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a b s t r a c t

Recent data suggest that ultrafine pollutant particles (diameter <0.1 �m) may pass from the lung into the
systemic circulation. However, the systemic and cardiorespiratory effects of translocated particles are not
well known. In this study, we determined the direct acute (24 h) effect of the systemic administration
of 0.01 mg/kg and 0.02 mg/kg diesel exhaust particles (DEP) on systolic blood pressure, heart rate, and
both systemic and pulmonary inflammation in spontaneously hypertensive rats (SHR). Compared to the
blood pressure in control group, rats exposed to DEP exhibited a dose-dependent increase in systolic
blood pressure, at 0.01 mg/kg (P < 0.05) and 0.02 mg/kg (P < 0.01). Likewise, the heart rate was also dose-
dependently increased at 0.01 mg/kg (P:NS) and 0.02 mg/kg (P < 0.01) compared to control SHR. DEP
exposure (0.02 mg/kg) significantly elevated the number of leukocytes in blood (P < 0.05), interleukin-6
(IL-6, P < 0.005), tumor necrosis factor alpha (P < 0.05) and leukotriene B4 (LTB4, P < 0.005) concentrations
in plasma. Moreover, in SHR given 0.02 mg/kg, the number of platelet was significantly reduced (P < 0.05),
whereas the tail bleeding time was prolonged (P < 0.05). Pulmonary inflammations were confirmed by the

presence of a significant increase in the number of macrophages (0.02 mg/kg) and neutrophils (0.01 and
0.02 mg/kg) and protein contents (0.02 mg/kg) in bronchoalveolar lavage (BAL) compared to saline-treated
SHR. Also, IL-6 (0.01 mg/kg; P < 0.05 and 0.02 mg/kg; P < 0.01), LTB4 (0.02 mg/kg; P < 0.05) concentrations
in BAL and the superoxide dismutase activity (0.02 mg/kg; P = 0.01) were significantly elevated compared
to control group. We conclude that, in SHR, the presence of DEP in the systemic circulation leads not only
to cardiac and systemic changes, but also triggers pulmonary inflammatory reaction involving IL-6, LTB4

and oxidative stress.

. Introduction

Several epidemiological studies have reported that ambient air
ollution not only affects the respiratory tract, but also has sys-
emic and cardiovascular effects (Ruckerl et al., 2006; Kunzli et al.,
005). Short-term exposure to particulate air pollution increases
he susceptibility to ischemia (Pekkanen et al., 2002) and myocar-
ial infarction (Peters et al., 2001). Exhaust from diesel powered

ehicles is a major source of particulate matter (PM) in urban air
nd the main contributor of ultrafine particles (UFP) with a diame-
er of less than 100 nm. These UFP have high alveolar deposition and
bility to translocate to the bloodstream (Riedl and Diaz-Sanchez,
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E-mail addresses: anemmar@uaeu.ac.ae, anemmar@hotmail.com (A. Nemmar).
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2005). Acute exposure to DEP in healthy human volunteers causes
an inflammatory response in airways characterized by neutrophil
and mast cell influx into the airways (Salvi et al., 1999, 2000) and
impairs the regulation of vascular tone and endogenous fibrinolysis
(Mills et al., 2005).

The mechanisms underlying the cardiopulmonary effect of par-
ticulate air pollution have not been fully elucidated (Mills et al.,
2009). Recent evidence suggested that UFP, soluble components
from the particles, such as metals and organic substances, enter
the circulatory system and act on the first encountered target
organ such as the heart, liver or brain (Nemmar et al., 2001,
2002a; Oberdorster et al., 2002; Shimada et al., 2006; Chen et al.,

2006; Geiser et al., 2005). Besides, it has been shown that inhaled
particles elicit inflammatory reactions in the lungs and proinflam-
matory mediators pass into the systemic circulation, contributing
to platelet activation and endothelial dysfunction (Vermylen et al.,
2005).

http://www.sciencedirect.com/science/journal/0300483X
http://www.elsevier.com/locate/toxicol
mailto:anemmar@uaeu.ac.ae
mailto:anemmar@hotmail.com
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Therefore, it is difficult to discriminate between these two pro-
esses and to determine the contribution of each pathway. To avoid
he effects related to the pulmonary accumulation of particles,
.g., release of inflammatory mediators, and exclusively determine
he effect of translocated particles, several studies have assessed
he effect of administering defined amount of particles intravas-
ularly (Silva et al., 2005; Nemmar et al., 2002b; Khandoga et al.,
004). Recently, in normotensive Wistar Kyoto (WKY) rats, we pro-
ided evidence that 24 h after their systemic administration, DEP
0.5–0.02 mg/kg) affect the blood pressure, heart rate and trigger
ung inflammation (Nemmar et al., 2007a). However, the inflamma-
ory mediators involved in the systemic and pulmonary effects have
ot been identified. Moreover, the direct effects of DEP on cardio-
ascular endpoints and pulmonary inflammation in animal model
f hypertension, namely spontaneously hypertensive rats (SHR) are
till unclear. Therefore, the aim of this study is to investigate in SHR
he acute (24 h) effects of systemic administration of DEP (0.01 and
.02 mg/kg) on heart rate, systolic blood pressure, systemic and pul-
onary inflammation, and to identify the inflammatory mediators

nvolved in these effects.

. Materials and methods

.1. Particles

We used diesel exhaust particles (DEP; SRM 2975) from the National Institute
f Standards and Technology (NIST, Gaithersburg, MD, USA). DEP were suspended in
terile saline (NaCl 0.9%) containing Tween 80 (0.1%). To minimize aggregation, par-
icle suspensions were always sonicated (Clifton Ultrasonic Bath, Clifton, NJ, USA) for
5 min and vortexed before their dilution and prior to intravenous administration.
ontrol animals received saline containing Tween 80 (0.1%).

These particles were previously analysed by transmission electron microscopy
nd showed the presence of a substantial amount of ultrafine (nano)sized particle
ggregates, and larger particle aggregates (<1 �m in largest diameter) (Nemmar et
l., 2007a).

The endotoxin level, which was semiquantified by the Sigma E-TOXATE (Limulus
moebocyte Lysate) test, was lower than the detection limit of 0.05 EU/ml in the
ehicle and DEP solutions.

.2. Systemic administration of particles

This project was reviewed and approved by the Institutional Review Board of the
nited Arab Emirates University, Faculty of Medicine and Health Sciences and exper-

ments were performed in accordance with protocols approved by the Institutional
nimal Care and Research Advisory Committee.

Sixteen-week-old male SHR (Taconic Farms Inc., Germantown, NY, USA), weigh-
ng 282 ± 7 g were placed in restrainers. The tail was disinfected with ethanol, and
50 �l of vehicle (n = 9) or doses of 0.01 (n = 6) or 0.02 (n = 6) mgDEP/kg correspond-
ng to about 2.8 or 5.6 �g DEP/rat were injected into the tail vein.

Experiments could not be completed in all animals on the same day. However,
t least one relevant control animal was always included on each experimental day.
wenty-four hours after systemically injecting rats with DEP, we measured systolic
lood pressure and heart rate, tail bleeding time and some constituents in blood and
ronchoalveolar (BAL) fluid.

.3. Systolic blood pressure and heart rate measurements

Heart rate and systolic blood pressure were measured in the conscious restrained
HR using a computerized tail-cuff system (Harvard apparatus; Columbus Instru-
ents) (Nemmar et al., 2007a).

.4. Bleeding time measurements

To determine the effects of DEP on bleeding time, measurements were per-
ormed using a tail-cut model, which was previously shown to be platelet dependent
Kihara et al., 2001). Rats were anesthetized by i.p. administration of a combination
f ketamine (60 mg/kg) and xylazine (5 mg/kg). Then the tail was transected about
.5 cm from the tip using a disposable surgical blade. The tail was placed in 25 ml

sotonic saline (pH 7.4, 37 ◦C) immediately after being cut and the bleeding time was
easured from the moment of transection until bleeding stopped completely.
.5. Blood collection and BAL fluid analysis

In the same animals, immediately after measuring the bleeding time, blood was
rawn from the inferior vena cava in EDTA (4%). A sample was used for platelets,
hite blood cells (WBC) and red blood cells (RBC) counts using an ABX Micros
y 262 (2009) 50–56 51

60 counter (ABX Diagnostics, Montpellier, France). The remaining blood was cen-
trifuged during 15 min at 3500 rpm, and the plasma samples were stored at −80 ◦C.

The rats were killed by an overdose of ketamine, and BAL was then performed
by cannulating the trachea. The lungs were lavaged three times with 7 ml sterile
0.9% NaCl. The BAL fluid was pooled in a plastic tube on ice. No difference in the
amount of recovered fluid was observed between the different groups. BAL fluid
was centrifuged (1000 × g × 10 min, 4 ◦C). Counting of the cells was performed in
a hemocytometer after resuspension of the pellets and staining with 1% gentian
violet. The cell differentials were performed on cytocentrifuge preparations fixed
in methanol and stained with Diff Quick (Dade Behring, Marburg, Germany). The
supernatant was stored at −80 ◦C until further analysis.

2.6. Determination of total protein, interleukin-6 (IL-6), tumour necrosis factor
alpha (TNF˛) leukotriene B4 (LTB4) and superoxide dismutase (SOD) activity in
BAL supernatant and plasma

In BAL supernatant and plasma, IL-6, TNF� and LTB4 concentrations were deter-
mined using ELISA commercial kits (Pierce, Thermo Scientific, Rockford, IL, USA,
Quantikine TNF�, R&D Systems, USA and Cayman Chemical, Ann Arbor, MI, USA,
respectively).

Total proteins were measured in BAL supernatant using commercial kit (Biorad
München, Germany) (Nemmar et al., 2003a).

The SOD activity, used as a marker of BAL oxidative stress, was measured using
a commercial kit (Randox, Antrim, UK).

2.7. Statistics

Data are expressed as means ± SD. All data were analyzed with GraphPad Prism
Version 4.01 for Windows software (Graphpad Software Inc., San Diego, USA). Data
were analyzed for normal distribution using the D’Agostino and Pearson omnibus
normality test. Blood pressure and heart rate (normally distributed) were analysed
using parametric analysis of variance with a Dunnett’s post hoc test. The data not nor-
mally distributed were analyzed by 2 × 2 column comparison via a non-parametric
Mann–Whitney two-tailed test. P-values < 0.05 were considered to be significant.

3. Results

3.1. Effect of DEP on systolic blood pressure and heart rate in SHR

Fig. 1a illustrates the effect of systemic administration of DEP
on systolic blood pressure in SHR. Compared to blood pressure
in control SHR, rats exposed to DEP exhibited a dose-dependent
increase in systolic blood pressure, at 0.01 mg/kg (P < 0.05) and
0.02 mg/kg (P < 0.01). Likewise, Fig. 1b shows that the heart rate
was also dose-dependently increased, but the level of significance
was only reached with 0.02 mg/kg (P < 0.01) compared to control
SHR.

3.2. Effect of DEP on leukocyte numbers in blood and IL-6 and
LTB4 in plasma

Although the level of significance was only reached at
0.02 mg/kg (P < 0.05), DEP induced a dose-dependent increase in
the number of leukocytes compared to saline treated SHR (Fig. 2a).
The numbers of RBC were not affected by the exposure to 0.01
(7.99 ± 0.5 × 106/�l blood) or 0.02 (8.04 ± 1.2 × 106/�l blood) mg/kg
DEP compared to the control group (8.04 ± 0.4 × 106/�l blood).

Similarly, the occurrence of systemic inflammation was con-
firmed by the significant increase of LTB4 (P < 0.005), IL-6 (P < 0.005)
and TNF� (P < 0.05) in plasma of SHR systemically adminis-
tered with 0.02 mgDEP/kg compared to SHR treated with saline
(Fig. 2b–d).

3.3. Effect of DEP on platelet numbers and bleeding time

The systemic administration of DEP induced a dose-dependent

decrease in platelet numbers at 0.01 mg/kg (−13.5%; P:NS) and
0.02 mg/kg (−24.5%; P < 0.05), compared to control group (Fig. 3a).
Fig. 3b illustrates a prolongation of the tail bleeding time in SHR
exposed to 0.01 mg/kg (+21%; P:NS) and 0.02 mg/kg (+87%; P < 0.05),
compared to control SHR.
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ig. 1. Systolic blood pressure (a) and heart rate (b) in spontaneously hyperten-
ive rats, 24 h after the systemic administration of saline, 0.01 or 0.02 mg/kg diesel
xhaust particles. Data are mean ± SD (n = 6–9). Statistical analysis is by one-way
NOVA followed by Dunnett’s multiple-comparison test.
.4. Effect of DEP on cellular and proteins content in the BAL

The systemic administration of DEP resulted in a cellular influx
n the lung (Fig. 4a and b). The number of macrophages increased

ig. 2. Leukocyte numbers in blood (a), leukotriene B4 (LTB4, b), interleukin 6 (IL-6, b) a
ats, 24 h after the systemic administration of saline, 0.01 or 0.02 mg/kg diesel exhaust par
ia a two-tailed Mann–Whitney test.
Fig. 3. Platelet numbers (a) and tail bleeding time (b) in spontaneously hyperten-
sive rats, 24 h after the systemic administration of saline, 0.01 or 0.02 mg/kg diesel
exhaust particles. Data are mean ± SD (n = 6–9). Statistical analysis by 2 × 2 column
comparison via a two-tailed Mann–Whitney test.

significantly following DEP exposure (0.02 mg/kg, P < 0.05), com-
pared to saline-treated SHR (Fig. 4a). Fig. 4b shows that the

PMN numbers increased following exposure to 0.01 (P < 0.05)
and 0.02 (P < 0.005) mg DEP/kg, compared to saline-treated
SHR.

The total protein concentrations in BAL, which was used as a
marker of increase in pulmonary permeability, was also signifi-

nd tumor necrosis factor alpha (TNF�, d) in plasma in spontaneously hypertensive
ticles. Data are mean ± SD (n = 6–9). Statistical analysis by 2 × 2 column comparison
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Fig. 4. Macrophage (a) and PMN (b) numbers, and total protein concentrations (c)
in bronchoalveolar lavage (BAL) fluid in spontaneously hypertensive rats, 24 h after
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We previously analyzed DEP used in the present study by trans-
he systemic administration of saline, 0.01 or 0.02 mg/kg diesel exhaust particles.
ata are mean ± SD (n = 6–9). Statistical analysis by 2 × 2 column comparison via a

wo-tailed Mann–Whitney test.

antly increased following the systemic administration of 0.02 mg
EP/kg (P < 0.05) compared to saline in SHR (Fig. 4c).

.5. Effect of DEP on BAL levels of IL-6, LTB4 and SOD

The effect of the vascular administration of DEP on the concen-
rations of IL-6, TNF�, LTB4 and SOD activity in BAL is illustrated
n Fig. 5. The presence of pulmonary inflammation was substan-
iated by the significant increase of IL-6 following exposure to
.01 (P < 0.05) and 0.02 (P < 0.01) mgDEP/kg (Fig. 5a). TNF� concen-

rations slightly but insignificantly increased following exposure
o DEP (0.02 mg/kg, Fig. 5b). The concentration of LTB4 was sig-
ificantly increased following the administration of 0.02 mg/kg
P < 0.05, Fig. 4c).
y 262 (2009) 50–56 53

Correspondingly, Fig. 5d shows that the SOD activity in BAL was
increased in SHR exposed to DEP (0.02 mg/kg, P = 0.01) compared
to saline-exposed group.

4. Discussion

In the present study, we provide evidence that 24 h post-
treatment with DEP, its presence in the circulation of SHR
significantly increased the systolic blood pressure, heart rate and
prolonged bleeding time. We have also established the occur-
rence of systemic and pulmonary inflammation and identified the
involvement of IL6, TNF�, LTB4 and SOD.

Urban air pollution consists of an extremely complex mixture
of gaseous and particulate agents. Among others, diesel exhausts
contain gaseous (SO2, NO2, and CO) and particulate components,
all of which have been shown to be associated with increased car-
diovascular morbidity and mortality, including the occurrence of
acute myocardial infarction (Brook et al., 2004; Mills et al., 2009).
Since air pollutants affect the human body simultaneously, rather
than separately, further studies are needed also to verify the impact
of pollution inhalation, as a whole, on human health.

Although it is well established the exposure to particulate air
pollution increase cardiopulmonary morbidity and mortality, the
mechanisms underlying these effects have not been fully elucidated
(Mills et al., 2009). As inhaled particles leads to lung inflamma-
tion with release of inflammatory mediators (Vermylen et al., 2005;
Nemmar et al., 2003b, 2004b), and particle translocation (Chen et
al., 2006; Nemmar et al., 2001, 2002a; Oberdorster et al., 2002,
2004; Elder et al., 2006; Shimada et al., 2006), consequently, it
is, hard to distinguish between these two processes. To specifi-
cally investigate the effect of translocated particles, we recently
demonstrated, in normotensive WKY rats, that 24 h following their
systemic administration, DEP (0.02–0.05 mg/kg) caused a decrease
in heart rate and blood pressure, shortening of bleeding time
and caused pulmonary inflammation assessed by bronchoalveolar
lavage (Nemmar et al., 2007a). Therefore, in the present study, we
continued to systemically administer DEP but in animal model of
hypertension and assessed whether and to which extent are the
effects of DEP different in SHR. We also attempted identify the
inflammatory mediators that are involved in these effects. In order
to allow comparison with our previously published study (Nemmar
et al., 2007a) in normotensive WKY rats, we purposefully studied
the same time point, and, because of their relevance, we selected
the lowest dose (0.02 mg/kg) that we have previously tested
(Nemmar et al., 2007a), and even a lower dose (i.e. 0.01 mg/kg).
Particle translocation from the airways into the circulation may
occur directly or after ingestion by alveolar macrophages (Mills
et al., 2009; Nemmar et al., 2004b). Although extra-pulmonary
translocation of ultrafine particles after intratracheal instillation
or inhalation has been reported, the amount of ultrafine particles
that translocates into blood and extra-pulmonary organs differed
among these studies (Nemmar et al., 2004b). Recently, Mutlu et
al. (2007) reported that pulmonary exposure to 35 �g of particu-
late matter for a mouse (25 g in weight) triggers IL-6 production by
alveolar macrophages, resulting in reduced clotting times, intravas-
cular thrombin formation, and accelerated arterial thrombosis. This
dose corresponds to a pulmonary exposure to 395 �g of particulate
matter for a rat (weighing 282 g). The doses of particles that we
injected systemically in the present study, i.e. 0.01 mg/kg (2.8 �g
per rat) and 0.02 mg/kg (5.6 �g per rat), represents 0.7% and 1.4% of
the pulmonary administered dose (395 �g/SHR).
mission electron microscopy, and confirmed the presence of a
substantial amount of ultrafine-sized aggregates (Nemmar et al.,
2007a). These particles are comparable to other type of DEP that we
(Nemmar et al., 2003a, 2004a) and others (Boland et al., 1999) have
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ig. 5. Interleukin 6 (IL-6, a), tumor necrosis factor alpha (TNF�, b), leukotriene B4 (
pontaneously hypertensive rats, 24 h after the systemic administration of saline, 0.0
y 2 × 2 column comparison via a two-tailed Mann–Whitney test.

reviously used in vivo and in vitro. Accordingly, it is reasonable to
ostulate passage of these particles as it has been demonstrated
o occur (Nemmar et al., 2001, 2002a; Oberdorster et al., 2002;
eiser et al., 2005; Kapp et al., 2004; Kato et al., 2003). Our data
how that 24 h following their administration, DEP increased blood
ressure and heart rate. Similar findings have been reported in
ulmonary hypertensive rats after exposure by inhalation to con-
entrated ambient particles or during dust storm events (Chang
t al., 2004, 2007). At present, the precise pathophysiologic mecha-
isms of the blood pressure increase remain speculative. It has been
uggested that induction of systemic oxidative stress (Gurgueira et
l., 2002; Urch et al., 2005) and a proinflammatory response (Salvi et
l., 1999) may alter the bioavailability of nitric oxide within the vas-
ulature and/or by increasing several vasoconstrictive factors, such
s endothelin (Brook et al., 2002; Peretz et al., 2008). Moreover, an
mbalance of the autonomic nervous system favoring an increase
n sympathetic drive (Gold et al., 2000) may also contribute to this
ypertensive response.

In contrast, in normotensive WKY rats, we previously reported
hat 24 h after DEP administration (0.02–0.5 mg/kg), the blood pres-
ure and heart rate were decreased (Nemmar et al., 2007a). Others
Rodriguez Ferreira Rivero et al., 2005) also showed that the expo-
ure of healthy rats by instillation to PM2.5 was responsible for a
ecrease of blood pressure and heart rate within the first and sec-
nd hour of particle exposure. These differences could be related to
he underlying disease and suggest that the effect of particulate air
ollution can not only be exacerbated in diseased conditions but
lso be different in people with pre-existing cardiopulmonary dis-
ases. Likewise, epidemiological observations found both decrease
nd increase in blood pressure in relation to air pollution exposures
nd these differences were explained by the type of air pollutants
r underlying diseases (Delfino et al., 2005).

Pulmonary exposure to pollutant particles can provoke an

cute systemic thrombogenic response associated with pulmonary
njury/inflammation and oxidative stress in SHR (Kodavanti et al.,
002). Interestingly, our data show that the intravascular adminis-
ration of DEP to SHR causes a significant increase in the number of
eukocytes in blood, indicating the occurrence of systemic inflam-
c) and superoxide dismutase (SOD, d) levels in bronchoalveolar lavage (BAL) fluid in
.02 mg/kg diesel exhaust particles. Data are mean ± SD (n = 6–9). Statistical analysis

mation. Moreover, we found that the IL-6 and TNF� concentrations
were significantly increased following DEP exposure. Both IL-6 and
TNF� are proinflammatory cytokines. Moreover, their levels have
been correlated with risk factors for cardiovascular disease such
fibrinogen, white blood cell count, and blood viscosity (Welsh et al.,
2008). With respect to particulate air pollution, recently, Dubowsky
et al. (2006) reported epidemiological evidence for positive associa-
tions between air pollution and indicators of systemic inflammation
such as leukocyte numbers, CRP and IL-6. They also found that the
associations with IL-6 was strongest for individuals with diabetes,
obesity or hypertension (Dubowsky et al., 2006). In addition to IL-6
and TNF�, we also found an increase in LTB4 in plasma. LTB4 is an
eicosanoid lipid derivative of the arachadonic acid signaling path-
way generated by 5-lipoxygenase and leukotriene A4 hydrolase.
LTB4 is a potent chemoattractant that facilitates recruitment and
endothelial cell adhesion of neutrophils to the inflammatory site
and promotes recruitment of inflammatory cells into tissues (Hicks
et al., 2007). Taken together, the increase of leukocyte numbers and
IL-6, TNF� and LTB4 concentrations in plasma indicate the occur-
rence of systemic inflammation which could explain the increase
of blood pressure and heart rate (Lee et al., 2004). Although we
did not find an effect of DEP on RBC counts, it is reasonable to pre-
sume that erythrocytes, the main cells for number and size in blood,
may be the first target encountered by the systemically admin-
istered DEP. It has been suggested that erythrocyte dysfunctions,
considered as a key feature of cardiovascular disease, may repre-
sent potential source of systemic inflammation (Zappulla, 2008).
Indeed, oxidized erythrocytes may promote the systemic release,
from activated macrophages, of IL-6 and TNF� which, by activat-
ing the hormonal stress response, may induce adaptations such
as blood pressure increase (Zappulla, 2008). Further studies are
needed to clarify this point.

We have recently shown that exposure to nanoparticulates

enhance thrombosis in vivo, ex-vivo and in vitro (Nemmar et al.,
2002b, 2003a,b, 2004a, 2005, 2008). Besides, we found that 24 h
after the systemic administration of DEP (0.02–0.5 mg/kg) to nor-
motensive WKY rats, there was a significant shortening of the
bleeding time, suggesting that platelet aggregation has occurred
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Nemmar et al., 2007a). However, the number of platelets was not
ffected by DEP exposure (Nemmar et al., 2007a). The present data
how a significant prolongation of the bleeding time. This observa-
ion could not be considered necessarily an antithrombotic effect
f DEP in SHR. Indeed, 24 h following the administration of DEP,
he number of circulating platelets dropped in a dose dependent

anner. No effect of DEP exposure has been observed at earlier
ime point, i.e. 6 and 12 h, and a statistically insignificant trend
oward a decrease in the number of platelets has been observed
t 18 h after DEP injection (not shown). The significant decrease of
latelet numbers observed at 24 h time point pleads in favor of an
ggregating effect which could be related either to the direct effect
f DEP on circulating platelet (Nemmar et al., 2003a), and/or as
onsequence of systemic inflammation and release proagreggatory
nflammatory mediators such as platelet activating factor or IL-6. In
he present study, we found that IL-6 increased both in the systemic
irculation and bronchoalveolar lavage, and it is known IL-6 plays a
ivotal role in hemostasis (Mutlu et al., 2007). Therefore, we specu-

ate that aggregated platelets are removed from the circulation and
ccumulate in various organs including the lung (Zarbock et al.,
006; Kasperska-Zajac and Rogala, 2006). The loss of circulating
latelets is manifested by the prolongation of rat tail bleeding time,
hich has been shown to be platelet dependent (Kihara et al., 2001).
e have recently reported a prolongation of the tail bleeding time

n mice exposed to carbon nanotube (Nemmar et al., 2007b). This
ffect was not interpreted as antithrombotic, as carbon nanotube
aused increase in thrombosis in the carotid artery (Nemmar et al.,
007b). Additional studies involving the examination of arterial and
enous thrombosis model are needed to clarify this issue.

In the present study, we confirm the occurrence of lung inflam-
ation by the influx of macrophage (0.02 mg DEP/kg) and PMN

0.01 and 0.02 mg DEP/kg), and the increase of total protein, indica-
ive of increased epithelial permeability. We have recently made
imilar observations after pulmonary and systemic exposure to
EP in healthy animals (Nemmar et al., 2003a,b, 2004a, 2007a).
oreover, similarly to the systemic findings, the concentrations of

L-6 and LTB4 were increased in BAL. Because of their chemotactic
ctivities (Martin et al., 1989; Fielding et al., 2008), these increases
ould explain the inflammatory cell recruitment in BAL. To our
nowledge, the link between particulate air pollution and LTB4 has
ot been reported before. However, IL-6 concentrations have been

ound to increase after exposure to particulate air pollution in vivo
nd in vitro (Mutlu et al., 2007; Bayram et al., 1998).

The role of the oxidative stress in particulate-induced toxicity
n different organs such as lung, liver and heart is well established
Bhatnagar, 2006). However, its occurrence in lung following the
ystemic exposure particulate exposure to DEP is not known. To
etermine whether pulmonary oxidative stress was caused by DEP
xposure, SOD activity was determined in BAL. SOD is one the most
mportant antioxidant enzymes responsible for the oxidative bal-
nce in the lungs (Rahman et al., 2006). Our data show that DEP
nduced an increase in SOD activity indicating an in vivo response
f the lung to an oxidant challenge. Elevations of SOD activity has
een reported in BAL of patients with coal workers’ pneumoconiosis
Ulker et al., 2008), BAL of mice exposed to cigarette smoke (Valenca
t al., 2008) and in rat lungs following exposure to particles (Ghio
t al., 1994).

We conclude that the presence of DEP in the systemic circula-
ion leads to systemic inflammation characterized by leukocytosis
nd an increase in IL-6, TNF� and LTB4 concentrations in plasma.
lood pressure and heart rate were also increased by DEP. Moreover,

e showed that DEP caused pulmonary inflammation, and identi-
ed the involvement of IL-6, LTB4 and oxidative stress. Our data

llustrate that translocated particles can not only affect the cardio-
ascular parameters, but also potentiate pulmonary inflammation.
dditional studies are needed to establish which constituents of
y 262 (2009) 50–56 55

DEP (nanoparticles or chemical constituents adsorbed onto them)
are responsible for these effects.
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