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Abstract—Air pollution is associated with significant adverse health effects, including increased cardiovascular morbidity
and mortality. Exposure to particulate matter with an aerodynamic diameter of �2.5 �m (PM2.5) increases ischemic
cardiovascular events and promotes atherosclerosis. Moreover, there is increasing evidence that the smallest pollutant
particles pose the greatest danger because of their high content of organic chemicals and prooxidative potential. To test
this hypothesis, we compared the proatherogenic effects of ambient particles of �0.18 �m (ultrafine particles) with
particles of �2.5 �m in genetically susceptible (apolipoprotein E–deficient) mice. These animals were exposed to
concentrated ultrafine particles, concentrated particles of �2.5 �m, or filtered air in a mobile animal facility close to
a Los Angeles freeway. Ultrafine particle–exposed mice exhibited significantly larger early atherosclerotic lesions than
mice exposed to PM2.5 or filtered air. Exposure to ultrafine particles also resulted in an inhibition of the antiinflammatory
capacity of plasma high-density lipoprotein and greater systemic oxidative stress as evidenced by a significant increase
in hepatic malondialdehyde levels and upregulation of Nrf2-regulated antioxidant genes. We conclude that ultrafine
particles concentrate the proatherogenic effects of ambient PM and may constitute a significant cardiovascular risk
factor. (Circ Res. 2008;102:589-596.)
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It is increasingly being recognized that exposure to ambient
particulate matter (PM) contributes to significant adverse

health effects and is a risk factor for the development of
ischemic cardiovascular events via exacerbation of athero-
sclerosis, coronary artery disease, and the triggering of
myocardial infarctions.1 Although this association has been
documented for PM with a mean aerodynamic diameter of
�10 �m (PM10), there is increasing evidence that smaller
particles may pose an even greater health risk. A growing
literature indicates that fine particles (FPs) with an average
aerodynamic diameter of �2.5 �m (PM2.5) exert adverse
health effects of greater magnitude. For example, the “Wom-
en’s Health Initiative study demonstrated a 24% increase in
the incidence of cardiovascular events and a 76% increase in
cardiovascular mortality for every 10 �g/m3 increase in the
annual average PM2.5 level.2 It appears that the smallest
particles that exist in the urban environment are the most
dangerous.3 Ambient ultrafine particles (UFPs) that have an
aerodynamic diameter of �0.18 �m are by far the most
abundant particles by number in urban environments such as
Los Angeles. Because these particles are emitted mainly by

vehicular emissions and other combustion sources, they
contain a high content of redox-cycling organic chemicals
that could be released deep into the lungs or could even spill
over into the systemic circulation. Thus, UFPs may be
particularly relevant from the perspective of cardiovascular
injury.3

In spite of the epidemiological evidence indicating that
ambient PM can promote cardiovascular injury and athero-
sclerosis, the mechanisms of the cardiovascular injury and
proatherogenic effects are not clear. However, experimental
studies in susceptible animal models have shed some light on
disease pathogenesis. For instance, intratracheal administra-
tion of ambient PM10 in Watanabe rabbits4 or long-term
exposure of apolipoprotein (apo)E-null mice to PM2.5

5,6 en-
hanced atherosclerotic plaque growth. Moreover, a cross-
sectional exposure study in humans showed a 5.9% increase
in carotid intima–medial thickness for every 10 �g/m3 rise in
PM2.5 levels,7 and a prospective cohort study supported an
association between long-term residential exposure to high-
traffic levels of PM2.5 and coronary atherosclerosis, as as-
sessed by coronary artery calcification scores,8 demonstrating
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that the proatherogenic effects of PM are clinically rele-
vant.7,8 Air pollution has also been linked to the triggering of
acute coronary ischemic events in humans, including myo-
cardial infarction.9

We have demonstrated that ambient PM exerts proinflam-
matory effects in target cells such as endothelial cells,10

macrophages,11 and epithelial cells12 through the generation
of reactive oxygen species (ROS) and oxidative stress.11,12

These prooxidative effects are mediated, in part, by redox-
cycling organic chemicals and transition metals that are
present on the particle surface.11 Ambient PM can synergize
with oxidized phospholipids in the induction of a wide array
of genes involved in vascular inflammatory processes such as
atherosclerosis.10 Moreover, when comparing concentrated
ambient particles (CAPs) of various sizes in the Los Angeles
basin, UFPs were shown to have the highest content of redox
cycling chemicals and therefore displayed the largest prooxi-
dant potential, both abiotically and biotically.13 We hypoth-
esized, therefore, that UFPs may concentrate some of the PM
proatherogenic effects by promoting prooxidant and proin-
flammatory effects. We used the particle concentrator tech-
nology available in the Southern California Particle Center to
evaluate the atherogenic potential of concentrated UFPs
versus concentrated PM2.5 in apoE-null mice. In addition, we
evaluated the effects of particle exposures on the plasma
high-density lipoprotein (HDL) antiinflammatory activity as
well as markers of systemic oxidative stress. Our data show
that UFPs are more proatherogenic, exert the strongest
prooxidative effects, and are associated with the largest
decrease in HDL protective activity. These data are of
considerable significance from a regulatory perspective.

Materials and Methods
Detailed methods about histology, immunohistochemistry, blood
chemistry, monocyte chemotactic assays, lipid peroxidation assay,
RNA extraction, and real-time RT-PCR can be found in the online
data supplement at http://circres.ahajournals.org.

Animals and Diet
The Animal Research Committee at The University of California at
Los Angeles (UCLA) approved all animal protocols. ApoE�/�

(C57BL/6J background) male mice were obtained from The Jackson
Laboratory (Bar Harbor, Me). Animals were brought to the UCLA
animal facility at 4 weeks of age. Mice were fed a regular chow diet
(NIH-31 modified 6% diet; Harlan Teklad, Madison, Wis). Both
water and food were administered ad libitum. Animals were ran-
domly assigned to 3 groups (n�17/group) that were sent to a mobile
inhalation toxicology laboratory located 300 meters from the 110
Freeway. This freeway carries a high volume of gasoline and diesel
motor vehicle transit, resulting in high levels of PM2.5 mass and UFP
counts at the exposure site (Table). The mobile research laboratory
(AirCARE 1) is owned by Michigan State University.14 Mice were
subjected to CAP exposures starting at 6 weeks of age over a 40-day
period. One mouse in the FP group and 2 in the UFP group died
during the course of the study. Animals were euthanized 24 to 48
hours after completion of the last CAP exposure, and aortas and
various organs were harvested. Between exposures, mice were
housed in a Hazelton chamber15 that was ventilated with air from
which 99.9% of the incident particles were removed by a HEPA
filter.

CAP Exposures and Chemical Characterization
Whole-body exposures were performed simultaneously in sessions
of 5 hours per day, 3 days per week, for a combined total of 75 hours.

Particle concentrator technology was used to deliver the CAP
exposures. Three animal groups were simultaneously exposed to
atmospheres containing concentrated particles of �2.5 �m (FPs),
particles of �0.18 �m (UFPs), and filtered air (FA). Briefly, ambient
air was drawn through an aluminum duct into the VACES (Versatile
Aerosol Concentration Enrichment System)16,17 and delivered to
whole-body exposure chambers.18,19 The FP and UFP aerosol con-
centrators delivered 0.01- to 2.5-�m and 0.01- to 0.18-�m aerosols,
respectively (Table). The FP atmosphere included sub-18 �m parti-
cles that were �40% fewer particles than in the UFP chamber.
Temperature and airflow were controlled to ensure adequate venti-
lation and minimize buildup of animal-generated dander, ammonia,
CO2, and thermal stress. Mobilization of mice between the Hazelton
chamber and the exposures chambers was performed over the
shortest time period possible to limit the exposure to ambient air PM
in the trailer. CAP number concentrations were measured with a TSI
3022 Condensation Particle Counter, and particle mass concentration
was assessed with a DataRAM Model DK-2000.

Particle mass concentration and elemental CAP composition were
measured by particle collection on 37-mm Teflon filters (PTFE
2-�m pore, Gelman Science, Ann Arbor, Mich). Concentrations of
inorganic ions (sulfate and nitrate), elemental carbon, organic carbon
(OC), polycyclic aromatic hydrocarbon (PAH) content, and particle-
bound trace elements and metals was performed as previously
described.16–18

Statistical Analysis
All data were expressed as means�SEM unless indicated otherwise.
Differences between experimental groups were analyzed by 1-way
ANOVA with a 1-tailed Fisher protected least-significance differ-
ence (PLSD) post hoc analysis test. Differences were considered
statistically significant at P�0.05.

Table. Characteristics of Experimental Exposure Protocol of
ApoE-Null Mice Fed a Normal Chow Diet

Experimental Parameter

Groups FA, FP, UFP

Exposure time (dates) 11/03/2005 to 12/12/2005

Exposure time (hours) 75

Total ambient particle no. (particles/cm3) 3.42 (�0.96)�104

No. concentration in FA chamber
(particles/cm3)

�5000

No. concentration in FP chamber
(particles/cm3)

4.56 (�1.06)�105

Calculated UFP no. concentration in the FP
chamber (particles/cm3)

3.88 (�1.06)�105

No. concentration in UFP chamber
(particles/cm3)

5.59 (�1.23)�105

Ratio of UFP in the FP vs the UFP chamber* 1:1.44

FP chamber particle enrichment factor 13.35 (�1.6)

UFP chamber particle enrichment factor 16.4 (�1.8)

Mass in FP exposure chamber (�g/m3) 438.29

Mass in UFP exposure chamber (�g/m3) 112.61

PM2.5 mass in ambient air (�g/m3) 26.78

UFP mass in ambient air (�g/m3) 8.43

FA, FP, and UFP groups were exposed in a mobile laboratory located in
downtown Los Angeles. Values shown are means(�SD). *This ratio was
obtained by reducing the particle no. in the FP chamber by 15%, which
represents the contribution of particles in the 0.18–2.5 �m range. This also
translates into an �2-fold increase in surface area if a spherical particle shape
is assumed.
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Results
UFP Exposures Are Enriched in OC Substances
Such As PAHs
Six-week-old male apoE-null mice were exposed in a mobile
inhalation toxicology laboratory in downtown Los Angeles to
CAPs in the size range of �2.5 �m (FP exposures) or
�0.18 �m (UFP exposures). Controls consisted of mice
exposed to FA (Figure 1A). Animals were simultaneously
exposed to UFPs, FPs, and FA for a total of 75 hours over a
40-day time period while being kept on a chow diet. The
atmospheric conditions and particle characteristics in the FP
and UFP chambers are summarized in the Table. Because the
FP atmosphere included particles of �0.18 �m (UFPs) that
accounted for up to 85% of the total particle number, the
actual number of these sub-0.18 �m particles was �44%
greater in the UFP chamber (Table), despite a total UFP mass
that was approximately one-quarter of the FP mass. Assum-
ing a roughly spherical shape for the particles, this 44%
increase in sub-0.18 �m particle numbers in the UFP cham-
ber translates into an �2-fold increase in the particle surface
area. This was also accompanied by an �2-fold increase in
fractional OC content (Figure 1B and 1C), which is theoret-
ically more bioavailable than the smaller organic fraction on
FPs (Figure 1B). Thus, the increased particle number, greater
surface area, and higher fractional carbon composition could
combine to deliver a much higher biological effective dose of
the injurious components in the UFP compared with the FP
chamber. In fact, measurement of a set of signature PAHs in
filter samples that were collected concurrently with the CAP
exposures, demonstrated that the PAH content of the UFPs
was roughly twice as high as the FP content when corrected
for a per mass basis (Figure 2). Although there is no definitive
evidence that PAHs are those responsible for adverse cardio-
vascular effects, we have previously demonstrated that their
abundance is a good proxy for the prooxidant potential
of PM.13

UFP Exposure Promotes Atherosclerosis
Exposure to the UFP atmosphere for 75 hours over a 40-day
interval resulted in 55% greater aortic atherosclerotic lesion
development (33 011�3741, n�15) as compared with FA
controls (21 362�2864, n�14; P�0.002) (Figure 3). Expo-
sure to the FP atmosphere resulted in a similar trend but of
lesser magnitude (P�0.1). Interestingly, UFP mice exhibited

a 25% increase in atherosclerotic lesions in comparison with
FP mice (26 361�2275, n�16, P�0.04), which suggests that
the smallest particles are indeed more proatherogenic.

Histological analysis revealed that lesions were predomi-
nantly comprised of macrophage infiltration with intracellular
lipid accumulation (foam cells) (Figure 4). These cells
contributed, on average, �85% of the total lesional area in all
the groups (supplemental Table I). UFP-exposed animals
developed more extensive as well as thicker atherosclerotic
plaques that showed the same relative abundance of macro-
phages and smooth muscle cells, as determined by MOMA-2
and �-actin immunohistochemical staining (Figure 4 and
supplemental Table I).

Exposure to Ambient CAPs Results in Loss of
HDL Antiinflammatory Properties
FP but not UFP exposures resulted in a small but significant
increase in plasma total cholesterol in comparison to other
groups (supplemental Table II). Although all animals dis-
played similar levels of plasma HDL cholesterol (supplemen-
tal Table II), we did observe a change in HDL antiinflamma-
tory properties. This was demonstrated by comparing the
antiinflammatory protective capacity of HDL against LDL-

B FP Composition

Metals
25%

Nitrates
23%Sulfates

19%

Unknown
5%

Organic Carbon
25%

Elemental Carbon
3%

C UFP Composition

Metals
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52%

Unknown
9%

Sulfates
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Elemental Carbon
10%

A

apoE-/- mice
6-week-old

Exposed
Filtered air     ….... FA

PM < 2.5 m ……. FP

PM < 0.18 m ….... UFP40 days Figure 1. CAP exposures. A, Experimen-
tal protocol. Three groups (n�17) of
6-week-old male apoE-null mice were
exposed to FA, PM2.5, and PM of
�0.18 �m (UFPs) for 40 days. B and C,
Chemical composition of CAPs. UFP air
had a greater content of organic and ele-
mental carbon than FP air. Particle
chemical composition of the FP (B) and
UFP (C) chambers was performed as
described in Materials and Methods.
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Figure 2. OC composition. Mass concentration fraction of PAHs
in the FP (gray) and UFP (black) chambers. Data are shown as
nanogram per milligram of PM mass and represent the average
of composition analysis performed on filter samples collected
for 2 experiments. PAH analysis was performed by means of
gas chromatography–mass spectroscopy as described.16–18
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induced chemotaxis (Figure 5). Plasma HDL from both FP
and UFP animals exhibited significantly less protective effect
than HDL from the FA group (Figure 5). Moreover, the
antiinflammatory effect of HDL from the UFP group was
significantly decreased compared with the FP group. These
results are in good agreement with the extent of vascular
lesions in the different animal groups, suggesting that a
PM-induced decrease in the HDL antiinflammatory protec-
tive capacity could contribute to atherogenesis.

UFP Exposure Leads to the Expression of
Systemic Biomarkers of Oxidative Stress and
Activation of the Unfolded Protein Response
One of the major mechanistic hypotheses regarding PM
injury is the ability of the particles to induce ROS production
and oxidative stress. To probe for the presence of oxidative

stress, we explored whether CAP exposure could result in
lipid peroxidation in the liver. We observed statistically
significant increases in the hepatic malondialdehyde (MDA)
levels in the UFP compared with the FA group (P�0.02)
(Figure 6). FP mice also demonstrated increases in lipid
peroxidation compared with the FA group (P�0.03). These
data suggest that CAP exposure leads to systemic oxidative
stress.

We also explored whether differences in lipid peroxidation
were accompanied by phase II antioxidant responses that are
mediated via the p45-NFE2–related transcription factor 2,
Nrf2.11 This constitutes one of the most sensitive oxidative
stress effects that can be traced to prooxidative PM in vitro
and in vivo.11,20 UFP mice exhibited a significant increase in
the expression of Nrf2 as well as genes that are secondarily
regulated by this transcription factor (Figure 7). Indeed, UFP
mice displayed Nrf2 mRNA levels that were 68% greater
than FA and FP mice (P�0.01). Likewise, as compared with
the FA group, UFP mice displayed significantly greater levels
of catalase (3.7-fold), glutathione S-transferase Ya (5.3-fold),
NAD(P)H-quinone oxidoreductase 1 (1.8-fold), and superox-
ide dismutase 2 (1.4-fold) (Figure 7). Interestingly, increased
tissue oxidative stress was also accompanied by the activation
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Figure 3. UFP is the most proatherogenic PM fraction. Athero-
sclerotic lesions were quantitatively analyzed in serial aortic root
sections and stained with oil red O. Lesional area was scored
as square micrometer per section, averaged �25 sections per
animal. Group averages are indicated by straight horizontal
bars. One FA mouse was an obvious outlier in its group and
removed from the atherosclerotic lesion analysis. However, its
inclusion did not modify the overall significance. FA mice are
represented by dotted circles (n�14), FPs by stripped circles
(n�16), and UFPs by filled circles (n�15).

A B C

D E F

Figure 4. Representative histological
photomicrographs. A through C, Oil red
O staining for neutral lipids in represen-
tative aortic root sections of FA (A), FP
(B), and UFP (C) mice. D through F,
MOMA-2 immunohistochemical staining
in adjacent aortic root sections to those
shown in the top row, corresponding to
the same FA (D), FP (E), and UFP (F)
mice. Both oil red O and MOMA-2 stain-
ing yielded red-stained areas. UFP mice
exhibited more extensive atherosclerotic
plaques (C and F) than FP (B and E) or
FA animals (A and D), all consisting pri-
marily of foam cells and macrophages
(fatty streaks). Original magnification,
�100.

Figure 5. PM exposure leads to a loss of HDL antiinflammatory
properties. Pooled plasma HDL from FA (n�16), FP (n�16) and
UFP mice (n�15) was added to cocultures of human artery wall
cells in the presence of standard (Std) human LDL, as described
in Materials and Methods. Values are expressed as means�
SEM of the number of migrated monocytes in 9 fields. Statisti-
cal analysis was performed by 1-way ANOVA (Fisher PLSD).
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of the unfolded protein response in the liver because the
UFP-exposed mice displayed 41% and 37% greater expres-
sion of activating transcription factor 4 than FP mice
(P�0.01) and FA controls (P�0.02) (Figure 7).

Discussion
We demonstrate that atherosclerotic plaque formation in
apoE-null male mice is enhanced by exposure to sub-0.18 �m
particles. Mice exposed to UFPs alone exhibited greater and
more advanced lesions compared with FA- or FP-exposed
animals. UFP mice also showed a comparatively greater
decline in the antiinflammatory capacity of plasma HDL as
well as increased phase II enzyme mRNA expression in the
liver. These results support the hypothesis that exposure to
UFPs may enhance atherosclerosis via the promotion of
systemic prooxidant and proinflammatory effects.

Our study significantly extends previous data showing that
PM potentiates atherosclerotic lesion development in ani-
mals.4–6 The fact that FP mice displayed a nonstatistically
significant trend to develop more atherosclerotic lesions than
FA controls could be attributable to the relatively short
duration of our exposure (40 days), which stands in contrast
to the 5- to 6-month exposure period that was previously used
to demonstrate a 45% to 58% increment in atherosclerotic
lesion development during PM2.5 exposure.5,6 Of interest, our
UFP animals exhibited a similar 55% increment over FA
controls despite an exposure duration that was 4 to 5 times
shorter, indicating the greater proatherogenic toxicity of
sub-0.18 �m particles. This supports the notion that the
adverse cardiovascular effects of PM are exaggerated by a
small particle size.

A number of injury mechanisms have been proposed to
explain the adverse health effects of PM, including its ability
to stimulate oxidative stress and inflammation, alter blood
clotting, stimulate autonomic nervous system activity, or act
as a carrier for endotoxin.1 A key injury mechanism appears
to be the generation of inflammation as a direct consequence
of the ability of ambient particles and their adsorbed chemi-
cals to induce ROS and oxidative stress.21 Oxidative stress

initiates proinflammatory signaling cascades, including the
Jun kinase and nuclear factor �B cascades16,22,23 that are
relevant to atherogenesis. According to the hierarchical oxi-
dative stress hypothesis, the induction of Nrf2-induced phase
II enzyme expression is an integral oxidative stress protective
pathway that acts as a sensitive marker for oxidative stress.24

Indeed, important cytoprotective, antiinflammatory and anti-
oxidant phase II enzymes including catalase, superoxide
dismutase 2, glutathione S-transferase Ya, and NAD(P)H-
quinone oxidoreductase 1 were all significantly upregulated
in the liver of UFP mice (Figure 7) and, together with Nrf2
upregulation, suggest the triggering of a Nrf2-driven antiox-
idant response.

Our results support the notion that the generation of
systemic oxidative stress is responsible for the observed
vascular effects. Possible explanations for these systemic
effects are: First, inhaled particles may release organic
chemicals and transition metals from the lung to the systemic
circulation. Second, pulmonary inflammation could lead to
the release of ROS, cytokines and chemokines to the systemic
circulation. Although we did not observe any major increase
in inflammatory cells during the performance of bronchoal-
veolar lavage in these mice, future studies will need to
address whether any subtle proinflammatory effects in the
lung could play a role. Third, UFPs could gain access to the
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systemic circulation by directly penetrating the alveolar/
capillary barrier.25 However, this possibility is still contro-
versial. Although reports of the systemic translocation of
99mTc-labeled ultrafine carbon particles25 or albumin nanocol-
loid particles of �80 nm26 have appeared in the literature,
skepticism has been expressed about the stability of the
labeling procedures. Moreover, the same has not been dem-
onstrated for ambient air “nanoparticles.”

The particles or their chemicals may generate ROS sys-
temically via a number of different pathways, including redox
cycling of quinones, metabolism and functionalization of
PAHs, activation of leukocyte NADPH oxidase and myelo-
peroxidase, or interference in 1-electron transfers in the
mitochondrial inner membrane.27 It is also possible that the
particles themselves or their chemical components may syn-
ergize with oxidized LDL in promoting endothelial cell
dysfunction. Indeed, we have shown that ambient PM can
synergize with oxidized phospholipids in the induction of a
large number of genes in a human microvascular endothelial
cell line, many of which belong to antioxidant, proinflamma-
tory, unfolded protein response, or proapoptotic pathways.10

ROS generation and antioxidant responses constitute a dy-
namic equilibrium. The greater prooxidant stimulus delivered
by the UFPs could be more prone to overwhelm the concom-
itant generation of a protective antioxidant response. On the
other hand, it is interesting that no differences were noted
between the FP and UFP exposures in the MDA assay.
Although the methodology used is sensitive and specific for
the determination of MDA,28 there are several limitations in
this assay in reflecting the degree of lipid peroxidation, as
reviewed by Janero et al,29, such as: (1) MDA yield as a result
of lipid peroxidation varies with the nature of the polyunsat-
urated fatty acids peroxidized (especially its degree of unsat-
uration) and the peroxidation stimulus; (2) only certain lipid
oxidation products decompose to yield MDA; (3) MDA is
only one of several (aldehydic) end products of fatty peroxide
formation and decomposition; (4) the peroxidation environ-
ment influences both the formation of lipid-derived MDA
precursors and their decomposition to MDA; (5) MDA itself
is a reactive substance that can be oxidatively and metabol-
ically degraded; (6) oxidative injury to nonlipid biomolecules
has the potential to generate MDA. Thus, if FP and UFP
exposures impacted these factors in a different extent, it may
explain a greater degree of lipid peroxidation not reflected by
the MDA measurements.

PM-induced systemic inflammation and oxidative stress
could also adversely affect lipoprotein function, including
interfering in the beneficiary effects of HDL on reverse
cholesterol transport30 and the antiinflammatory31 effects of
this lipoprotein fraction. Indeed, both FP and UFP mice
exhibited the development of dysfunctional HDL, which was
more severe in the latter group in terms of its proinflamma-
tory potential (Figure 5). Such proinflammatory effects were
also supported by the greater expression of activating tran-
scription factor 4 in liver, an unfolded protein response
component that we have shown to exert proinflammatory
effects in endothelial cells by inducing the expression of
interleukin-6, interleukin-8, and monocyte chemotactic pro-
tein 1.32 Likewise, we have also shown that prooxidative

diesel exhaust particle chemicals induce an unfolded protein
response in bronchial epithelial cells.33 Changes in HDL
function were observed in the absence of changes on HDL
quantitative levels. On the other hand, FP exposures did result
in greater total cholesterol levels in the FP versus FA mice,
whereas UFP levels were unaffected. These higher cholester-
ol levels in the FP mice may have resulted in narrowing of the
differences in atherosclerosis in between FP and UFP mice
that otherwise could have been larger than the 23% observed
difference. Consistent with our results, it has been reported
that the HDL antiinflammatory profile can be hampered by
environmental factors such as the exposure to prooxidative
chemicals present in cigarette smoke.34 For example, mice
exposed to second-hand smoke develop dysfunctional
HDL.35 A possible mechanism could be interference with
paraoxonase and lecithin cholesterol acyltransferase activities
by redox-active chemical compounds. In particular, prooxi-
dative PM chemicals may affect critical thiol groups that are
responsible for the catalytic activity of paraoxonase, leading
to increased susceptibility to atherosclerosis.36

The fact that the FP atmosphere contains both UFPs and
particles of �0.18 �m makes interpretation of those data
complex. However, we have shown that the 25% difference
in atherosclerotic lesion scores could be explained by the
44% increase in UFP particle number (Table and Figure 3).
Total particle mass was clearly not a determining factor
because the FP atmosphere had �3.9-fold greater mass than
the UFP aerosol. What is likely significant is that UFPs have
an �2-fold increase in the OC and PAH content on a per mass
basis (Figures 1 and 2). It is possible that these prooxidative
components could be delivered from a surface area that is
twice as big in particles associated with the UFP atmosphere.
Although we cannot claim that the PAHs are actually respon-
sible for the lesion development, these organic chemical
compounds are a good proxy for the prooxidative potential of
UFPs.13

How do our experimental atmospheres relate to real life
exposures? The particle numbers in our study were 2- to
6-fold higher than the in-vehicle exposures that commuters
may encounter while traveling on Los Angeles freeways.37 It
was not logistically feasible to perform detailed dose– and
time–response studies; this type of data will be important to
obtain in future studies. Although it would clearly be advan-
tageous to know the minimum exposure that is required for
proatherogenic effects, previous epidemiological studies have
shown that cardiovascular morbidity and mortality increase
linearly without a threshold effect.38,39 Differences in the
physiology of genetically susceptible animals and humans
also have to be taken into consideration when extrapolating
this work to cardiovascular disease in humans.

In conclusion, we demonstrate that UFP exposures have a
higher proatherogenic potential than FP exposures. These
effects could be linked to a greater propensity of UFPs to
generate systemic oxidative stress and to interfere with the
antiinflammatory capacity of plasma HDL. Our findings are
important in explaining how ambient PM may contribute to
daily total and cardiovascular mortality.40 Although such an
association has been established previously for PM10 and
PM2.5,2,41,42 we demonstrate that UFP exposure could be of
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even greater relevance. Further epidemiological and experi-
mental data collection are required to determine the critical
physicochemical and toxicological properties of UFPs in
humans.
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ONLINE SUPPLEMENT 

 
 
MATERIALS AND METHODS 
 
 
Histology and immunohistochemistry 

Atherosclerotic lesions in the aortic root were quantitatively analyzed as previously described 1. 

Briefly, the upper portion of the heart and proximal aorta was excised and embedded in OCT 

compound (Tissue-Tek) and frozen 2. Serial 10-µm-thick cryosections in the aortic root, 

beginning at the level of the appearance of the aortic valve, were collected for a distance of 500 

µm. A total of 25 sections, selected as every other section collected over the entire region, were 

stained with Oil Red O and counterstained with hematoxylin. The lipid-containing area on each 

section was determined by using a microscope eyepiece grid and expressed in µm2 lesional 

area/section. The mean value of lesional areas among the 500 µm-spanning sections was referred 

as the aortic lesion score (µm2/section). Cellular composition was assessed by 

immunohistochemical staining of alternating sections to those stained with Oil Red O, in 3 

sections per animal and averaged over four animals per group. Assessment was performed for 

macrophages (MOMA-2, Beckman Coulter) and smooth muscle cells (smooth muscle α-actin, 

Spring Bioscience). Planimetric analysis was performed at 10X using ImagePro Plus software. 

Relative content of macrophages and/or smooth muscle cells was determined by the percentage 

of the positively-stained area over the entire lesional area. 

 

Blood chemistry 

Retro-orbital bleeding was performed under isoflurane anesthesia in 6-hour fasting animals, 1 

week prior to the onset (5 weeks of age) as well as at the termination of the exposure protocols 

(11 weeks of age). Plasma total and HDL cholesterol were determined by enzymatic assays as 

previously described 3.   

 

Monocyte Chemotaxis Assay 

This assay evaluates the protective capacity of HDL against LDL-induced monocyte chemotactic 

activity. Monocytes were isolated from blood obtained from a large pool of healthy donors at the 

UCLA Division of Cardiology, Atherosclerosis Research Unit. Human aortic endothelial cells 
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(HAEC) and human aortic smooth muscle cells (SMC) were isolated from trimmings of fresh 

surgical aortic specimens from normal donor hearts during transplantation. Endothelial and 

smooth muscle cells were grown, propagated and used for forming an artery wall model in 

culture. Cocultures of HAEC and SMC were treated for 18 hours with a standard source of 

human LDL (100 µg LDL protein/ml), in the absence or presence of a standard source of human 

or murine HDL (50 µg HDL protein/ml). The LDL and HDL were isolated from normal standard 

plasma by FPLC4.  The cells were then washed and incubated in fresh culture medium for 8 

hours, following which supernatants were collected to assess monocyte chemotactic activity after 

40-fold dilution, which is expressed as the number of monocytes that have transmigrated per 

high power field, HPF 4. LDL-induced monocyte chemotactic activity is mostly (70 +/- 4%) a 

result of the induction of MCP1 secretion, stimulated by oxidized phospholipids that form during 

the oxidation of LDL by the artery wall cells to generate minimally oxidized LDL 5. HDL ability 

to block monocyte chemotaxis correlates with its antioxidant capacity that decreases the 

generation of minimally oxidized LDL, resulting in inhibition of MCP1 induction and decreased 

monocyte binding and migration 6-8. 

 

 
Lipid Peroxidation Assay 

Malondialdehyde (MDA) content was measured in liver homogenates with a colorimetric assay 

(OxisResearch, OR) according to the manufacturer’s instructions 9. A standard curve was used to 

calculate the concentration (nmol/g) of MDA for each sample. The final MDA level represents 

the average of 14-16 age-matched animals/group. 

 
 
RNA extraction and real-time RT-PCR  

Total RNA was extracted from liver tissue with the Trizol method (Invitrogen). Reverse 

transcription was performed using 1 µg of RNA with the iScript cDNA Synthesis kit (Bio-Rad, 

Hercules, CA). Quantitative real-time polymerase chain reaction (qPCR) was used to measure 

tissue mRNA expression for heme oxygenase-1 (HO-1), NF-E2-related factor-2 (Nrf2), catalase, 

superoxide dismutase 2 (SOD2), NAD(P)H-quinone oxidoreductase 1 (NQO1), glutathione S-

transferase-Ya (GST-Ya), activating transcription factor (ATF4) and β-actin, utilizing specific 

PCR primers 10.  The reactions were performed in duplicate on an ABI Prism 7000 (Applied 
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Biosystems, Foster City, CA, USA) using iQ Sybr Green Supermix (Bio-Rad). Reactions were 

performed with 0.4 µM of primers and 1 µg of cDNA template as follows: 95°C for 3 min, 40 

cycles of 95°C for 15 sec, 58 - 64°C for 30 sec and 72°C for 30 sec.  A standard curve was 

created from serial dilutions of a pooled sample of cDNA. Gene expression was normalized to β-

actin. PCR levels were displayed as arbitrary units. 
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Supplemental Table I. Cellular composition of atherosclerotic lesions  
 
 
 

 
 
MOMA-2 and SMC α-actin immunohistochemical staining were performed in 3 sections/animal 

(n=4 animals/group). Planimetric analysis was performed at 10X using ImagePro Plus software. 

Data shown represent mean ± SE of positive stained area/total lesion area x 100. Statistical 

analysis was performed by one-way ANOVA with Fisher’s PLSD post hoc analysis. FA: filtered 

air, FP: fine particles, UFP: ultrafine particles. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Group 
 

MOMA-2 (%) p (vs. FA) SMC actin (%) p (vs. FA)  

FA 88±7 - 14±5 - 
FP 86±2 0.60 10±5 0.58 
UFP 88±3 0.91 5±7 0.42 
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Supplemental Table II. Plasma lipoproteins.  
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

Mice were bled after 6-hour fasting. Baseline samples were collected one week prior to the 

beginning of exposure protocols. Samples taken at the end of the protocols were collected 24 

hours after the last exposure. Values are given as mean ± SE (mg/dl).  NM: not measured. † p 

(vs. FA group) ≤ 0.01, ‡ p (vs. UFP group) < 0.05. FA: filtered air, FP: fine particles, UFP: 

ultrafine particles. 

 

  Total cholesterol 
(mg/dl) 

HDL cholesterol 
(mg/dl) 

Baseline     
FA (n=17) 349 +/- 13 11 +/- 1 
FP (n=17) 355 +/- 13 11 +/- 1 
UFP (n=17) 352 +/- 12 11 +/- 1 
End of protocol     
FA (n=16) 397 +/- 13 9 +/- 1 
FP (n=16) 459/- 21†‡ 8 +/- 1 
UFP (n=15) 402 +/- 19 8 +/- 0.5 


