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Abstract

Particulate air pollution has been associated with increased risk of cardiopulmonary diseases. However, the underlying
mechanisms are not fully understood. We have previously demonstrated that single dose exposure to diesel exhaust
particle (DEP) causes lung inflammation and peripheral thrombotic events. Here, we exposed mice with repeated doses of
DEP (15mg/animal) every 2nd day for 6 days (a total of 4 exposures), and measured several cardiopulmonary endpoints 48 h
after the end of the treatments. Moreover, the potential protective effect of curcumin (the yellow pigment isolated from
turmeric) on DEP-induced cardiopulmonary toxicity was assessed. DEP exposure increased macrophage and neutrophil
numbers, tumor necrosis factor a (TNF a) in the bronchoalveolar lavage (BAL) fluid, and enhanced airway resistance to
methacoline measured invasively using Flexivent. DEP also significantly increased plasma C-reactive protein (CRP) and
TNF a concentrations, systolic blood pressure (SBP) as well as the pial arteriolar thrombosis. It also significantly enhanced
the plasma D-dimer and plasminogen activator inhibitor-1 (PAI-1). Pretreatment with curcumin by oral gavage (45 mg/kg)
1h before exposure to DEP significantly prevented the influx of inflammatory cells and the increase of TNF a in BAL, and the
increased airway resistance caused by DEP. Likewise, curcumin prevented the increase of SBP, CRP, TNF a, D-dimer and PAI-
1. The thrombosis was partially but significantly mitigated. In conclusion, repeated exposure to DEP induced lung and
systemic inflammation characterized by TNFa release, increased SBP, and accelerated coagulation. Our findings indicate that
curcumin is a potent anti-inflammatory agent that prevents the release of TNFa and protects against the pulmonary and
cardiovascular effects of DEP.
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Introduction

A number of epidemiological studies reported strong and

consistent associations between exposure particulate air pollution

and increase of respiratory and cardiovascular morbidity and

mortality [1,2]. In this context, epidemiological time-series studies

have identified an association between daily changes in concen-

tration of ambient air pollution and daily number of deaths and

hospitalizations, particularly from cardiovascular disease and

following relatively short time lags after exposure peaks [1,2]. It

has been suggested that traffic-derived particles, of which diesel

exhaust particles (DEP) are major contributor, are the most toxic

component [1,2]. Moreover, the ambient level of black carbon

particles, used as a tracer for traffic pollution, has been consistently

associated with a variety of adverse health outcomes [1,2].

A number of possible mechanisms have been suggested to

explain these effects, including direct effects of particles that

translocated into the systemic circulation, disturbances of the

cardiac autonomic nervous system, and pulmonary and systemic

oxidative stress and inflammatory responses that trigger endothe-

lial dysfunction, atherosclerosis, and coagulation [1,3]. However,

the exact mechanistic pathways are still not fully understood.

Human studies have previously demonstrated that controlled

exposure to DEP results in endothelial dysfunction, impaired

endogenous fibrinolysis, and increased thrombus formation in

both healthy human subjects and in patients with stable coronary

heart disease [4,5]. Similarly, DEP impairs endothelium-depen-

dent vasodilatation in animal studies both in vivo and ex vivo [2]. We

have recently demonstrated that single dose pulmonary exposure

to DEP (up to 24 h) induces pulmonary and systemic inflamma-

tion and the occurrence of thrombotic events in the femoral vein

and artery of hamsters and cerebral microvessels of mice [6–8].

However, the effect repeated exposure of DEP on airway

inflammation and resistance and pial arteriole thrombosis and

markers of coagulation has not been reported so far.

Curcumin is the major yellow pigment in turmeric (the ground

rhizome of Curcuma longa Linn), which is widely used as a spice and

coloring agent in several foods, as well as cosmetics and drugs

[9,10]. Recently, curcumin has been identified as an inhibitor of

oxidant-, cytokine-, and cigarette smoke-induced NF-kB activation

in human lung epithelial cell lines [11]. Indeed, oral curcumin

administration has been reported to inhibit bleomycin-induced

pulmonary fibrosis in rats [12] and cigarette smoke-induced lung
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inflammation and emphysema in mice [13]. However, to our

knowledge no study, to date, has addressed the effect of curcumin

on the pulmonary and cardiovascular effects of DEP.

Consequently, in the present study, we have assessed the effect

of repeated exposure to DEP (15 mg/animal) 48 h after the last of

four exposures to DEP performed every second day on a

comprehensive set of indices of respiratory endpoints including

pulmonary inflammation and airway resistance measured inva-

sively using forced oscillation as well as cardiovascular parameters,

including blood pressure, pial arterioles thrombosis and markers of

inflammation and fibrinolysis. Moreover, we assessed the possible

protective effect of curcumin on DEP-induced pulmonary and

cardiovascular events.

Materials and Methods

Ethics Statement
This project was reviewed and approved by the Institutional

Review Board of the United Arab Emirates University, Faculty of

Medicine and Health Sciences, and experiments were performed

in accordance with protocols approved by the Institutional Animal

Care and Research Advisory Committee.

Particles
Diesel exhaust particles (DEP; SRM 2975), obtained from the

National Institute of Standards and Technology (NIST, Gaithers-

burg, MD, USA), were suspended in sterile normal saline

(NaCl 0.9 %) containing Tween 80 (0.01 %). To minimize

aggregation, particle suspensions were always sonicated (Clifton

Ultrasonic Bath, Clifton, New Jersey, USA) for 15 min and

vortexed before their dilution and prior to intratracheal (i.t.)

administration. Control animals received normal saline containing

Tween 80 (0.01 %). We have previously [14] analyzed the size of

DEP used in the present study by transmission electron

microscopy, and found a substantial amount of ultrafine (nano)

sized of carbonaceous particle aggregates and larger particle

aggregates (, 1 mm in largest diameter). Geometric mean

aerodynamic diameter of 215unm generated from the same DEP

material have been previously reported [15].

Animals and treatments
Male TO mice (30–35 g, HsdOla:TO, Harlan, UK) were

housed in light (12-h light:12-h dark cycle) and temperature-

controlled (2261uC) rooms. They had free access to commercial

laboratory chow and were provided tap water ad libitum.

Mice were anesthetized with sodium pentobarbital (60 mg/kg,

i.p.), placed supine with extended neck on an angled board. A

Becton Dickinson 24 Gauge cannula was inserted via the mouth

into the trachea. Either the DEP suspensions (15 mg/mouse) or

saline-only were instilled intratrachealy (i.t.) (50 ml) via a sterile

syringe and followed by an air bolus of 50 ml every other day. DEP

(15 mg/mouse) or saline were i.t. administered on days 0, 2, 4, 6,

and 48 hours after the last exposure to DEP, various pulmonary

and cardiovascular endpoints were measured (figure 1). Eight mice

were included in each group.

Systolic blood pressure (SBP) measurement
48 hours after the last exposure to DEP, the systolic BP (SBP)

was measured using a computerized noninvasive tail-cuff manom-

etry system (ADInstrument, Colorado Springs, USA). To avoid

procedure-induced anxiety, mice were trained for 5 consecutive

days before the experimental procedure [16].

Blood collection and analysis of bronchoalveolar lavage
(BAL) fluid

48 hours after the last i.t. administration of either saline or DEP,

the animals were anesthetized, as described above, and blood was

drawn from the inferior vena cava in EDTA (4 %). A sample was

used for platelets and white blood cells (WBC) counts using an

ABX VET ABC HEMATOLOGY ANALYZER with a mouse card (ABX

Diagnostics, Montpellier, France). The remaining blood was

centrifuged at 4uC for 15 min at 900 g and the plasma samples

were stored at –80uC until further analysis.

Mice were then killed with an overdose of sodium pentobarbital.

The trachea was cannulated and lungs were lavaged three times

with 0.7 ml (a total volume of 2.1 ml) of sterile NaCl 0.9 %. The

recovered fluid aliquots were pooled. No difference in the volume

of collected fluid was observed between the different groups. BAL

fluid was centrifuged (1,000 g 610 min, 4uC). Cells were counted

after resuspension of the pellets and the differentials were

microscopically performed on cytocentrifuge preparations fixed

in methanol and stained with Diff Quick (Dade, Brussels,

Belgium). The supernatant was stored at 280 uC until further

analysis.

In the BAL fluid, the concentrations of tumor necrosis factor a
and IL-6 were determined using ELISA Kits (R & D systems,

Minneapolis, MN).

Airway reactivity to methacholine
In separate animals, airway hyperreactivity responses were

measured using a forced oscillation technique (FlexiVent,

SCIREQ, Montreal, Canada). Airway resistance (R) was assessed

after increasing exposures to methacholine. Mice were anesthe-

tized with an intraperitoneal injection of pentobarbital (70 mg/

kg). The trachea was exposed, and into it, an 18-gauge metal

needle was inserted. Mice were connected to a computer-

controlled small animal ventilator and quasi-sinusoidally ventilated

with a tidal volume of 10 ml/kg at a frequency of 150 breaths/

min and a positive end-expiratory pressure of 2 cm H2O to

achieve a mean lung volume close to that during spontaneous

breathing. After measurement of a baseline, each mouse was

challenged with methacholine aerosol, generated with an in-line

nebulizer and administered directly through the ventilator for 5s,

with increasing concentrations (0, 0.625, 1.25, 2.5, 5, and 10 mg/

ml). Airway resistance (R) was measured using a "snapshot"

protocol each 20 s for 2 min. The mean of these six values was

used for each methacholine concentration, unless the coefficient of

determination of a measurement was smaller than 0.95. For each

mouse, R was plotted against methacholine concentration (from 0

to 10 mg/ml) [17].

Determination of IL-6, TNFa, C-reactive protein (CRP), D-
dimer and plasminogen activator inhibitor-1 (PAI-1)
concentrations in plasma

The concentrations of mouse IL-6, TNF a (R & D systems,

Minneapolis, MN, USA), PAI-1 (Molecular Innovation, South-

field, MI, USA), D-dimer (Uscn Life Science Inc, Wuhan, China)

and CRP (Uscn Life Science Inc, Wuhan, China) were determined

using ELISA Kits.

Experimental pial cerebral arterioles thrombosis model
In a separate experiment, in vivo pial arterioles thrombogenesis

was assessed 48 hours after the last i.t. instillation of either DEP or

saline, according to a previously described technique [7,8]. Briefly,

the trachea was intubated after induction of anesthesia with

urethane (1 mg/g body weight, i.p.), and a 2F venous catheter
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(Portex, Hythe, UK) was inserted in the right jugular vein for the

administration of fluorescein (Sigma, St. Louis, MO, USA). After

that, a craniotomy was first performed on the left side, using a

microdrill, and the dura was stripped open. Only untraumatized

preparations were used, and those showing trauma to either

microvessels or underlying brain tissue were discarded. The

animals were then placed on the stage of a fluorescence

microscope (Olympus, Melville, NY, USA) attached to a camera

and DVD recorder. A heating mat was placed under the mice and

body temperature was raised to 37uC, as monitored by a rectal

thermoprobe connected to a temperature reader (Physitemp

Instruments, NJ, USA). The cranial preparation was moistened

continuously with artificial cerebrospinal fluid of the following

composition (mM): NaCl 124, KCl 5, NaH2PO4 3, CaCl2 2.5,

MgSO4 4, NaHCO3 23 and glucose 10, pH 7.3–7.4. A field

containing arterioles 15–20 mm in diameter was chosen. Such a

field was taped prior to and during the photochemical insult,

which was carried out by injecting fluorescein (0.1 ml/mouse of

5 % solution) via the jugular vein, which was allowed to circulate

for 30–40 sec. The cranial preparation was then exposed to

stabilized mercury light. The combination produces endothelium

injury of the arterioles. This, in turn, causes platelets to adhere at

the site of endothelial damage and then aggregate. Platelet

aggregates and thrombus formation grow in size until complete

vascular occlusion. The time from the photochemical injury until

full vascular occlusion (time to flow stop) in arterioles were

measured in seconds. At the end of the experiments, the animals

were euthanized by an overdose of urethane.

Effect of curcumin pretreatment on pulmonary and
systemic parameters

Curcumin (also named diferuloylmethane) [(E, E)-1,7-bis(4-

hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, Sigma] 45

mg/kg [18] was suspended in 200 ml of vehicle (0.5 % methylcel-

lulose; Sigma) or 200 ml of vehicle alone was administrated by oral

gavage to mice [18] 1 h before each i.t. saline or DEP, and all the

parameters described above were evaluated (figure 1). The dose of

curcumin administered was chosen to approximate, on a weight

per weight basis, curcumin doses that have been well tolerated in

humans in previous studies [18].

Statistics
Data were analyzed with GraphPad Prism Version 4.01 for

Windows software (Graphpad Software Inc., San Diego, USA)

and expressed as means 6SEM. Data were tested for normal

distribution using the Kolmogorov–Smirnov test. After that, one-

way analysis of variance (ANOVA), followed by Bonferroni post-hoc

test, was used to determine differences between the different

groups. P values less than 0.05 were considered significant.

Results

Cell composition and number in BAL fluid
Depending on the i.t. treatment performed, the cells found in

BAL were primarily macrophages and PMN (figure 2A–B).

Lymphocytes were not found in control mice BAL. No other cells

were observed microscopically.

Repeated i.t. administration of DEP caused a marked and

significant increase in macrophages. Similarly, repeated exposure

to DEP caused a significant increase in PMN numbers. TNFa
concentrations (but not IL-6) were also increased following the i.t.

instillation of DEP in mice. Curcumin pretreatment alone did not

affect the cell numbers or the measured cytokines. However,

curcumin pretreatment significantly prevented the influx of

inflammatory cells and the increase of TNFa concentrations in

BAL.

Airway hyper-reactivity to methacholine
Figure 3 shows airway resistance to increasing concentrations of

methacholine after repeated exposure to either saline or DEP with

or without curcumin pretreatment. Repeated exposure to DEP

caused a significant and dose-dependent increase in the airway

resistance compared with the saline-treated group. No statistical

differences were observed between the groups treated with saline

or curcumin+saline. Interestingly, curcumin pretreatment com-

pletely prevented DEP-induced enhancement of airway resistance

after increasing concentrations of methacholine.

CRP, TNF a and IL-6 concentrations in plasma
Repeated exposure to DEP caused systemic inflammation

evidenced by a significant rise in CRP (figure 4A) and TNF a
(figure 4B) (but not IL-6, figure 4C) concentrations in plasma

compared with saline-treated group. Curcumin pretreatment

alone did not significantly affect the measured inflammatory

markers. Pretreatment of mice with curcumin significantly

reversed the increases in CRP (figure 4A) and TNFa (figure 4B)

caused by the repeated exposure to DEP.

Systolic blood pressure (SBP)
Figure 5 illustrates the effect of repeated i.t. administration of

DEP on SBP in mice. Compared to that in the controls, repeated

exposure to DEP exhibited a significant increase in SBP. While

treatment with curcumin+saline did not affect SBP, curcumin

significantly prevented the increase of SBP induced by repeated i.t.

instillation of DEP.

Figure 1. Treatments and endpoints following the repeated intratracheal instillation (i.t.) of saline or diesel exhaust particles (DEP)
with or without curcumin pretreatment (given by oral gavage) in mice. SBP: systolic blood pressure; BAL: bronchoalveolar lavage.
doi:10.1371/journal.pone.0039554.g001
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Platelet numbers in blood and photochemically-induced
thrombosis in pial arterioles

Platelet counts in blood were significantly decreased by repeated

exposure to DEP compared with control mice (figure 6A),

indicating the occurrence of platelet aggregation in vivo. Pretreat-

ment with curcumin did not affect the circulating platelet

numbers. However, curcumin pretreatment partially and signifi-

cantly prevented the decrease in platelet numbers caused by

repeated exposure to DEP (figure 6A).

In line with the results of platelet numbers, compared to control

group, repeated exposure to DEP induced a shortening of the

occlusion time in pial arterioles in a photochemically injured

vessel. Curcumin alone did not affect the thrombotic occlusion

time. In mice pretreated with curcumin, there was a partial and

significant abrogation in DEP-induced shortening of the occlusion

time in pial arterioles (Figure 6B).

D-dimer, PAI-1 and vWF plasma concentrations
Figure 7 illustrates the effect of repeated exposure to DEP on

the plasma concentration of D-dimer (figure 7A), PAI-1 (figure 7B)

and vWF (figure 7C). Compared to control group, repeated

exposure to DEP caused a significant increase in D-dimer.

Likewise the plasma concentrations of PAI-1 were significantly

increased by the repeated i.t. instillation of DEP. In contrast, the

concentrations of vWF in plasma were not significantly affected by

DEP. Curcumin alone did not affect the plasma D-dimer

concentration but it significantly prevented its increase caused

by repeated exposure to DEP. Similarly, pretreatment with

curcumin alone did not affect the plasma PAI-1 levels. However,

curcumin significantly inhibited the increase of PAI-1 induced by

DEP.

Discussion

The present work provides experimental evidence that repeated

exposure to DEP induces lung and systemic inflammation and

airway hyperreactivity, increases SBP, and accelerates coagulation.

TNF a production was increased both in BAL and plasma.

Interestingly, pretreatment with curcumin significantly prevented

the respiratory and cardiovascular effect and inhibited the release

of TNF a.

In the present study, we assessed the effect of repeated exposure

to DEP on respiratory and cardiovascular endpoints. This

approach is more relevant to human exposure scenarios than

single dose exposure. The dose used here is close to the range of

Figure 2. Number of macrophages (A) and polymorphonuclear neutrophils (PMN) (B), and tumor necrosis factor a (TNF a, C) and
interleukin-6 (IL-6, D ) concentrations in bronchoalveolar lavage, after repeated intratracheal instillation of saline or diesel exhaust
particles (DEP, 15 mg/animal) with or without curcumin pretreatment. Data are mean 6 SEM (n = 8 in each group). Statistical analysis by
one-way analysis of variance (ANOVA), followed by Bonferroni multiple-range tests.
doi:10.1371/journal.pone.0039554.g002
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PM10 to which humans might be exposed [19]. In 2002, the

United States Environmental Protection Agency described a range

of maximal city PM10 concentrations between 26 and 534 mg/m3

[20]. Numerous mega cities in the world have much greater levels

of PM10, with annual averages of 200 to 600 mg/m3 and peak

concentrations frequently exceeding 1,000 mg/m3 [21]. Using the

highest value in the United States and assuming a minute

ventilation of 6 l/min (,8.6 m3 over 24 hours) for a healthy adult

at rest, the total dose of PM inhaled over 24 hours would be

4,614 mg [19]. Exposure of a human to a daily dose of 4,614 mg of

PM would correspond to more than 35 mg of PM exposure for a

mouse (25 grams) with minute ventilation of 35–50 ml/min [19].

The dose we tested here (15 mg/mouse every 2nd day) is lower

than the comparative human dose of635 mg/mouse/24 h report-

ed by Mutlu et al. [19]. However, one should take into account

that this estimation does not consider particles deposited per

surface area of the lung. Also, our study was performed on

particles of a nanometer to 1 micrometer diameter [14,15],

whereas the study of Mutlu et al.[19] used PM10. Therefore, the

dose of particles given in the present study in terms of reactive

surface area will be higher than that of available surface area of

PM10 reported previously [19]. Mice were exposed to DEP by i.t.

instillation because it provides more accurate dosing, given that

mice are nose breathers that filter most inhaled particles [22].

Our data show that repeated exposure to DEP causes a

significant inflammatory reaction in the lung characterized by an

increase of macrophages and neutrophils in BAL fluid. Similar

observations after single dose exposure to particles have been

reported in mice hamsters or in rats [19,23–26]. In humans, an

increase in the number of neutrophils and mast cell in bronchial

submucosa, as well as interleukin-8 and myeloperoxidase concen-

trations in bronchial lavage have been previously reported [27,28].

Along with inflammatory cell influx, we found a significant

increase in the concentration of TNFa in BAL fluid. This finding

Figure 3. Airway hyper-responsiveness. The airway resistance (R),
after increasing concentrations of methacholine (0–10 mg/ml), was
measured via the forced oscillation technique (FlexiVent) after repeated
intratracheal instillation of saline or diesel exhaust particles (DEP, 15 mg/
animal) with or without curcumin pretreatment. Data are mean 6SEM
(n = 8 in each group). Statistical analysis by one-way analysis of variance
(ANOVA), followed by Bonferroni multiple-range tests. indicates
P,0.001 between DEP and saline groups for the same methacholine
concentration. D: indicates P,0.01 between DEP and curcumin+DEP
groups for the same methacholine concentration. DD: indicates
P,0.001 between DEP and curcumin+DEP groups for the same
methacholine concentration.
doi:10.1371/journal.pone.0039554.g003

Figure 4. C-reactive protein (CRP, A), tumor necrosis factor a
(TNF a, B) and interleukin-6 (IL-6, C) concentrations in plasma,
after repeated intratracheal instillation of saline or diesel
exhaust particles (DEP, 15 mg/animal) with or without curcumin
pretreatment. Data are mean6SEM (n = 8 in each group). Statistical
analysis by one-way analysis of variance (ANOVA), followed by
Bonferroni multiple-range tests.
doi:10.1371/journal.pone.0039554.g004
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corroborates the results of previous studies which have reported an

increase of TNFa by alveolar macrophages in particle-exposed

mice [25,29] and humans [30,31]. Although we did not find an

increase of IL-6 in BAL 48 h after the last exposure, this does not

necessarily exclude its release at earlier time point of exposure to

DEP. Indeed, we have recently shown that exposure to single dose

of DEP caused a significant increase of IL-6 at 18 h time point but

not at 4 or 24 h post-exposure [8,32]. Besides causing lung

inflammation, repeated exposure to DEP induced an increase in

airway resistance assessed by forced oscillation technique after

increasing concentration of metacholine. Interestingly, the baseline

of airway resistance in DEP exposed mice was higher compared to

that in control group. The airway resistance has further dose-

dependently increased following increasing dose of metacholine.

This effect can be ascribed to the inflammatory reaction taking

place in the airways, i.e. influx of inflammatory cells and release of

TNFa that caused the observed airway hyperreactivity. We have

recently demonstrated that single dose of DEP (30 mg/mouse)

caused a significant increase in airway resistance. However, the

baseline of airway resistance between control and DEP was not

affected. Furthermore, compared to their respective controls, the

extent of increase in airway resistance observed in the present

study is greater than that observed after exposure to single dose of

DEP [8]. A number of studies have found increased risks of

asthma outcomes in children and adults who live near roadways

with high traffic counts [33]. Evidence of airway inflammation has

been observed in healthy volunteers in multiple studies [34], and

increased airway hyper-responsiveness has been seen in asthmatic

subjects [33].

Although the precise mechanism leading to cardiovascular

morbidity and mortality caused by particles is still not fully

understood, several studies have shown that systemic inflammation

may be a key step in these pathological process through the release

of inflammatory mediators [1]. Our data show that repeated

exposure to DEP causes systemic inflammation. In fact, we found

a significant increase of CRP and TNFa in plasma. An increase of

plasma CRP has been recently reported in diabetic mice during

inflammation [35,36]. The absence of increase of plasma IL-6

48 hours after the last exposure to DEP in association with the

increase of CRP may appear contradictory given the requirement

for IL-6 to induce CRP expression [37]. This, however, does not

exclude the release of IL-6 at earlier time point, and suggests that

the kinetic of release of these two inflammatory markers is different

at least 48 hours after the last exposure to DEP. Additional studies

are required to clarify this point. Our findings are in line with

human studies that found that risk of cardiovascular events,

including myocardial infarction is associated with increased blood

levels of inflammatory cytokines such as TNF-a and its receptors,

adhesion molecules, and CRP [30,38,39].

We have recently demonstrated that single i.t. exposure to DEP

(30 mg/mouse) in healthy mice caused a decrease in SBP at 4 and

18 h post exposure [8]. This effect may be due to the dose of

particles administered in this study causing cardiac contractile

dysfunction [40]. Here, we show that lower doses of DEP (15 mg/

Figure 5. Systolic blood pressure, after repeated intratracheal
instillation of saline or diesel exhaust particles (DEP, 15 mg/
animal) with or without curcumin pretreatment. Data are
mean6SEM (n = 8 in each group). Statistical analysis by one-way
analysis of variance (ANOVA), followed by Bonferroni multiple-range
tests.
doi:10.1371/journal.pone.0039554.g005

Figure 6. Circulating platelets numbers (A) and occlusion time
in pial arterioles (B), after repeated intratracheal instillation of
saline or diesel exhaust particles (DEP, 15 mg/animal) with or
without curcumin pretreatment. Data are mean6SEM (n = 8 in each
group). Statistical analysis by one-way analysis of variance (ANOVA),
followed by Bonferroni multiple-range tests.
doi:10.1371/journal.pone.0039554.g006
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mouse) given recurrently every 2nd day for 6 days lead to an

increase of SBP which was significant 48 h after the last exposure.

A significant increase in SBP was even observed 48 h after the 2nd

and 3rd exposure to DEP (data not shown). Most of the studies

demonstrated that BP increases only a few days (lags 2 to 5) after

an elevation in ambient PM2.5 levels and/or following a longer

duration (2 to 30 days) of exposure [40]. Our observed increase of

SBP could be related to the increase TNFa and CRP leading

endothelial and/or smooth muscle dysfunction. Indeed, prolonged

PM2.5 exposures have proven capable of sensitizing the vascula-

ture to a variety of vasoactive mediators thus tipping vasomotor

balance towards vasoconstriction [40]. Our results are in

agreement with earlier findings which reported that prolonged

exposures to particulate air pollution caused an inflammatory

response (release of cytokines) within the systemic circulation.

Markers of oxidative stress were also increased [40,41]. These

responses probably played a causal role in the observed

impairment in endothelial cell function and vasomotor balance

[40,41]. Further studies have substantiated that PM2.5 can induce

arterial vascular dysfunction likely via systemic inflammation/

oxidative stress-dependent pathways [40,41].

In the present study, we have assessed the effect of DEP on

coagulation events by measuring a set of indices, i.e. thrombosis

assessment in pial arterioles in vivo, platelet numbers and

measurement of circulating PAI-1, soluble vWF and D-dimer.

Our data show that repeated exposure to DEP cause thrombotic

events in pial arterioles and a decrease of platelet numbers

suggestive of platelet aggregation that occurred in vivo. A decrease

of platelet number after exposure to particles has been reported

both in mice [7] and clinical studies [42]. As for SBP, this observed

prothrombotic effects can be ascribed the release of TNFa and

CRP. A positive correlation of CRP and coronary artery disease,

which could be explained by the atherogenic effects of continuing

inflammation has been previously described [43]. An association

between minor but persistent elevation of serum CRP concentra-

tion and future major cardiovascular events has also been shown

[44]. Elevated concentrations of proinflammatory cytokines such

as TNFa, and CRP play a significant role in the genesis of

atherosclerosis and in plaque instability [43]. We found a

significant increase of circulating PAI-1 following repeated

exposure to DEP. Raised concentrations of circulating PAI-1

have been recognized as an independent risk factor for the

development of ischemic cardiovascular events and have been

associated with inflammation and atherosclerosis [45,46]. A recent

study reported an increase in PAI-1 mRNA and protein

concentrations in lung and adipose tissue of mice treated with

concentrated ambient particulate matter or PM [29]. While the

concentrations of soluble vWF were not affected by repeated

exposure to DEP, plasma concentration of D-dimer, the primary

degradation product of cross-linked fibrin, was significantly

increased. This effect has, to the best of our knowledge, not been

reported before. Plasma concentrations of D-dimer have been

found to be significantly raised in several acute thrombotic

disorders [47,48]. There is a growing evidence that there may be

an association between elevated concentrations of D-dimer and

increased risk of future myocardial infarction [47,48]. However,

only few epidemiological studies have studied the association

between particulate air pollution and D-dimer concentrations

[39,49]. The results reported did not show a significant correlation

between concentration of PM and those of D-dimer [39,49].

Figure 7. Plasma concentrations of D-dimer (A), plasminogen
activator inhibitor 1 (PAI-1, B) and von Willebrand factor (vWF,
C), after repeated intratracheal instillation of saline or diesel
exhaust particles (DEP, 15 mg/animal) with or without curcumin

pretreatment. Data are mean06SEM (n = 8 in each group). Statistical
analysis by one-way analysis of variance (ANOVA), followed by
Bonferroni multiple-range tests.
doi:10.1371/journal.pone.0039554.g007
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Additional experimental, clinical and epidemiological studies are

needed to clarify this point.

To our knowledge, no study, to date, has addressed the effect of

curcumin on the cardiovascular and pulmonary effects following

DEP exposure. Because of the observed inflammatory reaction

caused by DEP, mice were pretreated with curcumin. The latter is

reported to possess a numerous of beneficial activities, such as

antitumor, antioxidant, and antiinflammatory activities [9]. It has

been shown to interfere with the activities of NF-kB, cytochrome

P450, and b amyloid accumulation, production of inflammatory

cytokines, and the activity of p300 [18,50]. Human studies

indicate that curcumin is tolerated in large oral doses without

apparent toxicity [51]. The dose (45 mg/kg) used in the present

study was selected from previously published studies which has

been reported to correct cystic fibrosis defect in mice [18] and to

inhibit tumour growth in a NCI-H460 xenograft mouse model in

vivo [52]. This dose has been reported to correspond, on the basis

of mg/kg scaling, to doses of commercially available curcumin

products that are routinely consumed [18]. Our data show that

pretreatment with curcumin prevented the influx of inflammatory

cell in the BAL fluid, and the increase of airway resistance caused

by repeated exposure to DEP. Interestingly, the concentration of

TNFa in BAL returned to control level suggesting a pivotal role of

this proinflammatory cytokine in the observed respiratory levels.

Similarly, curcumin pretreatment suppressed the DEP-induced

elevation of TNFa and CRP in plasma confirming its potent

inflammatory effects. Earlier studies showed that curcumin inhibits

TNFa-dependent NFkB activation and blocks the TNF a
mediated downregulation of PPAR c in mesangial cells [53].

Besides inhibiting systemic inflammation, curcumin pretreatment

potently prevented the increase of SBP caused by repeated

exposure to DEP. Curcumin has been reported to prevent cardiac

hypertrophy in salt sensitive Dahl rats by exerting a beneficial

preservation of systolic function [54]. The same authors also

showed that the acetylation of GATA4 that normally accompanies

hypertension was reduced by curcumin [54].

Curcumin pretreatment prevented the increase of PAI-1 and D-

dimer concentrations in plasma, both of which play important

roles in coronary thrombosis and arteriosclerosis [47,48,55]. It has

been reported that TNFa is a strong agonist for PAI-1 expression

and has been found to play an important role in PAI-1 regulation

in a variety of diseases. In a mouse endoxemia model, TNFa has

been found to contribute to the lipopolysaccharide-induced PAI-1

expression [56]. In the obesity-associated elevation of PAI-1,

evidence also points to TNFa as an important regulator of PAI-1

expression in adipose tissue [55]. Likewise, in line with our results,

it has been shown that TNF-alpha, but not IL-6, stimulates PAI-1

expression in human subcutaneous adipose tissue [57,58]. Our

finding corroborates the recent study of Budinger et al. [29] which

demonstrated that ambient PM-induced upregulation of PAI-1,

disappeared upon treatment of mice with a TNFa inhibitor [29].

This confirms aupivotal role of TNFa in the observed effects. The

effect of curcumin on pial arteriolar thrombosis, a model that

depends mainly on platelet activation and aggregation [7], showed

a partial but significant inhibition. Likewise, the decrease of

platelet numbers caused by repeated exposure to DEP was

partially prevented by curcumin. The partial inhibition of

curcumin on DEP-induced thrombosis in pial arterioles and

decrease in circulating platelet numbers suggest that DEP also

exerts a direct effect on platelet aggregation. We and others have

previously showed that DEP cause platelet aggregation ex-vivo and

in vitro [6,8,59].

In conclusion, this work has shown that repeated exposure to

DEP induced airway inflammation and hyperreactivity, systemic

inflammation, increased SBP, and accelerated coagulation. TNF a
production was increased both in BAL and plasma. Pretreatment

with curcumin significantly inhibited the release of TNF a and

prevented the respiratory and cardiovascular effects. Further

studies using TNFa knockout mice are needed to confirm the

central role of TNFa in the observed cardiopulmonary effects.

Our findings indicate that curcumin is a potent anti-inflammatory

agent that protects against the cardiopulmonary effects of DEP.

Our data are in line with previous studies which reported the

beneficial anti-inflammatory effect of curcumin on lipopolysac-

charides-induced lung inflammation and edema [60], cigarette

smoke-induced pulmonary inflammation and emphysema [13] or

bleomycin-induced pulmonary fibrosis [12]. Our findings may

have therapeutic implications for the potential use of curcumin in

prevention of the pulmonary and cardiovascular effects of

pollutant particles.
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