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Epidemiologic studies have shown associations
between ambient air particulate matter (PM)
and adverse health outcomes, including
increased mortality, emergency room visits,
and time lost from work and school [Dockery
et al. 1993; Health Effects Institute (HEI)
2002; Samet et al. 2000; Wichmann et al.
2000]. The underlying toxicologic mecha-
nisms by which air pollutant particles induce
adverse health effects are of intense scientific
interest and have been earmarked as a key sci-
entific priority by the National Academy of
Sciences [National Research Council (NRC)
1998]. This includes a call for research on the
physicochemical properties that promote parti-
cle toxicity (NRC 1998). PM with aerody-
namic diameter < 2.5 µm (PM2.5) is currently
regulated by the U.S. Environmental
Protection Agency. Within that spectrum of
particle sizes, ultrafine particles (UFPs),
defined as having an aerodynamic diameter
< 0.1 µm, may have a central role in health
effects of PM (Oberdörster and Utell 2002;
Samet et al. 2000). Primary UFPs are formed
during gas-to-particle conversion or during
incomplete fuel combustion (HEI 2002). Due
to their small size, high number concentration,
and relatively large surface area per unit mass,

UFPs have unique characteristics, including
increased adsorption of organic molecules and
enhanced ability to penetrate cellular targets in
the lung and systemic circulation (Frampton
2001; HEI 2002; Nemmar et al. 2002;
Oberdörster 1996; Utell and Frampton 2000).

Particle composition may also be critical in
PM toxicity. We are interested in organic PM
compounds because organic extracts made
from diesel exhaust particles (DEPs) mimic
intact particles in their ability to form reactive
oxygen species (ROS) (Hiura et al. 1999,
2000; Kumagai et al. 1997; Nel et al. 1998).
One of the major advances in PM research has
been the recognition that the organic and
metal PM components can induce proinflam-
matory effects in the lung due to their ability
to cause oxidative stress (Kumagai et al. 1997;
Nel et al. 1998, 2001; Saldiva et al. 2002).
Quinones present in PM can act as catalysts to
produce ROS directly and may be key com-
pounds in PM-based oxidative stress (Monks
et al. 1992; Penning et al. 1999). PAHs can
induce oxidative stress indirectly, through bio-
transformation by cytochrome P450, expoxide
hydrolase, and dihydrodiol dehydrogenase to
generate redox active quinones (Penning et al.
1999). The involvement of quinones and

PAHs was confirmed by demonstrating that
compounds present in aromatic and polar frac-
tions of DEP extracts mimic the pro-oxidative
effects of intact particles in bronchial epithelial
cells and macrophages (Li et al. 2000, 2002b).
DEPs also induce cytochrome P450 1A1
induction in bronchial epithelial cells
(Bonvallot et al. 2001). Animal and human
experiments confirm that DEPs and PAHs
derived from DEPs promote allergic airway
inflammation and cytochrome P450 1A1
induction in the lungs of exposed mice
(Miyabara et al. 1998; Nel et al. 1998; Takano
et al. 2002; Tsien et al. 1997). Epidemiologic
studies have also shown an association between
PM exposure and asthma exacerbation
(Nemmar et al. 2002; Penttinen et al. 2001;
Utell and Frampton 2000).

The Versatile Aerosol Concentration
Enrichment System (VACES), which uses
three parallel sampling lines to collect concen-
trated ambient coarse, fine, and ultrafine par-
ticles for biological analysis, is now available
for use in toxicologic studies aimed at identi-
fying the relative toxicity of the different parti-
cle sizes (Kim et al. 2001a, 2001b). This
technology enables us to probe the relation-
ship between particle size, chemical composi-
tion, and toxicity (Li et al. 2002a). These
concentrators are mobile and can be used to
test hypotheses about particle toxicity in the
Los Angeles basin in California. Concentrated
air particulates (CAPs) of different sizes were
collected to study their oxidative stress effects
and subcellular localization in cultured
macrophages and epithelial cells. We demon-
strate that UFPs are more potent than fine
(< 2.5 µm) or coarse (2.5–10 µm) particles
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The objectives of this study were to determine whether differences in the size and composition of
coarse (2.5–10 µm), fine (< 2.5 µm), and ultrafine (< 0.1 µm) particulate matter (PM) are related to
their uptake in macrophages and epithelial cells and their ability to induce oxidative stress. The
premise for this study is the increasing awareness that various PM components induce pulmonary
inflammation through the generation of oxidative stress. Coarse, fine, and ultrafine particles (UFPs)
were collected by ambient particle concentrators in the Los Angeles basin in California and used to
study their chemical composition in parallel with assays for generation of reactive oxygen species
(ROS) and ability to induce oxidative stress in macrophages and epithelial cells. UFPs were most
potent toward inducing cellular heme oxygenase-1 (HO-1) expression and depleting intracellular
glutathione. HO-1 expression, a sensitive marker for oxidative stress, is directly correlated with the
high organic carbon and polycyclic aromatic hydrocarbon (PAH) content of UFPs. The dithio-
threitol (DTT) assay, a quantitative measure of in vitro ROS formation, was correlated with PAH
content and HO-1 expression. UFPs also had the highest ROS activity in the DTT assay. Because
the small size of UFPs allows better tissue penetration, we used electron microscopy to study sub-
cellular localization. UFPs and, to a lesser extent, fine particles, localize in mitochondria, where
they induce major structural damage. This may contribute to oxidative stress. Our studies demon-
strate that the increased biological potency of UFPs is related to the content of redox cycling
organic chemicals and their ability to damage mitochondria. Key words: concentrated ambient par-
ticles, dithiothreitol assay, heme oxygenase-1, mitochondrial damage, oxidative stress, polycyclic
aromatic hydrocarbon, ultrafine particles. Environ Health Perspect 111:455–460 (2003).
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toward inducing oxidative stress. This effect
may be explained by adsorbed chemicals
(organics and metals) capable of generating
ROS and the ability of UFPs to localize in
mitochondria.

Materials and Methods

Ambient particle collection. Ambient coarse
particles (2.5–10 µm), fine plus ultrafine par-
ticles (< 2.5 µm), and UFPs (< 0.15 µm) were
collected in the Los Angeles basin during
November 2001–March 2002 using the
VACES (Kim et al. 2001a, 2001b). Coarse
particles were concentrated using a single noz-
zle virtual impactor, while fine and ultrafine
particles were concentrated by drawing air
samples through two parallel lines, using 2.5
µm and 0.15 µm cut-point preimpactors,
respectively, to remove larger-sized particles.
These particles are drawn through a satura-
tion–condensation system that grows particles
to 2–3 µm droplets, which are subsequently
concentrated by virtual impaction. Highly
concentrated particle suspensions were
obtained by connecting the VACES output to
a sterilized liquid impinger (BioSampler; SKC
West Inc., Fullerton, CA) (Willeke et al.
1998). Aerosols were collected using ultrapure
(Milli-Q; Millipore Corp., Bedford, MA)
deionized water (resistivity 18.2 megaohm;
total organic compounds < 10 ppb; particle-
free; bacteria < 1 colony forming unit/mL) as
the collection medium. The concentration
enrichment process does not alter the physi-
cal, chemical, and morphologic properties of
the particles (Kim et al. 2001a, 2001b). We
determined the total amount of particulate
loading in the collection medium by multi-
plying the ambient concentration of each PM
mode by the total air sample volume collected
by each VACES line. The particle concentra-
tion in the aqueous medium was then calcu-
lated by dividing the particle loading by the
total volume collected in that time period.
Five sample sets were collected, two at the
University of Southern California (USC), and
three at Claremont. USC is a typical urban
site located 3 km south of downtown Los
Angeles. This is a site in which aerosols are
mostly generated from fresh vehicular emis-
sions. Claremont is a receptor site approxi-
mately 45 km east (i.e., downwind) of
downtown Los Angeles. In that location,

ambient PM originates mostly from advection
of polluted air parcels originally emitted in
urban Los Angeles, after “aging” in the atmos-
phere for a few hours, as well as from sec-
ondary photochemical processes.

Particle chemical analysis. Samples were
collected on Teflon and quartz filters with a
Micro Orifice Uniform Deposit Impactor
(MOUDI; MSP Corporation, Shoreview,
MN) for chemical analysis (Li et al. 2002a).
We used Teflon filters to determine the metal
and trace element content by X-ray fluores-
cence and quartz filters to determine the
organic carbon (MnO2-catalyzed CO2 forma-
tion), sulfate (ion chromatography), and
nitrate (ion chromatography) contents (Li et
al. 2002a). PAH content for each CAPs set
was determined by an HPLC-fluorescence
method that detects a signature group of 16
PAHs (Li et al. 2002a).

Cellular stimulation and heme oxygenase 1
(HO-1) immunoblotting. We used two cell
lines in the study: RAW 264.7 and BEAS-2B.
RAW 264.7 is a murine macrophage cell line
that mimics the oxidative stress response of
pulmonary alveolar macrophages in response
to DEP exposure (Hiura et al. 1999, 2000; Li
et al. 2002b). BEAS-2B is a transformed
human bronchial epithelial cell line, which
mimics the oxidative stress response of pri-
mary bronchial epithelial cells (Li et al.
2002b). For RAW 264.7 culture, particle sus-
pensions were reconstituted with Dulbecco’s
Modified Eagle’s Medium powder, a culture
medium component that rapidly dissolves in
deionized water. This culture medium was
further replenished with 10% fetal calf serum
and a 1:200 dilution of penicillin/strepto-
mycin/amphotericin B (Li et al. 2002a). For
BEAS-2B cells, particle suspensions were
made up in hormonally defined F12 medium
(Kawasaki et al. 2001). After incubating cells
for 16 hr, we used 100 µg of lysate protein for
HO-1 immunoblotting (Li et al. 2000,
2002a, 2002b). Densitometric analysis was
performed on a laser Personal Densitometer
SI using ImageQuant software (both from
Amersham Biosciences, Piscataway, NJ).

GSH/GSSG assay. Total glutathione and
oxidized glutathione (GSSG) were measured
in a glutathione reductase recycling assay
(Tietze 1969). We calculated the amount of
total glutathione and GSSG in the samples

from the standard curves. The amount of
reduced glutathione (GSH) was calculated by
subtracting the amount of GSSG from that of
the total glutathione.

DTT assay. The dithiothreitol (DTT) assay
quantitatively measures the formation of ROS
by quinone catalysis (Kumagai et al. 2002). In
the presence of quinones, 1 mol DTT + 2 mol
O2 generate 1 mol DTT-disulfide + 2O2

·–

a: Q + DTT → semi-Q + DTT-thiyl

b: Q + DTT-thiyl → semi-Q
+ DTT-disulfide

c: 2 semi-Q + 2O2 → 2Q ± 2O2
·–
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Table 1. Mass concentration and fractional composition of CAPs collected in the Los Angeles basin.
Claremont (n = 3) USC (n = 2)

Chemical composition Coarse Fine Ultrafine Coarse Fine Ultrafine

Mass concentration (µg/m3) 12.3 17.3 1.9 21.1 20.9 3.9
Organic carbon (%) 16 40 69 20 52 71
Elemental carbon (%) 1 3 13 1 3 11
Nitrate (%) 27 31 4 35 23 3
Sulfate (%) 5 13 5 7 8 6
Metals/total elements (%) 51 13 9 37 14 9

Values represent the mean fractional composition (%) in which SEM varied < 10%. 

Figure 1. Correlation of PAH content with ROS for-
mation. (A) PAH content for each set of CAPs deter-
mined by HPLC-fluorescence; values shown are
mean ± SEM for Claremont (n = 3) and USC (n = 2).
(B) In vitro electron transfer capacity of CAPs mea-
sured by a colorometric assay that distinguishes
oxidized from reduced DTT (Kumagai et al. 2002).
The mean was calculated for three separate meas-
urements; SEM < 0.1. (C) Linear regression analysis
demonstrating the correlation between PAH content
and 15 DTT data points (5 sites × 3 samples/site); r2 =
0.98. Inset: With the highest point removed, r2

remains significant at 0.86.
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Net reaction: DTT + 2O2 → DTT-disulfide 

+ 2O2
·–

The loss of DTT is followed by its reaction
with 5,5´-dithiobis-(2-nitrobenzoic acid)
(DTNB), which is converted to 5-mercapto-
2-nitrobenzoic (Kumagai et al. 2002). We
incubated the PM sample (5–50 µg/mL) with
10 µM DTT in a Tris buffer at pH 8.9 for
10–90 min. Aliquots of the incubation mix-
ture were transfered to the DNTB solution
and the optical density read at 412 nm.

Electron microscopy. We performed elec-
tron microscopy as previously described (Yang
et al. 1987). Thin sections were cut with a
Reichert-Jung ultracut and ultramicrotome
(Leica, Stuttgart, Germany). Copper grids
were stained with lead citrate and uranyl
acetate and photographed in a Hitachi elec-
tron microscope (Hitachi Instrument Inc.,
Tokyo, Japan).

Results

Particulate organic carbon and PAH content.
To determine whether there is a link between
UFP composition and biological effects,
CAPs were collected at two outdoor sites in
the Los Angeles basin with the VACES.
Chemical analysis of the CAPs indicate that

UFPs have a significantly higher organic (p <
0.01) and elemental carbon ((p < 0.001) con-
tent than fine plus ultrafine (designated
“fine”) or coarse particles (Table 1). Coarse
and fine particles had a higher metal content
than UFPs (Table 1). PAH content for each
set of CAPs was determined and averaged for
both collection sites; there was a statistically
significant difference in total PAH content in
UFPs compared to fine (p = 0.04) and coarse
(p = 0.03) PM (Figure 1A). The PAH con-
tent of UFPs at USC was significantly higher
than the PAH content at Claremont (Figure
1A), which reflects the fact that particles col-
lected at the source site (USC) are derived
from primary emissions that are far more
abundant in the urban areas of Los Angeles
than in receptor areas.

The DTT assay of ROS formation by
particles of varying size. The ability of PM to
generate ROS was assessed with the DTT
assay. Quinones with appropriate redox poten-
tials can transfer electrons from DTT to oxy-
gen (Kumagai et al. 2002). We used this
reaction to determine the ability of PM to gen-
erate ROS in vitro. The DTT assay demon-
strated that UFPs had significantly higher redox
activity than fine and coarse PM (Figure 1B).
Averaging of the data revealed that the redox

cycling capacity of UFPs was 21.7- and 8.6-fold
greater than coarse and fine PM, respectively
(Figure 1B). Regression analysis of the DTT
assay and PAH content showed a correlation
coefficient (r2) of 0.98, suggesting the electron
transfer capacity of CAPs is consistent with
their organic chemical content (Figure 1C).

Particle chemical composition and oxida-
tive stress. Quinones and other redox-active
compounds present in PM generate ROS and
oxidative stress (Kumagai et al. 1997; Nel et al.
1998). We have demonstrated that DEP-
induced oxidative stress generates hierarchical
effects in pulmonary alveolar macrophages and
bronchial epithelial cells (Li et al. 2002a,
2002b). Low levels of oxidative stress activate
antioxidant defenses, whereas higher levels of
oxidative stress lead to proinflammatory and
cytotoxic effects (Li et al. 2002a, 2002b). An
example of an antioxidant response is HO-1
expression via the antioxidant response element
in its promoter (Choi and Alam 1996; Li et al.
2000). Utilizing an immunoblotting technique
to assess HO-1 expression in RAW 264.7 cells,
UFPs were more potent than fine or coarse
particles (Figure 2A). Densitometric analysis
demonstrated significantly higher HO-1
expression in ultrafine over fine (p = 0.001)
and coarse (p = 0.001) particles, respectively.
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Figure 2. Induction of oxidative stress and HO-1 expression. (A) HO-1 expression in RAW 264.7 cells exposed to CAPs for 16 hr. (B) HO-1 expression in BEAS-2B
cells treated with CAPs (Claremont Mar 02) for 16 hr. (C) Effects of CAPs (Claremont Jan 02) on the intracellular GSH/GSSG ratio in RAW 264.7 cells after 16 hr
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analysis demonstrating the correlation between in vitro redox activity of CAPs and HO-1 induction (15 data points); r2 = 0.97. Inset: After removal of the highest
data point, r2 = 0.81.



The increased potency of UFPs was seen for all
CAPs collections (data not shown).

Sufficient CAPs were collected in March
2002 to study HO-1 expression in the
bronchial epithelial cell line, BEAS-2B, in par-
allel with RAW 264.7. The BEAS-2B response
mimics the DEP-induced oxidative stress
response in human bronchial epithelial cells (Li
et al. 2002b). Immunoblot analysis shows that
UFPs but not coarse or fine particles induce
HO-1 expression in BEAS-2B cells (Figure
2B). To demonstrate that these effects reflect
differences in the level of oxidative stress, we
compared HO-1 expression to changes in the
reduced (GSH) to oxidized (GSSG) glu-
tathione ratio. These data show abundant HO-
1 expression by UFPs or 50 µg/mL fine PM
(Figure 2A, Claremont Jan 02), which is
accompanied by a sizable drop in glutathione
ratios (Figure 2C). In contrast, coarse particles
had no effect on either biological response
(Figure 2C). Regression analysis showed a cor-
relation coefficient (r2) of 0.97 between HO-1
expression and the DTT assay (Figure 2D).
Overall, there is a strong correlation between
particle size, chemical composition, ROS-gen-
erating capacity, and cellular oxidative stress.

UFP localization and mitochondrial dam-
age. In defining the mechanistic features of PM
toxicity, a key question is the subcellular local-
ization of PM. This may determine ROS gen-
eration, as demonstrated by O2

·– generation in
lung microsomes during incubation with DEP
extracts (Kumagai et al. 1997). Subcellular
DEP targets include mitochondria, as demon-
strated by the ability of organic DEP extracts
to induce structural mitochondrial damage
(Hiura et al. 1999, 2000; Li et al. 2002b).
After exposure to CAPs, there were clear differ-
ences in the ultramicroscopic features of RAW
264.7 cells exposed to different particle sizes
(Figure 3). Whereas coarse particles collected
in large cytoplasmic vacuoles (Figure 3C
and 3D), UFPs frequently lodged inside mito-
chondria (Figure 3G and H). Mitochondrial
architecture remained intact in coarse PM
incubations, but cells incubated with UFPs
showed extensive disruption of mitochondrial
cristae, resulting in a vacuolar cellular appear-
ance (Figure 3H). These changes were time
dependent, with fewer particles collecting
inside mitochondria during shorter incuba-
tions (not shown). In cells exposed to fine par-
ticulates (which includes some UFPs), some
particles lodged inside mitochondria but did
not show the same degree of ultrastructural
damage (Figure 3E and F).

Electron microscopy showed similar fea-
tures in BEAS-2B cells—namely, considerable
mitochondrial damage by UFPs, resulting in
the formation of concentric structures, known
as myelin figures (Figure 4). These structures
result from the disassociation of lipoproteins,
which facilitates water uptake and intercalation
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Figure 3. Electron micrographs demonstrating effects of different sized particles in RAW 264.7 cells treated
with USC-Jan 02 CAPs for 16 hr. (A) and (B) Untreated RAW 264.7 cells. (C) and (D) RAW 264.7 cells exposed
to coarse particles. (E) and (F) RAW 264.7 cells exposed to fine particles. (G) and (H) RAW 264.7 cells
exposed to UFPs. Notice damage to cristae as well as the presence of particles (P) inside mitochondria (M)
in UFP- or fine + UFP-exposed cells. 
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between lamellar membrane stacks (Figure 4C).
Similar to RAW 264.7 cells, UFPs lodged
inside damaged mitochondria (Figure 4C).
Cells incubated with coarse or fine particles
showed lesser mitochondrial damage (not
shown). The extent of mitochondrial damage
is in accordance with the redox cycling poten-
tial of the particles, as well as the HO-1 and
glutathione results.

Discussion

Our data demonstrate that the UFP mode in
the Los Angeles basin is more potent than
fine and coarse PM toward inducing oxidative
stress as measured by the DTT, HO-1, and
glutathione assays. Electron microscopy also
indicates subcellular penetration and mito-
chondrial damage by UFPs and, to a lesser
extent, fine particles. The findings correlate
with PM organic carbon and PAH composi-
tion, suggesting a role of organic agents in
generating redox activity.

The results from the DTT assay indicate
UFPs are capable of producing greater ROS
on a microgram basis than fine and coarse
particles. This is the first time that a quantita-
tive assay has been used to directly measure
ROS generation by CAPs. Kumagai et al.
(2002) focused the assay on assessment of
quinones, whereas we have applied the assay
to UFPs and fine and coarse particles. The
DTT assay provides a quantitative measure of
the relative redox activity of different PM
sizes in the Los Angeles basin.

UFPs contain a higher percentage of
organic carbon than fine and coarse particles,
and this has relevance to the biologic
potency of these particles. The enhanced
biologic potency of UFPs is directly corre-
lated with the PAH content. Although
PAHs are capable of inducing ROS produc-
tion in macrophages, it is also possible that
these compounds may be a surrogate for
other redox cycling chemicals in the DTT
assay. We do not exclude a contribution by
transition metals, which may interact with
organic PM components in ROS generation
(Saldiva et al. 2002).

These data are in accordance with the
growing awareness that oxidative stress plays a
key role in the induction of airway inflamma-
tion (HEI 2002; Nel et al. 1998). Recently, we
demonstrated that macrophages and epithelial
cells exhibit a stratified oxidative stress response
to increasing concentrations of DEPs (Li et al.
2002a, 2002b). The stratified response com-
mences with HO-1 expression when the
GSH/GSSG ratio is minimally disturbed, pro-
ceeds to Jun kinase activation at intermediary
levels of oxidative stress, and culminates in cel-
lular toxicity at high oxidative stress levels.
Ambient CAPs mimic the effects of organic
DEP extracts (Li et al. 2002a), with UFPs
showing increased potency in depressing the
cellular GSH/GSSG ratio (Figure 2C). The
significance of Jun kinase activation is the tran-
scriptional activation of cytokine, chemokine,
and adhesion receptor promoters (Nel et al.
1998). These products play a role in the proin-
flammatory effects of PM in the lung and pos-
sibly also the cardiovascular system (Nel et al.
1998). The finding of a significant correlation
between heme oxygenase activity, GSH/GSSG
ratio, and redox activity as measured by DTT
production provides further evidence for the
role of ROS generation in PM toxicity.

The biological significance of HO-1
expression in the lung is the antioxidant effect
of its catabolic product, bilirubin (Choi and
Alam 1996). In the process of heme catabo-
lism, HO-1 also generates a gaseous substance,
CO, which exerts anti-inflammatory effects in
the lung and is exhaled in the expired air
(Horvath et al. 1998; Maines 1997). It is
interesting, therefore, that in a study in which
normal human volunteers were exposed to
DEPs, CO levels in the expired air was a more
sensitive exposure marker than the presence of
inflammatory products in the bronchoalveolar
fluid (Nightingale et al. 2000). This is in
agreement with the exquisite sensitivity of the
HO-1 promoter to oxidative stress in vivo and
in vitro (Choi and Alam 1996; Nightingale et
al. 2000). HO-1 expression and CO genera-
tion are markers for airway inflammation in
asthma (Horvath et al. 1998). Monitoring of

CO levels in the expired air may be a useful
marker for evaluating the pro-oxidative and
proinflammatory effects of CAPs in the respi-
ratory tract.

How exactly UFPs gain access to and
induce mitochondrial damage is unknown.
One possibility is that ROS generated outside
of the mitochondrion may damage this
organelle, allowing access to the particles. This
is compatible with the ability of organic DEP
extracts to induce ultrastructural mitochondr-
ial damage in the absence of particles (Hiura et
al. 2000; Li et al. 2002b). Our previous stud-
ies have demonstrated that organic DEP
chemicals induced pro-apoptotic effects in
macrophages and bronchial epithelial cells
(Hiura et al. 1999, 2000; Li et al. 2002b).
This effect may be mediated through the per-
turbation of mitochondrial permeability transi-
tion pore, which sets in motion cytochrome c
release, caspase activation, and superoxide pro-
duction in the mitochondrial inner membrane
(Hiura et al. 2000). Ultramicroscopic visualiza-
tion of human macrophages and BEAS-2B
cells incubated with organic DEP extracts
showed that the appearance of apoptotic bod-
ies were accompanied by changes in mitochon-
drial morphology, including mitochondrial
swelling and a loss of cristae (Li et al. 2002b).
Another possibility is that UFPs gain access to
mitochondria because of their small sizes.
These particles might then release redox
cycling chemicals that damage the inner mem-
brane. All considered, we propose that
enhanced tissue penetrance and ability to gen-
erate oxidative stress render UFPs more dam-
aging at cellular level and consequently
contribute to the adverse health effects of UFPs
in the Los Angeles basin.

These findings may be of importance for
PM regulation. Currently, the manufacture of
cleaner combustion engines relies on mass
output standards but do not consider the out-
put of large numbers of UFPs, which have
very low mass. Our data show that UFPs are
more potent than PM2.5 and PM10 that con-
tribute the majority of mass in the HO-1 and
DTT assays. It may be necessary to consider
standards based on particle number instead of
mass if further studies confirm the differential
toxicity of UFPs. Further research to more
fully characterize the toxicity of UFPs in rela-
tion to particle number, surface area, and
chemical composition is needed. 
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