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Abstract

The concentration of airborne particulate matters (PM) in the environment affects daily hospital
admissions for several pulmonary disorders such as bronchial asthma, acute and chronic bronchiolitis,
and pneumonia. Especially, PM with a mass median aerodynamic diameter < or 2.5 um (PM.;) is rec-
ognized to be more closely associated with respiratory effects and subsequent mortality than that
with a mass median aerodynamic diameter < or 10 um (PM,,). However, there is insufficient biological
evidence underlying mechanisms to support these epidemiological investigations. In this review, we
introduce the enhancing effects of PM, particularly, diesel exhaust particles as the main constituents
of PM, on several pulmonary diseases, showing our in vivo evidence. Further, I also focus on the ef-
fects of exposure to nanoparticles/nano-materials, particles/materials less than 100 nm in mass me-
dian aerodynamic diameter, on the respiratory tract and disorders.
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I . Introduction aspect of the epidemiologic data is that the

Epidemiological studies have demonstrated a
correlation between exposure to air pollutant
particles at the concentrations currently found
in major metropolitan areas and mortality and
morbidity"’. The concentration of particulate
matter (PM) with a mass median aerodynamic
diameter (a density-dependent unit of measure
used to describe the diameter of particles) < or
= 2.5um (PM,;s) is more closely associated with
both acute and chronic respiratory effects and
consequent mortality than larger particles of <

or = 10pum (PM,) ¥. Moreover, one intriguing

health effects of PMs are primarily seen in
subjects with predisposing factors, including
pneumonia, asthma, chronic obstructive pul-
monary disease, compromised immune Sys-
tems, and an age over 65 years old (called as
“sensitive subjects”) ¥. Consistent with epide-
miological studies, we have experimentally
demonstrated that diesel exhaust particles
(DEP), major contributors to environmental
PM,;, exhibit respiratory toxicity in the pres-
ence or absence of predisposing factors in

UZUO4 ~10) .
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To date, additionally, nanoparticles, particles
less than 100 nm in mass median aerodynamic
diameter, have been found to be increasing in
ambient air'”. Recent measurements indicate
that nanoparticle numbers in ambient air
range from 2X 10" to 2X10°/cm?®, with mass
concentrations of more than 50 ¢ g/m?® near

1219 Further, nanotechnology

major highways
1s now advancing at an incredible pace, such
that it is has created an alternative industrial
revolution over the past few years™ .
Consistent with this, the use of engineered
nanomaterials has been rapidly increasing in
commercial applications. As these materials
have become more widespread, many questions
have arisen regarding the effects they may
have on the environment as alternative
inhalable toxicants. Due to their size,
nanoparticles/nanomaterials have been impli-
cated in cardiopulmonary system effects" .
Compared to larger particles, nanoparticles
have a higher deposition rate in the peripherial
lung, they can cross the pulmonary epithelium
and reach the interstitium'®, and furthermore,
may be systemically distributed in the
bloodstream' . Nanoparticles have an en-
hanced capacity to produce reactive oxygen
species, and, consequently, exhibit widespread

9% In consistent with these in vitro

toxicity
and in vivo reports, nanoparticle exposure also
reportedly influences cardiopulmonary sys-
tems in the presence or absence of predisposing

diseases in human studies™ ™.

. Effects of airborne particles on acute
lung inflammation induced by bacterial
endotoxin

A glycolipid of gram-negative bacteria,
known as endotoxin or lipopolysaccharide

(LPS), stimulates host cells to elicit various

immune reactions™. In animal models, the

intratracheal administration of LPS causes
lung cytokine production, neutrophil recruit-
ment, and lung injury”. LPS is found in the
bronchoalveolar lavage (BAL) fluid of patients
with pneumonia® and acute respiratory dis-
tress syndrome™, which sometimes results in a
fatal outcome. In addition, LPS is a significant
constituent of many air pollutant particles and
has, accordingly, been implicated in PM
effects”™. In accordance with the close links
among LPS, lung inflammation, and PM, we
previously demonstrated that pulmonary expo-
sure to DEP and their components facilitates
lung inflammation induced by LPS and subse-
quent systemic inflammation with coagulatory
impairment® **,

In our previous experiment, DEP were ex-
tracted with dichloromethane (CH,Cl,) and the
extracts were prepared as DEP derived organic
chemicals (DEP-OC: Ref 28). On the other
hand, residual particles of DEP were prepared
as washed DEP. Then, male ICR mice were di-
vided into six experimental groups, which re-
ceived vehicle (control), washed DEP, DEP-OC,
LPS, washed DEP + LPS, or DEP-OC + LPS.
All were inoculated intratracheally. As a
result, histopathologically, the lung specimens
showed that LPS induced the moderate
infiltration of neutrophils. The combined ex-
posure to washed DEP and LPS markedly en-
hanced neutrophil sequestration, interstitial
edema, and alveolar hemorrhage as compared
with LPS exposure alone. The histological
changes caused by DEP-OC + LPS exposure
were less prominent than those by washed
DEP + LPS exposure. Further, LPS exposure
significantly increased the protein concentra-
tions of interleukin (IL)-18, macrophage in-
flammatory protein (MIP)-1a, macrophage
(MCP)-1, and

keratinocyte-derived chemoattractant (KC) as

chemoattractant  protein
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compared with vehicle exposure. Combined ex-
posure to washed DEP and LPS resulted in fur-
ther, significant increases as compared with
LPS exposure alone. The results of these
proinflammatory molecules were concomitant
with those in neutrophilic inflammation with
pulmonary edema. DEP-OC + LPS exposure
did not increase the concentrations of these
proinflammatory molecules compared with
LPS exposure. Also, exposure to LPS signifi-
cantly increased gene expression for IL-18 and
MIP-1 @« compared with vehicle exposure.
Exposure to washed DEP + LPS further in-
creased the mRNA expression for these
proinflammatory molecules as compared to
LPS exposure, whereas DEP-OC + LPS expo-
sure did not. Moreover, LPS exposure elevated
the mRNA expression for toll-like receptor
(TLR)-2 as compared with vehicle exposure.
The expression of TLR-2 was more prominent
in the DEP-OC + LPS and washed DEP + LPS
groups than in the LPS group. The expression
was most prominent in the washed DEP + LPS
group. Exposure to DEP-OC, washed DEP,
LPS, or DEP-OC + LPS slightly increased
TLR4 expression compared with vehicle expo-
sure. A larger rise in TLR4 expression was in-
duced in the washed DEP + LPS group than in
the LPS group”. Furthermore in another ex-
periment, the degree of systemic inflammation
with coagulatory disturbance accompanied by
LPS-related lung injury, a causal risk factor
for cardiac attack™, was evidenced to show a
similar trend to the lung inflammatory re-
sponse as described above?”.

We subsequently examined the effects of pul-
monary exposure to nanoparticles (using an
intratracheal instillation technique) on lung
inflammation related to LPS in mice. Vehicle,
two sizes (14 and 56 nm) of carbon black

nanoparticles, LPS, or LPS + nanoparticles was

administered intratracheally, and parameters
for lung inflammation and coagulation were
evaluated. Nanoparticles alone induced slight
lung inflammation and significant pulmonary
edema as compared with the vehicle. Fourteen-
nanometer nanoparticles intensively aggra-
vated LPS-elicited lung inflammation and pul-
monary edema, whereas 56 nm nanoparticles
did not show apparent effects, which was con-
comitant with the enhanced lung expression of
1L-18, MIP-1a, MCP-1, MIP-2, and KC regard-
ing the overall trend”. Immunoreactivity for
8-hydroxyguanosine (8-OHdG), a proper
marker for oxidative stress, was more Intense
in the lung of the LPS + 14 nm nanoparticle
group than that in the LPS group. The circula-
tory fibrinogen level was higher in the LPS +
14 nm nanoparticle group than in the LPS
group. Taken together, nanoparticles can ag-
gravate lung inflammation related to bacterial
endotoxin, which 1s more prominent with
smaller particles. The enhancement may be
mediated, at least partly, via the increased local
expression of proinflammatory cytokines and
oxidative stress. Furthermore, nanoparticles
can promote coagulatory disturbance accompa-
nied by lung inflammation®™. Thereafter, we
found that latex nanoparticles” , TiO2

¥ have

nanoparticles”, and carbon nanotubes
similar effects on the lung pathophysiology.
Taken together, these studies suggest that
airborne particles such as DEP and several
nanoparticles/nanomaterials can synergisti-
cally exacerbate infectious lung inflammation
(Fig.) with partially systemic inflammation
with coagulatory impairment. Furthermore,
the particulate components and sizes of such
particles may be responsible for these aggrava-

tions.
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Fig. Proposed schema for facilitating effects of airborne particles on predisposing lung diseases.

IT. Effects of airborne particles on allergic
asthma

Bronchial asthma has been recognized as
chronic airway inflammation that is character-
ized by an increase in the number of activated
lymphocytes and eosinophils.

DEP or organic chemicals in DEP are known
to aggravate allergic responses. Organic
chemicals in DEP enhance the production of an-

5 and in vivo® .

tigen-specific IgE in vitro
Pyrene, a major organic compound in DEP, af-
fects the production of IL-4 in vitro™. The
intranasal injection of organic chemicals in
DEP into mice reportedly induced the recruit-
ment of eosinophils and increased the protein
level of IL-5 in BAL fluid®. In contrast, there

are few reports on the effects of DEP after the

extraction of organic chemicals on allergic air-
way inflammation. We previously reported
that intratracheal challenge of DEP with
ovalbumin (OVA: an established model aller-
gen) enhances OVA-related eosinophilic in-
flammation, mucus  secretion, cytokine
expression, and Ig responses”’.

Also, we investigated the effects of DEP com-
ponents on allergic airway inflammation.
Male ICR mice were divided into eight experi-
mental groups, which received: vehicle (con-
trol), washed DEP, DEP-OC, whole DEP, OVA,
washed DEP + OVA, DEP-OC + OV A, or whole
DEP + OVA. All groups received OV A or vehi-
cle every two weeks for six weeks, and DEP
components or vehicle once a week for six

weeks. All were inoculated intratracheally.
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The lung specimens showed that the infiltra-

tion  of neutrophils

PMNs),
mononuclear cells, and goblet cell proliferation
were slight in the DEP-OC, washed DEP, whole
DEP, and OVA groups. Exposure to OVA +
DEP-OC or OVA + whole DEP induced a more
prominent infiltration by PMNs than that to

eosinophils  and

(polymorphonuclear  leukocytes:

OVA alone. The infiltration was most promi-
nent on exposure to OVA + whole DEP.
Exposure to DEP components + OV A enhanced
the infiltration of mononuclear cells around the
airways as compared with vehicle exposure.
Exposure to DEP-OC + OV A and whole DEP +
OVA led to marked increases in the number of
mononuclear cells compared with OVA expo-
sure alone. The expression of Thl and Th2
cytokines in the lung tissue supernatants dem-
onstrated that combined pulmonary exposure
to DEP-OC + OVA significantly increased the
protein level of IL-5 compared with OV A expo-
sure alone. Combined exposure to whole DEP
+ OVA resulted in a further, significant in-
crease in IL-5. Combined exposure to whole
DEP + OVA resulted in a marked elevation of
IL-13. The expression of interferon (IFN)-y, a
Thl-type cytokine, was significantly greater in
the washed DEP + OVA group than in the
OVA group. The protein level of chemokine (c-
¢ motif) ligand 11 (CCL11) in the OVA group
was significantly higher than in the vehicle
group. The DEP-OC + OVA group showed a
further, significant increase in CCL11 as com-
pared with the OVA group. Furthermore,
combined exposure to whole DEP + OVA sig-
nificantly enhanced the expression of CCLI11.
The expression of MIP-1a was significantly
higher in the whole DEP group than in the ve-
hicle group. Exposure to whole DEP + OVA
lead to a further, significant increase in MIP-1

a as compared with exposure to vehicle, OVA,

washed DEP + OVA, or DEP-OC + OVA.
Further, exposure to DEP-OC significantly in-
creased the production of OV A-specific IgG1 as
compared with vehicle exposure alone.
Combined exposure to whole DEP + OVA
markedly enhanced OV A-specific IgG1?.
Carbon black has been demonstrated to en-
hance the proliferation of antibody-forming
cells and both IgE and IgG levels™*’. Ultrafine
particles (PM and carbon black) reportedly
aggravate allergic airway inflammation in

21 However, no studies have described

vIvo
the size of particles they used. We investigated
the effects of nanoparticles with a diameter of
14 or 56 nm on allergic airway inflammation.
ICR mice were divided into six experimental
groups. Vehicle, two sizes of carbon
nanoparticles, OVA, and OVA + nanoparticles
were administered intratracheally. The cellu-
lar profile of BAL fluid, lung histology, expres-
sion of cytokines, chemokines, 8-OHdG, and
immunoglobulin production were studied.
Nanoparticles with a diameter of 14 or 56 nm
aggravated allergic airway inflammation,
characterized by the infiltration of eosinophils,
neutrophils, and mononuclear cells, and by an
increase in the number of goblet cells in the
bronchial epithelium. Nanoparticles with aller-
gen increased protein levels of IL-5, IL-6, and
1L-13, CCL11, MCP-1, and regulated on activa-
tion and normal T cells expressed and secreted
(RANTES) in the lung as compared with anti-
gen alone. The formation of 8-OHdG was mod-
erately induced by nanoparticles or allergen
alone, and was markedly enhanced by allergen
plus  nanoparticles as compared with
nanoparticles or allergen alone. The aggrava-
tion was more prominent with 14- compared to
56 nm nanoparticles in the context of the over-
all trend. Particles with a diameter of 14 nm

exhibited adjuvant activity for total IgE and al-
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lergen-specific IgG and IgE. Nanoparticles can
aggravate allergic airway inflammation and
immunoglobulin production, which is more
prominent with smaller particles. The en-
hancement may be mediated, at least partly, by
the increased local expression of IL-5 and
CCL11, and also by the modulated expression
of IL-13, RANTES, MCP-1, and IL-6" .
Interestingly, lung physiology test yielded
slightly different results in which 56-nm car-
bon nanoparticles predominantly aggravated
alrway hyperresponsiveness induced by OVA
exposure”. Furthermore, we additionally dem-
onstrated that carbon nanotubes promote al-
lergic airway inflammation in mice"".

Taken together, these studies suggest that
environmental particles such as DEP and sev-
eral types of nanoparticle/nanomaterial can
synergistically exacerbate allergic airway in-
flammation (Fig.). Furthermore, organic
chemical components in such particles may be
responsible for these aggravations. Also,
nano-leveled particles exacerbate the pathol-
ogy, and this exacerbation may be worse in the
presence of smaller compared to larger parti-

cles.

IV. Model’'s relevance to the actual situa-
tion and future perspectives

In reality, however, we inhale suspended
DEP and/or nanoparticles in ambient air, but
do not intratracheally receive DEP and/or
nanoparticles  suspensions in  aliquots.
Nevertheless, assessment of the impact of inha-
lation exposure to diesel engine-derived
nanoparticles, a more realistic exposure, on the
lung inflammation model has never been con-
ducted. Furthermore, as far as we know, no
study has examined the dose-dependent effects
of inhaled nanoparticles on predisposed sub-

jects. In our previous study, nanoparticle

inhalation exaggerated lung inflammation in-
duced by LPS. Enhancement was the most
prominent with a particulate concentration of
approximately 169, followed by 36, and then 15
ug/m?, suggesting that the particulate concen-
tration 1s 1important for enhancement.
Moreover, 1t is surprising that the concentra-
tions that showed prominent enhancing effects
in the present study (169 and 36 #g/m?) are
comparable to or not much higher than those
previously reported to be measured in places
near major highways which convey large num-
bers of diesel-engine automobiles (50 ug/m? as
PM,;s concentration; Zhu et al.,””; Timonen et
al.,'). Thus, it is possible that inhaled
nanoparticles also exacerbated lung inflamma-
tion induced by LPS in a concentration-
dependent manner. Nevertheless, the effects of
nanoparticles generated by diesel engines in-
struments on several other cardiopulmonary
conditions, especially in sensitive populations,
should be elucidated in the future.

References

1) Samet JM, Dominici F, et al: Fine particu-
late air pollution and mortality in 20 U.S.
cities, 1987-1994. N Engl J Med 343: 1742~
1749, 2000

2) Peters A, Wichmann HE, et al:
Respiratory effects are associated with the
number of ultrafine particles. Am J Respir
Crit Care Med 155: 1376-1383, 1997

3) Dockery DW, Pope CA, et al: An associa-
tion between air pollution and mortality in
six U.S. cities. N Engl J Med 329: 1753~
1759, 1993

4) Inoue KI, Takano H, et al: Pulmonary ex-
posure to diesel exhaust particles induces
airway inflammation and cytokine expres-
sion in NC/Nga mice. Arch Toxicol 79:
595-599, 2005



20

5)

6)

7)

8)

9)

10)

11)

12)

Jpn J Clin Ecol (Vol.19 No.1 2010)

Ichinose T, Furuyama A, et al: Biological
effects of diesel exhaust particles (DEP).
II. Acute toxicity of DEP introduced into

lung by intratracheal instillation.
Toxicology 99: 153-167, 1995
Ichinose T, Yajima Y, et al: Lung

carcinogenesis and formation of 8-
hydroxy-deoxyguanosine in mice by diesel
exhaust particles. Carcinogenesis 18: 185—
192, 1997

Takano H, Yoshikawa T, et al: Diesel ex-
haust particles enhance antigen-induced
airway inflammation and local cytokine
expression in mice. Am J Respir Crit Care
Med 156: 36-42, 1997

Takano H, Yanagisawa R, et al: Diesel ex-
haust particles enhance lung injury related
to bacterial endotoxin through expression
of proinflammatory cytokines,
chemokines, and intercellular adhesion
molecule-1. Am J Respir Crit Care Med
165: 1329-1335, 2002

Inoue K, Takano H, et al: Pulmonary expo-
sure to diesel exhaust particles enhances
coagulatory disturbance with endothelial
damage and systemic inflammation related
to lung inflammation. Exp Biol Med
(Maywood) 231: 1626-1632, 2006

Inoue K, Koike E, et al: Effects of diesel ex-
haust particles on antigen-presenting cells
and antigen-specific Th immunity in mice.
Exp Biol Med (Maywood) 234: 200-209,
2009

Cyrys J, Stolzel M, et al: Elemental compo-
sition and sources of fine and ultrafine am-
bient particles in Erfurt, Germany. Sci
Total Environ 305: 143-156, 2003

Timonen KL, Hoek G, et al: Daily variation
in fine and ultrafine particulate air pollu-
tion and urinary concentrations of lung

Clara cell protein CC16. Occup Environ

13)

14)

15)

16)

17)

18)

19)

20)

21)

22)

Med 61: 908-914, 2004

Zhu Y, Hinds WC, et al: Concentration and
size distribution of ultrafine particles near
a major highway. J Air Waste Manag
Assoc 52: 1032-1042, 2002
Service RF:
Nanotechnology grows up. Science 304:
1732-1734, 2004

Utell MJ, Frampton MW: Acute health ef-
fects of ambient air pollution: the ultrafine
particle hypothesis. J Aerosol Med 13: 355—
359, 2000

Oberdorster G: Pulmonary effects of in-

Nanotoxicology.

haled ultrafine particles. Int Arch Occup
Environ Health 74: 1-8, 2001

Seaton A, MacNee W, et al: Particulate air
pollution and acute health effects. Lancet
345: 176-178, 1995

Brown DM, Wilson MR,
dependent proinflammatory

et al: Size-
effects of
ultrafine polystyrene particles: a role for
surface area and oxidative stress in the en-
hanced activity of ultrafines. Toxicol Appl
Pharmacol 175: 191-199, 2001

Dick CA, Brown DM, et al: The role of free
radicals in the toxic and inflammatory ef-
fects of four different ultrafine particle
types. Inhal Toxicol 15: 39-52, 2003

Li N, Sioutas C, et al: Ultrafine particulate
pollutants induce oxidative stress and
mitochondrial damage. Environ Health
Perspect 111: 455-460, 2003

Gong H, Jr., Linn WS, et al: Exposures of
healthy and asthmatic volunteers to con-
centrated ambient ultrafine particles in
Los Angeles. Inhal Toxicol 20: 533-545,
2008

Frampton MW, Stewart JC,

Inhalation of ultrafine particles alters

et al:

blood leukocyte expression of adhesion

molecules in humans. Environ Health



23)

24)

25)

26)

27)

28)

29)

30)

Airborne particles on pulmonary diseases 21

Perspect 114: 51-58, 2006

Vincenti MP, Burrell TA, et al: Regulation
of NF-kappa B
effect of
lipopolysaccharide and phorbol ester. J
Cell Physiol 150: 204-213, 1992

Ulich TR, Watson LR, The

intratracheal administration of endotoxin

activity In murine

macrophages: bacterial

et al:

and cytokines. I. Characterization of LPS-
induced IL-1 and TNF mRNA expression
and the LPS-, IL-1-, and TNF-induced in-
flammatory infiltrate. Am J Pathol 138:
1485-1496, 1991

Flanagan PG, Jackson SK, et al: Diagnosis
of gram negative, ventilator associated
pneumonia by assaying endotoxin in bron-
chial lavage fluid. J Clin Pathol 54: 107~
110, 2001
Martin
Relationship

TR, Rubenfeld GD, et al:
CD14,

lipopolysaccharide binding protein, and

between  soluble
the alveolar inflammatory response in pa-
tients with acute respiratory distress syn-
drome. Am J Respir Crit Care Med 155:
937-944, 1997

Becker S, Fenton MJ, et al: Involvement of
microbial components and toll-like recep-
tors 2 and 4 in cytokine responses to air
pollution particles. Am J Respir Cell Mol
Biol 27: 611-618, 2002

R, Takano H, et al:
Enhancement of acute lung injury related

Yanagisawa

to bacterial endotoxin by components of
diesel exhaust particles. Thorax 58: 605-
612, 2003

Husmann M, Barton M: Therapeutical po-
tential of direct thrombin inhibitors for
atherosclerotic vascular disease. Expert
Opin Investig Drugs 16: 563-567, 2007
Inoue K, Takano H, et al: Effects of airway
lung

exposure to nanoparticles on

31

32)

33)

34)

35)

36)

37)

38)

bacterial
Health

inflammation  induced by

endotoxin 1n mice. Environ

Perspect 114: 1325-1330, 2006

Inoue K, Takano H, et al: Size effects of
latex nanomaterials on lung inflammation
in mice. Toxicol Appl Pharmacol 234: 68—
76, 2009

Inoue K, Takano H, et al: Size effects of
nanomaterials on lung inflammation and
disturbance. Int J

197-206,

coagulatory
Immunopathol Pharmacol 21:
2008

Inoue K, Takano H, et al: Effects of pulmo-
nary exposure to carbon nanotubes on
lung and systemic inflammation with

coagulatory  disturbance induced by
lipopolysaccharide in mice. Exp Biol Med
(Maywood) 233: 1583-1590, 2008
Takenaka H, Zhang K, et al: Enhanced
human IgE production results from expo-
sure to the aromatic hydrocarbons from
diesel exhaust: direct effects on B-cell IgE
production. J Allergy Clin Immunol 95:
103-115, 1995

Tsien A, Diaz-Sanchez D, et al: The organic
component of diesel exhaust particles and
phenanthrene, a major polyaromatic hy-
drocarbon constituent, enhances Igk pro-
EBV-
transformed human B cells in vitro.
Toxicol Appl Pharmacol 142: 256-263, 1997
Heo Y, Saxon A, et al: Effect of diesel ex-

haust particles and their components on

duction by IgE-secreting

the allergen-specific Igk and IgG1 response
in mice. Toxicology 159: 143-158, 2001
Bommel H, Li-Weber M, et al: The environ-
mental pollutant pyrene induces the pro-
duction of IL-4. J Allergy Clin Immunol
105: 796-802, 2000

Fernvik E, Scharnweber T, et al: Effects of

fractions of traffic particulate matter on



22

39)

40)

41)

42)

43)

Jpn J Clin Ecol (Vol.19 No.1 2010)

TH2-cytokines, IgE levels, and bronchial
hyperresponsiveness in mice. J Toxicol
Environ Health A 65: 1025-1045, 2002

Takano H, et al:

Components of diesel exhaust particles dif-

Yanagisawa R,

ferentially affect Thl/Th2 response in a
murine model of allergic airway inflamma-
tion. Clin Exp Allergy 36: 386-395, 2006
Lovik M, Hogseth AK, et al: Diesel exhaust
particles and carbon black have adjuvant
activity on the local lymph node response
and systemic IgE production to ovalbumin.
Toxicology 121: 165178, 1997

van Zijverden M, van der Pijl A, et al:
Diesel exhaust, carbon black, and silica
particles display distinct Th1/Th2 modu-
lating activity. Toxicol Appl Pharmacol
168: 131-139, 2000
Last JA, Ward R,

induced airway inflammation and fibrosis

et al: Ovalbumin-

in mice also exposed to ultrafine particles.
Inhal Toxicol 16: 93-102, 2004
Al-Humadi NH, Siegel PD, et al: The effect

44)

45)

46)

47)

of diesel exhaust particles (DEP) and car-
bon black (CB) on thiol changes in pulmo-
nary ovalbumin allergic sensitized Brown
Norway rats. Exp Lung Res 28: 333-349,
2002

Inoue K, Takano H, et al: Effects of nano
particles on antigen-related airway inflam-
mation in mice. Respir Res 6: 106, 2005
Inoue K, Takano H, Effects of

nanoparticles on lung physiology in the

et al:

presence or absence of antigen. Int J
Immunopathol Pharmacol 20: 737-744,
2007

Inoue K, Koike E, et al: Effects of multi-
walled carbon nanotubes on a murine aller-
gic airway inflammation model. Toxicol
Appl Pharmacol 237: 306-316, 2009

Inoue KI, Yanagisawa R, et al: Repeated
pulmonary exposure to single-walled car-
bon nanotubes exacerbates allergic inflam-
mation of the airway: Possible role of
oxidative stress. Free Radic Biol Med 48:

924-934, 2010



