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Human exposure to airborne particulate matter
(PM) is associated with adverse cardiopulmo-
nary health effects, including lung cancer. Ambi-
ent PM represents a heterogeneous mixture of
chemical classes including transition metals,
polycyclic aromatic hydrocarbons (PAHs) and
their derivatives such as nitro-PAHs, many of
which are classified as putative carcinogens. As
the primary site of human exposure to PM is
the lungs, we investigated the response of two
alveolar epithelial cell lines, the tumour-derived
A549 and newly described TT1 cells, to fine
and coarse PM collected from background and
roadside locations. We show that coarse PM
elicits a genotoxic response in the TT1 cells,
with the strongest signal associated with the
background sample. This response could be
recapitulated using the organic extract derived
from this sample. No responses were observed
in PM-challenged A549 cells. Fine PM failed to

elicit a genotoxic response in either cell line
despite the higher PAH concentrations within
this fraction. Consistent with the lack of a sim-
plistic association between PM PAH content and
the observed genotoxic response, TT1 cells
treated with benzo[a]pyrene (BaP) demonstrated
no increase in the selected markers. In contrast,
a pattern of response was observed in TT1 cells
challenged with 3-nitrobenzanthrone (3-NBA)
similar to that with coarse PM. Together, these
data illustrated the suitability of the TT1 cell line
for assessing PM-induced genotoxicity and chal-
lenge the contention that fine roadside PM
poses the higher cancer risk. Furthermore, the
response to 3-NBA and not BaP suggests a
major contribution of nitro-PAHs to the overall
toxicity of PM. Environ. Mol. Mutagen. 59:290–301,
2018. VC 2018 The Authors Environmental and Molecular

Mutagenesis published by Wiley Periodicals, Inc. on behalf

of Environmental Mutagen Society
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INTRODUCTION

According to the World Health Organization, air pollu-

tion contributes to 12.5% of world-wide deaths [World

Health Organisation, 2014], making it a major contributor

to the global burden of disease. Particulate matter (PM),

consisting of extremely small and chemically complex

particles and liquid droplets in the air, represents a signif-

icant component of the pollution mixture and has been

shown to have significant acute and long-term health

effects in exposed populations [World Health Organisa-

tion, 2013]. In urban areas, primary emissions of particu-

late matter derived from traffic, domestic heating, and

industrial sources have been demonstrated to contribute

significantly to observed health effects [Rohr and McDo-

nald, 2016]. Recently, there has been an increased focus

on diesel tail pipe emissions, with epidemiological evi-

dence linking markers of diesel exhaust (elemental and

black carbon) to a diverse range of health endpoints,

ranging from a worsening of respiratory symptoms

[Samoli et al., 2016] to premature death [Atkinson et al.,

2016]. In addition the incomplete pyrolysis of carbon-

containing compounds, particularly from diesel fuel, is a

major source of polycyclic aromatic hydrocarbons

(PAHs) and their derivatives, including nitrated PAHs

(nitro-PAHs), in ambient PM [Bamford et al., 2003].

Both PAHs and nitro-PAHs have attracted considerable

interest with regards to their effects on human health

given their ability, following intracellular metabolism, to

bind to DNA, and induce mutations [Baird et al., 2005;

Nagy et al., 2007]. Recently, the International Agency for

Research on Cancer (IARC) classified outdoor air pollu-

tion and diesel engine emissions as carcinogenic to

humans [IARC, 2013, 2016].

The primary route of human exposure to PM-associated

PAHs and nitro-PAHs is through inhalation and they have

been argued to represent a major underlying cause of

respiratory disease [World Health Organisation, 2005;

IARC, 2010, 2016]. The conducting airways (from the

trachea to the terminal bronchioles) are multicellular by

nature, whereas in contrast, there are only two types of

cells lining the alveoli. Type I alveolar cells are squa-

mous and contribute between 90% and 95% of the alveo-

lar surface in adult lungs. They represent the gas

exchange interface between the lungs and the circulatory

system. As they are unable to replicate, Type I alveolar

cells are particularly sensitive to damaging insults. Type

II alveolar cells are cuboidal, and whilst they only con-

tribute between 3% and 5% of the alveolar surface, they

account for around two thirds of the total alveolar epithe-

lial cells. Type II cells are primarily responsible for secre-

tion of pulmonary surfactant and play an important

immune-regulatory role in the lung; as such they have

been labelled defenders of the alveolus [Fehrenbach,

2001]. Type II cells are capable of cell division and act

as the main progenitor cells during repair of alveolar

damage, functioning as self-renewing cells, and precur-

sors of Type I cells [Barkauskas et al., 2013].

Given the evidence of human exposure to PAHs in

urban [Zhou et al., 2016] and occupational settings

[Wang et al., 2015], studies on lung cell models are

highly relevant for understanding the detrimental effects

of such exposures on human health. The A549 cell line is

a human-derived lung adenocarcinoma cell line with a

morphology and basic cellular functions similar to human

alveolar Type II (ATII) epithelial cells [Foster et al.,

1998]. However, the evidence suggests that A549 cells

have a distinctly different architecture and barrier proper-

ties to ATII cells, do not transition to an ATI phenotype

like primary ATII cells, and have inconsistencies in

expression of ATII cell markers, which has led some

researchers to question their suitability as an in vitro

model [Swain et al., 2010]. More recently, the first human

alveolar epithelial Type I-like cell line, TT1, was

reported, derived from immortalisation of primary human

ATII cells (progenitors of ATI cells) [Kemp et al., 2008].

TT1 cells demonstrate a more ATI-like phenotype and

have been described as a reasonable in vitro model for

ATI cells [Swain et al., 2010].

In the present study, we investigated the genotoxic

response of TT1 and A549 cells to coarse (2.5–10 mm)

and fine (0.1–2.5 mm) PM collected at background and

roadside locations. Contrary to our expectations, we found

that the coarse PM sample from the background location

yielded the strongest genotoxic response. No response

was seen following incubation with the fine PM samples

from either location. The response to coarse PM was rep-

licated using organic extracts alone. To elucidate further,

we studied the response of both cell lines to 3-

nitrobenzanthrone (3-NBA), a highly mutagenic nitro-

PAH and suspected human lung carcinogen [Arlt, 2005],

and benzo[a]pyrene (BaP), a widely studied PAH and, to

date, the only PAH classified by IARC as carcinogenic to

humans (Group 1) [IARC, 2010]. We demonstrated a

stronger genotoxic following exposure to 3-NBA than

BaP, potentially suggesting a more prominent role for

nitro-PAHs.

MATERIALS ANDMETHODS

Cell Culture

TT1 cells were cultured in DCCM-1 medium (Biological Industries,

UK) containing 10% foetal bovine serum (Invitrogen, UK), 2 mM L-glu-

tamine (Invitrogen, UK) and penicillin (100 units/ml) and streptomycin

(0.1 mg/ml) (Invitrogen, UK) as described previously [Kemp et al.,

2008]. A549 cells were obtained from the American Type Culture Col-

lection (ATCC, MD) and cultured in DMEM supplemented with 10%

foetal calf serum and penicillin (100 units/ml) and streptomycin

(0.1 mg/ml). Cells were seeded at a density of 2 3 104/cm2 and incu-

bated at 378C and 5% CO2 for 24 hr prior to exposure.
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Particulate Matter Samples and Cell Exposure

The particulate matter (PM) samples used in this study are derived

from an archive originally collected as part of the HEPMEAP project

[Bloemen et al., 2005; Sandstrom et al., 2005]. Sets of parallel fine and

coarse PM samples (labelled _F and _C, respectively) were collected at

two urban sites in Munich, Germany; at a busy roadside site (Central

Munich Ost Bahnhof, collected 18th November–2nd December 2002,

labelled ‘RS’) and a background location, situated away from traffic

(Munich Großhadern Hospital, collected 17th–31st May 2002, labelled

‘BG’). Briefly, PM samples were collected on polyurethane foam by

impaction using a high-volume cascade impactor at a flow rate of 900 l/

min. The impactor cut points were 9.9, 2.46, and 0.12 mm. PM was

extracted by sonicating in methanol, and then concentrated in methanol

by rotary evaporation before incubation overnight at 308C. PM concen-

trations were determined by measuring the mass of the PM-containing

tube that had been pre-measured prior to use. All samples were stored at

2708C as dried extracts until required. PM samples were analysed for a

number of different chemicals including PAHs and metals/metalloids.

Detailed information on elemental and PAH composition on these sam-

ples has been published previously [Bloemen et al., 2005]; detailed PAH

and metal compositions are given in Supporting Information Tables 1

and 2, respectively, and the relative contribution of IARC classified

PAHs, metals, and metalloids are illustrated in Supporting Information

Figure 1 (panels A and B). At the time of collection, analysis of nitro-

PAHs was not available. For cell exposures, PM was suspended

in DMSO and sonicated for 30 min prior to use; stocks were stored at

2208C. Where indicated, PM was centrifuged at 10,000g for 60 sec

prior to exposure.

Test Compounds and Cell Exposure

Benzo[a]pyrene (BaP, CAS number 50-32-8; purity �96%) was

obtained from Sigma Aldrich (United Kingdom). 3-Nitrobenzanthrone

(3-NBA, CAS number 17117-34-9) was prepared as previously reported

[Arlt et al., 2002]. Stocks of BaP and 3-NBA were dissolved in DMSO

and stored at –208C. Test compounds were diluted in fresh medium to

final concentration and then added to the cells (seeding medium was

aspirated immediately prior). Cells were exposed to DMSO (solvent con-

trol) or test compounds for 24 hr. The DMSO concentration was always

kept at< 0.5% of the total culture medium volume.

Analysis of Cell Viability

Cell viability was assessed using the AlamarBlue assay which is

based on the reduction of resazurin to resorufin in metabolically active

cells. Following exposure, cells were incubated with a 10% solution of

AlamarBlue reagent (Invitrogen, UK) in culture medium at 378C and

5% CO2 for 60 min. After incubation, the resulting solution in each well

was diluted 10 3 in PBS on a 96-well plate (in triplicate per experi-

ment) and fluorescence measured at excitation/emission wavelengths

530/590 nm using a Synergy HT plate reader (Biotek, UK). Results are

expressed as percentage cell viability versus DMSO control.

Oxidative Potential of PM Samples

The oxidative activity of all four PM samples was assessed by quanti-

fying their capacity to deplete ascorbate (AA) and glutathione (GSH)

from a composite antioxidant solution, reflecting their in vivo concentra-

tions in human respiratory tract lining fluids (RTLF) over a 4-hr incuba-

tion (378C, pH 7.0), at final concentration of 50 lg/ml. AA and GSH-

dependent oxidative potential (OP) was then determined as the % loss

over the 4-hr incubation, relative to a particle free control, per lg of

sample: OPAA and OPGSH/lg, respectively. Details of this methodology

and the derivation of the OP metrics have been described in detail previ-

ously [Godri et al., 2010].

Enzyme-Linked Immunosorbent Assay (ELISA) for
Interleukin 8 (IL-8)

Conditioned medium was collected following exposure and assayed

for IL-8 content using Human Quantikine CXCL8/IL-8 (D8000C) kits

(R&D Systems, Bio-Techne, UK) according to the manufacturer’s guide-

lines. Prior to assaying, medium samples were centrifuged at 10,000g

for 10 min and supernatants used for the ELISA. Absorbance was mea-

sured at 450 nm and 570 nm for background correction using a Synergy

HT plate reader (Biotek, UK).

Protein Analysis by Western Blotting

Whole cell lysates were prepared in cold lysis buffer (62.5 mM Tris

pH 6.8, 1 mM EDTA pH 8.0, 2% SDS and 10% glycerol) containing

Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific,

UK). Protein content was measured in sonicated samples using the BCA

Protein Assay (Thermo Scientific, UK) according to the manufacturer’s

instructions. Equal amounts of protein were separated by SDS–PAGE

using 4–12% bis-tris gels (Invitrogen, UK) in MES buffer (Invitrogen,

UK). Separated proteins were transferred to a nitrocellulose membrane

(Bio-Rad, UK) by wet electro-blotting. Non-specific antibody binding

was reduced by incubating membranes in 5% non-fat dry milk in TBS

with 0.1% Tween-20 (TBS-T). Membranes were incubated overnight at

48C with primary antibodies prepared in 5% milk/TBS-T. Cell Signaling

Technology (Beverly, MA) provided anti-Chk1 phosphorylated at

Ser317 (pChk1, #2348) and anti-H2AX phosphorylated at Ser139

(pH2AX, #9718) antibodies. Anti-Cdk2 was obtained from Santa Cruz

Biotechnology (sc-163, Santa Cruz, CA) and included in all experiments

as a loading control. After washing, membranes were incubated with

secondary antibody prepared in 5% milk/TBS-T for 60 min at room tem-

perature. Immun-Star goat anti-rabbit HRP conjugated secondary anti-

body was obtained from Bio-Rad (1705046, Bio-Rad, UK). Signals were

detected using Amersham ECL Western Blotting Detection Reagent (GE

Healthcare Lifescience, UK). Experiments were performed at least three

times and analysed separately. Densitometric analysis was performed

using ImageJ software version 1.48v (National Institute of Health).

Results are expressed as fold increases normalised to control levels.

Analysis of DNADamage by Comet Assay

The alkaline comet assay was performed as described previously

[Nagy et al., 2005], with minor modifications. In brief, three-window

diagnostic slides (Thermo Fisher Scientific Gerhard Menzel B.V. & Co,

Germany) were coated with 0.75% (w/v) low gelling temperature aga-

rose (A9414, Sigma-Aldrich, UK) per window and left to dry overnight

at room temperature. Cells were collected following exposure, resus-

pended in 0.75% agarose and applied per window of the diagnostic

slide. Following incubation in cold lysis buffer (2.5 M sodium chloride,

10 mM Tris, and 0.1M EDTA, pH 10 with 1% (w/v) Triton X-100) for

60 min on ice and, slides were incubated in cold alkaline unwinding

solution (0.3 M sodium hydroxide, 1 mM EDTA). Electrophoresis was

performed in the same buffer and temperature for 20 min at 21 V. Sub-

sequently, slides were neutralized in 0.4 M Tris-HCl (pH 7.4) and then

fixed in 100% methanol for 5 min before air-drying overnight in the

dark. Nuclei were stained with ethidium bromide (2 mg/ml in water) and

washed in deionized water. A total of 50 comets were scored using a

Leica DMLB fluorescent microscope and Comet IV capture system (Per-

ceptive Instruments, UK). Tail intensity (% tail DNA), defined as the

percentage of DNA migrated from the head of the comet into the tail,

was used as a measure of DNA damage.
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Detection of DNA Adducts by 32P-Postlabelling Analysis

DNA was isolated from cells following exposure using a standard

phenol/chloroform extraction method. DNA adduct formation was ana-

lysed by the nuclease P1 digestion and butanol extraction enrichment

version of the 32P-postlabelling method as described previously [Phillips

and Arlt, 2014; Krais et al., 2016]. Briefly, DNA samples (4 lg) were

digested with micrococcal nuclease (288 mU; Sigma Aldrich, UK) and

calf spleen phosphodiesterase (1.2 mU; MP Biomedical, France) and

then enriched and labelled as reported. Resolution of 32P-labelled

adducts was performed by polyethyleneimine(PEI)-cellulose thin-layer

chromatography (TLC) using the following chromatographic conditions:

D1: 1.0 M sodium phosphate, pH 6.0; D3: 4.0 M lithium formate, 7.0 M

urea, pH 3.5; D4: 0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea, pH

8.0. After chromatography, TLC plates were scanned using a Packard

Instant Imager (Downers Grove, IL), and DNA adduct levels (RAL, rela-

tive adduct labelling) were calculated from the adduct counts per minute

(cpm), the specific activity of [g-32P]ATP and the amount of DNA

(pmol) used. Results were expressed as relative DNA adducts levels/108

nucleotides. An external benzo[a]pyrene diol-epoxide(BPDE)-DNA stan-

dard [Phillips and Castegnaro, 1999] was employed for identification of

adducts in experimental samples. 3-NBA-derived DNA adducts were

identified as reported [Arlt et al., 2001; Arlt et al., 2006].

RNA Extraction and Real-Time RT-PCR

RNA was extracted using the RNEasy mini kit (Qiagen, Hilden, Ger-

many) and 1 mg was reverse transcribed into cDNA with the high-

capacity RNA to cDNA kit (Applied Biosystems, CA) according to man-

ufacturer guidelines. Subsequently, analysis of gene expression was per-

formed in triplicates on each plate using the TaqMan Gene Expression

Master Mix (Applied Biosystems, CA) with detection on an Applied

Biosystems 7900HT Fast Real-Time PCR system (Applied Biosystems,

CA). The cycling parameters used for the real-time RT-PCR were 508C

for 2 min, 958C for 10 min, and then 40 cycles at 958C for 15 sec and

608C for 60 sec. Primers and probes were designed using the Universal

Probe Library (Roche, Switzerland). Primer sequences were as follows:

CYP1A1 forward TCCAAGAGTCCACCCTTCC and reverse AAGCAT-

GATCAGTGTAGGGATCT, NQO1 forward CAGCTCACCGAGAGCC-

TAGT and reverse GAGTGAGCCAGTACGATCAGTG, and GAPDH
forward AGCCACATCGCTCAGACAC and reverse AATACGAC-

CAAATCCGTTGACT. Quantification of relative gene expression was

based on the comparative threshold cycle method (22DDCt).

Statistical Analysis

All data are presented as means 6 standard deviation (SD) and are

representative of at least three independent experiments. Statistical anal-

ysis was performed on the raw data (i.e. non-normalized). One-way

repeated measures ANOVA with Tukey’s post-hoc test was used to

determine statistical significance (P< 0.05).

RESULTS

Genotoxic Effects of PM Mixtures

TT1 and A549 cells were exposed to coarse and fine

PM samples from roadside and background locations at

concentrations of 10 mg/ml in DMSO for 24 hr. A signifi-

cant cytotoxic response was seen in TT1 cells exposed to

the coarse background PM (BG_C) showing approxi-

mately 50% decrease in cell viability compared to control

cells (Fig. 1A). A small but non-statistically significant

decrease in viability was seen in TT1 cells exposed to the

coarse roadside PM (RS_C); no effect on viability was

seen in TT1 cells exposed to fine PM or in any of the

A549 cell exposures (Fig. 1A). As ambient PM has been

shown to increase expression of IL-8 mRNA [Silbajoris

et al., 2011], we examined IL-8 concentrations in media

of cells exposed to PM samples. With TT1 cells, signifi-

cant increases in IL-8 were seen after exposure to coarse

PM from both background and roadside locations com-

pared to unexposed cells; no differences compared to con-

trols were seen after exposure to fine PM. Comparable

levels of IL-8 were detected after exposure of TT1 cells

to the coarse PM samples despite the differences in cell

viability. In contrast, no changes in IL-8 levels were seen

in A549 cells exposed to coarse or fine PM (Fig. 1B). Of

note, background levels of IL-8 release from A549 cells

were approximately 27-times higher than TT1 cells; the

reason for this is unclear.

DNA damage and the resulting activation of damage

signalling are known causes of toxicity of PM and associ-

ated chemicals. We chose two markers of DNA damage

signalling activation, phosphorylation of Checkpoint

kinase 1 at Ser317 (pChk1) and H2A histone family

member X at Ser139 (pH2AX), as both have previously

been shown to be activated in response to PAH and PM

exposures [Niziolek-Kierecka et al., 2012; Jarvis et al.,

2013]. In TT1 cells, levels of pChk1 were significantly

increased in cells exposed to coarse PM from the back-

ground site (BG_C); this was significantly different to

unexposed cells, to cells exposed to fine PM from the

same location (BG_F), and to cells exposed to coarse PM

from the roadside site (RS_C) (Figs. 1C and 1D). Levels

of pH2AX were significantly increased in TT1 cells

exposed to coarse PM from both the background (BG_C)

and roadside (RS_C) locations compared to unexposed

cells and to cells exposed to fine PM from their respec-

tive sites (Figs. 1C and 1E). Levels of pH2AX were also

significantly higher in TT1 cells exposed to coarse PM

from the background site compared to the roadside site.

In contrast, no increase in pChk1 or pH2AX was seen in

A549 cells exposed to coarse or fine PM from either site.

For this reason, from this point experiments were contin-

ued using only the TT1 cell line.

To determine whether the effect of the coarse PM sam-

ples could be attributed to compounds that likely desorb

from particles in DMSO, TT1 cells were exposed to

coarse PM suspended in DMSO and centrifuged extracts

of these samples. UV-Vis analysis of the DMSO extracts

showed an increase in absorbance between 260 and

300 nm (Fig. 2A), suggesting the presence of UV absorb-

ing compounds. Whilst the coarse PM sample from the

background location (BG_C) induced a significant

decrease in cell viability (Fig. 2B) and increase in DNA

damage (Fig. 2C), there was no detectable difference

between the whole fraction (particles suspended in

DMSO) and the DMSO supernatant. Together, these data
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show that coarse PM induces a genotoxic response in the

TT1 cell line and suggest that the observed response

results from organic materials that have desorbed from

the particles into the DMSO. It was notable however that

whilst the concentration of detected PAHs (classified as

IARC Group 1, 2A, or 2B carcinogens) was greater in the

coarse PM sample from the background site compared

with the equivalent roadside sample, these concentrations

were significantly lower than those associated with the

fine fraction collected from both sites (Supporting Infor-

mation Fig. 1A). These results suggested that these PAHs

within the organic fraction were unlikely to be solely

responsible for the genotoxic responses observed. Simi-

larly metal and metalloid concentrations (classified as

IARC Group 1 or 2B carcinogens) across the four PM

samples did not fit with the pattern of responses observed

Fig. 1. Response of TT1 and A549 cells exposed to coarse and fine PM

samples. Cells were exposed to DMSO control or 10 mg/ml of PM in

DMSO. PM samples are from roadside (RS) and background (BG) loca-

tions; coarse and fine fractions are indicated by _C and _F, respectively.

A: Cell viability as assessed by AlamarBlue assay. B: Levels of IL-8 in

culture supernatants as determined by ELISA. C: Western blot analysis of

phosphorylation of Chk1 and H2AX; Cdk2 was included as a loading

control. D and E: Densitometric analysis of levels of phosphorylated

Chk1 and H2AX as assessed by Western blotting. Data are normalised

against control levels and hence no error bars are presented in the control

samples. Experiments were performed at least in triplicate and data points

represent the mean values 6 SD. * P< 0.05 versus control, # P< 0.05

between locations and u P< 0.05 between coarse fractions as determined

by one-way repeated measures ANOVA with Tukey’s post hoc test.
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(Supporting Information Fig. 1B). The oxidative activity

of the samples, especially OPAA/lg, was clearly enhanced

at the roadside site (Supporting Information Fig. 1C) and

likewise not predictive of the genotoxic responses

observed.

3-NBA Induces a Potent Genotoxic Response in TT1Cells
That Is Not Seenwith BaP

Having shown that coarse PM suspended in DMSO

and the corresponding centrifuged extract produce similar

genotoxic responses in TT1 cells, we sought to clarify

which organic constituents were contributing to the

observed responses. We initially investigated the response

of TT1 cells to BaP, the most widely studied carcinogenic

PAH. At the concentrations of BaP tested (0–39.6 mM),

we saw no significant cytotoxicity (Supporting Informa-

tion Fig. 2A). No significant increase in either pChk1 or

pH2AX levels was observed (Figs. 3A–3C) and there was

only a small amount of BaP-DNA adducts detected

(9.84 6 1.93 adducts per 108 nucleotides) (Fig. 3D, Sup-

porting Information Fig. 3A). BaP is primarily metabol-

ised by CYP1A1, and significantly increased levels of

CYP1A1 protein (Figs. 4A and 4E) and CYP1A1 mRNA

(Fig. 4F) were observed. We next investigated if this

response could be attributed to nitro-PAHs, which have

been strongly associated with engine exhausts emissions

[Arlt, 2005]. TT1 cells were therefore incubated with 3-

NBA, a highly mutagenic nitro-PAH and suspected lung

carcinogen. At the concentrations of 3-NBA tested (0–3.6

mM), no significant cytotoxicity was observed (Supporting

Information Fig. 2B). Exposure to 3-NBA caused a sig-

nificant increase in pChk1 and pH2AX at all concentra-

tions tested (Figs. 4A–4C), and this increase in DNA

damage signalling was associated with a high level of 3-

NBA-DNA adducts (654.77 6 25.73 adducts per 108

nucleotides) (Fig. 4D and Supporting Information Fig.

3B). In order to react with DNA, 3-NBA requires metab-

olism to the active N-hydroxy-3-aminobenzanthrone (N-

OH-3-ABA) metabolite, primarily catalysed by nitrore-

ductases such as NAD(P)H:quinone oxidoreductase 1

(NQO1). No significant increases in levels of NQO1 pro-

tein were detected (Figs. 3A and 3E), although a small

but not statistically significant increase in NQO1 mRNA

was observed (Fig. 3F). Together these data show that 3-

NBA induces a potent genotoxic response in TT1 cells

that is not associated with elevated NQO1 levels and that

a nitro-PAH can induce a strong genotoxic response in

the TT1 cell line that is not seen with BaP.

DISCUSSION

One of the most important aspects of studying human

toxicity in an in vitro system is selecting appropriate

models that can predict toxicity in vivo. The primary tar-

get for air pollutants is the lungs and hence that was the

rationale for our selection of lung cell lines. In this study,

we used two alveolar epithelial cell-like cell lines, TT1

Fig. 2. Response of TT1 cells exposed to whole fractions and centri-

fuged DMSO extracts of coarse PM samples. Cells were exposed to

DMSO control or 10 mg/ml of coarse fraction PM in DMSO. Whole frac-

tion label indicates PM suspended in DMSO; the DMSO extract label

indicates cells were exposed to the supernatant of the whole fraction after

centrifugation (10,000 3 g for 60 sec). A: UV absorbance of DMSO and

PM samples; EtOH was used as a vehicle. B: Cell viability as assessed

by AlamarBlue assay; data are normalised to control levels and hence no

error bars are presented in the controls. C: DNA damage was assessed by

alkaline comet assay. Experiments were performed at least in triplicate

and data points represent the mean values 6 standard deviation. *

P< 0.05 versus control and # P< 0.05 between exposures as determined

by one-way repeated measures ANOVA with Tukey’s post hoc test.
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(Type-1 like) and A549 (Type-II like); both surrogate

alveolar epithelial cell models. We studied first the effects

of exposing them to well characterised coarse (2.5–10

mm) and fine (0.1–2.5 mm) PM from roadside and back-

ground locations. We selected activation of DNA damage

signalling, indicated by phosphorylation of Chk1 and

H2AX, as markers of response, based on previous studies

showing these to be sensitive markers [Audebert et al.,

2010; Niziolek-Kierecka et al., 2012; Jarvis et al., 2013]

with potential application for mixture-based risk assess-

ment [Jarvis et al., 2014]. We found that coarse PM indu-

ces a genotoxic response in the TT1 cells, but not in

A549 cells, and contrary to initial expectations, this

response was strongest from the background sample. We

also studied secretion of IL-8 in response to PM expo-

sure, IL-8 having been identified (along with IL-6) as

being secreted in response to radiation-induced DNA

damage [Rodier et al., 2009]. We then used the TT1 cell

line to study the genotoxic response (activation of

damage signalling and formation of DNA adducts) in

response to BaP and 3-NBA, and showed a strong geno-

toxic response to latter but not former. Furthermore, we

show that the TT1 cell line is a valid alveolar epithelial

model for studying genotoxic effects of PM and associ-

ated chemicals.

Humans are exposed to a complex mixture of different

chemicals in the environment. Studying the genotoxic

effects of whole mixtures is therefore more applicable to

human exposure scenarios and this approach has been

proposed to represent a more appropriate exposure sce-

nario for risk assessment of human health effects of air-

borne pollution [United States EPA., 2000; Flowers et al.,

2002; United States EPA., 2007; Backhaus et al., 2010;

Jarvis et al., 2014]. However, given the ubiquitous nature

of chemical mixtures, and hence the complicated interpre-

tation of contributory effects and interactions, the study

of individual compounds can also provide important con-

textual information. The rationale for selection of the two

Fig. 3. Genotoxic response of TT1 cells exposed to BaP. Cells were

exposed to 0 – 39.6 mM of BaP for 24 hr. A: Representative Western

blots of pH2AX, pChk1 and CYP1A1. B and C: Densitometric analysis

of levels of pH2AX and pChk1 assessed by Western blotting. D: 32P-

postlabelling analysis of BaP-DNA adducts in cells exposed to 39.6 mM

BaP (ND indicates no detected levels in control cells). E: Densitometric

analysis of levels of CYP1A1 assessed by Western blotting. F: Real-time

RT-PCR analysis of CYP1A1 mRNA. Data are normalised against control

levels and hence no error bars are presented in the control samples.

Experiments were performed at least in triplicate and data points repre-

sent the mean values 6 SD. * P< 0.05 as determined by one-way

repeated measures ANOVA with Tukey’s post hoc test.
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pollutants studied here alongside PM samples is that BaP

is the most widely studied PAH and at present the only

PAH classified by IARC as carcinogenic to humans

[IARC, 2010], and 3-NBA is a highly mutagenic nitro-

PAH associated with traffic emissions [Arlt, 2005] and

classified by IARC as Group 2B (possibly carcinogenic to

humans) [IARC, 2013].

With regards to PM exposure, it is generally considered

that PM <10 mm is able to penetrate to the bronchiolar

regions of the respiratory system, whereas PM <2.5 mm

is considered to be able to penetrate to the gas exchange

regions, the alveolar-capillary barrier. In this study, we

used PM characterised as ‘coarse’, which ranged from

2.5–10 mm in size, and ‘fine’, which ranged from 0.1–2.5

mm in size. Detailed compositional information on the

samples employed in this study has been presented previ-

ously, including concentrations of metals and metalloids,

PAHs, hopanes, sterenes, secondary species (nitrite and

sulphate) and biological material (LPS) [Bloemen et al.,

2005]. Although the coarse PM studied here would not be

expected penetrate the alveolar region in vivo, its use

here in an isolated in vitro system was to better under-

stand its genotoxic profile. Studies of this nature can pro-

vide important information regarding mechanisms of

actions of various compounds and mixtures and can

advance our knowledge for interpreting effects in more

complex systems. Nevertheless, extrapolation of the find-

ings to ‘real-life’ exposure scenarios is limited by several

factors. Firstly, the cell models lack the multicellular

nature of the respiratory system. Secondly, the PM in this

scenario was suspended in DMSO due to an interest in

the organic material and hence is not representative of

inhalation, whereby PM is rapidly in contact with water

droplets in the airways and surfactant at the lung surfaces.

Finally, the concentrations used in the study are higher

than humans would be exposed to under realistic expo-

sure scenarios. For example, Rossner et al. [2016] sug-

gested that for an ambient concentration of BaP of 0.1–10

ng/m3 in air this would represent femtomolar concentra-

tions of BaP in culture medium. On the other hand,

Fig. 4. Genotoxic response of TT1 cells exposed to 3-NBA. Cells were

exposed to 0 – 3.6 mM of 3-NBA for 24 hr. A: Representative Western

blots of pH2AX, pChk1 and NQO1. B and C: Densitometric analysis of

levels of pH2AX and pChk1 assessed by Western blotting. D: 32P-post-

labelling analysis of 3-NBA-DNA adducts in cells exposed to 3.6 mM 3-

NBA (ND indicates no detected levels in control cells). E: Densitometric

analysis of levels of NQO1 assessed by Western blotting. F: Real-time

RT-PCR analysis of NQO1 mRNA. Data are normalised against control

levels and hence no error bars are presented in the control samples.

Experiments were performed at least in triplicate and data points repre-

sent the mean values 6 SD. * P< 0.05 as determined by one-way

repeated measures ANOVA with Tukey’s post hoc test.
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human lungs are typically chronically exposed to low lev-

els of air pollutants, which is difficult to mimic in any

cell culture models. Thus, testing acute exposures at

higher concentrations may still have value to predict cel-

lular responses and toxic mechanisms that might be the

same as those seen with chronic exposures at low concen-

trations. The results of this study may therefore contribute

to the understanding of the mechanisms of actions of PM

and 3-NBA in relation to the effects on DNA damage.

Mutations resulting from DNA damage are critical to

the carcinogenic process resulting from exposure to PAHs

and derivatives [Baird et al., 2005]. In response to DNA

damage, cells have evolved a number of mechanisms

involved in sensing the damage, arresting the cell cycle,

and ultimately eliciting repair, collectively known as the

DNA Damage Response (DDR) [Ciccia and Elledge,

2010]. DNA damage signalling, a key component

involved in transduction of the DDR, results from activa-

tion of the phosphatidylinositol 3-kinase-related kinases

(PIKKs) which activate downstream cascades through

phosphorylation. Two proteins that are activated down-

stream in response to DNA damage are Chk1 [Patil et al.,

2013] and H2AX [Rogakou et al., 1998]. Recent work in

HepG2 cells has identified that both are activated in

response to individual PAHs and complex mixtures of

PAHs (and other chemicals) found in ambient air and

contaminated soil [Mattsson et al., 2009b; Niziolek-

Kierecka et al., 2012; Jarvis et al., 2013]. Activation of

H2AX has also been seen previously in A549 cells after

exposure to BPDE, the active metabolite of BaP [Matts-

son et al., 2009a]. In agreement with these studies we

show activation of Chk1 and H2AX in TT1 cells exposed

to 3-NBA and coarse PM samples. Phosphorylation of

Chk1 is attributed to the ATR signalling pathway in

response to single strand breaks and bulky PAH-DNA

adducts [Jazayeri et al., 2006; Choi et al., 2007, 2009].

High levels of 3-NBA-DNA adducts were detected in the

TT1 cell line. Whilst there are no previously reported

data for 3-NBA-DNA adducts in TT1 cells, comparable

levels of 3-NBA-DNA adducts were seen in this study in

A549 cells exposed to 3-NBA as have been seen previ-

ously [Nagy et al., 2005; Arlt et al., 2007]. Levels of

BaP-DNA adducts in TT1 cells were 66-fold lower than

3-NBA-DNA adducts. It is noteworthy that the observed

BaP-DNA adduct levels in TT1 cells are low compared

to other published studies [Hockley et al., 2008; Rossner

et al., 2016; Shi et al., 2016]. In this study, we showed

induction of CYP1A1 in TT1 cells and not a genotoxic

response, and hence, this might be reflective of increased

repair of BaP-DNA adducts in the TT1 cell line in the

timeframe studied, or a stronger detoxifying effect of

CYP1A1; further work is warranted to understand this.

There is extensive epidemiological evidence linking

human exposure to PM with adverse health outcomes

[Brunekreef and Forsberg, 2005; Kelly and Fussell, 2011;

Anderson et al., 2012]. However, the underlying mecha-

nisms behind the exposure to PM and respiratory disease

remain elusive. In this study, we exposed cells to coarse

and fine PM fractions at 10 mg/ml, which is lower than is

commonly used in other studies (typically 50–150 mg/ml

and above). Our choice of concentration was informed

from other on-going studies in immortalised and primary

human bronchial epithelial cells, dendritic cells and mac-

rophages that have employed concentrations in the range

of 0.5–20 mg/ml and that have consistently demonstrated

pro-inflammatory effects and mitochondrial dysfunction at

concentrations down to 5–10 mg/ml (unpublished data).

The concentration chosen in this study is still relatively

high compared to likely human exposures but does pro-

vide improved relevance to exposure scenarios occurring

in vivo. We showed that in the TT1 cells, exposure to

coarse PM (at 10 mg/ml) induced a genotoxic response

resulting in increased DNA damage and signalling activa-

tion and secretion of IL-8. Whilst we did not see a com-

parable response in A549 cells, previous studies have

shown that higher concentrations of PM are required to

elicit a response [Schins et al., 2002; Danielsen et al.,

2008; Thomson et al., 2015], which could explain the

lack of response in the present study. A possible explana-

tion for the difference in response of the two cell lines is

that the A549 cells are tumour-derived, and hence they

could differ because of genotypic changes. Previously it

has been suggested that the A549 cells are an unsatisfac-

tory model of alveolar Type II cells [Swain et al., 2010]

and differences in uptake of PM and nanoparticles has

been observed between Type I and Type II cells [Kemp

et al., 2008].

One interesting observation for the coarse PM data was

that the strongest response was seen in the sample from

the background location (BG_C). At present the reason

for this phenomenon is unclear; total PAH levels in the

roadside location were higher (448.20 ng/mg) than those

at the background location (200.71 ng/mg) (Supporting

Information Table 1). However, it was interesting to note

that the levels of the 8 PAHs that were analysed and that

have IARC classifications of 1, 2A or 2B were nearly

50% higher in the background sample compared to the

roadside (26.14 ng/mg compared to 17.72 ng/mg) (Sup-

porting Information Fig. 1). Whilst this is consistent with

the higher genotoxic response seen with the background

coarse PM sample, it is important to note that the equiva-

lent PAH concentrations in the fine fraction were mark-

edly higher; 119.01 ng/mg and 43.26 ng/mg at the

background and roadside sites, respectively.

The lack of a genotoxic response in cells incubated

with fine PM was an unexpected finding and at present

the explanation is unclear. Previous studies that have

employed samples collected as part of the HEPMEAP

project failed to demonstrate that the fine PM fraction

was associated with increased inflammatory effects in
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vitro [Guastadisegni et al., 2010], and there is evidence

that the coarse PM was the more pro-inflammatory in rats

treated by intratracheal instillation [Gerlofs-Nijland et al.,

2007]. In both of these studies the overall enhanced pat-

tern of toxicity was associated with the coarse PM sam-

ples collected across Europe and across different seasons.

It is important to note that the samples used in these stud-

ies, as well as here, have a cut off between 0.1 and 2.5

mm. It is therefore plausible that the bioactive element of

fine PM could be attributed to the ultrafine (<0.1 mm)

particles. Indeed there is growing interest in understand-

ing the adverse health effects of human exposure to ultra-

fine particles and engineered nanoparticles [Li et al.,

2016], which were not present in the PM samples

employed in this study.

In conclusion, this study investigated the genotoxic

effects of coarse and fine PM from high and low traffic

sites in two alveolar epithelial models, the recently

described TT1 human alveolar epithelial cell line and the

commonly used (tumour-derived) A549 cells. A genotoxic

response was observed in TT1 after exposure to coarse

PM that, contrary to expectations, was stronger in cells

exposed to PM from a background site compared to the

roadside. Furthermore, we showed a strong genotoxic

response to 3-NBA in the TT1 cells that was not seen

with BaP. Finally, we found that the TT1 cell line is a

more sensitive and improved in vitro model for studying

PM toxicity than the A549 cell line.

ACKNOWLEDGMENTS

The views expressed are those of the authors and not
necessarily those of the NHS, the NIHR, the Department
of Health or PHE. Conflicts of interest: The authors
declare that there are no conflicts of interest.

AUTHORCONTRIBUTIONS

IWHJ, ZES and EN collected and analysed all the data.
IWHJ prepared the figures and manuscript draft. TT pro-
vided the cells (TT1). ISM, TT, VMA and DHP provided
intellectual input to the manuscript findings and drafting.
All authors approved the final manuscript. IWHJ, VMA
and DHP had complete access to all of the study data.

REFERENCES

Anderson JO, Thundiyil JG, Stolbach A. 2012. Clearing the air: a review

of the effects of particulate matter air pollution on human health.

J Med Toxicol 8:166–175.

Arlt VM. 2005. 3-Nitrobenzanthrone, a potential human cancer hazard

in diesel exhaust and urban air pollution: a review of the evi-

dence. Mutagenesis 20:399–410.

Arlt VM, Bieler CA, Mier W, Wiessler M, Schmeiser HH. 2001. DNA

adduct formation by the ubiquitous environmental contaminant 3-

nitrobenzanthrone in rats determined by (32)P-postlabeling. Int J

Cancer 93:450–454.

Arlt VM, Glatt H, Gamboa da Costa G, Reynisson J, Takamura-Enya T,

Phillips DH. 2007. Mutagenicity and DNA adduct formation by

the urban air pollutant 2-nitrobenzanthrone. Toxicol Sci 98:445–

457.

Arlt VM, Glatt H, Muckel E, Pabel U, Sorg BL, Schmeiser HH, Phillips

DH. 2002. Metabolic activation of the environmental contaminant

3-nitrobenzanthrone by human acetyltransferases and sulfotrans-

ferase. Carcinogenesis 23:1937–1945.

Arlt VM, Schmeiser HH, Osborne MR, Kawanishi M, Kanno T, Yagi T,

Phillips DH, Takamura-Enya T. 2006. Identification of three

major DNA adducts formed by the carcinogenic air pollutant 3-

nitrobenzanthrone in rat lung at the C8 and N2 position of gua-

nine and at the N6 position of adenine. Int J Cancer 118:2139–

2146.

Atkinson RW, Analitis A, Samoli E, Fuller GW, Green DC, Mudway

IS, Anderson HR, Kelly FJ. 2016. Short-term exposure to traffic-

related air pollution and daily mortality in London, UK. J Expo

Sci Environ Epidemiol 26:125–132.

Audebert M, Riu A, Jacques C, Hillenweck A, Jamin EL, Zalko D,

Cravedi JP. 2010. Use of the gammaH2AX assay for assessing

the genotoxicity of polycyclic aromatic hydrocarbons in human

cell lines. Toxicol Lett 199:182–192.

Backhaus T, Blanck H, Faust M. 2010. Hazard and Risk Assessment of

Chemical Mixtures under REACH – State of the Art, Gaps and

Options for Improvement. Report PM 3/10. The Swedish

National Chemicals Inspectorate, Stockholm, Sweden.

Baird WM, Hooven LA, Mahadevan B. 2005. Carcinogenic polycyclic

aromatic hydrocarbon-DNA adducts and mechanism of action.

Environ Mol Mutagen 45:106–114.

Bamford HA, Bezabeh DZ, Schantz S, Wise SA, Baker JE. 2003. Deter-

mination and comparison of nitrated-polycyclic aromatic hydro-

carbons measured in air and diesel particulate reference

materials. Chemosphere 50:575–587.

Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp

BR, Randell SH, Noble PW, Hogan BL. 2013. Type 2 alveolar

cells are stem cells in adult lung. J Clin Invest 123:3025–3036.

Bloemen HJT, Gerlofs-Nijland ME, Janssen NAH, Sandstrom A, Van

Bree L, Cassee FR. 2005. RIVM Report 863001002/2005: Chem-

ical characterization and source apportionment estimates of par-

ticulate matter collected within the framework of EU project

HEPMEAP.

Brunekreef B, Forsberg B. 2005. Epidemiological evidence of effects of

coarse airborne particles on health. Eur Respir J 26:309–318.

Choi JH, Lindsey-Boltz LA, Sancar A. 2007. Reconstitution of a human

ATR-mediated checkpoint response to damaged DNA. Proc Natl

Acad Sci U S A 104:13301–13306.

Choi JH, Lindsey-Boltz LA, Sancar A. 2009. Cooperative activation of

the ATR checkpoint kinase by TopBP1 and damaged DNA.

Nucleic Acids Res 37:1501–1509.

Ciccia A, Elledge SJ. 2010. The DNA damage response: making it safe

to play with knives. Mol Cell 40:179–204.

Danielsen PH, Loft S, Moller P. 2008. DNA damage and cytotoxicity in

type II lung epithelial (A549) cell cultures after exposure to die-

sel exhaust and urban street particles. Part Fibre Toxicol 5:6

Fehrenbach H. 2001. Alveolar epithelial type II cell: defender of the

alveolus revisited. Respir Res 2:33–46.

Flowers L, Rieth SH, Cogliano VJ, Foureman GL, Hertzberg R,

Hofmann EL, Murphy DL, Nesnow S, Schoeny RS. 2002. Health

assessment of polycyclic aromatic hydrocarbon mixtures: current

practices and future directions. Polycyc Arom Compd 22:811–

821.

Foster KA, Oster CG, Mayer MM, Avery ML, Audus KL. 1998. Charac-

terization of the A549 cell line as a type II pulmonary epithelial

cell model for drug metabolism. Exp Cell Res 243:359–366.

Gerlofs-Nijland ME, Dormans JA, Bloemen HJ, Leseman DL, JA, Boere

F, Kelly FJ, Mudway IS, Jimenez AA, Donaldson K,

Guastadisegni C, et al. 2007. Toxicity of coarse and fine

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Genotoxicity of Urban Roadside and Background PM 299



particulate matter from sites with contrasting traffic profiles. Inhal

Toxicol 19:1055–1069.

Godri KJ, Green DC, Fuller GW, Dall’Osto M, Beddows DC, Kelly FJ,

Harrison RM, Mudway IS. 2010. Particulate oxidative burden asso-

ciated with firework activity. Environ Sci Technol 44:8295–8301.

Guastadisegni C, Kelly FJ, Cassee FR, Gerlofs-Nijland ME, Janssen NA,

Pozzi R, Brunekreef B, Sandstrom T, Mudway I. 2010. Determi-

nants of the proinflammatory action of ambient particulate matter

in immortalized murine macrophages. Environ Health Perspect

118:1728–1734.

Hockley SL, Arlt VM, Jahnke G, Hartwig A, Giddings I, Phillips DH.

2008. Identification through microarray gene expression analysis of

cellular responses to benzo(a)pyrene and its diol-epoxide that are

dependent or independent of p53. Carcinogenesis 29:202–210.

IARC. 2010. IARC Monographs on the Evaluation of Carcinogenic

Risks to Humans, Volume 92: Some Non-Heterocyclic Polycyclic

Aromatic Hydrocarbons and Some Related Exposures. IARC,

Lyon, France.

IARC. 2013. IARC Monographs on the Evaluation of Carcinogenic

Risks to Humans, Volume 105: Diesel and Gasoline Engine

Exhausts and Some Nitroarenes. IARC, Lyon, France.

IARC. 2016. IARC Monographs on the Evaluation of Carcinogenic

Risks to Humans, Volume 109: Outdoor Air Pollution. IARC,

Lyon, France.

Jarvis IW, Bergvall C, Bottai M, Westerholm R, Stenius U, Dreij K.

2013. Persistent activation of DNA damage signaling in response

to complex mixtures of PAHs in air particulate matter. Toxicol

Appl Pharmacol 266:408–418.

Jarvis IW, Dreij K, Mattsson A, Jernstrom B, Stenius U. 2014. Interac-

tions between polycyclic aromatic hydrocarbons in complex mix-

tures and implications for cancer risk assessment. Toxicology

321:27–39.

Jazayeri A, Falck J, Lukas C, Bartek J, Smith GC, Lukas J, Jackson SP.

2006. ATM- and cell cycle-dependent regulation of ATR in

response to DNA double-strand breaks. Nat Cell Biol 8:37–45.

Kelly FJ, Fussell JC. 2011. Air pollution and airway disease. Clin Exp

Allergy 41:1059–1071.

Kemp SJ, Thorley AJ, Gorelik J, Seckl MJ, O’Hare MJ, Arcaro A,

Korchev Y, Goldstraw P, Tetley TD. 2008. Immortalization of

human alveolar epithelial cells to investigate nanoparticle uptake.

Am J Respir Cell Mol Biol 39:591–597.

Krais AM, Speksnijder EN, Melis JP, Indra R, Moserova M, Godschalk

RW, van Schooten FJ, Seidel A, Kopka K, Schmeiser HH, et al.

2016. The impact of p53 on DNA damage and metabolic activa-

tion of the environmental carcinogen benzo[a]pyrene: effects in

Trp53(1/1), Trp53(1/-) and Trp53(-/-) mice. Arch Toxicol 90:

839–851.

Li N, Georas S, Alexis N, Fritz P, Xia T, Williams MA, Horner E, Nel

A. 2016. A work group report on ultrafine particles (American

Academy of Allergy, Asthma & Immunology): Why ambient

ultrafine and engineered nanoparticles should receive special

attention for possible adverse health outcomes in human subjects.

J Allergy Clin Immunol 138:386–396.

Mattsson A, Jernstrom B, Cotgreave IA, Bajak E. 2009a. H2AX phos-

phorylation in A549 cells induced by the bulky and stable DNA

adducts of benzo[a]pyrene and dibenzo[a,l]pyrene diol epoxides.

Chem Biol Interact 177:40–47.

Mattsson A, Lundstedt S, Stenius U. 2009b. Exposure of HepG2 cells to

low levels of PAH-containing extracts from contaminated soils

results in unpredictable genotoxic stress responses. Environ Mol

Mutagen 50:337–348.

Nagy E, Adachi S, Takamura-Enya T, Zeisig M, Moller L. 2007. DNA

adduct formation and oxidative stress from the carcinogenic

urban air pollutant 3-nitrobenzanthrone and its isomer 2-

nitrobenzanthrone, in vitro and in vivo. Mutagenesis 22:135–145.

Nagy E, Johansson C, Zeisig M, Moller L. 2005. Oxidative stress and

DNA damage caused by the urban air pollutant 3-NBA and its

isomer 2-NBA in human lung cells analyzed with three indepen-

dent methods. J Chromatogr B Analyt Technol Biomed Life Sci

827:94–103.

Niziolek-Kierecka M, Dreij K, Lundstedt S, Stenius U. 2012. gamma-

H2AX, pChk1, and Wip1 as Potential Markers of Persistent DNA

Damage Derived from Dibenzo[a,l]pyrene and PAH-Containing

Extracts from Contaminated Soils. Chem Res Toxicol 25:862–872.

Patil M, Pabla N, Dong Z. 2013. Checkpoint kinase 1 in DNA damage

response and cell cycle regulation. Cell Mol Life Sci

Phillips DH, Arlt VM. 2014. 32P-postlabeling analysis of DNA adducts.

Methods Mol Biol 1105:127–138.

Phillips DH, Castegnaro M. 1999. Standardization and validation of

DNA adduct postlabelling methods: report of interlaboratory tri-

als and production of recommended protocols. Mutagenesis 14:

301–315.

Rodier F, Coppe JP, Patil CK, Hoeijmakers WA, Munoz DP, Raza SR,

Freund A, Campeau E, Davalos AR, Campisi J. 2009. Persistent

DNA damage signalling triggers senescence-associated inflamma-

tory cytokine secretion. Nat Cell Biol 11:973–979.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM. 1998. DNA

double-stranded breaks induce histone H2AX phosphorylation on

serine 139. J Biol Chem 273:5858–5868.

Rohr A, McDonald J. 2016. Health effects of carbon-containing particu-

late matter: focus on sources and recent research program results.

Crit Rev Toxicol 46:97–137.

Rossner P, Strapacova S, Stolcpartova J, Schmuczerova J, Milcova A,

Neca J, Vlkova V, Brzicova T, Machala M, Topinka J. 2016.

Toxic effects of the major components of diesel exhaust in

human alveolar basal epithelial cells (A549). Int J Mol Sci 17:

Samoli E, Atkinson RW, Analitis A, Fuller GW, Green DC, Mudway I,

Anderson HR, Kelly FJ. 2016. Associations of short-term expo-

sure to traffic-related air pollution with cardiovascular and respi-

ratory hospital admissions in London, UK. Occup Environ Med

73:300–307.

Sandstrom T, Cassee FR, Salonen R, Dybing E. 2005. Recent outcomes

in European multicentre projects on ambient particulate air pollu-

tion. Toxicol Appl Pharmacol 207:261–268.

Schins RP, Knaapen AM, Weishaupt C, Winzer A, Borm PJ. 2002.

Cytotoxic and inflammatory effects of coarse and fine particulate

matter in macrophages and epithelial cells. Ann Occup Hyg Title

46:203–206.

Shi Q, Haenen GR, Maas L, Arlt VM, Spina D, Vasquez YR, Moonen

E, Veith C, Van Schooten FJ, Godschalk RW. 2016. Inflamma-

tion-associated extracellular beta-glucuronidase alters cellular

responses to the chemical carcinogen benzo[a]pyrene. Arch Toxi-

col 90:2261–2273.

Silbajoris R, Osornio-Vargas AR, Simmons SO, Reed W, Bromberg PA,

Dailey LA, Samet JM. 2011. Ambient particulate matter induces

interleukin-8 expression through an alternative NF-kappaB

(nuclear factor-kappa B) mechanism in human airway epithelial

cells. Environ Health Perspect 119:1379–1383.

Swain RJ, Kemp SJ, Goldstraw P, Tetley TD, Stevens MM. 2010.

Assessment of cell line models of primary human cells by Raman

spectral phenotyping. Biophys J 98:1703–1711.

Thomson EM, Breznan D, Karthikeyan S, MacKinnon-Roy C, Charland

J-P, Dabek-Zlotorzynska E, Celo V, Kumarathasan P, Brook JR,

Vincent R. 2015. Cytotoxic and inflammatory potential of size-

fractionated particulate matter collected repeatedly within a small

urban area. Part Fibre Toxicol 12:(24

United States EPA. 2000. Supplementary Guidance for Conducting

Health Risk Assessment ofChemical Mixtures (EPA/630/R-00/

002). USEPA, Washington, DC.

United States EPA. 2007. Concepts, Methods and Data Sources for

Cumulative Health Risk Assessment of Multiple Chemicals,

Environmental and Molecular Mutagenesis. DOI 10.1002/em

300 Jarvis et al.



Exposures and Effects: A Resource Document (EPA/600/R-06/

013F). USEPA, Washington, DC.

Wang T, Feng W, Kuang D, Deng Q, Zhang W, Wang S, He M, Zhang

X, Wu T, Guo H. 2015. The effects of heavy metals and their

interactions with polycyclic aromatic hydrocarbons on the oxida-

tive stress among coke-oven workers. Environ Res 140:405–413.

World Health Organisation. 2005. Health effects of transport-related air

pollution. WHO, Copenhagen, Denmark.

World Health Organisation. 2013. Review of evidence on health aspects

of air pollution – REVIHAAP project: final technical report.

WHO, Copenhagen, Denmark.

World Health Organisation. 2014. WHO Air Pollution Mortality Statistics

2012 (available online at http://www.who.int/mediacentre/news/

releases/2014/air-pollution/en/). WHO, Copenhagen, Denmark.

Zhou Y, Sun H, Xie J, Song Y, Liu Y, Huang X, Zhou T, Rong Y, Wu

T, Yuan J, et al. 2016. Urinary polycyclic aromatic hydrocarbon

metabolites and altered lung function in Wuhan, China. Am J

Respir Crit Care Med 193:835–846.

Accepted by—
B. Gollapudi

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Genotoxicity of Urban Roadside and Background PM 301

http://www.who.int/mediacentre/news/releases/2014/air-pollution/en
http://www.who.int/mediacentre/news/releases/2014/air-pollution/en

