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Abstract

Epidemiological studies have associated the increase of respiratory and cardiovascular mortality and morbidity with high levels
of air pollution particulate matter (PM). However, the underlying mechanisms of actions by which PM induce adverse health effects

are still unclear. We have recently undertaken an extensive investigation of the adverse health effects of air pollution PM2.5, and
shown that in vitro short-term exposure to PM2.5 induced oxidative stress and inflammation in human lung epithelial cells (L132).
Hence, it was convenient to complete the physical and chemical characterization of PM and to investigate whether in vitro short-term
exposure to PM could be imply in the activation of apoptosis. Accordingly, we found that 92.15% of PM were equal or smaller
than 2.5 �m and their specific surface area was 1 m2/g. Inorganic (i.e. Fe, Al, Ca, Na, K, Mg, Pb, etc.) and organic (i.e. polycyclic
aromatic hydrocarbons) chemicals were found in PM, suggesting that much of them derived from wind-borne dust from the industrial
complex and the heavy motor vehicle traffic. In other respects, we showed that PM exposure induced apoptosis by activating not
only the tumor necrosis factor-alpha (TNF-�)-induced pathway (i.e. TNF-� secretion, caspase-8 and -3 activation), but also the
mitochondrial pathway (i.e. 8-hydroxy-2′-desoxyguanosine formation, cytochrome c release from mitochondria, caspase-9 and -3
activation). Moreover, changes in the transcription rates of p53, bcl-2, and bax genes, on the one hand, and DNA fragmentation, on
the other hand, were reported in PM-exposed proliferating L132 cells, revealing the occurrence of apoptotic events. Taken together,
these findings suggested that in vitro short-term exposure to PM2.5 induced apoptosis in L132 cells.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Nowadays air pollution is a real problem of public
health for the general population in urban areas since
epidemiological studies have shown that fine particu-
late atmospheric pollution is associated with the increase
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of respiratory and cardiovascular mortality and morbid-
ity (for review see Brunekreef and Holgate, 2002). The
majority of research articles published during the last
decade on air pollution particulate matter (PM) relate
to PM2.5, which have been identified as potential medi-
ators of some of the toxicity of PM10 (Diociaiuti et
al., 2001; Monn and Becker, 1999; Schwartz and Neas,
2000). Because of their relatively small size and large
surface area, PM2.5 may also gain access to biological
sites, which large particles would not reach, and may lead
to functional changes of these critical targets in lungs
(Donaldson et al., 2001; Hetland et al., 2004; Oberdorster
and Utell, 2002). The underlying mechanisms of actions
by which air pollution PM induce adverse health effects
are, therefore, of intense scientific interest. This includes
a call for research on the physical and chemical proper-
ties that promote PM toxicity (Pope et al., 2002; Englert,
2004; Spurny, 1998).

At present, it is well known that, depending upon
their natural and/or anthropogenic emission sources, air
pollution PM is a complex mixture of chemical and/or
biological elements, such as metals, salts, carbonaceous
material, volatile organic compounds (VOC), polycyclic
aromatic hydrocarbons (PAH), endotoxins, which can in
fact interact and adsorb on condensation nuclei (Alfaro-
Moreno et al., 2002; Elder et al., 2000; Englert, 2004;
Knaapen et al., 2002; Soukup and Becker, 2001). Hence,
PM mass, PM number, PM specific surface area, quali-
tative and/or quantitative determinations of bioavailable
transition metals, PAH, VOC, and other particle-bound
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response in human lung epithelial cells (Dagher et al.,
2005; Garçon et al., 2006).

There is now increasing evidence that both the pro-
duction of reactive oxygen species (ROS) and the secre-
tion of inflammatory cytokines could interact by induc-
ing cell death by apoptosis (Haddad, 2004; Hetland
et al., 2004; Shukla et al., 2000). In addition to mor-
phological features, apoptosis is defined by complex
biochemical processes involving mitochondria, activa-
tion of a family of cysteine-ASPartate proteASES (cas-
pases), and endonuclease-induced nuclear fragmentation
(Ganju and Eastman, 2003; Kowaltowski et al., 2004;
Micheau and Tschopp, 2003). Aggarwal (2004) has pro-
posed that the differential expression of signaling factors
involved in apoptosis in human lung exposed to ROS is
redox-sensitive and is mediated, at least in part, by a
negative feedback mechanism transduced by the nuclear
factor-kappa B (NF-�B), and, therefore, by the tumor
necrosis factor-alpha (TNF-�).

Within the last few years, a series of biochemical
steps has been identified that results in apoptosis, and
two main pathways have been delineated in human cells
(Aggarwal, 2000). For instance, the extrinsic pathway of
apoptosis is represented by TNF-�-induced apoptosis,
which involves the activation of the TNF family recep-
tors, TNFRI and TNFRII, and the activation of the initia-
tor caspase-8, which initiate a cascade of additional pro-
cessing and activation of downstream effector caspase-3
(Nunez et al., 1998). In the mitochondrial pathway, apop-
tosis is triggered by the release of cytochrome c (Cyt. c),
hemicals are suspected to be important in determin-
ng the adverse health effects of air pollution (Carter et
l., 1997; Frampton et al., 1999; Kennedy et al., 1998;
onn and Becker, 1999; Nel et al., 2006; Patterson and

atough, 2000). Despite their availability at low-dose or
ltra-low-dose, some constituents (i.e. transition metals,
OC, PAH, etc.) could be greatly involved in the global

oxicity of PM (Baulig et al., 2004; Diociaiuti et al., 2001;
sornio-Vargas et al., 2003). However, the majority of
ublished studies on PM toxicity have been conducted
sing complex mixtures, yet their physical and chemi-
al characteristics are usually not well established, and
he possible influence of the elements coated-onto the
articles are often neglected (Hetland et al., 2004).

Recently, we have undertaken an extensive investiga-
ion of the adverse health effects of air pollution PM2.5,
ollected in Dunkerque, a French seaside city located
n the southern coast of the North-Sea, characterized by
he proximity of industrial activities and heavy motor
ehicle traffic. We have already shown that in vitro
hort-term exposure to PM2.5 induced dose-dependent
nd time-dependent oxidative damage and inflammatory
normally confined to the mitochondrial intermembrane
space, into the cytosol, which, in the presence of the
apoptosis protease-activating factor-1 (Apaf-1), recruits
and converts the latent apoptosis-promoting pro-caspase
9 to its active form, and activates also an overlapping
set of effector caspases including caspase 3 (Skulachev,
1998). Active effector caspases mediate the cleavage of
apoptosis regulator, the cleavage of housekeeping pro-
teins, and DNA fragmentation, resulting in morphologi-
cal features of apoptosis (Nunez et al., 1998). The induc-
tion of downstream caspase activity can be regulated by
the tumor suppressor protein p53 and the Bcl-2 family
members (Geske and Gerschenson, 2001). The role of
P53 as a nuclear transcription factor is well character-
ized; it induces apoptosis by upregulating the transcrip-
tion of many pro-apoptotic genes and by down regulating
anti-apoptotic genes (Oren et al., 2002). The Bcl-2 fam-
ily proteins play pivotal roles in regulation of apoptosis
and the balance between pro- and anti-apoptotic Bcl-2
family members determines the mitochondrial response
to apoptotic stimuli (Upadhyay et al., 2003). After DNA-
damaging events, the multidomain pro-apoptotic pro-
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teins (e.g. Bax, Bak, and Bid) translocate from the
cytosol to the mitochondrial membrane and induce there-
fore the release of a variety of apoptogenic factors,
including Cyt. c into the cytosol (Upadhyay et al., 2003).

Hence, it will be of great interest to study the possi-
ble involvement of air pollution PM2.5 in the induction
of apoptosis in human lungs. This work was, therefore,
undertaken to determine the ability of the air pollu-
tion PM2.5 collected in Dunkerque, to induce some of
the events firmly involved in the apoptotic pathways in
human lung epithelial cells in culture. Firstly, the two
main pathways of apoptosis were studied through the
determination of the concentrations of TNF-�, the for-
mation of 8-hydroxy-2′-deoxyguanosine (8-OHdG), the
release of Cyt. c from mitochondria into cytosol, and the
enzymatic activities of caspases 8, 9 and 3. Secondly,
mRNA expressions of p53, bcl-2 and bax genes were
carried out. Thirdly, DNA fragmentation was assessed
by terminal deoxynucleotidyl transferase mediated
deoxyUridine-5′-triphosphate-biotin Nick-End Label-
ing (TUNEL), DNA laddering, and poly(ADP-ribose)
polymerase (PARP) activity.

2. Materials and methods

2.1. Chemicals

Minimum essential medium (MEM) with Earle’s salts,
fetal bovine serum (FBS), l-glutamin, penicillin/streptomycin
solution, and sterile phosphate-buffered solution (PBS)

The PM we used in the present work provided from the 5 �m-
stage of the cascade impactor. Plates were mounted without
any filters and no back up filter was used to maintain a con-
stant aspiration flow rate (68 m3/h) for a period of 2 weeks. No
back up filter was used and the lowest stage was doubled to
increase the efficiency of smallest particle (PM0.33) sampling.
Collection was done continuously during 9 months, from Jan-
uary to September, and impacting system was changed every
15 days; two identical systems were used alternatively. Mete-
orological data (i.e. wind speed, wind direction, temperature)
were obtained from Meteo France.

2.2.2. Physical and chemical characteristics
Scanning electronic microscopy coupled with energy dis-

persive X-ray analysis (SEM-EDX; LeoTM 438 VP micro-
scope and IXRF analysis system; Zeiss SAS, Le Pecq, France)
was used to assess PM composition and size distribution. Prior
to the analysis, PM were suspended in a n-hexane solution
using ultrasonic treatment, and then filtered through a nucleo-
pore filter to obtain well-distributed and dispersed PM, without
agglomerates, as suitable for the SEM-EDX analysis. Adsorp-
tion data from the Brunauer Emmett Teller (BET) method
using a Sorptomatic apparatus (Thermo Electron Corporation,
Courtaboeuf, France) provided the specific surface area. Inor-
ganic and organic element compositions of PM were carried
out by inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) using a Perkin-Elmer AAnalyst 600 (Perkin-
Elmer Life Sciences France, Courtaboeuf, France), and by gas
chromatography-mass spectrometry (GC-MS; Brüker EM40,
Bruker, Wissembourg, France; Varian Saturn, Varian France,
Coutaboeuf, France).
were from InVitrogen-Life Technologies (Cergy Pontoise,
France). Quantikine human TNF-� immunoassays, quantikine
human cytochrome c immunoassays, caspase-8, caspase-9,
and caspase-3 fluorometric activity kits, and PARP inhibi-
tion assays were from R&D Systems Europe (Abingdon,
United Kingdom). Mitochondria/cytosol fractionation kits
were from Biosources Europe SA (Nivelles, Belgium). Qia-
gen (Courtaboeuf, France) supplied DNeasy tissue kits and
RNeasy mini kits. 8-OHdG ELISA kits were from the Japan
Institute for the Control of Aging (Haruoka, Japan). Proligo
France SAS (Paris, France) synthesized primer pairs for poly-
merase chain reaction (PCR). All other reagents for reverse
transcription (RT) and PCR, and in situ cell death detection kits
were from Roche Diagnostics (Meylan, France). BCA protein
reagents were from Pierce (IL, USA).

2.2. PM sampling and physical and chemical
characteristics

2.2.1. PM sampling
PM was collected in Dunkerque (51◦04′N; 2◦38′E), a

French sea-side City located on the southern coast of the North-
Sea, using high volume Sierra model 235 cascade impactor
(Sierra Anderson, Smyna, GA, USA) (Garçon et al., 2002).
2.3. Cells and culture conditions

The cell line we used originates from the normal lung
tissue of a human embryo, and is deposited under the designa-
tion L132 in the American Type Culture Collection (ATCC;
ATCC number: CCL-5). The morphology of these cells is
epithelial, and they exhibit typical features of pneumocytes.
L132 cells were cultured in sterile plastic flasks (Corning;
Fisher Scientific Labosi SAS, Elancourt, France), in MEM
with Earle’s salts, containing: 5% (v/v) FBS, 1% (v/v) l-
glutamin (200 mM), 1% (v/v) penicillin (10000 IU/ml) and
1% (v/v) streptomycin (10000 UG/ml) (In Vitrogen-Life Tech-
nologies). Exponentially growing cells were maintained at
37 ◦C, in a humidified atmosphere containing 5% CO2. All the
L132 cells we used in this study derived from the same initial
cell culture.

2.4. Sampling of culture supernatants and cells for the
study of apoptosis

2.4.1. Cell exposure
Depending on the incubation time, L132 cells were

seeded at different density (i.e. 3 × 106, 1.5 × 106 or
0.75 × 106 cells/20 mL of culture media, respectively) in sterile
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plastic flasks and incubated at 37 ◦C, in a humidified atmo-
sphere containing 5% CO2, for 24 h. Culture supernatants were
removed to eliminate non-adherent cells. Only living cells were
also incubated in the continuous presence of PM at their lethal
concentration at 10% (LC10; 18.84 �g PM/mL) or at 50%
(LC50; 75.36 �g PM/mL) for 24, 48 or 72 h of incubation,
without renewing the culture media. Garçon et al. (2006) have
calculated recently LC values. Non-exposed cells were used
as negative controls. Accordingly, for each incubation time,
10 culture flasks were chosen at random as control cells, and 5
culture flasks per PM concentration were designated at random
as exposed cells.

2.4.2. Sampling of culture supernatants and cells
After 24, 48 or 72 h of incubation, 1 ml-aliquots of cul-

ture supernatants were collected and frozen at −80 ◦C for the
determination of TNF-� concentration or total protein con-
tent. Adherent cells were removed and centrifuged (500 × g,
10 min, 4 ◦C). Cell pellets were washed twice with 10 ml-
aliquots of sterile PBS (In Vitrogen-Life Technologies) and
cell-aliquots were collected and quickly frozen at −80 ◦C until
the further determination of 8-OHdG formation, Cyt. c con-
centration, caspase-8, -9, and -3 activities, mRNA expression
of p53, bcl-2 and bax genes, DNA laddering, PARP activity,
and total protein content. The latest cell-aliquot was fixed with
2% (v/v) paraformaldehyde in sterile PBS, washed twice with
10 ml-aliquots of sterile PBS, resuspended with 70% (v/v) pre-
cold ethanol, centrifuged (500 × g, 10 min, 4 ◦C), and stored at
−20 ◦C until the TUNEL.

2.4.3. Study of the two main pathways of apoptosis
TNF-� concentrations in cell culture supernatants were
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previously (Garçon et al., 2001b). Specific primer pairs and
PCR thermocycling conditions were designed as that published
previously by Willey et al. (1998). After gel electrophoresis and
ethidium bromide intercalation, PCR-amplified products were
visualized under UV light and analyzed by a computerized
video/densitometry system (Software: GelAnalystTM v3.1FR;
Vasse Industries, Lille, France).

2.4.5. Study of DNA fragmentation
PM-induced DNA fragmentation was carried out using a

TUNEL kit (in situ cell death detection kit, Roche Diagnostics,
Meylan, France), following the manufacturer’s instructions,
and measured by an EPICS XLTM Flow Cytometer (Beck-
man Coulter, Fullerton, CA, USA). The DNA fragmentation
in PM-exposed cells was carried out by agarose gel elec-
trophoresis. Briefly, after protein digestion, RNA-free DNA
was extracted from cells by DNeasy tissue kits (Qiagen), and
5 �g of DNA were suspended in 20 �L DNase-free loading
buffer. After gel electrophoresis and ethidium bromide inter-
calation, DNA fragments were visualized under UV light and
analyzed by a computerized video/densitometry system (Soft-
ware: GelAnalystTM v3.1FR; Vasse Industries, Lille, France).
The PARP activity was studied in cell lysates using the PARP
Inhibition Assay (R&D Systems Europe).

2.5. Statistical analysis

Results were expressed as mean values and ranges (min-
imum 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. CL10 and CL50)
were compared with those from non-exposed cell cultures.
etermined using Quantikine Human TNF-� Immunoassay
R&D Systems Europe, France). 8-OHdG formations in cells
ere determined using the method originally described by
oyokuni et al. (1997) and modified by Garçon et al. (2001a).
riefly, after DNA extraction by DNeasy tissue kits (Qiagen)
nd digestion, oxidative DNA adduct 8-OHdG were deter-
ined using the 8-OHdG ELISA kit (Japan Institute for the
ontrol of Aging). After the isolation of a highly enriched mito-
hondrial fraction (mitochondria/cytosol fractionation kits,
iosources Europe SA), Cyt. c concentrations in both the mito-
hondrial and the cytosolic fractions were determined using the
uantikine human cytochrome c Immunoassay (R&D Systems
urope). Caspase-8, 9, and 3 activities in cells were studied
sing commercially available fluorometric assays (caspase-8,
aspase-9, and caspase-3 fluorometric activity kits, respec-
ively, R&D Systems Europe). Total protein contents in culture
upernatants, cell lysates, and mitochondria and cytosolic frac-
ions were determined using the BCA protein reagent (Pierce)
Smith et al., 1985).

.4.4. Study of mRNA expression of p53, bcl-2 and bax
enes

Total RNA was extracted from cell-aliquots using RNeasy
ini kits (Qiagen). Conditions for the RT were as described
Thereafter, we looked for correlation between the differ-
ent markers under study. Statistical analyses were performed
by the Mann–Whitney U-test and the non-parametric Spear-
man test (Software: SPSS for Windows, v10.05, 2000; Paris,
France). Statistically significant differences were reported with
p-values < 0.05.

3. Results

3.1. PM physical and chemical characteristics

Table 1 shows the size distribution results of collected
PM as depicted as cumulative frequencies (%) and rela-
tive frequencies (%). Accordingly, 64.24%, 92.15%, and
98.49% of PM total number were equal or smaller than
1 �m, 2.5 �m, and 5 �m, respectively. The highest num-
ber of collected PM were also detected in size classes
included in PM with a geometric diameter inferior or
equal to 2.5 �m: 0.33–0.5 �m (33.63%), 0.5–1.0 �m
(30.61%), 1.0–1.5 �m (14.33%), 1.5–2.0 �m (8.69%),
and 2.0–2.5 �m (4.89%). The specific surface area of PM
was 1 m2/g. Table 2 shows the inorganic elements found
in collected PM. Among them, Fe, Al, Ca, Na, K, Mg,
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Table 1
Size distribution of PM

PM size ranges (�m)

0.3–0.5 0.5–1 1–1.5 1.5–2 2–2.5 2.5–5 5–10

Relative frequency (%) 33.64 30.60 14.33 8.68 4.89 6.33 1.52

PM size (�m)

0.5 1 1.5 2 2.5 5 10

Cumulative frequency (%) 33.64 64.24 78.57 87.26 92.15 98.48 100

Table shows the size distribution of the particle matter (PM) collected in Dunkerque, a French seaside city located on the southern coast of the
North-Sea, as depicted as relative frequency (%) and cumulative frequency (%).

Pb, and Ti were the most abundantly present. In collected
PM, there were not only inorganic elements usually asso-
ciated with natural environment (i.e. Ca, Na, Mg, Ti, Sr,
etc.), but also so-called anthropogenic elements (i.e. Fe,
Al, Pb, Mn, Zn, Ba, Cu, Cr, Ni, Cd, etc.). Table 3 shows
the list of the polycyclic aromatic hydrocarbons (PAH)
coated-onto collected PM.

3.2. Effects of PM on the activation of the
TNF-α-induced pathway of apoptosis

Table 4 shows that Dunkerque City’s PM2.5 induced
TNF-� secretion by L132 cells in a concentration-
and time-dependent manner. Statistically significant
increases of TNF-� concentration were determined in

Table 2
Inorganic compounds detected in PM

Inorganic compounds Concentrations (% w/w)

Fe 7.84
Al 5.83
Ca 4.95
Na 1.88
K 0.97
Mg 0.81
Pb 0.80
Ti 0.51
Mn 0.352
Zn 0.184
Ba 0.064
Cu 0.037

Table 3
Polycyclic aromatic hydrocarbons detected in PM

PAH Concentrations (�g/g)

Chrysene 9.54
Fluoranthene 1.45
Benzo(b + k)fluoranthene 6.55
Benzo(a)pyrene 7.90
Phenanthrene 9.94
Pyrene 4.03

Table shows the polycyclic aromatic hydrocarbons (PAH; �g/g)
detected in the PM.

the culture supernatants of L132 cells 24 h after their
exposure to PM at their LC50 (6.05-fold, p < 0.01), 48 h
after their exposure to PM at their LC10 (2.16-fold,
p < 0.01) and LC50 (10.03-fold, p < 0.01), and 72 h after
their exposure to PM at their LC10 (8.72-fold, p < 0.01)
and LC50 (19.10-fold, p < 0.01), as compared to con-
trol. Table 4 shows increases in caspase-8 and -3 activ-
ities in control or PM-exposed proliferating L132 cells.
There were also increases of caspase-8 activity in L132
cells, 24 h after their exposure to PM at their LC10 (1.3-
fold, p < 0.05) and LC50 (1.8-fold, p < 0.01), 48 h after
their exposure to PM at their LC10 (1.1-fold, p < 0.05)
and LC50 (1.6-fold, p < 0.01), and 72 h after their expo-
sure to PM at their LC10 (1.5-fold, p < 0.05) and LC50
(1.9-fold, p < 0.01), versus control cells. Statistically sig-
nificant increases of caspase-3 activity were observed
in L132 cells, 24 h after their exposure to PM at their
LC10 (1.6-fold, p < 0.01) and LC50 (3.0-fold, p < 0.01),
48 h after their exposure to PM at their LC10 (1.6-fold,
p < 0.01) and LC50 (3.1-fold, p < 0.01), and 72 h after
their exposure to PM at their LC10 (2.1-fold, p < 0.01)
and LC50 (3.0-fold, p < 0.01), as compared to control
cells. There were significant correlation between TNF-
� concentration and caspase-8 activity, on the one hand,
and caspase-8 activity and caspase-3 activity, on the other
hand (Spearman’s rho = 0.683; p < 0.05, and Spearman’s
rho = 0.802, p < 0.01, respectively).
Cr 0.032
V 0.030
Ni 0.029
Sr 0.022
Li 0.011
Mo 0.004
Cd <0.001
Co <0.0006

Table shows the concentrations (% w/w) of the inorganic compounds
detected in the PM.
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3.3. Effects of PM on the activation of the
mitochondrial pathway of apoptosis

Table 5 shows that Dunkerque City’s PM2.5 induced
the mitochondrial pathway of apoptosis. PM induced
concentration and time-dependent formation of 8-OHdG
in PM-exposed proliferating L132 cells. Statistically
significant increases of 8-OHdG concentration were
reported in L132 cells 24 h after their exposure to PM at
their LC10 or LC50 (3.37-fold, p < 0.01, and 12.91-fold,
p < 0.01, respectively), 48 h after their exposure to PM
at their LC10 or LC50 (6.91-fold, p < 0.01, and 16.84-
fold, p < 0.01, respectively), and 72 h after their exposure
to PM at their LC10 or LC50 (11.90-fold, p < 0.01,
and 27.79-fold, p < 0.01, respectively), versus control
cells (Table 5). Concentration and time-dependent Cyt. c
releases from the mitochondria into the cytosol were seen
in PM-exposed proliferating L132 cells. Indeed, changes
in the ratio between Cyt. c concentrations in the cytosolic
and the mitochondrial fractions were observed in L132
cells, 24 h after their exposure to PM at their LC10 (2.0-
fold, p < 0.01) and LC50 (3.0-fold, p < 0.01), 48 h after
their exposure to PM at their LC10 (1.6-fold, p < 0.01)
and LC50 (2.6-fold, p < 0.01), and 72 h after their expo-
sure to PM at their LC10 (2.6-fold, p < 0.01) and LC50
(3.8-fold, p < 0.01), versus control cells (Table 5). Sta-
tistically significant increases of caspase-9 activity were
reported in L132 cells, 24 h after their exposure to PM
at their LC10 (1.2-fold, p < 0.01) and LC50 (1.8-fold,
p < 0.01), 48 h after their exposure to PM at their LC10

(1.4-fold, p < 0.01) and LC50 (1.7-fold, p < 0.01), and
72 h after their exposure to PM at their LC10 (1.5-fold,
p < 0.01) and LC50 (2.1-fold, p < 0.01), versus control
cells (Table 5). Statistically significant correlations were
reported between 8-OHdG formation and Cyt. c release
(Spearman’s rho = 0.817, p < 0.01), Cyt. c release and
caspase-9 activity (Spearman’s rho = 0.662, p < 0.01),
and caspase-9 activity and caspase-3 activity (Spear-
man’s rho = 0.833, p < 0.01).

3.4. Effects of PM on the mRNA expression of P53,
Bcl-2, and Bax genes

The mRNA expression of p53, bcl-2 and bax genes
in Dunkerque City’s PM-exposed L132 cells are sum-
marized in Table 6. Statistically significant induction
of p53 transcript were observed in L132 cells, 24 h
after their exposure to PM at their LC10 (1.45-fold,
p < 0.05) and LC50 (1.51-fold, p < 0.05), 48 h after their
exposure to PM at their LC10 (1.32-fold, p < 0.01) and
LC50 (1.29-fold, p < 0.01), and 72 h after their expo-
sure to PM at their LC10 (1.16-fold, p < 0.05) and
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Table 5
Effects of PM on the mitochondrial apoptotic pathway

Incubation time and exposure

24 h 48 h 72 h

C LC10 LC50 C LC10 LC50 C LC10 LC50

8-OHdG (pg/�g DNA) 10.32 34.83c 133.4c 9.67 66.89c 162.3c 7.56 89.94c 210.1c

7.44–15.22 31.35–46.36 125.8–138.7 7.27–13.51 46.50–78.11 148.5–182.6 5.76–9.18 66.38–103.1 183.9–239.2

Cyt. cM (ng/mg protein) 27.10 20.60b 16.15c 16.60 13.72b 11.07c 16.05 7.55c 6.82c

20.49–39.03 15.82–28.69 14.19–19.41 13.02–19.31 10.91–16.90 9.21–12.95 11.99–22.08 6.56–8.54 5.98–8.16

Cyt. cC (ng/mg protein) 6.77 10.12b 12.35c 5.64 7.38b 9.77c 6.49 7.89b 10.47c

4.08–9.42 8.77–12.66 10.19–13.42 3.06–7.49 5.44–8.77 8.45–12.26 5.09–8.27 6.31–9.26 9.52–11.76

Cyt. cC/M 0.26 0.51c 0.77c 0.34 0.56c 0.90c 0.41 1.05c 1.54c

0.18–0.45 0.35–0.63 0.65–0.95 0.18–0.50 0.32–0.80 0.72–1.33 0.34–0.50 0.92–1.35 1.27–1.69

Caspase 9 (RFU/mg protein) 2.27 2.74c 3.99c 2.44 3.32c 4.27c 2.02 3.00c 4.30c

1.75–3.26 2.23–3.36 3.24–4.78 1.82–4.45 2.11–4.71 3.37–4.89 1.55–2.85 2.41–4.02 3.75–5.03

Caspase 3 (RFU/mg protein) 0.69 1.08c 2.05c 0.71 1.15c 2.21c 0.65 1.34c 1.95c

0.58–0.75 0.91–1.29 1.73–2.37 0.56–0.91 0.89–1.31 1.72–3.02 0.42–0.92 1.05–1.80 1.73–2.09

Table shows 8-hydroxy-2′-deoxyguanosine (8-OHdG) concentrations (pg/�g DNA), cytochrome c (Cyt. c) concentrations (ng/mg protein) in mitochondrial and cytosolic fractions (Cyt. cM and
Cyt. cC, respectively), and caspase-9 and -3 activities (RFU/mg protein) in L132 cells after their incubation in the continuous presence of particle matter (PM) at their lethal concentration at 10%
(LC10; 18.84 �g PM/mL) or at 50% (LC50; 75.36 �g PM/mL) for 24, 48 or 72 h of incubation, 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 10 replicates for negative controls and 5 replicates for every PM concentrations. (Mann–Whitney U-test).
aNot significant.

b p < 0.05
c p < 0.01.
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LC50 (1.23-fold, p < 0.05), compared to control cells.
In contrast, decreases in bcl-2 mRNA expressions were
seen in L132 cells, 24 h after their exposure to PM at
their LC10 (0.64-fold, p < 0.05) and LC50 (0.64-fold,
p < 0.05), 48 h after their exposure to PM at their LC10
(0.68-fold, p < 0.05) and LC50 (0.73-fold, p < 0.05), and
72 h after their exposure to PM at their LC10 (0.82-
fold, p < 0.05) and LC50 (0.76-fold, p < 0.05), versus
control cells. In return, increases of bax transcript were
determined in L132 cells, 48 h after their exposure to
PM at their LC10 (1.63-fold, p < 0.05) and LC50 (1.64-
fold, p < 0.01), and 72 h after their exposure to PM
at their LC10 (1.61-fold, p < 0.01) and LC50 (1.62-
fold, p < 0.01), versus control cells. Statistically sig-
nificant increases of the ratio between the transcripts
of bax and bcl-2 were reported in L132 cells, 24 h
after their exposure to PM at their LC10 (1.62-fold,
p < 0.01) and LC50 (1.78-fold, p < 0.01), 48 h after their
exposure to PM at their LC10 (2.83-fold, p < 0.01) and
LC50 (2.58-fold, p < 0.01), and 72 h after their expo-
sure to PM at their LC10 (1.91-fold, p < 0.01) and LC50
(2.19-fold, p < 0.01), compared to control cells. More-
over, statistically significant correlations were observed
between the mRNA expressions of p53 and bcl-2 (Spear-
man’s rho = −0.438, p < 0.01),the transcripts of p53
and bax (Spearman’s rho = 0.474, p < 0.01), and the
mRNA expression of p53 and the ratio between the
transcripts of bax and bcl-2 (Spearman’s rho = 0.620,
p < 0.01).
3.5. Effects of PM on DNA fragmentation

Fig. 1 shows Dunkerque city’s PM-induced L132
caspase-dependent apoptosis as studied by TUNEL.
Accordingly, flow cytometry study indicated increases
of fluorescent intensity related to fluorescein labels of
genomic DNA strand breaks in L132 cells exposed to
PM at their LC10 and LC50. DNA laddering showed,
in a concentration- and time-dependent manner, the
formation of a high molecular weight fragments in L132
cells (Fig. 2). The presence of a low molecular weight
fragments was reported in L132 cells 48 h and 72 h after
their exposure to PM at their LC50. Fig. 3 shows PARP
activities in control or PM-exposed proliferating L132
cells. Statistically significant increases of PARP activity
were attained in L132 cells 24 h after their exposure to
PM at their LC10 (1.41-fold, p < 0.01) or LC50 (1.45-
fold, p < 0.01), 48 h after their exposure to PM at their
LC10 (1.53-fold, p < 0.01) or LC50 (1.68-fold, p < 0.01),
and 72 h after their exposure to PM at their LC10 (1.28-
fold, p < 0.01) or LC50 (1.50-fold, p < 0.01), versus
control.
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Fig. 1. Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine-5′-triphosphate-biotin Nick-End Labeling (TUNEL) of L132
cells after their incubation in the continuous presence of particle mat-
ter (PM) at their LC10 (i.e. 18.84 �g PM/ml) or LC50 (i.e. 75.36 �g
PM/ml) for 24, 48 or 72 h, without renewing the culture media. Non-
exposed cells were used as negative controls (C).

4. Discussion

Despite intensive investigation, the underlying mech-
anisms of actions induced by air pollution PM2.5, and the
components of PM mainly involved in their occurrence
in lungs are still poorly understood. For these reasons, we
have undertaken an extensive investigation of the adverse

Fig. 2. DNA laddering of L132 cells after their incubation in the con-
tinuous presence of particle matter (PM) at their LC10 (i.e. 18.84 �g
PM/ml) or LC50 (i.e. 75.36 �g PM/ml) for 24, 48 or 72 h, without
renewing the culture media. Non-exposed cells were used as negative
controls (C). High molecular weight DNA remained trapped in wells,
while DNA that had been digested during apoptosis migrated through
the gel and was resolved into multiples of 180–200 base pair fragments
(DNA weight marker, DNA WM; base pair, bp).

health effects of Dunkerque City’s PM2.5, and we have
already shown that in vitro short-term exposure to such
PM caused dose-dependent and time-dependent oxida-
tive damage and inflammatory response in human lung
epithelial cells (Dagher et al., 2005; Garçon et al., 2006).
Hence, in the course of these findings, it was convenient
to complete the physical and chemical characterization
of collected PM and to determine their possible involve-
ment in the activation of apoptosis in these human lung
target cells.

The physical and chemical characteristics of air pol-
lution PM were also determined. The size distribution

Fig. 3. Poly(ADP-ribose) polymerase (PARP) activity (U/g protein) in
L132 cells after their incubation in the continuous presence of particle
matter (PM) at their LC10 (i.e. 18.84 �g PM/ml) or LC50 (i.e. 75.36 �g
PM/ml) for 24, 48 or 72 h, 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 10 replicates for negative controls and 5 replicates for every PM
concentrations. (c = p < 0.01; Mann–Whitney U-test).
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results showed that 92.15% of PM total number were
equal or smaller than 2.5 �m, thereby indicating that
they are human respirable. According to epidemiolog-
ical findings from several cities around the world, the
greatest health risks correlate with smaller PM which
have the ability to reach the distal regions of the lung
after inhalation (Levy et al., 2000). 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 parti-
cle (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 asso-
ciated with natural environment (i.e. Ca, Mg, Na), but
also so-called anthropogenic elements (i.e. Al, Mn, Pb,
Zn). The specific surface area of the PM under study
(i.e. 1 m2/g) allowed the adsorption of various chemi-
cals. Accordingly, PAH-coated onto PM were detected.
It is also interesting to report that PAH concentrations
in Dunkerque City’s PM2.5 were equal or smaller than
those measured in PM samples collected in two locations
in Paris (Baulig et al., 2004). Taken together, the physical
and chemical characteristics of Dunkerque City’s PM2.5
suggest that much of PM derived from wind-borne dust
from the industrial complex and the heavy diesel motor
vehicle traffic. However, Baulig et al. (2004) reported
that the physical and chemical properties of particles
revealed to be unsatisfactory to predict their levels of bio-
l
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ment with other observations previously reported using
in vitro systems by Nel et al. (2006). In other respects,
we found that air pollution PM activates the mitochon-
drial pathway of apoptosis. Indeed, concentration and
time-dependent formation of 8-OHdG was reported in
PM-exposed proliferating L132 cells, thereby indicat-
ing the occurrence of oxidative stress conditions. Several
authors have reported that oxidant-induced DNA dam-
age is a potent stimulus of mitochondrial dysfunction as
detected by the release of agents normally confined to
the mitochondrial intermembrane space, such as Cyt.
c and is critical to caspase activation and, therefore,
apoptosis propagation (Finkel, 2000; Higuchi, 2003;
Upadhyay et al., 2003). We also showed that in vitro
short-term exposure to Dunkerque City’s PM induced the
release of Cyt. c, a necessary component of non-receptor-
mediated-caspase activation, from the mitochondria into
the cytosol, and the subsequent activation of caspase-
9 and -3. Statistically significant correlations were seen
between 8-OHdG formation, Cyt. c release, and caspase-
9 and -8 activities. One of the novel findings of the
present work was, therefore, that Dunkerque City’s PM
could at least induce apoptotic events in human lung
epithelial cells through the activation of both the extrin-
sic and the intrinsic pathways. In agreement with other
results, in vitro short term exposure to some of the metals
(i.e. Fe, Al, Pb, Mn, Zn) or PAH detected in Dunkerque
City’s PM have already been demonstrated as induc-
ing oxidative stress conditions, inflammatory response,
and/or apoptosis in lung target systems (Alfaro-Moreno
ogical reactivity. Hence, to better evaluate the adverse
ealth effects of PM exposure, it will be of great interest
o consider not only the physical and chemical charac-
eristics of PM but also to determine their toxicological
eactivity in target cells.

Although many pathways of apoptosis may exist, only
wo main caspase cascades have been elucidated in detail
n mammalian cells (Baker and Reddy, 1998; Cohen,
997; Nunez et al., 1998). Hence, with regards to pre-
ious findings on oxidative stress and inflammation, we
ocused our attention on the activation of these two main
aspase cascades by Dunkerque City’s PM (Dagher et
l., 2005; Garçon et al., 2006). We showed that in vitro
hort-term exposure to air pollution PM activated the
NF-�-induced pathway of apoptosis. Dunkerque City’s
M also induced TNF-� secretion by L132 cells, and

he subsequent activation of caspase-8 and -3 activities.
here were also significant correlation between TNF-�
oncentration and caspase-8 activity, on the one hand,
nd caspase-8 activity and caspase-3 activity, on the
ther hand. The results regarding the TNF-�-induced
athway of apoptosis by air pollution PM are in agree-
et al., 2002; Bayram et al., 1998; Becker et al., 2002;
Chin et al., 1998; Dagher et al., 2005; Dye et al., 1999;
Garçon et al., 2006; Liden et al., 2003; Monn and Becker,
1999; Nel et al., 2006; Osornio-Vargas et al., 2003; Pozzi
et al., 2003; Shukla et al., 2000; Takizawa et al., 1999).

In other respects, we observed not only a transcrip-
tional induction of pro-apoptotic p53 gene, but also an
imbalance between the respective transcription rates of
bax and bcl-2 genes in PM-exposed cells. Accordingly,
several lines of evidence, supportive of a key role for
P53, Bcl-2, and Bax in the control of cell cycle, the
regulation of downstream caspase activity, and the sub-
sequent induction of apoptosis, have arisen (Geske and
Gerschenson, 2001; Oren et al., 2002; Upadhyay et al.,
2003). Reisman and Loging (1997) have described that
TNF-� enhanced p53 mRNA expression. In addition, in
vitro and developing lung ex vivo studies have reported
that the reduced transcription of bcl-2 gene, coding for a
mitochondrial targeted anti-apoptotic protein, could not
yet inhibit Cyt. c release from mitochondria and pro-
tect against oxidative stress-induced apoptosis (Haddad,
2004).
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Evidence presented herein extended these observa-
tions by showing that the TNF-� and mitochondria-
regulated apoptotic pathways mediated DNA fragmen-
tation in PM-exposed proliferating L132 cells. Results
arising from TUNEL, DNA laddering, and PARP activ-
ity firmly supported the findings that in vitro short-term
exposure to Dunkerque City’s PM induced DNA frag-
mentation. It is now well known that the activation of
downstream effector caspase -3 resulted in the cleav-
age of DNA (Curtin et al., 2002). With other respects,
DNA laddering showed the presence of both the low
and the high molecular weight fragments that indi-
cates the activation of random caspase-dependent and
independent DNA fragmentation in PM-exposed human
lung epithelial cells. Nevertheless, the relative contri-
butions of caspase-dependent and caspase-independent
post-mitochondrial events to mediate cell death by apop-
tosis remain a matter of debate.

However, before concluding on the above-presented
results, caution is necessary when tackling the question
of the helpfulness of in vitro models to improve the
extrapolation to the experiments in animals and/or the
situations in humans. Further consideration of this key
question indicated a general lack of information about
the potential uses of data generated from in vitro systems
in the risk assessment process. Scientific statements have
notably highlight the potential discrepancies between the
mechanisms of action occurring in in vitro systems and
those appearing in animal systems, and whether the in
vitro observations have any real relevance to the mecha-

industrial complex, and the heavy diesel motor vehicle
traffic. The relatively high concentrations of transition
metals (i.e. Fe, Al, Pb, Mn, Zn) and the presence of
organic compounds (i.e. PAH) found in the PM under
study might be firmly involved in the generation of
oxidative stress conditions, in the development of an
inflammatory response, and therefore, in the induction of
cell death by apoptosis in the in vitro lung target model
we used.
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Dagher, Z., Garçon, G., Gosset, P., Ledoux, F., Surpateanu, G., Courcot,
D., Aboukais, A., Puskaric, E., Shirali, P., 2005. Pro-inflammatory
effects of Dunkerque City air pollution particulate matter 2.5 in
human epithelial lung cells (L132) in culture. J. Appl. Toxicol. 25,
166–175.

Diociaiuti, M., Balduzzi, M., De Berardis, B., Cattiani, G., Stacchini,
G., Ziemacki, G., Marconi, A., Paoletti, L., 2001. The two PM(2.5)
and PM(2.5–10) coarse fractions: evidence of different biological
activity. Environ. Res. 86, 254–262.

Donaldson, K., Stone, V., Clouter, A., 2001. Ultrafine particles. Occup.
Environ. Med. 58, 211–216.

Dreher, K.L., Jaskot, R.H., Lehmann, J.R., Richards, J.H., McGee,
J.K., Ghio, A.J., Costa, D.L., 1997. Soluble transition metals medi-
ate residual oil fly ash induced acute lung injury. J. Toxicol. Envi-
ron. Health 50, 285–305.

Dye, J.A., Adler, K.B., Richards, J.H., Dreher, K.L., 1999. Role of
soluble metals in oil fly ash-induced airway epithelial injury and
cytokine gene expression. Am. J. Physiol. 277, L498–L510.

Elder, A.C.P., Gelein, R., Finkelstein, J.N., Cox, C., Oberdörster, G.,
2000. Endotoxin priming affects the lung response to ultrafine par-
ticles and ozone in young and old rats. Inhal. Toxicol. 12, 85–98.

Englert, N., 2004. Fine particle and human health—a review of epi-
demiological studies. Toxicol. Lett. 149, 235–242.

Finkel, T., 2000. Redox-dependent signal transduction. FEBS Lett.
476, 52–54.

Frampton, M.W., Ghio, A.J., Samet, J.M., Carson, J.L., Carter, J.D.,
Devlin, R.B., 1999. Effects of aqueous extracts of PM10 filters
from the Utah Valley on human airway epithelial cells. Lung Cell.
Mol. Physiol. 21, L960–L967.

Ganju, N., Eastman, A., 2003. Zinc inhibits Bax and Bak activation and
cytochrome c release induced by chemical inducers of apoptosis
but not by death-receptor-initiated pathways. Cell Death Different.
10, 652–661.
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