been widely used for sensitively and quickly elucidating the
molecular and cellular actions of chemicals and other environmental stressors resulting in
biological damage. ‘QSAR is a potential tool for predicting the activity and properties of
chemicals, including their physicochemical attributes., health effects, ecotoxicity, and
biological activity. In this study, I attempted to develop new and efficient toxicity
prediction models for the myriad environmental pollutants including those in automobile
emissions.

Toward this goal, I tried to combine toxicogenomics w;'th QSAR. 64
chemicals/particulates detected in automobile emissions were selected; and the DNA
microarray method was used to examine their effect on gene expression in human lung
cells. The results showed that the expression of various genes was altered in cells exposed
to PAHSs, nitroarenes or quinones. Furthermore, these 64 chemicals/particulates were
divided into some groups reflecting the physicochemical characteristics of these
compounds by using hierarchical clustering analysis of the gene exﬁression data. Then, IL-
8, as a well-known proinflammatory cytokine involved in allergic inflammation induced by

automobile emissions, was selected to develop an in silico prediction model by utilizing



the QSAR for IL-8 gene expression. Furthermore, I validated the prediction model
according to known data from previous reports. As a result, this prediction model showed
~ high accuracy in predicting up-regulation of the IL-8 gene. These results suggest that the
prediction model using QSAR based on the gene expression from toxicogenomics may

have great potential in predictive toxicology of environmental pollutants.



1.Introduction

Concern about the toxicity of chemicals released into the environment has been
increasing recently. Many chemicals are suspected to have hazardous effects, but
evaluation of their toxicity is still difficult and challenging. One of these difficulties is that
certain chemicals are reported to have an adverse effect on organisms despite giving
negative results in conventional toxicity tests. Thus, a new technique is desirable in order
to evaluate the effects of chemicals on human health.

Recently, the impact of ambient fine particulate matter (PM2.5, particulate matter with
an acrodynamic diameter < or = 2.5 #m) on health and the environment has become a big
issue. It has been reported that an increase in PM2.5 is associated with the mortality and
morbidity from respiratory and cardiovascular diseases [1,2]. In Japan, an environmental
quality standards for PM2.5 was established in 2009, and so many people are now
interested in the effects of PM2.5 on health. Diesel exhaust particles (DEP) are well known
as one of the most important components of ambient PM2.5 . The development of
emission-reduction technologies in recent years has produced considerable reduction in the
particle concentration in diesel emissions; however, there is a possibility that unexpected
toxic substances are now being produced in diesel emissions owing to new technologies
and types of fuel [3]. Therefore, it is necessary to understand the toxicity of automobile
emission consequential to these new technologies and fuels.

Animal exposure studies can play an important role in evaluating the toxicity of
environmental pollutants including those in automobile c;,missions. However, because these
pollutants are of great variety, it is impossible to understand in a cyclopedic manner their
toxicity by such studies only. Furthermore, an animal exposure study is a fairly long-term
process and involves huge cost. In addition, the use of animal studies should be reduced

from the view point of animal welfare. In the industrial world, one aim in the toxicological



evaluation of chemicals is a reduction in, refining, and replacing animal testing, especially
in the context of the new EU chemical policy REACH (Registration, Evaluation,
Authorisation and Restriction of CHemicals) [4]. This new legal framework also supports
the development of alternative methods to animal experimentation, encouraging the
improvement and/or design of new methodological strategies for the toxicological
evaluation of chemical compounds. In light of this background, there is a real need for new
approaches for rational estimation of the toxicity of new environmental pollutants without
the use of experimental animals.

Recent advances in molecular biology have provided a technique for a better
understanding of the responses of organisms to chemicals; and this emerging field is
known as toxicogenomics. Toxicogenomics is defined as an integration of genomics
(transcriptomics, proteomics, metabolomics) and toxicology. For example, the DNA
microarray can be used to explore the gene expression profilés of organisms in response to
certain chemicals. The DNA microarray method is a powerful tool to determine the
comprehensive changes in gene expression induced by Qarious chemicals. By this
technique, many researchers can detect the toxic reaction to chemicél compounds as
changes in gene expression. It is said that a change in gene expression is "an early wafning
marker" of toxicity, because gene expression data provide useful information to predict the
toxicity of chemicals before the phenotype is manifested [4-6].

On the other hand, as a screening method to replace animal tests, an in silico toxicity
prediction bas}ed on the quantitative structure-activity reiationship (QSAR) is meaningful.
This QSAR approach; which elucidates the relationship between the chemical structure and
biological activity of a compound of interest, has been in use over a long period of time.
Several in silico toxicity prediction systems with QSAR have been developed. For the

prediction of the toxicity including mutagenicity of candidate drugs for development,



QSAR is utilized widely in the pharmaceutical industry [7-11]. Therefore, the fusion
between toxicogenomics and QSAR may provide a high-accuracy toxicity prediction |
model for various chemical compounds.

In this study, gene expression in a human lung epithelial cell line treated with 64
chemicals/particles related to diesel emissions was examined by use of the DNA
microarray method. In addition, oxidative activity and in vifro cytotoxicity were measured
to supplement the gene expression data. Based on the data obtained, an in silico gene

expression prediction model was constructed to predict the toxicity of unknown chemicals. -



2. Materials and methods
2.1. Treatment with DEP and chemicals

It was unrealistic to analyze the gene expression profiles elicited by all chemicals
included in the diesel emissions in this study, because there are a great many chemicals in
these emissions. Therefore, priority was given to just 64 chemicals/particulates (Table 1;
refer to the MSAT program of the U.S. EPA [5,6] and the ACES program of the HEI [3].
The DEPs, SRM 2975 (Industrial Forklift), were purchased from the National Institute of
Standards and Technology (Gaithersburg, MD, USA). Other chemicals were obtained from
Wako Pure Chemical Industries (Osaka, Japan). DEP and the various chemicals were

dissolved and sonicated in DMSO.

2.2. DTT assay

Oxidative activity was determined in triplicate by conducting the dithiothreitol (DTT)
assay, which is used for the quantitative measurement of reactive oxygen species (ROS)
formation in vitro [7]. All samples were pfepared at arbitrary concentrations in 250 mM
Tris-HCI buffer (pH 8.9). Briefly, 10 xl of 20 mM DTT solution and 1 ml of a test sample
including a blank (250 mM Tris-HCIl buffer only), both containing DMSO (final |
concentration, 0.1%), were mixed in tubes and incubated for 30 min at 37 °C in a water
bath. Then 16.6 ul of 20 mM DTNB was added to thismixture to develop the yellow color.
After color development, samples (50 ul) were placed in microtiter wells, and the
absorbance was measured at 405 nm with a microplate rsader (Microplate reader Model

680, Bio-Rad, USA).

2.3. Cell culture



Cell lines A549 (human lung) and HL-60 (human leukemia) were purchased from the
American Type Culture Collection (CCL 185 line; Rockville, MD, USA). These cells were
kept at 375C in a humidified incubator under 5% CO; in air and grown in DMEM culture
medium containing 10 xg/ml gentamicin supplemented with 10% FBS ﬁntil they had

reached 80-90% confluence.

2.4. Cytotoxicity assays

After treatment with chemicals, cytotoxicity was assessed as cell viability by using 4-[3-
(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate
sodium salt (WST-8), a novel tetrazolium salt, provided in a commercially available kit.
HL-60 cells were plated in 96-well microtiter plates at a density of 5 x 10° cells per well,
and each plate was incubated for 48 hours at 37 °C in 5% CO,. Two days after the seeding,
the cells were exposed to DEP or various chemicals for 48 hours. The live cell count was
assayed by using a Cell Counting Kit-8 (Dojin, Kumamoto, Japan) according to the
instructions provided by the manufacturer, and the absorbance of each well was measured
at 450 nm with a microtiter plate reader. Cell viability was calculated as the ratio of viable

treated cells to viable untreated cells.

2.5. DNA microarray analysis

A549 cells (1x10% were seeded into each of several dishes. Two days after the seeding,
the cells were exposed to DEP or various chemicals for 4 hours. Final concentrations used
were 1 uM and 10 uM for chemicals and 30 ug/ml and 100 xg/ml for DEP. Control cells
were treated with the same concentration of DMSO. After the exposure, total RNA was
extracted from the cells by using an RNeasy mini kit (QIAGEN, Hikden, Germany)

according to the manufacturer's protocol, eluted with RNase-free water, and stored at -



80°C prior to use. RNA concentrations were determined with a spectrophotometer
(GeneQuant, Amersham Biosciences, Piscataway, NJ, USA), ahd analyzed for quantity
and quality by using a bio-analyzer (Agilent chhnologiés, USA). Total RNA was used for
the synthesis of fluorescent cRNA with an Agilent Quick Amp Labeling Kit (Agilent
Technologies, USA), and the Cy3-labeled cRNA was combined with and hybridized to
Agilent 4x44K Human Oligo Microarrays (Agilent Technologies, USA) according to the
manufacturer's protocol. After hybridization, the slides were washed and scanned with an
Agilent microarray scanner. The scanned images for each slide were analyzed by using
Feature Extraction software version 9.5.3.1 (Agilent Technologies, USA). The obtained
data were then anﬁlyzed by using GeneSpring GX 10.0 software (Agilent Technologies,
USA). The data were normalized by the per-chip normalization method, and filtering of the

data was performed by using flags (present, absent, and marginal).

2.6. Construction of the in silico prediction model

Of the 64 chemicals/particles examined, the 54 chemicals were classified into 2 groups
based on the gene expression of IL-8. One was the up-regulation class; and the other, the
down-regulation class. Successively, 372 physico-chemical descriptors of the chemicals
were calculated by the use of ADMEWORKS (Fujitsu, JAPAN). Then, some of these
desqriptors related to IL-8 expression were chosen, and a prediction model was constructed

by using the ADMEWORKS.



3. Results

3.1. Oxidative activity of the selected 64 chemicals/particles related to diesel emissions
The oxidative activity was evaluated by conducting the DTT vassay. As aresult, quinones

and metals showed oxidative activity (Fig. 1 and Table 2). Especially, anthraquinone,

copper (1), copper (II), and nickel (II) showed a high DTT consumption rate (Fig. 1 and

Table 2). On the one hand, PAHs, nitroarenes, phthalates, nitrophenols, and particles

(except for DEP) had little or no oxidative activity.

3.2. Cytotoxicity of the 64 chemicals relﬁted to diesel emissions

The cytotoxicity was evaluated in terms of the half maximal (50%) inhibitory
concentration (ICsp). The ICsq values of the chemicals are shown in Table 3. The viability
of cells exposed to 11 chemicals (9-methyl anthracene, 1-nitropyrene, 3-nitro benzanthrone,
1,2-naphthoquinone, 9,10-phenanthraquinone, p-benzoquinone, bis[2-ethylhexyl] phthalate,
copper(I) chloride, copper(Il) chloride, nickel(II) chloride, zinc(II) chloride) was less than
50%. For other chemicals, no cytotoxicity was seen at the concentration of 10 4M or 100

UM.

3.3. Analysis of gene ontology features in DNA microarray data

The DNA microarray analysis was performed by using total RNA from A549 cells
treated or not singly with 64 chemicals/particles related to diesel emissions. The results are
summarized in Tables 4-8. At first, chemical-elicited ch;mges in global gene expression
changes were evaluated. Fig. 3 shows an individual gene expression of each material in the
form of a line graph. If the influence of the material was associated with a change in gene
expression, the gene expression should be changed to a greater extent by PAHs,

nitroarenes, quinones, and phthalates than by other groups.



Next, 8 gene classifications related to the health effects of diesel éxhaust or DEP were
chosen, and analyzed based on the Gene Ontology (GO) Consortium
(http://www.geneontology.org/). These classifications of GO used for analysis are shown
in Table 4. The results of the evaluation of standard deviations (SDs) are given in Table 5.

There was a tendency for high SD values in all classification categories and in all of the
groups of chemicals/particles tested. Among the PAHs, many of them showed high values
in the "Catalytic activity," "Oxygen and rea¢tive oxygen species metabolism," and
"Immune response" categories. Many nitroarenes showed high values in the classification
"Response to DNA-damaging stimulus;" and many phthalates, high values in the "Humoral
immune reSponse" and "Antioxidant activity" classifications. As to quinones, many of
them showed high values in all classification groups except the "Humoral immune
response.” Many nitrophenols showed high values in the "Humoral immune response”
category. For metals, many showed high values in all classificatidn groups except
"Response to DNA-damaging stimulus." In the particles group except for DEP, many
showed high values in the "Cell death" category. In the case of DEPs high values were
found for the "Oxygen and reactive oxygen species metabolism" and "Immune response”
categories. Among the chemicals/particles tested, 7-methyl benzo[a]pyrene, 1,2-
naphthoquinone, 9,10-phenanthraquinone, 4-nifr0phen01, and F-DEP30 showed high
values in more than half of the classification groups.

Next, the number of genes whose expression was =2-fold increased as compared with
their expression 1evels in the vehicle group was assessed (Table 6). Overéll, there was a
tendency for a high number of genes increased in expression in any classification category
and by any of the chemicals/particles tested. Of the groups, PAHs and nitroarenes showed
high numbers in the "Oxygen and reactive oxygen species metabolism" and "Response to

DNA- damaging stimulus" categories. Quinones showed high numbers in all classification
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categories§ and phthalates, nitrophenols, metals, and particles, in the features classified as
"Oxygen and reactive oxygen species metabolism," "Humoral immune response," and
"Antioxidant activity." In each material, 7-methyl benzo[a]pyrene, 1,2-naphthoquinone,
9,10-phenanthraquin0ne, 3-methyl-4-nitrophenol, gold colloid (5 nm), and F-DEP100
showed high values in many classification categories.

Next, the number of genes whose expression was =(.5-fold decreased was assess.ed
(Table 7). Overall, there was a tendency for high numbers of genes decreased in expression
in either classification category and in all test groups except for particles. PAHs showed
high numbers in the "Oxygen and reactive oxygen species metabolism," "Humoral immune
response,” and "Antioxidant activity" categories; and nitroarenes, in the "Oxygen and
reactive oxygen species metabolism" and "Antioxidant activity" ones. Quinones showed
high numbers in the classification categories of "Catalytic activity" and "Inflammatory
response;" whereas phthalates showed high ones in the classification of "Oxygen and
reactive oxygen species metabolism." Nitrophenols showed high numbers in the
classification of "Oxygen and reactive oxygen species metabolism," "Inflammatory
response,” "Immune response,” and "Cell death" designations. Metals showed high
numbers only in the "Inflammatory response" category. As to specific chemicals,
benzo[k]fluoranthene, fluorene, 7-methyl benzo[a]pyrene, 4-nitrophenol, and 3-methyl-4-

nitrophenol showed high numbers in many classification categories.
3.4. Analysis of arbitrarily selected gene expression

Attention was next paid to certain genes whose expression was affected by diesel

exhaust or DEP. Changes in their expression are shown in Table 8.
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Cytochrome P450s (CYPs) are highly inducible by PAHs, and some metabolites of CYP
enzymes are known to be related to carcinogenesis. Thus, it is necessary to pay attention to
these genes as possible oncogenes.

Oxidative stress is assumed to be one of the factors contributing to the adverse effects of
DEP. In previous studies, organic extracts of DEP were shown to provoke oxidative stress
on alveolar macrophages, alveolar type II cells [8,9], and endothelial cells [10]. Reactive
oxygen species (ROS) such as peroxide, which induces oxidative stress, are known to
induce the oxidation of various molecules comprising the living body, such as proteins,
lipids, and DNA. The threat of ROS damage is countered by coordinated cellular responses
- that modulate the expression of sets of gene products, one of which is heme oxygenase-1
(HO-1), which, along with other inducible enzymes, constitutes a céllular adaptive
resistance pathway for defense against various oxidants. An organic extract of DEP was
shown to induce HO-1 gene expression in alveolar macrophages [9] and macrophage cell
lines [11,12] as an early response to oxidative stress. Thus, HO-1 was chosen as an
oxidative stress marker.

Many studies have suggested that DEP induces the production of inflammatory markers
in human lung epithelial cells [13,14] and that exposure to diesel emiséions augments
endotoxin-induced pulmonary inflammation [15] and allergic airway inflammation in a
mouse asthma model [16,17]. Inflammatory cytokines and chemokines play important
roles in these ix.lﬂammatoryv responses [18]. Thus, certain inflammation-related genes (IL-
18, IL-6, IL-8, and GM-CSF) were also selected for studuy.

Table 8 indicates that CYPlAl and CYP1B1 were up-regulated by most PAHs and
particles. CYP3A4 was up-regulated by nitrophenols, most metals, and particles. HO-1
was down-regulated by almost all materials. IL-18 was up-regulated by some quinones.vIL—

6 was down-regulated by most PAHs. IL-8 was down-regulated by most PAHs and

12



nitroarenes. On the other hand, it was up-regulated by quinones, phthalates, nitrophenols,
metals, and particles. GM-CSF was up-regulated by some nitroarenes, quinones, phthalates,
nitrophenols, metals, and particles. The changes in IL-8 gene expression are also depicted

in graphic form (Fig 3).

35 Cluster analysis of DNA microarray data

A critical question in toxicogenomics is whether gene expression information may be
used to reveal chemical-specific signature patterns. Therefore, several computationai
analyses were used to determine whether treatment with different chemicals results in
distinguishable gene expression patterns. Application of hierarchical cluster analysis [19]
confirmed that individual chemicals could be distinguished by the gene expression (Fig. 4).

As a result, the 64 chemicals/particles were classified into 4 groups (Groups [ ~IV) by
using cluster analysis. Furthermore, Groups [ and IV could each’ be divided into 2
subgroups (Group Il -a, -b and Group[V-a, -b, respectively). These groups mainly included
the following chemicals/particles: Group I , PAHs; Group ]I -a, nitroarenes; Group Il -b,
quinones and phthalates; GroupIll, metals and nitrophenols; GrouplV-a, particles except

for DEP; and GroupIV-b, DEP.

3.6. Construction of the in silico prediction model for IL-8

IL-8 is a well-known inflammatory cytokine involved in allergic inflammation [20], and
its expression is up-regulated by exposure of animals to diesel emissions or to treatment
with DEP in vitro [26-30]. Althdugh many reports suggest that diesel emission affects
allergic responses, it is not clear what components of DEP are responsible for it. Therefore,

as a final part of this study the relationship between IL-8 gene expression and DEP was
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examined by developing, with the use of toxicogenomics and QSAR, a prediction model
for IL-8 gene expression elicited by various chemicals found in diesel exhaust.

Materials with a chemical structural formula are suitable for QSAR analysis, and‘ so the
54 chemicals were assigned to 2 classes, i.e., up-regulation class and down-regulation class,
by using ADMEWORKS, which is a chemical compound toxicity prediction system, and
the IL-8 gene expression data obtained from the DNA microarray (Table 8 and Fig. 3). As
a result, the following model was built:

y = —0.57 [WTPT3]+0.44 [MOLC4]+0.31 [V5CH]+0.30 [SYMM2]+0.19 [S3C]—
0.15 [CRB_LEADL]—0.02 [OPERA_RULEI]

y>0; down-regulation, y<0; up-regulation

Table 9 shows the 7 descriptors used in this prediction model and their degree of
contribution to the IL-8 kgene expression; and Table 10, the values of these descriptors of
all 54 chemicals. If the absolute value of the contribution degree is large, the chemical is
closely linked to variability of IL-8 gene expression in A.549' cells. Furthermore, a positive
value for the contribution degree is related to down-regulation of the cytokine; and a
negative one, to up-regulation of it. The IL-8 gene expression in A549 cells treated with
any chemicals was considered to be predictable by this model by knowing the chemical

structures. The rate of classification of the 54 chemicals except for DEP by this model was

92%.

3.7. Validation of the in silico prediction model

The prediction model of IL-8 gene expression was validated by reference to previous
reports indicating that some chemicals changed the IL-8 gene expression level in A549
cells in the same manner as found in this present study. It is generally thought that IL-8 is
related to inflammation [21] or oxidative stress [22]. Therefore, it is thought that this

cytokine may be up-regulated by pro-inflammatory compounds and oxidants. Therefore,

14



chlorobenzene [23], sodium sulfite [24], and sphingosine-l-phosphate [25] as pro-
inflammatory compounds, and paraquat [26] as an oxidant, were chosen for study (Table
11).

On the other hand, it is generally thought that IL-8 expression may be down-regulated
by anti-inflammatory compounds and antioxidants. Therefore, dexamethasone [27] as an
anti-inflammatory compound and B-carotene [28] and theaflavin [29] as antioxidants were
also examined (Table 12). In addition, it is well known that NF-xB, a transcription factor,
blays an important role in inflammation [30]. Since it is reported that isohelenin, an NF-xB
inhibitor [31,32] down-regulates IL-8 at the mRNA level in A549 cells [33], it was chosen
as an NF-xB inhibitor for validation of the prediction model of IL-8 (Table 12). The results
of these evaluations are shown in Tables 11 and 12.

The prediction model using IL-8 and all compounds chosen based on previous reports
showed 75% accuracy. The prediction of up-regulation by this model was 100% accurate;
~ and that of down-regulation, 50% by it. There was thus no discrepancy between previous
data and the prediction of up-regulation of IL-8. However, although it was préviously »
reported that IL-8 gene is down-regulated by dexamethasone and theaflavin, this model |

predicted up-regulation by these compounds. |
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4. Discussion
4.1. Cytotoxicity and oxidative activity

Of the 64 chemicals/particles assessed for cytotoxicity, gell viability was less than 50%
in the case of 11 of them. Among the test groups, quinones had strong cytotoxicity. The
cell injury mechanism of quinones is classified roughly into 2 types. One is
- Arylation/Alkylation by covalent bonding with intracellular sulfhydryl groups. The other is
oxidative stress caused by superoxide derived from a redox cycle. Indeed, the oxidative
activity of quinones assessed by the DTT assay was high (Table >2). This result does not
contradict the above mentioned cytotoxicity assay results. Howeyer, quinones did not up-
regulate HO-1 gene expression as assessed by the DNA microarray method, indicating that
intracellular oxidative stress did not induce expression of this gene at the mRNA level. To
account for this lack of indu;:tion, it will be necessary to examine basic characteristics of
HL-60 cells and A549 cells, including their antioxidative ability.

Naphthalene did not induce cytotoxicity, whereas 1,2-naphthoquinone did do so. This
finding means that structural characteristics of quinones with oxo groups play an important
role in the cytotoxicity. Pyrene did not induce cytotoxicity, but 1-nitropyrene was cytotoxic.
Similarly, this difference shows the importance of the nitro group in the cytotoxicity.
~ Therefore, unstable chemicals with some functional groups may be more toxic than stable

chemicals having no functional groups. This toxicity may be caused by the fact that the
| structurally unstable chemicals tend to react with important biomolecules.
As for metals, copper, nickel, and zinc induced cytoto;icity. Copper and nickel showed
high oxidative activity in the DTT assay (Table 2); however, zinc did not sh&w it. Other
metals (e.g., iron) without cytotoxicity showed higher oxidative activity than zinc.

Therefore, cytotoxicity cannot be explained simply only by the oxidative activity of a
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chemical. Thus complicated mechanisms may be involved in cytotoxicity, including
intracellular metabolic activation of chemicals.

It is necessary to pay attention to some materials for which ICsy values could not be
obtained. HL-60 cells, which are said to be susceptible to various chemicals, were used for
the cytotoxicity assays. However, the possibility exists that the reactivity to specific
materials differs according to the cell line used. On the other hand, particles did not induce
cytotoxicity. These materials actually increased the apparent cell viability at maximum
concentrations. In this assays, viable cells are finally determined by absorbance. Therefore,
coalescence of particles may increase absorbance, making accurate measurement of
absorbance difficult. For this reason, it cannot be asserted that particles did not induce
cytotoxicity. Evaluation of materials was made to the extent that they could be dissolved in
medium (0.1% DMSO) in this assays. If their concentrations could be raised with a_
different solvent, the possibility of showing the cytotoxicity of these insoluble materials |

may be possible.

4.2. Efficient exploitation of gene expression analysis for toxicity evaluation

The analysis based on the GO Consortium revealed that the effect of quinones on gene
expression was very big. A variety of quinones have been identified as DEP components
[34,35]. Quinones themselves have toxicological properties, allowing them to serve as
alkylating agents and to interact with, for example, flavoproteins to generate reactive
oxygen species (ROS), which can induce biological inju?y [46-48]. A recent study showed
that PQ recruits inﬂamﬁlatory cells, such as eosinophils and neutrophils, into the lungs in
vivo along with the lung expression of pro-inflammatory molecules such as IL-5 and
eotaxin [36]. More recently, it was also demonstrated that PQ aggravates antigen-related

airway inflammation in mice and that PQ also has an adjuvant activity for the production
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of antigen-specific immunoglobulins [37]. These studies suggest that quinones may be key
compounds involved in the enhancing effecfs of DEP on allergic airway diseases.

- Many compounds up-regulated or down-regulated CYP gene expression. It is known
that CYP is induced by PAHs. The present results show that CYP1A1 and CYPlBl were
up-regulated by many PAHs. Thus, it may be thought that these gene expression changes
reflect the characteristics of the materials tested. However, many PAHs showed a tendency
to down-regulate the CYP1A2 gene expression. It is known that CYP1A2 is specifically
expressed in the liver, so it may be necessary to pay attention to the inﬂuenée of PAHs on
the liver. Nitroarenes showed a tendency to down-regulate the expression of CYP1A1,
CYP1B1, and CYP1A2 genes. If a nitrov group is attached to a PAH, its metabolic pathway
may be altered. Although metals showed a tendency to down-regulate the CYP1A1,

CYP 1Bl, and CYP1AZ2 genes, there was a tendency fdr them to up-regulate the CYP3A4
gene expression. It is known that CYP3A4 is induced by dexamethasone, which is an anti-
inflammatory compound in mammals. Thus, it may be thought that these metals are related
to the inflammatory response. Previous studies reported that diesel exhaust or DEP induce
oxidative stress.[13-15]. However, almost all compounds showed a tendency to down-
regulate the HO-1 gene expression, which is a marker of oxidative stress. It may be that
thesle materials did not induce oxidative stfess or that their concentration diesel exhaust or
DEP is higher than that used for testing these materials. On the other hand, there is an
opinion that A549 cells show strong resistance to oxidative stress. Thus, it may be that the
oxidative stre:ss of these materials cannot be detected précisely with these cells. Indeed, the
oxidative activity of quinones, metals, and DEP assessed by the DTT assay was high
(Table 2). Therefore, when oxidative stress induced by diesel exhaust or DEP is evaluated,
it may be necessary to examine it by using other cell lines. IL-18, an inﬂémmatory

cytokine, was up-regulated by 1,2-naphthoquinone, 9,10-phenanthraquinone, and 0.020-
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nm latex particles. In addition, phthalates and some DEP showed a tendency to up-regulate
its gene expression. There were no remarkable changes when PAHs, nitroarenes, and
metals were tested. However, oxidative stress is important to the inflammatory response by
IL-18 [38]. As mentioned above, A549 cell resistance to oxidative stress may have
concealed the change in IL-18 gene expression. IL-8 is also an important inflammatory
cytokine, and DEP up-regulated IL-8 gene expression, a result supported by previous
reports [39,40]. In our study, IL-8 was down-regulated by most PAHSs and nitroarenes. On
the other hand, it was up-regulated by quinones, phthalates, nitrophenols, and metals.
However, it was earlier reported that IL-8 is up-regulated by PAHs in human lung
epithelial cells [41,42]. This discrepancy may have been caused by the difference in the
experimental conditions such as treatment time between those reports and this study.
Because I confirmed that IL-8 gene expression was most strongly up-regulated by DEP
treatment for 4 hours in our experimental environment in préliminary experiments (data
not shown), I fixed the treatment time at 4 hours.

The 64 chemicals/particles were classified into 6 groups (Groups [ ~IV, with 2 of them
each divided into 2 subgroups) by using cluster analysis. Group [ mainly included PAHs,

so it was thou‘ght that the gene expression changes were strongly related to the chemical
structure of compounds. Group Il -a included nitroarenes and 4 kinds of PAH. Two
compounds among these PAHs possess a methyl group, and s;o it was thought that PAHS
possessing a nitro groups or methyl group should be classified in this group. Group Il -b
mainly included quinones and phthalates, and Groupﬂl mainly included metals,
nitrophcnols, some ciuinones, and phthalates. Thus, these classifications depended on the

“gene expression that reflected the chemical structure of the materials. GrouplV-a mainly

‘included particles except for DEP; and GroupIV-b, mainly DEP. So these classifications
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depended on the biological properties of compounds, not their chemical structure. By this
cluster analysis, the classification of the 64 chemicals into appropriate groups reflected the -
chemical structure of these compounds. If more information about the physicochemical
properties of compdunds can be accumulated, valuable information may become available
to predict the influence of unknown materials in the future.

Much interesting information from the DNA microarray data was obtained by
comparing the effects of the test materials on individual genes; however, the entirety of
their effects on human health cannot be determined in this way. In the future, it will be
necessary to obtain protein expression data as much as possible in addition to the DNA

microarray data.

4.3. The potential of the in silico prediction model

In this predictidn model, WTPT3, CRB_LEADL, and OPERA RULEI were related to
up-regulation of IL-8 gene expression. Since the contribution degree of WTPT3 was the
highest, we considered WTPT3 to be the most important descriptor related to up-regulation
of IL-8 gene expression. WTPT3 refers to the sum of atom indexes for all heteroatoms.
The atom index means the number of the bond drder between arbitrary atom pairs; in other
words, it indicafes the structural environment around the heteroatoms. In our analysis, the
IL-8 gene expression in the A549 cells was down-regulated by PAHs and up-regulated by
quinones, phthalates, and metals. Reflecting this, the WTPT3 values of the quinones,
phthalates, and metals were larger than those of the PAHs As PAHs ére chemical
compounds that consist of fused aromatic rings and do not contain heteroatoms, these
results may be considered reasonable. CRB_ LEADL means the count of rotatable bonds.
CRB_LEADL values for the phthalates were high. Numerous rotatable bonds indicate that

such a molecule can assume the shape of various stereoisomers. In fact, the phthalates are
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known to form several stereoisomers. Since the IL-8 gene expression was stfongly up-
regulated by phthalates in our analysis, the typé of stereoisomer may be important for up-
regulation of the IL-8 gene expression. OPERA_RULEI is a value that reflects the “rule of
five” of Lipinski, which is related to oral bioavailability [43]. The significance of it in this
model, based on the data from the in vitro assay, is unknown. Since there was no great
distincﬁon among chemicals in terms of their OPERA_RULE‘I value, the contribution
degree of this descriptor might be low. The role of this descriptor in the up-regulaﬁon of
IL-8 may be considered to be complementary.

MOLC4, V5CH, SYMM2, and S3C were related to down-regulation of IL-8 gene
expression. Among these descriptors, MOLC4 showed the highest contribution degree;
therefore, it could be the most important descriptor related to the down-regulation of IL-8
gene expression. MOLC4 refers to the total of the pass weight about atom pairs t_hat are 2
bonds in distance from one another. The term “pass” means the shortest distance between 2
arbitrary atoms, and the pass weight means the weighted value of the pass. The MOLC4
values of PAHs and nitroarenes, which compounds down-regulated IL-8 gene expression,
tended to be high. In particular, the MOLC4 values of the chemicals that had more than 5
benzene rings, such as benzo[a]pyrene, dibenzo[a,h]anthracene, benzo[ghi]perylene,
inden0[123-cd]pyrene, and 7-methyl benzo[a]pyrene, were high; and the average of their
MOLC4 values was 5.436. VSCH means the total of the pass weight about atom pairs that
are 5 bonds away from each other; and S3C, the total of the pass weight about a 3rd order
cluster. SYMM2 refers to the geometrical symmetry of the pass. A low value for SYMM2
means that the molecular symmetric property is large. For some chemicals that down-
regulated the gene expression, their VSCH Values were equal to or less than 0.1.

Furthermore, there was no remarkable difference among the chemicals regarding SYMM?2

~
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and S3C, either. As the contribution degree of these descriptors was low, the contribution
of these descriptors to down-regulation of IL.-8 may also be considered complementary.

In terms of IL-8 gene expression, WITPT3 and MOLC4 are the most important
descriptors, showing the topological information about the chemicals. High values of
WTPTS3 for 2 of the compounds (dexamethésone and theaflavin) may have confused the
prediction of IL-8 gene expression, and it may be that WTPT3 might have been
overestimated in our model. On the other hand, it is reasonable that the values of MOLC4,
which is thought to contribute to down-regulation, were high for dexamethasone,
theaflavin, 8-carotene, and isohelenin. These results suggest that there is still room for
improvement of the model formula to be able to reflect down-regulation of IL-8 even when
WTPT3 is high. In the future, it will be necessary to accumulate data by analyzing many
compounds with diverse structures, and to continuously rebuild a prédiction model to
obtain higher accuracy. In brief, the property of unchaﬁgeability of the molecule may be
important for affecting IL-8 gene expression. |

Until now, there have not been many studies evaluating the toxicity of chemicals by
means of in silico and in vitro assays. A U.S. Environmental Protection Agency (EPA)
report notes the need to leverage in vz'tfo assays using human cell lines and computational
toxicology in their "Strategic Plan for Evaluating the Toxicity of Chemicals" [44].
Although our toxicity prediction model, which fuses toxicogenomics and QSAR, is still in
thé trial phase, it may be a step in the right direction for future assessment of the

toxicology of environmental pollutants.
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5. Conclusion

The analysis of gene expression with a systems biology approach will providé a more
comprehensive insight into the biological effects of unknown materials or complex
mixtures and will improve risk assessment of the same. Furthermore, this present study
showed that thé construction of a new toxicity prediction model for environmental
pollutants based on QSAR and gene expression data might be useful to understand the
various biological reactions such as not only mutagenicity, as in traditional toxicology, but

also inflammation and other toxicological responses.
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Abbreviations

PM2.5: particulate matter with an aerodyﬁamic diameter < or = 2.5 um
DEP: diesel exhaust particles

REACH: Registration, Evaluation, Authorisation and Restriction of CHemicals
QSAR: quantitative structure-activity relationship

U.S. EPA: United States Environmental Protection Agency

MSAT: mobile source sir toxics

HETI: the health effects institute

ACES: the advanced collaborative emissions study

DMSO: dimethyl sulfoxide

DTT: dithiothreitol

ROS: reactive oxygen species

DTNB: 2-nitrobenzoic acid

WST-8: 4-[3-(2-methoxy-4-nitrophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate sodium salt

CYP: cytochrome P450

PAH: polyaromatic hydrocarbon

HO-1: heme oxygenase-1

IL-18: Interleukin-18

IL-6: interleukin-6

IL-8: interleukin-8

GM-CSF: granulocyte macrophage colony-stimulating factor
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Table 1. List of the 64 chemicals/particles related to diesel emissions.

No. Material Abbreviation No. Material Abbreviation
1 Naphthalene Nap 34  1,2-naphthoquinone 1,2-NQ
2 Fluoranthene Flu 35 9,10-phenanthraquinone 9,10-PQ
3 Benzolkjfluoranthene BkF 36  Antraquinone AQ

4 Acenaphthylene Acl 37 p-benzoquinone 1,4-BQ
5 Pyrene Pyr

6 Benzo[a]pyrene BaP 38 Butylbenzyl phthalate BBPt

7 Acenaphthene Ace 39 Diethyl phthalate DEPt

8 Benz[a]anthracene BaA 40 Dibutyl phthalate DBPt

9 Dibenzo[a,hjanthracene DBahA 41  Bis[2-ethylhexyl] phthalate DEHPt
10  Fluorene ' Fle

11 Phenanthrene Phe 42  4-nitrophenol 4-NPh
12 Chrysene Chr 43  3-methyl-4-nitrophenol 3-M-4-NPh
13  Benzo[ghi]perylene BghiP

14  Anthracene Ant 44  Copper(l)

15  Benzo[blfluoranthene BbF 45  Copper(ll)

16  Indeno[123-cd]pyrene IDP 46 Iron(ll)

17  Perylene Per 47  Iron(lll)

18  Benzo|c]phenanthrene BcPhe 48  Aluminum(lll)

19  9-methyl anthracene 9-MAnt 49  Nickel(ll)

20  1-methyl fluorene 1-MFle 50  Zinc(ll)

21 7-methyl benzo[a]pyrene 7-MBaP 51  Chromium(ll)

22  3,6-dimethyl phenanthrene 3,6-DMPhe 52 Chromium(ill)

53  Platinum(ll)
23  1-nitropyrene 1-NP 54  Platinum(IV)
24  3-nitrobiphenyl - 3-NBP
25  2-nitrobiphenyl 2-NBP 55 Latex particle (0.020 mm) LP0.02
26  2-nitrofluorene 2-NFle 56 Latex particle (0.115 mm) LP0.115
27  3-nitrobenzanthrone 3-NBA .57 Latex particle (1.01 mm) LP1.01
28  2-nitronaphthalene 2-NNap 58 Gold Colloid (5 nm) Aus
29  1-nitronaphthalene 1-NNap 59  Gold Colloid (10 nm) Au10
30  9-nitrophenanthrene 9-NPhe 60 Gold Colloid (20 nm) Au20
31  3-nitrophenanthrene - 3-NPhe 61  DEP (100 ug/ml) DEP100
32 9-nitroanthracene 9-NAnt 62  DEP (30 ug/ml) DEP30
33  6-nitrochrysene 6-NChr 63  Forklift-DEP (100 ug/ml) F-DEP100

64 Forklift-DEP (30 ug/m) F-DEP30
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Table 2. Concentrations at 50% consumption of DTT.

Material Concentrations

1,2-NQ 6.76
9,10-PQ 2.79

CuCl 0.034
CuCl, 0.021
FeCl, 6.07
FeCls 1.44
NiCl> 0.095

DEP100 3.43
F-DEP100 2.47
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Table 3. IC5, values of the 64 chemicals/particles.

0 ~N O g » W N =

NNM—L-L_L_L-J.—L_L_L—L_L(.Q
N = O © 00N O U H» WN = O

23
24
25
26
27
28
29
30
31
32
33

Material

1-NP
3-NBP
2-NBP
2-NFle
3-NBA
2-NNap
1-NNap
9-NPhe
3-NPhe
9-NAnt
6-NChr

ICs0

>100
>100
>10
>100
>100
>100
>100
>100
>10
>100
>100
>10
>10
>10
>100
>10
>10
>100
98
>100
>10

7.18°
>100
>100
>100
5.86
>100
>100
>100
>10
>100
>10

Concentrations
for the DNA
m:cgoa_rray

34
35
36
37

44
45
46
47
48
49
50
51
52
53
54

Material

1,2-NQ
9,10-PQ
AQ

1,4-BQ

CuCl
CUC|2
FeCl;
FeCI3
AICI3
NiCl,
ZnClz
CrClz
CTC|3
PtClz
PtCl,

0.02

ICso0

6.91
0.27
>10
49.37

19.88
37.56
>100
>100
>100
60.53
88.63
>100
>100
>100
>100

Concentrations

for the DNA

micgoa.rray
S

10 uM
10 uM
10 uM
10 uM
10 uM
10 uM
10 uM
10 uM
10 UM’
10 uM
10 uM

55 100 ug/ml
56 LP0.115 >10 100 ug/mi
57 LP1.01 >10 100 ug/ml
58 Au5 >10 1 ug/mi
59 Aut0 >10 1 ug/mli
60 Au20 >10 1 ug/mil
61 DEP100 >1 100 ug/m|
62 DEP30 - 30 ug/mi
63 F-DEP100 >1 100 ug/mi
64 F-DEP30 - 30 ug/ml
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Table 4. List of the Gehe Ontology features.

. Number -

Gene Ontology Accession of genes Definition

Catalytic activity G0:0003824 3776 Catalysis of a biochemical reaction at physiological temperatures. In
biologically catalyzed reactions, the reactants are known as
substrates, and the catalysts are naturally occurring macromolecular
substances known as enzymes. Enzymes possess specific binding
sites for substrates, and are usually composed wholly or largely of
protein, but RNA that has catalytic activity (ribozyme) is often also
regarded as enzymatic.

Oxygen and GO:0006800 62 The chemical reactions and pathways involving dioxygen (O2), or any

react.lve oxygen of the reactive oxygen species, e.g. superoxide anions (Oz),

species metabolism hydrogen peroxide (H20z), and hydroxyl radicals (-OH).

Inflammatory G0:0006954 261 The immediate defensive reaction (by vertebrate tissue) to infection

response or injury caused by chemical or physical agents. The process is
characterized by local vasodilation, extravasation of plasma into
intercellular spaces, and accumulation of white blood cells and
macrophages.

Immune response  GO:0006955 572 immune system process that functions in the calibrated response of
an organism to a potential internal or invasive threat.

Humoral immune GO0:0006959 52 . . .

response An immune response mediated through a body fluid.

Response to DNA-  GO:0006974 317 Any response that results in a change in the state or activity of a cell

damaging stimulus (in terms of movement, secretion, enzyme production, gene
expression, etc.) due to damage to its DNA caused by a stimulus
such as an environmental insult or errors during metabolism.

Cell death G0:0008219 890 A biological process that results in permanent cessation of all vital
functions of a cell. '

G0:0016209 33

Antioxidant activity

Inhibition of the reactions brought about by dioxygen (Oz) or
peroxides. Usually the antioxidant is effective because it can itself be
more easily oxidized than the substance protected. The term is often
applied to components that can trap free radicals, thereby breaking
the chain reaction that normally leads to extensive biological damage.
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Table 5. Evaluation of standard deviations.

Oxygen and R
; ic 6 Inflammatory  Immune Humoral DA o0 B Antioxidant
No. Material m g{cymgger; response response :_r;tsn";g?‘ge damaging Cell death activity
metabolism A

PAH YT G ek
1 Nap 0.467 0.498 peiz 0679 0.977 0.395 0.480 0.414
2  Flu 0.511 0.527 0.7 ;
3  BKkF fose2r i 0.715
4  Acl 0.458 0.285
5 Pyr
6 Bap 0.514 0.506
T Ace 0.704
8 BaA 0.475 0.630
9  DBahA 0.508 ).959
10 Fle 0.482 .00
11 Phe 0.413 0.586
12 Chr 0.507 0.580
13 BghiP 0.464 I, 17 G
14  Ant 0.485 0.451
15 BbF 0.425 0.771
16 IDP 0.463 0.415
17 Per 0.393 0.290
18  BcPhe 0.453 1 S
19  9-MAnt 0.400 0.468
20 1-MFle 0.394 0.415
21 7-MBaP 58 omsyr T
22 36-DMPhe 0.492 0.581

Nitroarene it ot 1
23 1-NP 0.450 0.865
24 3-NBP 0.446 0.715
25 2-NBP 0.409
26 2-NFle 0.486 0.390
27 3-NBA 0.430 0.834
28  2-NNap 0.396 0.520
29 1-NNap 0.467 0.476
30 9-NPhe 0.419 0.327
31 3-NPhe 0.429 0.269
32  9-NAnt 0.403 0.784
33 B-NChr 0.495 0.275

Quinone N¥ EENS
35 9,10-PQ 0.754
3 AQ 0.493
37  1,4-BQ 0.517
38 BBPt 0.488 0.859
39 DEPt 0.450 0.662
40 DBPt 0.483 0.478
41 DEHPt 0.486 0.474
42 4-NPh 0830 = 0748
43  3-M-4-NPh  0.438 0.723
44  CuCl 0.440 0.535
45 CuCl, 0.416 0.472
48  FeCl, 0.409 0.427
47  FeCly 0.400 0.434
48  AlCl 0.400 0.437
49  NiCl 0.383 0.386 i V ; /
50 ZnCl, 0.456 0.502 poisgl I 0.794 #a88s Tl 0.307 0.491 0.712
51  CrCl 0.509 0.665 0.824 0.647 1.086 0.360 0.439 0.731
52 CrCl 0.441 0.838 0.735 0.752 N 0.313 0.512 0.729
53 PtCl, fose4 1 0.39% 0.784 0.721 0.871 0.403 0.762
54  PtCl, 0.450 Toei7 L 0690 0.620 0.837 0.285 0.477 oL

Particle
55 LP0.02 0.496 0.540 0.847 0.674 0.871 0.339
56 LP0.115 0.472 0.544 0.787 0.788 0.760
57 LP1.01 0.490 0.546 Joig2T i 0.743 0.906 0.342 0.789
58 Aus 0.498 0.585 0.817 0.685 0.889 0.344 0.536
59  Aui0 0.489 0.586 0.879 0.592 0.867 0.338 0.498 0.792
60 Au20 0.505 0.851 0.850 0.680 0.885 GBOF < ipiEEE T 1T 0.776
61 DEP30 0.469 0.765 0.805 0.735 0.837 0.333 0.520 0.800
62 DEP100 0.579
63 F-DEP30
64 F-DEP100  0.466 0.766 0.605 0.856 0.309 0.419 0.740

" :Top 10 chemicals of the each Gene Ontology feature in terms of SD value.
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Table 6. Number of genes with =2-fold increase in expression.

en and
%?L%ve Response to
r Humoral "
: talytic Inflammatory  Immune ; DNAP—O A Antioxidant
No. Material m ggg?eg response response :.'gs"ag',.'fsa ts!g;_‘ng ging Cell death activity
metabolism
PAH e
1 Nap 50 0 6 7 2 4 14 0
2 Flu 54 0 10 9 1 4 9 1
3 BkF 71 1 9 16 2 2 8 0
4 Acd 36 0 4 9 1 2 8 0
5  Pyr 68 1 5 15 1 4 17 0
6 Bap 63 0 5 10 0 3 7 0
7  Ace 64 1 7 8 0 3 1 0
8 BaA 64 1 8 14 3 1 12 0
9  DBahA 60 1 9 12 0 1 10 0
10 Fle 53 2 16 16 1 1 13 0
11 Phe 37 i 3 6 0 4 8 0
12 Chr 59 @il 10 16 0 2 13 1
13 BghiP 38 4 [ 8 1 1 10 0
14 Ant 51 0 6 10 1 3 9 0
15 BbF 50 2 7 5 0 1 8 1
i6 IDP 48 0 7 8 0 0 6 1
17 Per 31 0 3 8 0 4 6 0
18  BcPhe 27 =4 3 8 1 0 2 0
19 9-MAnt 21 0 6 11 2 0 2 0
20  1-MFle 27 0 3 11 1 0 5 0
7-MBaP TR AT T 10 23 2 4 19 i Sl |
36-DMPhe 48 0 7 15 1 2 5 1
1-NP a3 1 6 15 2 4 8 1
3-NBP 32 1 11 18 0 3 9 0
2-NBP 76 0 5 24 3 et VR 17 0
2-NFle 72 1 5 15 3 4 13 1
3-NBA 50 1 i 15 2 Efsialirs. 4 18 1
28  2-NNap 42 1 7 20 2 3 13 0
29  1-NNap 72 1 10 31 3 2 16 0
30 9-NPhe 45 0 8 16 1 2 11 0
31 3-NPhe 51 0 7 18 1 2 10 0
32 9-NAnt 40 e R 11 18 0 2 15 1
33 6-NChr 71 B Todnrdiit 10 WO 4 ol S 14 1
Quinone : Wh S o e - il ) J AT S 3 e =+ral
34 1,2-NQ 4
35 9,10-PQ ,
36 AQ 80 5 2 1
37 1,4-BQ 70 5 Sil B
P e & ot  AgE
noEo ol FE
40 DBPt 71 3 1
41 DEHPt 50 - W 3 & L%
42  4-NPh 82 16 1 15
43  3-M4-NPh 58 15 - 1 9 b
44  CuCl 48 15 0 12 '
45 CuCl 46 13 0 14 _
46  FeClp 54 16 4 14 1
47  FeCly 46 17 2 9 1
48  AICh 40 14 ] 0 8 1
49  NiCl, 32 14 0 9 1
50 ZnCl 54 19 0 14 1
51 CrCl, 59 12 2 9 1
52  CrCl 48 19 | 1 13 1
53 PtiCl, 70 20 5 3 22 $
54 PtCl, 57 13 § 0 12 ji> et |
Particle 7l e
55 LP0.02 83 1 19 19 E 1 IR TR
56 LP0.115 65 1 16 22 2 21 1
57 LP1.01 60 1 12 18 3 2 18 1
58 Au5 81 AT DN 24 26 WISy 2 21 [ aaa |
59  Aut0 72 2 17 17 ~ 0 16 7
Au20 77 2 18 25 h 2 18 1
61 DEP30 73 2 14 24 4 2 14 1
62 DEP100 89 1 12 24 5 3 17
63 F-DEP30 90 MR TE Tl 20 21 B ARNEES 4 19 h
64 F-DEP100 64 2 13 17 5 2 10 1

.:Top 3 chemicals of the each Gene Ontology category.
‘Top 4 and 5 chemicals of each Gene Ontology category.
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Table 7. Number of genes whose expression was =0.5-fold decreased.

i m - Inflammatory  Immune Humoral Eﬂ ® Antioxidant
No. Material 8 oxygen immune B Cell death
mt species response response response ggmu usng activity
metabolism

PAHs = R O R R R e R Lt = T e
1 Nap 33 g e 2 2 12 0
2  Flu 55 14 1 ﬁ
3  BKkF 42 4 18
4 Ac 29 4 iy 1 4 0
5  Pyr 41 14 4 12 0
6 Bap 29 12 1 11 0
7  Ace 26 10 2 12 0
8 BaA 40 14 3 10 0
9  DBahA 28 3 6 ' 0 9 0
10 Fle 38 6 * 2 10 AT F Tl
11 Phe 21 2 7 2 1 6 0
12 Chr 30 6 1 — 1 11 0
13 BghiP 26 6 11 0 11 0
14 Ant 15 1 9 2 1 4 0
15 BbF 15 2 B 2 1 5 0
16 IDP 18 3 5 2 ' 0 0
17 Per 23 3 8 1 0
18 BcPhe 38 6 8 2 2
19  9-MAnt 33 4 10 2 1
20 1-MFle 30 3 i 1 1
21 7-MBaP 4 12 1 0
22 3,6-DMPhe 60 4 8 (/-

w‘m = 11 sl el (TN S
23 1-NP 50 3 6 0 6
24 3-NBP 37 3 6 0 2 1
25 2-NBP 61 4 5 1 i % 0
26 2-NFle 52 5 5 1 2 11 0
27 3-NBA 31 1 3 1 1 11 0
28  2-NNap 20 3 4 0 0 5 i e ¥ ]
29  1-NNap 36 0 1 4 0 5 8 0
30 9-NPhe 40 _ 4 7 wl 0 12
31 3-NPhe 25 4 3 0 0 5
32  9-NAnt 23 0 5 3 1 0 5
33 6-NChr 41 0 3 6 1 2 . e

Quinones B T L T R ke YT S RAM LAl eSS s e T R T e Ly
34 1,2-NQ 0 ST TS 13 2 5 14 0
35 9,10-PQ 0 2 7 0 HENER el 12 0
3 AQ 40 0 4 0 0 14 0
37 14-BQ 63 . 11 2 1 15 0

Phthalates L e g ] SR i iy ey SN AR Y S
38 BBPt 30 7 0 0 0
39 DEPt 26 5 0 0 0
40 DBPt 30 8 1 0 0
41 DEHPt 3'§ : 4 0 0 0
42  4-NPh 68 6 0
43 3-M-4-NPh 59 w00 2 0

Metals: ¥ 4 o rad S s oy, . Uk
44  CuCl 53 2 P 18 i o
45 CuCl, 33 6 8 1 ] 1 7 0
46  FeCl 32 0 6 10 0 0 9 0
47 FeCly 45 0 _ 1 0 0 16 0
48 AICl 38 0 9 0 1 8 0
49  NiCl, 25 0 4 7 0 0 6 0
50 ZnCl, 30 0 6 7 0 1 10 0
51 CrCl, 25 0 [ 9 0 2 8 0
52 CrCly 29 0 5 , 10 0 0 8 0
53 PiCl, 59 0 5 s 8 1 6 HEiamsal o
54 PtCL 29 0 S o -Gt Y] 0 0 7 0

Particles
55 LP0.02 45 0 6 ' 8 1 2 13 0
56 LP0.115 a1 0 h 7 0 0 1 0
57 LP1.01 36 0 B 29 6 1 0 12 0
58 AuS 30 0 4 3 0 0 8 0
59 Aul0 35 0 5 4 0 1 9 0
60 Au20 25 0 5 5 0 0 7 0
<Y S S R S S TR M-
62 1
63 F-DEP30 43 [=ipestae a1 5 0 2 17 - EERTeTRY
64  F.DEPi00 32 0 3 4 0 2 7 0

Top 3 chemicals ( .Tand Top 4 and 5 chemicals ( ﬁ) affecting each Gene Ontology category.
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Table 8. Arbitrarily selected genes whose expression was affected by the 64
chemicals/particles.

. CYP

No. Material 1A1 1A2 1B1 3A4 HO-1 IL-1B IL-6 IL-8 GM-CSF
PAHs

1 Nap -0.51 -0.11 -0.31 -0.14 -0.32

2 Flu -0.85 -1.46 -0.36 0.13 -0.72

3 BkF 427 -0.94 247 -0.17 0.28 -1.22 -0.86

4 Acl -0.54 0.21 -0.20 -0.56

5 Pyr -0.69 -1.66 -0.31 0.30 -1.06 -0.13

6 Bap 3.87 -0.85 214 -0.32 0.18 -1.04 -0.97

7 Ace -0.45 -0.89 -0.25 -0.32 -0.14 -0.63 -1.10

8 BaA 3.88 -0.79 2.10 -0.19 0.19 -0.68

9 DBahA 4.04 -0.72 2.24 0.06 0.13 -0.58 1.65

10 Fle -0.39 -0.51 -1.17 -0.17 0.03 -1.06 -0.44

11 Phe -0.33 -0.51 -1.20 -0.26 0.10 -0.6 -0.32

12 Chr 3.24 -0.14 1.83 -0.05 0.19 -1.09 -0.37

13 BghiP -0.20 -0.56 -0.18 -0.18 0.04 -1.16 -0.48

14 Ant -0.31 -1.16 -0.22 0.22 -0.46

15 BbF 4.15 -0.58 2.31 -0.07 0.07 -0.64

16 IDP 4.04 -0.35 2.21 0.24 -0.06 -1.13 -0.12

17 Per -0.64 0.10 -0.51 -0.42 -1.26

18 BcPhe 0.07 -0.60 -0.09 -0.52 0.07 -1.22

19 9-MAnNt -0.42 -0.50 -1.73 -0.57 -0.07 -0.88 -0.47

20 1-MFle -0.22 -0.59 -1.71 -0.47 0.18 -1.05 0.84

21 7-MBaP 4.13 -1.30 2.20 -0.23 0.42 0.04

22 3,6-DMPhe 0 -1.28 -1.15 -0.47 0.40 0 -1.25 1.19
Nitroarenes

23 1-NP -0.05 -1.47 -1.25 -0.69 0.33 -0.45 -0.98 1.10

24 3-NBP -0.20 -1.02 -1.98 -0.90 0.24 -0.56 -1.01

25 2-NBP 0.04 -1.02 -0.01 -0.70 0.14 0.19 -1.06

26 2-NFle 0.41 -0.76 0.30 -0.74 0.02 -0.09 -1.42 0.86

27 3-NBA -0.61 -1.09 -0.96 -0.83 0.33 -0.06 -0.97

28 2-NNap 0.31 -0.98 -0.17 -0.80 0.34 -1.09

29 1-NNap 0.03 -1.01 -0.01 -0.89 0 0.04 -0.88

30 9-NPhe -0.61 -1.12 -0.82 -1.07 0.52 -0.04 -0.14 1.47

31 3-NPhe 0.06 -1.23 -0.28 -1.11 0.07 -0.23

32 9-NAnt -0.35 -1.30 -1.76 -0.53 -0.16 0.35 1.86

33 6-NChr 238 -1.32 t % d -0.62 0.24 0.60 -1.21 1.26
Quinones

34 1,2-NQ 279 -0.61 1.86 -1.77 1.04 -0.36 0.98 2.16

35 9,10-PQ -0.27 -0.41 -0.17 -1.36 1.55 0.22 3.08 3.24

36 AQ -0.53 -1.36 -2.30 0.60 1.98 2.60

37 1,4-BQ 1.25 -0.62 1.65 -1.54 0.55 -0.66 1.49 2.02
Phthalates

38 BBPt 0.56 0.14 0.04 -1.60 0.68 1.03 1.66

39 DEPt 0.38 -0.12 -0.10 -1.67 0.65 -0.67 1.20 1.50

40 DBPt 0.01 0.1 0.10 -1.86 0.56 -0.86 118 1.21

41 DEHPt 213 0.06 -1.28 0.32 1.85 2.18
Nitrophenols

42 4-NPh -0.31 -0.32 0.13 1.14 -1.17 -0.33 0.86 0.90

43 3-M-4-NPh 4.42 -0.26 2.64 1.19 -1.23 0.25 -1.32 0.25 0.84
Metals

44 CuCl -0.33 -0.66 0.16 0.82 -1.42 0.05 0.92 1.11

45 CuCl; -0.17 -0.12 0.13 1.04 -1.36 0.16 1.22 1.52

46 FeCl, -0.14 -0.40 0.13 1.34 -1.21 0.14 -0.36 0.95 1.22

47 FeCl; -0.18 -0.18 0.16 1.34 -1.38 0.05 -0.69 1.09 0.95

48 AICly -0.20 0.54 0.11 1.34 -1.31 0.01 -0.72 1.16 1.06

49 NiCl; -0.28 -0.39 0.08 1.49 -1.41 -0.21 -0.48 0.90

50 ZnCl, 017 0.08 0.09 1.47 -1.32 0.25 1.07

51 CrCl, -0.03 -0.08 1.33 -1.30 0.25 0.95

52 CrCly 0.02 -0.07 -0.05 1.50 -1.34 -0.04 0.94

53 PtCly 0 -0.36 -0.53 1.66 -1.33 -0.17 1.09

54 PtCls -0.55 -0.31 -0.17 1.03 -1.35 0.07 0.95 1.35
Particles

55 LP0.02 2.09 0.01 0.94 1.03 -1.01 1.82 2.01 4.04

56 LP0.115 -0.80 -0.12 -0.30 1.33 -1.71 0.68 2.09 2.26

57 LP1.01 -0.07 215 0.10 1.97 -1.71 0.23 1.72 2.30

58 AusS 247 0.38 1.97 2.39 -1.67 0.13 1.45 233

59 Aui10 1.32 0.36 1.32 1.39 -1.61 0.19 -0.81 1.36 2.15

60 Au20 0.93 -0.26 1.01 1.66 -1.72 0.63 -0.64 1.62 253

61 DEP30 3.13 -0.32 2.39 1.40 -1.34 0.79 1.48 2.69

62 DEP100 3.50 -0.51 2.61 2.00 -1.45 0.70 -0.72 1.79 1.83

63 F-DEP30 2.78 -0.21 2.06 1.54 -1.63 0.39 -0.53 1.63 2.08

64 F-DEP100 2.42 -0.59 242 1.45 -1.34 0.49 -0.74 1.76 1.44




Table 9. List of the descriptors related to IL-8 gene expression.

Descriptor Abbreviation dC:g:;igution gR:;aeﬁng:gzsvi‘g’:' IL-8
Sum of atom indexes for all WTPT3 -0.57 up-regulation

Path-2 molecular connectivity MOLC4 0.44 down-regulation

5th order chain MC valence V5CH 0.31 down-regulation
Geometrical symmetry SYMM2 0.30 down-regulation

3rd order cluster MC Simple S3C 0.19 down-regulation
Count of rotatable bonds CRB_LEADL -0.15 up-regulation

The rule based on Lipinski’s rule OPERA_RULEI -0.02 up-regulation
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Table 10. Descriptor values of 54 chemcals. .
Material __WTPT3 _MOLC4 V5CH SYMM2 S3C CRB LEADL OPREA RULEI

0 ) 033 0 1
0 0.03 0.38 082 0 1
0 0.03 0.30 116 0 0
0 0.04 050 061 0 1
0 0 0.25 089 0 1
0 0 0.25 116 0 0
0 0.06 050 061 0 1
0 0 0.28 094 0 1
0 0 0.18 121 0 0
0 0.04 054 061 0 1
0 0 0.36 061 0 1
0 0 0.28 094 0 1
0 0 0.18 138 0 0
0 0 0.29 067 0 1
0 0.03 0.40 109 0 0
(] 0.03 045 138 0 0
0 0 0.20 110 0 0
0 0 0.33 08 0 1
0 0 0 1
0 0.04 0 1
0 0 0
o 0 1

P G G QI QT [ Qs GO X\ I S
R G G T G T (T QT T O U G G Y

©O 0O0OO0O0. 0OOCOCO DOOOOODOOOOO, OO
- om0 0cO0O0O

[4, )]
o

[4)]
4]

s NeNoBelNelNolNolNoNolNelNe
[ NeNelelNolNoeNeNoNolleNe
T N T G G Qi G 'y
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Table 11. List of chemicals up-regulating IL-8 gene expression and prediction

results.

Chemical

Chlorobenzene

Sodium sulfite

Sphingosine-1-phosphate Paraquat

Molecular Formula CeHsCl NaS03 C1gH3sNOsP C12H14Cl2N2
Function pro-inflammatory pro-inflammatory pro-inflammatory oxidant
A
ci | AN
0 o}
Structural Formula ne” e wa PPN N 7
0 i
N*/
l
WTPT3 2.257772 15.092514 17.507229 6.229206
MOLC4 1.731071 0.457245 6.805808 - 3.336656
V5CH 0 0 0 0
SYMM2 0.571429 0.666667 0.4 0.357143
S3C 0.288675 0.288675 2.032065 0.910684
CRB_LEADL 0 2 17 1
OPREA_RULEI 1 1 1 1
Calculation Result -0.31898185 -8.46669683 -9.04847266 -1.97234592
Prediction up-regulation up-regulation up-regulation up-regulation.
Previous Report up-regulation up-regulation up-regulation up-regulation
(Reference) (Lehmann et al.,2008) (Yang et al.,2009) (Milara et al.,2009) (Bianchi et al.,1993)
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Table 12. List of chemicals down-regulating IL-8 gene expression‘ and prediction

results. , :
Chemical Dexamethasone B -carotene Theaflavin Isohelenin
Molecular Formulav szHzQF’@s C40H55 CaoH24012 CasH200,
Function ‘ anti-inflammatory anti-oxidant NF-kB inhibitor

Structural Formula

~ WTPT3
MOLC4

V5CH

SYMM2

S3C |
CRB_LEADL
OPREA_RULEI

. Calculation Result

Prediction

Previous Report
(Reference)

14.579576
9.749151
0.058926
0.464286
3.613039

2

1

-3.49670161
up-regulation
down-regulation
(Stoeck et a_l.,2000)

anti-oxidant

0. .
13.275419
0

0.35

3.962761

10

0

5.19910895
down-reguiation

down-regulation
(Yeh et al.,2009)

. 28.937641 -
10.128259

0

0.243902
3.804071

2

0.
-11.54207732

 up-regulation

down-regulation
(Aneja et al.,2004)

5.316734
6.233736
0.034021
0.705882
1.887041

0

1
0.27315436

- down-regulation

down-regulation
(Mazor et al.,2000)
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Fig. 1. Evaluation of the oxidative activity by use of the DTT assay. Oxidative activity was measured in triplicate by use of the DTT
assay described under "Materials and methods." The DTT consumption of chemicals was determined after a 10-min incubation,
with the DTT consumption of the blank having been subtracted. Values are shown as the mean + SEM (n = 3). Anthraquinone,
copper(l), copper(ll), and nickel(ll) showed a high DTT consumption rate.
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Fig. 2. Global changes in gene expression in A549 cells exposed to 64
chemicals/particles. The A549 cells were exposed separately to each of the
indicated chemicals/particles for 4 hours. The gene expression levels were
measured by using the DNA microarray described under "Materials and
methods." Data are presented as change (fold, log2) relative to control cells.
The part above the central line shows up-regulation; and that below it, down-
regulation. The results are based on 1 experiment. The Roman numerals (I ~

VII) at the bottom of the figure show the following chemicals/particles
sequentially: I :Nap, Flu, BkF, Acl, Pyr, Bap, Ace, BaA, DBahA, Fle, Phe,
Chr, BghiP, Ant, BbF, IDP, Per, BcPhe, 9-MAnt, 1-MFle, 7-MBaP, 3,6-
DMPhe; I :1-NP*, 3-NBP, 2-NBP, 2-NFle, 3-NBA*, 2-NNap, 1-NNap, 9-
NPhe, 3-NPhe, 9-NAnt, 6-NChr; II:1,2-NQ, 9,10-PQ*, AQ, 1,4-BQ; IV:BBPt,
DEPt, DBPt, DEHPt; V :4-NPh, 3-M-4-NPh; VI:CuCl, CuCl,, FeCl,, FeCls,
AICl3, NiClz, ZnCl,, CrCl,, CrCls, PtCly, PtCls; VI:LP0.02, LP0.115, LP1.01,
Au5, Au10, Au20; VIl:DEP100, DEP30, F-DEP100, F-DEP30.

15 9 |
b
up-
reoulatiorlto
A
i
g
E
é
v
down- ...
i s P e SR TS
< >t b - e e >

I’l"i [":ﬁl Io"i\ﬂ [l;fl [Per] [7-MBaF] [2-06F] [1-M8iap] |&-MChr] [1.4-8Q] [DEMPY]  [CuC2]  PeCi2] (O] P11 01) [DEPZO- lcom |

46



Fig. 3. IL-8 gene expression induced by the 54 chemicals and DEP in A549 cells. The A549 cells were exposed separately to each

of the 54 chemicals or to DEP for 4 hours. Changes in the expression level of the IL-8 gene were measured by using the DNA

microarray described under "Materials and methods." Data are presented as change (fold, log2) relative to control cells. The
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I-a

IV-a

NaP (PAH)

Flu (PAH)

BkF (PAH)

Pyr (PAH)

Fle (PAH)

Phe (PAH)

Bghip (PAH)

BaP (PAH)

BaA (PAH)

DBahA (PAH)

Ace (PAH)

BbF (PAH)

IDP (PAH)

Ant (PAH)

BcPhe (PAH)
9-MAnt (PAH)
1-MFle (PAH)

Chr (PAH)

Acl (PAH)

Per (PAH)

7-MBap (Nitroarene)
3,6-DMPhe (Nitroarene)
1-NP (Nitroarene)
3-NBP (Nitroarene)
2-NBP (Nitroarene)
2-NFle (Nitroarene)
1-NNap (Nitroarene)
6-NChr (Nitroarene)
2-NNap (Nitroarene)
9-NPhe (Nitroarene)
3-NPhe (Nitroarene)
3-NBA (Nitroarene)
9-NAnt (Nitroarene)
1,2-NQ (Quinone)
AQ (Quinone)

BBPt (Phthalate)
DEPt (Phthalate)

DBPt (Phthalate)
9.10-PQ (Quinone)
1,4-BQ (Quinone)
DEHPt (Phthalate)
3-M-4-NPh (Nitrophenol)
CuCl (Metal)
CuCl2 (Metal)
FeCl2 (Metal)
FeCl3 (Metal)

NiCl2 (Metal)

AlCl3 (Metal)
ZnClz2 (Metal)
CrCl3 (Metal)
CrCl2 (Metal)
4-NPh (Nitrophenol)
PtCl2 (Metal)

PtCl4 (Metal)

LP 0.02 (Particle)
LP 0.115 (Particle)
LP1.01 (Particle)
Au20 (Particle)
Au5 (Particle)
Au10 (Particle)
DEP30 (Particle)
F-DEP30 (Particle)
DEP100 (Particle)

F-DEP100 (Particle)
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