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ABSTRACT: Exposure to urban airborne particulate matter (PM) has been associated with adverse health effects. The

majority of research articles published on air pollution PM relate to PM10. However, increasing emphasis and stringent

regulations have been placed on PM2.5. The mechanisms for PM-induced adverse health effects are not well understood,

but inflammation seems to be of importance. We focused our attention also on the capacity of air pollution PM2.5 to

induce cytotoxic and inflammatory responses in human epithelial lung cells (L132) in culture. Particulate matter was

collected in Dunkerque, a French seaside city characterized by the proximity of industrial activity and heavy motor vehicle

traffic. Size distribution results showed that the cumulative frequency of PM2.5 was 92.15% and their specific surface area

was 1 m2 g−−−−−1. Inorganic and organic chemicals usually associated with the natural environment but also so-called

anthropogenic elements were found in PM, suggesting that much of the PM was derived from wind-borne dust from the

industrial complex and the heavy diesel motor vehicle. We observed PM concentration-dependent cytotoxic effects in L132

cells (LC10 ===== 18.84 µµµµµg PM ml−−−−−1; LC50 ===== 75.36 µµµµµg PM ml−−−−−1). We showed that exposure to Dunkerque City’s PM2.5 induced

significant increases (in a concentration- and time-dependent manner) in protein secretion and/or gene expression of

inflammatory cytokines (i.e. TNF-ααααα, IL-1βββββ, IL-8, GM-CSF, IL-6, TGF-βββββ1). We hypothesized also that the occurrence

of the acute inflammatory response might rely on the capacity of such air pollutants to generate oxidative species, which

have been implicated in the stringent regulation of the cytokine network. Hence, we suggest that the development of

inflammatory effects that worsen over time stems from the cytotoxicity in Dunkerque City’s PM2.5-exposed L132 cells in

culture. Copyright © 2005 John Wiley & Sons, Ltd.
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exacerbation in morbidity and mortality rates, notably for

persons with respiratory and/or cardiovascular diseases

(Pope and Kanner, 1993; Schwartz et al., 1993, Levy

et al., 1999). However, the majority of research articles

published on air pollution PM relate to PM10, yet increas-

ing emphasis and stringent regulations have been placed

recently on PM2.5, which has the ability to reach the distal

regions of the lung after inhalation (Levy et al., 1999).

Particulate matter 2.5 has been identified also as a poten-

tial mediator of some of the toxicity of PM10 (Monn

and Becker, 1999; Diociaiuti et al., 2001; Hetland et al.,

2004). The associations often have been made using

current air quality standards that only encompass PM

size and concentration; they did not address the issue

of PM composition (Brunekreef and Holgate, 2002).

At present, it is well known that, depending upon their

Introduction

The health effects of air pollution have been subject to

intense study (for review, see Brunekreef and Holgate,

2002). In these studies, a growing body of evidence has

shown consistent correlation between exposure to air-

borne particulate matter (PM) in urban areas and acute
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natural and/or anthropogenic emission sources, air pollu-

tion PM is a complex mixture of organic and inorganic

elements (Spurny, 1998; Harrison and Yin, 2000; Englert,

2004). However, the majority of published studies on PM

toxicity have been conducted using complex mixtures, yet

their physical and chemical characteristics are usually not

well established and the possible influence of elements

coated onto the particles is often neglected (Hetland

et al., 2004).

The mechanisms for PM-induced adverse health effects

are still not well understood but inflammation seems to

be of importance (Becker et al., 2002; Liden et al., 2003;

Hetland et al., 2004). The pathogenesis of lung injury

induced by air pollutants is also mediated in large part by

reactive oxygen intermediates (ROI) and inflammatory

cytokines that might play a crucial role in both the occur-

rence and development of acute inflammation (Spurny,

1998; Rahman and MacNee, 2000; Shukla et al., 2000;

Ghio et al., 2002; Osornio-Vargas et al., 2003). In addi-

tion to their oxidative effects, ROI have been implicated

in the regulation of nuclear factor kappa B (NF-κB), a

transcription factor firmly involved in the genesis of

inflammatory diseases (Driscoll, 2000; Shukla et al.,

2000; Schins et al., 2002; Pozzi et al., 2003; Tao

et al., 2003). The gene transcription of tumour necrosis

factor alpha (TNF-α) and interleukin-1β (IL-1β) is

switched on by activated NF-κB as an early event

of acute inflammatory response (Jimenez et al., 2002).

Both of these pro-inflammatory mediators then act via

paracrine and autocrine pathways to stimulate (directly

and/or indirectly) cells to release other inflammatory

cytokines: interleukin-8 (IL-8), granulocyte/macrophage

colony stimulating factor (GM-CSF), interleukin-6 (IL-6)

and transforming growth factor-β1 (TGF-β1) (Driscoll

et al., 2000; Fujii et al., 2001; van Eeden et al., 2001;

Becker et al., 2002; Hetland et al., 2004). Such cell-

derived mediators sometimes restore normal homeostasis.

At other times, however, because of their overproduc-

tion or their aberrant release, they appear to act as

amplification factors in the complex cascade of acute

inflammatory events and other associated pathologies

(Driscoll, 2000).

In this work, PM was collected in Dunkerque, a

French seaside city located on the southern coast of the

North Sea, characterized by the proximity of industrial

activity (i.e. iron and steel industry, aluminium industry,

oil refinery and terminal, basic chemistry, pharmaceu-

tical industry, plant health production, agro-alimentary

industry, etc.) and heavy motor vehicle traffic. Firstly,

physical and chemical characteristics from PM samples

(i.e. size distribution, specific surface area and inorganic

and organic element composition) were carried out.

Secondly, the survival rates of L132 cells exposed to

PM were defined. The L132 cells derive from normal

human embryonic lung tissue; they present epithelial

morphological characteristics and exhibit typical features

of pneumocytes (Erfle and Mellert, 1996). In this work,

the use of L132 cells rely on their lung origin and

their sensitivity to the effects of PM (Shirali et al.,

1994; Garçon et al., 2000). Thirdly, we focused our

attention on the development of acute inflammatory

responses in Dunkerque City’s PM2.5-exposed L132 cells,

through the determination of protein secretion and gene

expression of TNF-α, IL-1β, IL-8, GM-CSF, IL-6 and

TGF-β1.

Materials and Methods

Chemicals

Minimum essential medium (MEM) with Earle’s salts,

fetal bovine serum (FBS), L-glutamine and penicillin/

streptomycin solution were provided by InVitrogen-

Life Technologies (Cergy Pontoise, France). Qiagen

(Courtaboeuf, France) supplied the RNeasy Tissue Kit.

The Quantikine human immunoassays for the deter-

mination of cytokines TNF-α, IL-1β, IL-8, TGF-β1,

IL-6 or GM-CSF were from R&D Systems Europe

(Abingdon, UK). The BCA protein reagent was from

Pierce (IL, USA). Dithiothreitol, dNTP, RNase inhibitor,

oligo(dT)15, expand reverse transcriptase and Taq DNA

polymerase were from Roche Diagnostics (Meylan,

France). MessageScreen™ Human Inflammatory Cyto-

kine Set 1 Multiplex PCR© kit was from Biosources

Europe SA (Nivelles, Belgium).

Sampling and Physical and Chemical
Characteristics of PM

Particulate matter was collected in Dunkerque, a French

seaside city located on the southern coast of the North

Sea, using a high-volume Sierra Model 235 cascade

impactor (Sierra Anderson, Smyna, GA, USA) (Garçon

et al., 2002). Plates were mounted without any filters, and

no back-up filter was used to maintain a constant aspira-

tion flow rate (68 m3 h−1) for a period of 2 weeks. The

lowest stage was doubled to increase the sampling effi-

ciency of the smallest particles (PM5). Collection was done

continuously for 9 months from January to September

2000 and the impacting system was changed every

15 days; two identical systems were used alternately.

Meteorological data (i.e. wind speed, wind direction,

temperature) were obtained from the Opal-Air station

network. The urban collection zone is characterized

by the proximity of industrial activity (i.e. iron and steel

industry, aluminium industry, oil refinery and terminal,

basic chemistry, pharmaceutical industry, plant health

production, agro-alimentary industry, etc.). The zone has

heavy motor vehicle traffic, which also may contribute to

the PM composition. After sampling, the impacting plates
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were dried under a laminar flow bench for 48 h, then

PM was removed from the collection plates with a brush

and stocked at 4 °C. About 2 g of PM has been collected

in this way and carefully homogenized. Physical and

chemical characteristics from PM samples (i.e. size

distribution, specific surface area, inorganic and organic

element composition) were determined using various

analytical methods: electron microscopy, gas adsorption,

inductively coupled plasma mass spectrometry (ICP-MS),

gas chromatography–mass spectrometry (GC–MS), ion

chromatography and scanning electron microscopy–

energy-dispersive X-ray analysis (SEM–EDX).

Cells and Culture Conditions

The cell line that we used originates from the normal

lung tissue of a human embryo, and is deposited under

the designation L132 in the American Type Culture Col-

lection (ATCC; ATCC number CCL-5). The morphology

of these cells is epithelial and they exhibit typical features

of pneumocytes (Erfle and Mellert, 1996). The L132 cells

were cultured in plastic culture flasks (Corning; Fisher

Scientific Labosi SAS, Elancourt, France) in MEM with

Earle’s salts containing 5% (v/v) FBS, 1% (v/v) L-

glutamine (200 mM), 1% (v/v) penicillin (10 000 IU ml−1)

and 1% (v/v) streptomycin (10 000 UG ml−1) (InVitrogen-

Life Technologies). Exponentially growing cells were

maintained at 37 °C in a humidified atmosphere contain-

ing 5% CO2. All the L132 cells used in the study of the

cytotoxicity and inflammatory response were derived

from the same initial cell culture.

Sampling of Cells for the Study of Cytotoxicity

Colony-forming Method

The survival rates of L132 cells exposed to PM were

determined using the colony-forming method (Shirali

et al., 1995). Briefly, 100 proliferating cells were seeded

in culture dishes (60 × 15 mm; Corning; Fisher Scientific

Labosi SAS) to determine cell viability after 10 days

of incubation at 37 °C in a humidified atmosphere

containing 5% CO2, in the continuous presence of PM

without renewing the culture media. Accordingly, ten

culture dishes were chosen at random as control cells

(i.e. incubated only with cultured media) and five culture

dishes per PM concentration were designed at random

as exposed cells (i.e. incubated with culture media

containing increasing concentrations of PM: 18.84, 37.68,

56.52, 75.36 or 150.72 µg PM ml−1). Both the LC10 and

LC50 values were calculated by comparing the number

of crystal violet-stained cell colonies in exposed cul-

ture dishes with the number in non-exposed culture

dishes.

Sampling of Culture Supernatants and Cells for
the Study of Inflammatory Response

Cell Exposure

Depending on the incubation time, L132 cells were seeded

at different densities (i.e. 3 × 106, 1.5 × 106 or 0.75 × 106

cells per 20 ml of culture media, respectively) in plastic

culture flasks (Corning; Fisher Scientific Labosi SAS) and

incubated at 37 °C in a humidified atmosphere contain-

ing 5% CO2 for 24 h. Culture supernatants were removed

to eliminate non-adherent cells. Only living L132 cells

were incubated in the continuous presence of PM at their

LC10 (i.e. 18.84 µg PM ml−1) or LC50 (i.e. 75.36 µg PM ml−1)

for 24, 48 or 72 h of incubation, without renewing the

culture media. Both the LC10 and LC50 values were calculated

previously owing to the colony-forming method. Non-

exposed cells were used as negative controls. Accordingly,

for each incubation time, ten culture flasks were chosen at

random as control cells (i.e. incubated only with cultured

media) and five culture flasks per PM concentration were

designed at random as exposed cells (i.e. incubated with

culture media containing 18.84 or 76.36 µg PM ml−1).

Sampling of Culture Supernatants and Cells

After 24, 48 or 72 h of incubation, 1-ml aliquots of cell

culture supernatants were collected and frozen immedi-

ately at −80 °C for the determination of TNF-α, IL-1β,

IL-8, GM-CSF, IL-6, TGF-β1 or total protein contents.

Adherent cells were removed and centrifuged (500 g,

10 min, 4 °C). Cell pellets were washed twice with 10-ml

aliquots of sterile PBS (InVitrogen-Life Technologies),

collected and quickly frozen at −80 °C until determina-

tion of the gene expression of TNF-α, IL-1β, IL-8, GM-

CSF, IL-6 and TGF-β1.

Determination of Cytokine Concentration

The concentrations of TNF-α, IL-1β, IL-8, GM-CSF,

IL-6 and TGF-β1 in collected cell culture supernatants

were determined using commercially available enzyme

immunoassays (Quantikine Human Immunoassays, R&D

Systems Europe) following the manufacturer’s instruc-

tions. All these assays, based on a one-site immuno-

enzymometric format, were carried out using a microplate

varishaker–incubator, an automated microplate multi-

reagent washer and a computerized microplate reader

(Software: Revelation v3.2; Hardware: MRX; Dynex

Technologies, Issy-les-Moulineaux, France).

Determination of Total Protein Content

Total protein contents in cell culture supernatants were

determined with bicinchoninic reagent using the BCA

protein reagent from Pierce (Smith et al., 1989).
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Determination of Cytokine Gene Expression

Total RNA was extracted from collected cells using

the RNeasy Total RNA System, according to the manu-

facturer’s recommendation. Conditions used for reverse

transcription (RT) were as described previously by

Garçon et al. (2001a). Primer pairs for TNF-α, IL-1β,

IL-8, GM-CSF, IL-6, TGF-β1, and glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were provided by

Biosources Europe SA. Using competitive polymerase

chain reaction (PCR), the gene expression of each consid-

ered gene was evaluated concurrently with the gene

expression of GAPDH. Five-microlitre aliquots of cDNA

were added in a final volume of 50 µl of PCR mix,

reconstituted following the manufacturer’s recommenda-

tions. After the initial denaturing step for 1 min at 95 °C,

the reaction was initiated by five cycles using the follow-

ing denaturing, annealing and extension cycling condi-

tions: denaturing for 1 min at 94 °C, annealing for 4 min

at 60 °C and extension for 2 min at 72 °C, using an

MJ Research PTC-100 HB (VWR International SA,

Fontenay-sous-Bois, France). The reaction was then con-

tinued as follows for 35 cycles: denaturing for 1 min at

94 °C, annealing for 2.5 min at 68 °C and extension for

2 min at 72 °C. After the last cycle, samples were incu-

bated at 72 °C for 10 min. The PCR was then stopped by

cooling at 4 °C. After gel electrophoresis and ethidium

bromide intercalation, PCR-amplified products were visu-

alized under UV light and analysed by a computerized

video/densitometry system (Software: GelAnalyst™

v3.1FR; Clara Vision, Orsay, France).

Statistical Analysis

Results are expressed as mean values and ranges (mini-

mum value–maximum value). For the different incubation

times (i.e. 24, 48 or 72 h), data from cell cultures

exposed to increasing concentrations of PM (i.e. LC10

or LC50) were compared with those from non-exposed

cell cultures. Statistical analyses were performed by the

Wilcoxon rank-sum test (Software: SPSS for Windows,

v10.05, 2000; Paris, France). Statistically significant

differences were reported with P < 0.05.

Results

Physical and Chemical Characteristics of PM

Size distribution results of the collected PM showed that

cumulative frequencies of PM1, PM2.5, and PM5 were

64.24%, 92.15% and 98.49% of PM total number, re-

spectively. The highest numbers of collected PM were

also detected in size classes included in PM2.5: 0–0.5 µm

(33.63%), 0.5–1.0 µm (30.61%), 1.0–1.5 µm (14.33%),

1.5–2.0 µm (8.69%) and 2.0–2.5 µm (4.89%). Their spe-

cific surface area was 1 m2 g−1. A total of 20 inorganic

elements were found in the collected PM: Al, Ca, Fe,

Mg, Mn, Na, Pb, Ti and Zn at mg g−1 PM and Ba, Be,

Cd, Sr, V, Co, Cr, Cu, Li, Mo and Ni at µg g−1 PM. In

the PM samples there were not only inorganic elements

usually associated with the natural environment (i.e. Ca,

Mg, Na, Ti, Sr, etc.) but also so-called anthropogenic

elements (i.e. Al, Ba, Cd, Cu, Cr, Fe, Mn, Ni, Pb, Zn,

etc.). Among them, Fe, Al, Ca, Na, Pb, Mg and Mn were

the most abundantly present. Volatile organic compounds

(VOC), semi-VOC and polycyclic aromatic hydro-

carbons (PAH) coated onto collected PM were detected:

in particular, benzene, chloronitrobenzene, 1-methyl-

nitrobenzene, methylethylbenzene, dihydrobenzopyran-

one, dibutylphthalate, 2-ethyl-5-methyl-pyridine, toluene,

phenanthrene, anthracene, binaphthalene, naphthalene

derivatives, hexanedecanoïc acid, oleic acid and acetyl-

benzoic acid.

Cytotoxicity of PM

Particulate matter induced a concentration-dependent

cytotoxic effect in proliferating L132 cells, as determined

using the colony-forming method (Fig. 1). The calculated

Figure 1. Survival rates (%) of L132 cells 10 days after
their incubation in the continuous presence of increas-
ing concentrations of collected particle matter (PM:
18.84, 37.68, 56.52, 76.36 or 150.72 µg PM ml−1) without
renewing the culture media. Non-exposed cells were
used as negative controls. These values are depicted as
mean values and ranges (minimum value–maximum
value) of ten cell cultures for negative controls and
five cell cultures for every PM concentration. Lethal
concentrations at 10% and 50% (LC10 and LC50, respec-
tively) were calculated by comparing the number of
crystal violet-stained cell colonies in exposed culture
dishes with the number in non-exposed culture dishes
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Table 1. Concentrations of pro-inflammatory cytokines (TNF-α, IL-1β, IL-8, GM-CSF) in the culture supernatants of
PM-exposed L132 cells

Cytokine Incubation time and PM exposure
(pg g−1

24 h 48 h 72 hprotein)

C LC10 LC50 C LC10 LC50 C LC10 LC50

TNF-ααααα 2.55 2.49 15.5 2.71 5.85 27.1 2.40 20.9 45.8

(2.09–3.09) (2.23–2.72) (13.3–18.3) (2.32–3.28) (4.28–7.11) (25.2–29.5) (2.19–2.65) (19.7–23) (41.3–49.2)

NS ** ** ** ** **

IL-1βββββ 0.81 0.78 7.31 0.88 7.31 21.9 0.82 11.6 43.9

(0.65–0.94) (0.74–0.85) (5.52–8.132) (0.78–1.07) (6.04–10.12) (18.2–25.5) (0.73–1.03) (10.3–12.5) (39.5–50.3)

NS ** ** ** ** **

IL-8 3.45 4.59 22.2 3.21 17.8 59.9 8.6 49.3 201.4

(2.89–6.42) (3.66–6.64) (16.6–27.9) (2.67–4.05) (14.4–20.8) (56.3–64.9) (6.7–10.3) (41.4–60.6) (179–214.5)

NS ** ** ** ** **

GM-CSF 1.05 1.07 1.10 1.03 0.99 1.05 1.57 1.78 1.80

(0.89–1.24) (0.93–1.35) (0.98–1.27) (0.87–1.45) (0.86–1.13) (0.97–1.11) (1.01–2.01) (1.43–2.24) (1.55–2.28)

NS NS NS NS NS NS

Concentrations of tumour necrosis factor alpha (TNF-α ; pg mg−1 protein), interleukin-1β (IL-1β; pg mg−1 protein), interleukin-8 (IL-8; pg mg−1 protein) and

granulocyte/macrophage colony stimulating factor (GM-CSF; pg mg−1 protein) in the culture supernatants of L132 cells 24, 48 or 72 h after their incubation

in the continuous presence of particle matter (PM) at their LC10 (i.e. 18.84 µg PM ml−1) or LC50 (i.e. 75.36 µg PM ml−1), without renewing the culture media.

Non-exposed cells were used as negative controls (C). These values are depicted as mean values and ranges (minimum value–maximum value) of ten repli-

cates for negative controls and five replicates for every PM concentration (NS, not significant; ** P < 0.01, Wilcoxon rank-sum test).

LC10 and LC50 values were 18.84 and 76.36 µg PM ml−1,

respectively.

Effects of PM on the Secretion of
Pro-inflammatory Cytokines

Dunkerque City’s PM induced TNF-α secretion by L132

cells in a concentration- and time-dependent manner

(Table 1). Significant increases of TNF-α concentrations

were determined in the culture supernatants of L132 cells

versus control: 24 h after exposure to PM at their LC50

(6.05-fold, P < 0.01), 48 h after exposure to PM at their

LC10 (2.16-fold, P < 0.01) and LC50 (10.03-fold, P < 0.01)

and 72 h after exposure to PM at their LC10 (8.72-fold,

P < 0.01) and LC50 (19.10-fold, P < 0.01). In a similar

manner, significant increases of IL-1β concentrations

were seen in the culture supernatants of L132 cells com-

pared with control cells: 24 h after exposure to PM at

their LC50 (9.01-fold, P < 0.01), 48 h after exposure to PM

at their LC10 (8.30-fold, P < 0.01) and LC50 (24.89-fold,

P < 0.01) and 72 h after exposure to PM at their LC10

(14.05-fold, P < 0.01) and LC50 (53.46-fold, P < 0.01)

(Table 1). There were concentration- and time-dependent

increases of IL-8 secretion by PM-exposed L132 cells

(Table 1). Statistically significant increases of IL-8 secre-

tion were observed in the culture supernatants of L132

cells versus control cells: 24 h after exposure to PM at

their LC50 (6.41-fold, P < 0.01), 48 h after exposure to PM

at their LC10 (5.55-fold, P < 0.01) and LC50 (18.67-fold,

P < 0.01) and 72 h after exposure to PM at their LC10

(5.72-fold, P < 0.01) and LC50 (23.37-fold, P < 0.01).

There was no significant change in GM-CSF secretion by

L132 cells exposed to PM at either their LC10 and LC50,

compared with control cells (Table 1).

Effects of PM on the Secretion of Anti-
inflammatory Cytokines

The PM-exposed L132 cells released IL-6 in a

concentration- and time-dependent manner (Table 2). Sig-

nificant increases of IL-6 secretion were reported in the

culture supernatants of L132 cells versus control cells:

24 h after exposure to PM at their LC50 (1.21-fold, P <
0.01), 48 h after exposure to PM at their LC10 (1.15-fold,

P < 0.01) and LC50 (1.53-fold, P < 0.01) and 72 h after

exposure to PM at their LC10 (1.33-fold, P < 0.01) and

LC50 (1.73-fold, P < 0.01). The PM caused concentration-

and time-dependent releases of TGF-β1 by L132 cells

(Table 2). Accordingly, increases of TGF-β1 concen-

trations in the culture supernatants of L132 cells were

seen 48 h after exposure to PM at their LC50 (1.34-fold,

P < 0.01) and 72 h after exposure to PM at their LC10

(1.32-fold, P < 0.01) and LC50 (1.77-fold, P < 0.01) com-

pared with control cells.

Effects of PM on Gene Expression of
inflammatory Cytokines

The mRNA expression of inflammatory cytokines (i.e.

TNF-α, IL-1β, IL-8, GM-CSF, IL-6, and TGF-β1) in

Dunkerque City’s PM-exposed L132 cells are shown in

Fig. 2 and Table 3. Statistically significant induction of

TNF-α transcript was observed in PM-exposed L132
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Table 2. Concentrations of anti-inflammatory cytokines (IL-6, TGF-β) in the culture supernatants of PM-exposed
L132 cells

Cytokine Incubation time and PM exposure
(pg g−1

24 h 48 h 72 hprotein)

C LC10 LC50 C LC10 LC50 C LC10 LC50

IL-6 1375 1415 1670 1229 1419 1890 1727 2299 2486

(1140–1495) (1210–1719) (1494–1985) (983–1329) (1336–1534) (1588–2270) (1441–1947) (1796–2473) (1933–2678)

NS ** ** ** ** **

TGF-ααααα 52.4 51.3 48.3 97.7 99.1 131.4 145.4 258.7 192.3

(41.5–62.8) (39.3–63.3) (38.6–58.4) (82.0–124.3) (85.5–113.2) (113–145.7) (109.3–171) (235.5–285) (156.5–227)

NS NS NS ** ** **

Concentrations of interleukin-6 (IL-6; pg mg−1 protein) and transforming growth factor beta (TGF-β; pg mg−1 protein) in the culture supernatants of L132 cells

24, 48 or 72 h after incubation in the continuous presence of particle matter (PM) at their LC10 (i.e. 18.84 µg PM ml−1) or LC50 (i.e. 75.36 µg PM ml−1), with-

out renewing the culture media. Non-exposed cells were used as negative controls (C). These values are depicted as mean values and ranges (minimum value–

maximum value) of ten replicates for negative controls and five replicates for every PM concentration (NS, not significant; ** P < 0.01, Wilcoxon rank-sum

test).

Table 3. The mRNA expressions of inflammatory cytokines in PM-exposed L132 cells

Cytokine Incubation time and PM exposure

24 h 48 h 72 h

C LC10 LC50 C LC10 LC50 C LC10 LC50

IL-8/GAPDH 1.031 1.054 1.356 0.979 1.305 1.559 0.915 1.349 1.542

0.922–1.191 0.769–1.188 0.973–1.685 0.786–1.182 1.129–1.374 1.329–1.911 0.632–1.145 1.201–1.535 1.338–1.898

NS * ** ** ** **

IL-6/GAPDH 1.171 1.154 1.348 1.173 1.376 1.643 1.235 1.455 1.712

1.069–1.244 1.026–1.313 1.196–1.431 1.076–1.334 1.133–1.534 1.539–1.853 1.024–1.373 1.324–1.578 1.537–1.892

NS ** * ** ** **

IL-1β/GAPDH 0.419 0.477 0.673 0.374 0.541 0.925 0.451 0.617 1.006

0.353–0.49 0.382–0.523 0.478–0.794 0.295–0.483 0.475–0.595 0.738–1.133 0.340–0.570 0.592–0.649 0.839–1.155

* ** ** ** ** **

TNF-α /GAPDH 0.269 0.33 0.481 0.226 0.295 0.513 0.272 0.381 0.655

0.224–0.331 0.246–0.409 0.396–0.569 0.135–0.328 0.237–0.337 0.433–0.594 0.189–0.333 0.292–0.477 0.530–0.784

* ** * ** ** **

GM-CSF/GAPDH 0.314 0.368 0.393 0.338 0.347 0.484 0.385 0.381 0.564

0.225–0.386 0.312–0.450 0.351–0.421 0.248–0.471 0.300–0.389 0.397–0.622 0.262–0.576 0.346–0.413 0.404–0.756

NS ** NS ** NS **

TGF-β1/GAPDH 0.597 0.635 0.638 0.6 0.601 0.975 0.55 0.708 1.144

0.478–0.691 0.487–0.725 0.431–0.770 0.482–0.780 0.447–0.707 0.711–1.175 0.409–0.655 0.616–0.788 0.956–1.352

NS NS NS ** ** **

The mRNA expressions of tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), interleukin-8 (IL-8), granulocyte/macrophage colony stimulating factor

(GM-CSF), interleukin-6 (IL-6) and transforming growth factor-β1 (TGF-β1) in L132 cells 24, 48 or 72 h after incubation in the continuous presence of particle

matter (PM) at their LC10 (i.e. 18.84 µg PM ml−1) or LC50 (i.e. 75.36 µg PM ml−1), without renewing the culture media. Non-exposed cells were used as nega-

tive controls (C). The ratio between the cytokine DNA band and GAPDH DNA band are shown as mean values and ranges (minimum value–maximum value)

of ten replicates for negative controls and five replicates for every PM concentration (NS, not significant; * P < 0.05 and ** P < 0.01, Wilcoxon rank-sum

test).

cells in a concentration- and time-dependent manner.

Accordingly, significant increases in TNF-α mRNA

expression were observed in L132 cells compared with

control cells: 24 h after exposure to PM at their LC10

(1.23-fold, P < 0.05) and LC50 (1.79-fold, P < 0.01), 48 h

after exposure to PM at their LC10 (1.30-fold, P < 0.05)

and LC50 (2.27-fold, P < 0.01) and 72 h after exposure to

PM at their LC10 (1.40-fold, P < 0.01) and LC50 (2.40-fold,

P < 0.01). Significant increases in IL-1β mRNA expres-

sions were seen in L132 cells versus control cells: 24 h

after exposure to PM at their LC10 (1.14-fold, P < 0.05)

and LC50 (1.65-fold, P < 0.01), 48 h after exposure to

PM at their LC10 (1.44-fold, P < 0.01) and LC50 (2.47-fold,

P < 0.01) and 72 h after exposure to PM at their

LC10 (1.37-fold, P < 0.01) and LC50 (2.23-fold, P < 0.01).

There were concentration- and time-dependent increases

of IL-8 mRNA expression in PM-exposed L132 cells.

Significant increases of IL-8 transcript were determined

in L132 cells versus control cells: 24 h after exposure to

PM at their LC50 (1.31-fold, P < 0.05), 48 h after exposure
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Figure 2. The mRNA expressions of tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), interleukin-8 (IL-8),
granulocyte/macrophage colony stimulating factor (GM-CSF), interleukin-6 (IL-6), transforming growth factor-β1
(TGF-β1) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in L132 cells 24, 48 or 72 h after incubation in
the continuous presence of particle matter (PM) at their LC10 (i.e. 18.84 µg PM ml−1) or LC50 (i.e. 75.36 µg PM ml−1),
without renewing the culture media. Non-exposed cells were used as negative controls (C). Reverse-transcription
polymerase chain reaction products for GAPDH (544 bp), IL-8 (471 bp), IL-6 (403 bp), IL-1β (343 bp), TNF-α (288 bp),
GM-CSF (195 bp), and TGF-β1 (148 bp) are shown on ethidium bromide-stained gel

 

   
 

 

to PM at their LC10 (1.33-fold, P < 0.01) and LC50 (1.59-

fold, P < 0.01) and 72 h after exposure to PM at their

LC10 (1.47-fold, P < 0.01) and LC50 (1.69-fold, P < 0.01).

Statistically significant 1.25-fold, 1.43-fold and 1.43-fold

increases in GM-CSF gene expression were reported

in L132 cells 24 h, 48 h and 72 h, respectively, after

exposure to PM at their LC50 (P < 0.01), compared with

control cells. Moreover, IL-6 gene expression was en-

hanced in PM-exposed L132 cells in a concentration- and

time-dependent manner. Significant increases of IL-6

mRNA expression were reported in L132 cells versus

control cells: 24 h after exposure to PM at their LC50

(1.15-fold, P < 0.01), 48 h after exposure to PM at their

LC10 (1.17-fold, P < 0.05) and LC50 (1.40-fold, P < 0.01)

and 72 h after exposure to PM at their LC10 (1.21-fold,

P < 0.01) and LC50 (1.39-fold, P < 0.01). The PM induced

concentration- and time-dependent transcription of TGF-

β1 in L132 cells. Accordingly, increases of TGF-β1

mRNA expression in L132 cells were reported 48 h

after exposure to PM at their LC50 (1.63-fold, P < 0.01)

and 72 h after exposure to PM at their LC10 (1.29-fold,

P < 0.01) and LC50 (2.09-fold, P < 0.01) versus control

cells.

Discussion

Much effort has gone into discerning possible mech-

anisms whereby air pollution PM causes increases in

morbidity and mortality (Brunekreef and Holgate, 2002).

Because PM2.5 has been considered to be a key factor in

inducing airway inflammatory responses, we investigated

the cytotoxic and pro-inflammatory effects of Dunkerque

City air PM2.5 on this relevant organ target.

Although there has been considerable scientific debate

about the contribution of particles vs. chemical compon-

ents, several studies have shown that the chemical com-

position plays a crucial role in PM-induced pro-oxidative

and/or pro-inflammatory effects in the lung (Brunekreef

and Holgate, 2002; Li et al., 2002; Osornio-Vargas et al.,

2003). Hence, we studied the physical and chemical char-

acteristics of Dunkerque City’s PM2.5. Size distribution

results of the collected PM showed that the cumulative

frequency of PM2.5 was 92.15% of the total PM number,

thereby suggesting that they are respirable by humans.

According to epidemiological findings from several cities

around the world, the greatest health risks correlate with

a smaller PM (i.e. PM2.5) that has the ability to reach
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the distal regions of the lung after inhalation (Levy

et al., 1999). The specific surface area (i.e. 1 m2 g−1) of

Dunkerque City’s PM allowed the adsorption of different

chemicals. Components such as transition metals, VOC

and PAH are known to be associated with PM, either

through adherence to the core particle or as an integral

component of the particle (Dreher et al., 1997; Monn and

Becker, 1999; Nel et al., 2001). A total of 20 inorganic

elements were found in Dunkerque City’s PM2.5. Among

them, Fe, Al, Ca, Na, Pb, Mg and Mn were the most

abundantly present and constitute not only inorganic

elements usually associated with the natural environment

(i.e. Ca, Mg, Na) but also so-called anthropogenic ele-

ments (i.e. Al, Mn, Pb, Zn). Organic elements (i.e. VOC,

semi-VOC, PAH) were coated onto the PM. Hence, the

physical and chemical properties of Dunkerque City’s

PM2.5 suggest that much of the collected PM was derived

from wind-borne dust from the industrial complex and

the heavy diesel motor vehicle traffic.

We showed that Dunkerque City’s PM2.5 led to

concentration-dependent cytotoxic effects in proliferating

L132 cells, as determined using the colony-forming

method. However, the mechanisms for PM-induced

health effects are still poorly understood. Although we

have reported that Dunkerque City’s PM2.5 could gener-

ate oxidative stress events in L132 cells, we investigate

their potential role on protein secretion and/or gene

transcription of inflammatory cytokine in these relevant

target cells (Garçon et al., 2002). One of the main

findings was that in vitro exposure to Dunkerque City’s

PM2.5 led to significant increases (in a concentration- and

time-dependent manner) in protein secretion and/or gene

expression of members of the coordinated network of

pro- and anti-inflammatory cytokines (i.e. TNF-α, IL-1β,

IL-8, GM-CSF, IL-6, and TGF-β1). In addition, it is

important to highlight that the mRNA expressions of

inflammatory mediators, except for GM-CSF, firmly

corroborate PM-induced profiles of cytokine secretion.

Hence, there seems to be an apparent discrepancy be-

tween the results on protein secretion and gene expres-

sion of GM-CSF. However, cytokine gene expression

generally occurs through post-transcriptional mechanisms

(Winyard and Blake, 1997; Shukla et al., 2000; Liden

et al., 2003). Several authors have reported the existence

of inhibitory pathways that post-transcriptionally regulate

GM-CSF expression (Bergmann et al., 2000; Fujii

et al., 2001; Newton et al., 2001). Their data strongly

suggested a model for GM-CSF regulation involving

post-transcriptional and/or translational mechanisms in

A549 cells (Bergmann et al., 2000; Fujii et al., 2001).

Taken together, the present findings are consistent with

data reported by other authors, which showed that TNF-

α plays a key role in particle-induced inflammation in the

lung and, along with IL-1β, upregulates the production of

secondary mediators including IL-6, IL-8, GM-CSF and

TGF-β1 by lung cells (Becher et al., 2001; Warshamana

et al., 2001; Liden et al., 2003). We observed that the

studied anti-inflammatory cytokines (i.e. IL-6 and TGF-

β1) are constitutively and/or differently expressed, and

their excessive secretion in PM-exposed cells suggests a

negative feedback in inflammation (Bellocq et al., 1999;

Becher et al., 2001; Warshamana et al., 2001). Extremely

high rates of IL-6 illustrate the installation of such a

negative feedback (Yoshida et al., 1999; McRitchie et al.,

2000; Becher et al., 2001). Accordingly, many other

in vitro studies have shown that different in vitro lung

models are capable of inducing inflammatory reactions in

response to anthropogenic stimuli (PAH, VOC, mineral

particle, diesel exhaust particles, urban PM10) (Becker

et al., 1996, 1997; Bayram et al., 1998; Bellocq et al.,

1999; Monn and Becker, 1999; Takizawa et al., 1999;

Bergmann et al., 2000; Driscoll, 2000; Garçon et al.,

2000, 2001a, b; Hetland et al., 2001, 2004; Van Eeden

et al., 2001; Alfaro-Moreno et al., 2002; Jimenez et al.,

2002; Schins et al., 2002; Baulig et al., 2003; Liden

et al., 2003; Osornio-Vargas et al., 2003; Pozzi et al.,

2003). In agreement with the literature, in these studies

the induction of excessive cytokine secretion, and there-

fore the development of the inflammatory response, might

rely on the ability of these air pollutants to generate

ROI, which have been firmly implicated in the stringent

regulation of NF-κB and therefore of the cytokine net-

work (Blackwell and Christman, 1997).

It has been proposed that effects of PM exposure

should be related to their physical and chemical charac-

teristics on the one hand, and their potency to induce

inflammatory effects that worsen over time on the other

hand (Hetland et al., 2001, 2004; Jimenez et al., 2002).

Recent data in the literature reported also that some of

the covalent metals (i.e. Fe, Pb, Cu, Mn, etc.) present in

Dunkerque City’s PM2.5 could be involved in redox sys-

tems, which can lead to the initiation of radical reactions

(Garçon et al., 2001a, b; Hetland et al., 2001; Becker

et al., 2002). The association between metals in soluble

fractions of particles and pulmonary responses has been

observed in both in vivo and in-vitro systems (Dreher

et al., 1997; Dye et al., 1999; Hetland et al., 2000, 2001).

In addition, the metabolic activation of some VOC, semi-

VOC or PAH by enzyme-catalysed reactions results in

the excessive production of ROI capable of interfering

with cell homeostasis (Garçon et al., 2001a, b; Kawasaki

et al., 2001; Li et al., 2002; Liden et al., 2003). Some

inherent characteristics of the soluble and/or insoluble

fraction of urban air PM are also crucial for the level of

cytokine protein secretion and/or gene expression.

In conclusion, we showed that Dunkerque City’s PM2.5

was derived from wind-borne dust from the industrial

complex and the heavy diesel motor vehicle traffic and

induced cytotoxic effects in L132 cells. Taken together,

the present findings suggest that the development of acute

inflammatory responses that worsen over time stems from

the cytotoxicity in Dunkerque City’s PM2.5-exposed L132
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cells. It is highly probable that there are important inter-

active effects of the components that form the complex

mixture of PM in determining the overall adverse health

effects of the PM.
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