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The cellular impacts of diesel exhaust particles:

beyond inflammation and death
N. Li and A.E. Nel

E
pidemiological studies have demonstrated an associa-
tion between exposure to ambient particulate matter
(PM) and increasing respiratory mortality and morbid-

ity [1]. In western countries, exhausts from diesel and gasoline
vehicles constitute a major portion of PM and have been
suspected of increasing the risk of lung cancer [2]. An
important component of PM is the diesel exhaust particle
(DEP), which is comprised of a carbon core that adsorbs a
mixture of metals and organic chemicals, including carcino-
gens [3]. The small size and large surface area of DEP allow
these particles to penetrate deep into the lung and deposit toxic
chemicals throughout the respiratory tract [2]. Due to their
location and function, epithelial cells are one of the first and
major PM targets. The impact of DEP on airway epithelial cells
includes inflammation, cytotoxicity and genotoxicity.

It has been established that DEP chemicals can generate
reactive oxygen species (ROS) [4]. The sources of ROS
generation are related to the particle content of transition
metals and organic chemicals [4]. Excessive ROS can lead to a
state of oxidative stress, which can induce a variety of cellular
responses including DNA damage [4]. Moreover, many
polycyclic aromatic hydrocarbons (PAH) associated with
DEP are genotoxic as they form a PAH-DNA adduct [5, 6].
PM-induced DNA damage includes: increased frequency of
mutation; single-strand breaks; and the formation of 8-oxo-7,8-
dihydro-29-deoxyguanosine and PAH-DNA adducts [2, 4].

Airway epithelial cells are at greater risk of DNA damage
because of their constant exposure to PM-induced oxidative
stress and carcinogens [4, 7]. In the presence of DNA damage,
a control mechanism that induces cell cycle arrest is activated
to ensure the fidelity of DNA replication and genomic integrity
[7]. This control is exerted at the cell cycle check point in the G1

phase [7–9]. At this phase, cells have to make the decision
whether to complete another round of cell division or to exit
cell cycle and arrest at the G0 phase. Cell cycle progression is
controlled by sequential assembly of cyclins and cyclin-
dependent kinases (CDK). In the absence of mitogens, cells
remain quiescent in the G0 phase, but activate cyclin D1
expression in a ras-dependent fashion in the presence of

mitogens. The newly synthesised cyclin D1 forms a complex
with CDK4 and CDK6, which phosphorylates the retinoblas-
toma gene product (Rb) in the nucleus. Phosphorylated Rb
dissociates from transcription factor E2F, enabling it to activate
genes involved in DNA replication and cyclin E synthesis. The
formation of the cyclin E-CDK2 complex shifts the cell cycle
from mitogen-dependent to mitogen-independent progression
[7, 8]. In addition to the role of the cyclins, the tumour
suppressor gene p53 is responsible for controlling the G1 check
point and can also induce apoptosis in response to DNA
damage [7, 8]. One of the downstream targets of p53 is p21CIP1/

AWF1 [7, 8]. p21CIP1/WAF1 inhibits cyclin E-CDK2 to allow DNA
repair [7, 8], and is redox sensitive [7, 8, 10]. O’REILLY et al. [10]
have reported a dramatic increase of p21CIP1/WAF1 in lung
epithelial cells during hyperoxic lung injury. It is also
important to mention that p21CIP1/WAF1 is regulated by several
p53-independent mechanisms [8].

Since the 1980s, studies of DEP have mainly focused on the
mechanisms by which it induces pro-inflammatory and
cytotoxic effects. BAYRAM et al. [11] took a novel approach by
studying the impact of DEP not only on apoptosis, but also on
lung epithelial cell proliferation at the level of cell cycle
regulation. Their work, which appears in this issue of the
Journal [11], demonstrates that low concentrations of DEP
reverse serum starvation-induced G0/G1 arrest in human lung
epithelial cells (A549), resulting in an increase in cell numbers
in DEP-treated groups. DEP also inhibited serum starvation-
induced apoptosis. The enhancing effect of DEP on cell cycle
progression was mediated by oxidative stress, mitogen-
activated protein kinase (MAPK) and nuclear factor (NF)-kB
signalling pathways, and cell cycle regulator p21CIP1/WAF1. The
involvement of oxidative stress is suggested by the ability of
two antioxidants, N-acetylcysteine and AEOL10113, to limit
the increase in cell number. Using MAPK and NF-kB
inhibitors, it is also demonstrated that DEP-induced cellular
proliferation involves MAPK and NF-kB signalling pathways.
The most interesting finding of their work is that DEP inhibits
serum starvation-induced p21CIP1/WAF1 expression. This is the
first study that links the effects of DEP to p21CIP1/WAF1, an
important redox-sensitive cell cycle regulator. This observation
is particularly important when studying the association
between air pollution and increased risk of lung cancer, as it
has been established that PM exerts its adverse health effects
via the generation of oxidative stress [4]. The results presented
by BAYRAM et al. [11] suggest that interference of p21CIP1/WAF1

expression by DEP-induced oxidative stress may be one of the
mechanisms by which long-term PM exposure induces chronic
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respiratory diseases and lung carcinogenesis. In addition, this
study also suggests a new direction for future work on PM,
namely the impact of PM-generated oxidative stress on
oncogenes, tumour suppressor genes and cell cycle regulation.

The study also raises some important questions. The first is
whether DEP-induced inhibition of p21CIP1/WAF1 results from
the oxidative modification of p53 function? p21CIP1/WAF1 is a
direct p53 target [7, 8]. The latter itself is also regulated by
redox modification through the thioredoxin family [12].
Reduced p53 has been reported to display higher DNA
binding activity [12]. It is possible that a low level of oxidative
stress induced by DEP leads to a more oxidised p53, which, in
turn, results in decreased p21CIP1/WAF1 expression. A second
question is whether the presence of DEP chemicals in serum-
free conditions could provide mitogenic signals to the cell cycle
machinery? Motorcycle exhaust particles, as well as fine PM,
are able to activate the extracellular signal-regulated kinase
(ERK) signalling pathway in human airway epithelial cells
[13]. The activation of ERK has been shown to be necessary and
sufficient to facilitate cell cycle progression [14]. DEP chemicals
may act as a mitogen through the activation of ERK, which, in
turn, leads to cell cycle progression. Thirdly, is the inhibition of
p21CIP1/WAF1 by DEP a result of the activation of other gene
products that inhibit p21CIP1/WAF1? One candidate for such
gene products is c-myc [15]. Upon exposure to benzo[a]pyrene,
a major DEP-associated PAH that is also present in cigarette
smoke, human bronchial epithelial cells exhibit a dose-
dependent increase of c-myc expression [16]. c-myc is capable
of blocking p21CIP1/WAF1 expression and epithelial growth
arrest stimulated by transforming growth factor-b1 [15].
Finally, it is important to recognise that A549 is a lung
adenocarcinoma cell line, and it is known that cancer cells have
altered cell cycle regulation and responses to redox disequi-
librium [17]. Although A549 has been used extensively to test
the toxicity of environmental toxicants, including DEP [18], its
responses may not be representative of that from normal lung
epithelial cells. It is imperative, therefore, to compare the
responses of A549 with those of nontransformed lung
epithelial cells.

Particulate matter, including diesel exhaust particle, contains a
mixture of metals and organic chemicals. The ability of
particulate matter to induce oxidative stress, as well as direct
DNA modification, leads to a broad spectrum of biological
responses. While the impact of particulate matter on inflam-
mation and cytotoxicity has been extensively studied, its effect
on oncogenes and tumour suppressor genes needs to be
investigated in order to fully understand the mechanisms of
particulate matter-related carcinogenesis.
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