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Chronic second-hand smoke (SHS) exposure comprises the main risk

factor for nonsmokers to develop chronic obstructive pulmonary

disease (COPD). However, the mechanisms behind the chronic in-

flammationand lungdestruction remain incompletely understood. In

this study, we show that chronic exposure of Sprague-Dawley rats to

SHS results in a significant increase of proinflammatory cytokine IL-18

and chemokine (C-C motif) ligand 5 in the bronchoalveolar lavage

fluid (BALF) and a significant decrease of vascular endothelial growth

factor (VEGF) in the lung tissue. SHS exposure resulted in progressive

alveolar airspace enlargement, cell death, pulmonary vessel loss,

vessel muscularization, collagen deposition, and right ventricular

hypertrophy. Alveolar macrophages displayed a foamy phenotype

and a decreased expression of the natural inhibitor of IL-18, namely,

IL-18 binding protein (IL-18BP). Moreover, IL-18 down-regulated the

expression of VEGF receptor–1 and VEGFR receptor–2, and induced

apoptosis inpulmonarymicrovascular endothelial cells in vitro.Wealso

observed a trend toward increased concentrations of IL-18 in the BALF

of patients with COPD. Our findings suggest that IL-18–mediated en-

dothelial cell death may contribute to vascular destruction and disap-

pearance in SHS-induced COPD. Moreover, IL-18 and IL-18BP are

potential new targets for therapeutics.
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Cigarette smoke exposure is the key initiator of chronic inflamma-
tion in the lung and a major environmental risk factor in the de-
velopment of chronic obstructive pulmonary disease (COPD) (1,
2). Although corticosteroids, bronchodilators, and antibiotics re-
lieve the symptoms of COPD, the most effective treatments ap-
pear to involve smoking cessation and oxygen supplementation

(3). Exposure to second-hand smoke (SHS) comprises the main
risk factor for nonsmokers to develop COPD/emphysema in the
Western world, whereas worldwide, exposure to biomass smoke is
the main cause of COPD in nonsmokers (3). Whereas smokers
inhale first-hand smoke directly, SHS is passively inhaled by
others and is referred to as environmental tobacco smoke. The
two types of smoke have basically the same composition, except
that in SHS, toxic products are more concentrated and potentially
more hazardous to human health. A recent study showed that in
2004, 0.1% of worldwide mortality was attributable to SHS (4).
Even advanced ventilation systems do not eliminate the health
hazards in the smoking environment. The mechanism by which
SHS or first-hand smoke causes the development of COPD/
emphysema remains unknown.

Tobacco smoke affects both innate and adaptive immunity (5),
and it has long been proposed that human diseases associated
with cigarette smoke may reflect an effect on the immune system
(5). Here, we hypothesize that long-term SHS exposure leads to
an impairment of immune responses, which in turn leads to the
development of COPD/emphysema. We tested our hypothe-
sis in an animal model by exposing Sprague-Dawley (SD) rats
to SHS. Our data demonstrate that long-term (2–4 months) SHS
exposure leads to significant lung destruction, cell death, and
the development of emphysema, and that proinflammatory cy-
tokine IL-18 plays a crucial role in the disappearance of the
vasculature.

MATERIALS AND METHODS

Animals and SHS Exposure

Animal studies were approved by the InstitutionalAnimal Care andUse
Committee at National JewishHealth (Denver, CO). Six-week-oldmale
SD rats (n ¼ 8/group) (Harlan, Indianapolis, IN) were exposed to SHS
6 hours per day, with a 2-hour resting period. A mixture of sidestream
smoke (89%) and mainstream smoke (11%) was produced in a smoking
machine (Teague Enterprises, Davis, CA) by smoking five Kentucky
1R3F reference cigarettes (Tobacco Research Institute, University of
Kentucky, Lexington, KY) every 9 minutes. The control group was
kept in a filtered room-air (RA) environment. The total particulate
matter (TPM) concentrations in the chamber were 100–120 mg/m3.

IL-18 knockout (KO) mice (C57BL/6 background) and wild-type
C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor,
ME). Heat-inactivated Staphylococcus epidermidis (100 ml) was in-
stilled intratracheally (6).
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CLINICAL RELEVANCE

Our results highlight an important role for IL-18 in a second
hand smoke–induced lung injury as a contributor to endo-
thelial cell death, leading to the rarefaction of pulmonary
vasculature and emphysema. Targeting IL-18–mediated path-
ways may hold therapeutic potential to treat chronic obstruc-
tive pulmonary disease.
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Tissue Processing and Lung Morphology

The right lungs were ligated and excised for lymphocyte, protein, and
RNA isolation. The left lungs were inflated with 0.5% agarose (7),
and morphological changes were evaluated according to the recom-
mendations for methods of quantification in the American Thoracic
Society guidelines (8, 9). The mean linear intercept (MLI) was deter-
mined using automated image analyzer software (special plug-in for
Image J; National Institutes of Health, Bethesda, MD) (10–12).

Second-Harmonic Generation Microscopy

The autofluorescence of elastin in the lung tissue was visualized by two-
photon excitation (TPE) microscopy, and the autofluorescence of col-
lagen was visualized by second-harmonic generation (SHG)microscopy,
using a Zeiss Axiovert 200 with a 510-Meta confocal module and Coher-
ent Chameleon Ultra II as a laser source (Zeiss, Jena, Germany).

Western Blot Analysis, Quantitative PCR,

Immunohistochemistry, and Cell Death Assay

Western blot analysis and immunohistochemical staining were per-
formed as described elsewhere (13). Apoptosis was determined using
a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
kit (Roche Applied Science, Mannheim, Germany).

RNA was isolated using an Omega Bio-Tek RNA isolation kit (Life
Science Products, Frederick, CO). DNA contamination was eliminated
with a DNase I (Invitrogen, Carlsbad, CA) treatment step. The reverse
transcription was performed using an ABI high-capacity RT kit (Foster
City, CA). Primers were designed for the coding sequences using soft-
ware from Integrated DNA Technologies (Skokie, IL). Relative quan-
titative PCR was performed using a 7300 ABI machine.

Bronchoalveolar Lavage Fluid

Bronchoalveolar lavage fluid (BALF) was obtained by collecting two
3-ml instillations of modified Hanks’ balanced salt solution. BALF cells
underwent Wright-Giemsa staining for morphology.

Cytokine Measurements

Cytokinesweremeasuredusing aLuminexRatCytokineMultiplex-23Bead
ArrayAssay kit on a Luminex 200 instrument (BioRad,Hercules, CA), and
were analyzed with MilliPlex software (Millipore, Billerica, MA). Human
IL-18 was measured by ELISA (MBL International, Woburn, MA).

Cells and Cigarette Smoke Extract Preparation

The rat alveolarmacrophage (rAM) cell line (CRL-2192) was purchased
from the American Type Culture Collection (Manassas, VA).

Rat pulmonary microvascular endothelial cells (RPMVECs) were ob-
tained from the Center of Cell Biology at theUniversity of SouthAlabama
(Mobile, AL).

Cigarette smoke extract (CSE) was prepared as described by Carp
and Janoff (14).

Permeability and Migration Assays

Endothelial monolayer (i.e., RPMVECs) permeability was determined us-
ing an Evans blue assay. The macrophage migration assay was performed
using carboxyfluorescein diacetate succinimidyl ester–labeled rAMs.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (San Diego, CA)
and the Student t test or two-way ANOVA. Correlations were determined
using one-tailed Pearson correlation. P , 0.05 was considered significant.

Detailed methods are provided in the online supplement.

RESULTS

Second-Hand Cigarette Smoke Exposure Leads to Weight

Loss, Emphysema, and Cardiac Hypertrophy

TheTPMconcentrations in the smoking chamberwere 100–120mg/m3,
mimicking TPM concentrations in smoking casinos and smoking

lounges at airports (range, 18.5–205 mg/m3) in North America (15,
16). Compared with filtered RA-exposed control animals (Figure
1A), the exposure to SHS resulted in progressive alveolar airspace
enlargement (after 2 months of exposure, Figure 1B; after 4 months
of exposure, Figure 1C). MLI measurements (Figure 1D) showed
a significant difference between RA-exposed (836 1.3 mm) control
rat lungs and rat lungs 2 months (102 6 1.9 mm) and 4 months
(132 6 2.2 mm) after SHS exposure. The complete measurements
of emphysematous changes are presented in Table E1 in the online
supplement. Right heart hypertrophy was also detectable. The ratio
of right ventricle to left ventricle plus septum was significantly
increased after 2 months (Figure 1E) and 4 months (Figure 1F)
of SHS exposure, indicating the development of mild pulmo-
nary hypertension.

The SD rats showed a significant loss of body weight that was
first recorded after 2 weeks of SHS exposure (Figures 1G–1I).
Reduced body weight is consistent with the significantly re-
duced concentrations of leptin (Figure E1 in the online supple-
ment) in the lung tissue. Moreover, SHS exposure dramatically
changed the rats’ fur color (Figure E2).

SHS Exposure Caused Lung Fibrosis and Cell Death

Imaging of lung sections using SHGwith TPEmicroscopy revealed
fibrotic tissue. The autofluorescent images of RA-exposed (Figure
2A), and SHS-exposed (Figure 2B) rat lung tissue showed a sig-
nificant collagen (red) deposition in SHS-exposed lungs, as quan-
tified in Figure 2C, and less elastic tissue (green).

Cigarette smoke–induced DNA damage was visualized with
TUNEL staining. Compared with RA-exposed rat lungs (Figure
2D), a significantly higher number of TUNEL-positive airway
epithelial and vascular endothelial cells was evident in the lung
tissue after 2 months of SHS exposure (Figure 2E), indicating
cell death. The quantitative analysis of the fluorescent intensity
of TUNEL staining, measured in relative fluorescence units, is
shown in Figure 2F.

Lung Tissue Remodeling and Vascular Endothelial

Growth Factor

There was a progressive decrease in vascular endothelial growth fac-
tor (VEGF) concentrations in the SHS-exposed rat lung tissue (Figure
2G). Compared with RA-exposed rat lungs (Figure 2H), a significant
muscularization of pulmonary blood vessels was detected in rat lungs
after 2 months of SHS exposure (Figure 2I), as shown by immuno-
histochemical analysis. The quantitative analysis of a–smooth muscle
actin staining (Figure 2 H and I) is presented in Figure 2J. Concur-
rently, the number of blood vessels in the SHS-exposed rat lungs was
decreased by almost 25% (Figure 2K).

Morphological Changes in Alveolar Macrophages

and Cytokines

Staining for the macrophage marker CD68 revealed that lung
macrophages in normal tissue were located in close proximity
to the airways (Figures 3A and 3B). Conversely, in the SHS-
exposed lung tissue, macrophages were detected in the alveolar
airspaces (Figures 3C and 3D), and displayed a foamy/spongy
phenotype characteristic of the foamy cells observed in athero-
sclerotic plaques.

Cells in BALF (Figures E3A and E3B) were mainly macro-
phages (99%). Interestingly, the total cell counts and protein con-
centrations in the BALF of SHS-exposed rats were lower (Figures
E3C–E3E) when compared with RA-exposed control rats.

Immunohistochemical staining for IL-18 showed that in com-
parison with RA-exposed control rats, significantly higher
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concentrations of IL-18 (Figure 3F) and lower concentrations of
IL-18–binding protein (IL-18BP) (Figure 3H) were evident in
alveolar macrophages after 2 months of SHS exposure (Figures
3E and 3G, respectively).

SHS exposure resulted in a significant increase in IL-18 pro-
tein (Figure 3I) and mRNA (Figure 3J) concentrations in the
BALF macrophages. Concentrations of chemokine (C-C motif)
ligand 5 (CCL5) in BALF (Figure 3K) were also significantly
increased after 2 months of SHS exposure.

The proinflammatory nature of IL-18 was confirmed by ex-
posing IL-18 KO mice and wild-type control mice to heat-
inactivated Staphylococcus epidermidis. The IL-18 KO mice
showed significantly fewer inflammatory infiltrates 20 hours af-
ter a single intratracheal instillation of S. epidermidis than did
wild-type control mice (Figure E4).

IL-18 Concentrations in BALF from Patients with COPD

The ELISA technique was used to examine IL-18 concentrations
in the BALF of patients with COPD and healthy age-matched
control subjects. The patient demographics are presented in Table
E1 in the online supplement. As shown in Figure E5A, a trend
toward increased concentrations of IL-18 in BALF from current
smokers (control subjects as well as patients with COPD) was

evident. However, because of the small sample size, this trend did
not reach statistical significance. Interestingly, increased IL-18
concentrations were detected in the BALF of active smokers
from the control and COPD groups. We also observed a tendency
toward a negative correlation between IL-18 concentrations in
BALF and the percent predicted forced expiratory volume in
1 second (FEV1) (Figure E5B).

IL-18 Affects VEGFR1 and VEGFR2 Expression, Induces

Endothelial Cell Death, and Vascular Permeability

The treatment of RPMVECs in vitro with recombinant IL-18
(rIL-18) significantly down-regulated VEGF receptor–1 (VEGFR1)
and VEGFR2 expression (Figures 4A and 4C). The quantitative
analysis of Western blots is presented in Figure 4B (VEGFR1 ex-
pression) and Figure 4D (VEGFR2 expression). Furthermore,
IL-18 induced RPMVEC death, as demonstrated by immunofluo-
rescent staining for annexin V and active cleaved caspase-3. Cells
were treated without IL-18 (Figure 4E) or with IL-18 (Figure 4F),
and were stained with annexin V or active cleaved caspase-3 (no
treatment, Figure 4G; IL-18 treatment, Figure 4H).

Treatment with rIL-18 or CSE also affected endothelial mono-
layer integrity. As determined by anEvans blue assay (Figure 5A),
IL-18 and CSE treatment significantly increased endothelial

Figure 1. Second-hand smoke (SHS) exposure of 6-week-old male Sprague-Dawley rats (n ¼ 4–8 rats/group) leads to emphysematous changes in

the lungs and right heart hypertrophy. (A–C) The histology of hematoxylin and eosin–stained, paraffin-embedded lung tissue sections. (A) Room-air

(RA) control. (B) Two months of SHS exposure. (C) Four months of SHS exposure. (D) Mean linear intercept (MLI) measurements. Right ventricular

hypertrophy was determined by measuring the ratio of right ventricle versus left ventricle plus septum (RV/LV 1 S) weights after 2 months of SHS

exposure (E) and 4 months of SHS exposure (F). (G) Body weight after 1 month of SHS exposure versus RA-exposed control mice. (H) Body weight

after 2 months of SHS exposure versus RA-exposed control mice. (I) Body weight after 4 months of SHS exposure versus RA-exposed control mice.

*P < 0.05. **P , 0.01. ***P , 0.001. BW, body weight; m, months.
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monolayer permeability. In addition, IL-18 and CSE induced
inflammatory cell migration, as monitored by carboxyfluorescein
succinimidyl ester–labeled rAM migration via the endothelial cell
monolayer. The fluorescence intensity data measured in the
lower part of the Boyden chamber are presented in Figure 5B.

DISCUSSION

SHS exposure can be a serious health hazard for nonsmokers.
However, a 2006 report by the United States Surgeon General
concluded that the evidence linking SHS and COPD is only
suggestive (www.surgeongeneral.gov/library/secondhandsmoke),
and not sufficient to infer a causal relationship. The conclusion
of that report was primarily drawn from the epidemiologic ev-
idence (17–24), which did not establish a biological link. Here
we have challenged this conclusion by providing evidence that

SHS exposure causes phenotypic changes consistent with em-
physema. Rats exposed to SHS at the concentrations that re-
produce smoke concentrations recorded at the casinos of North
America developed significant emphysema after 2 months of
exposure. The enlargement of alveolar airspaces was progres-
sive (Figures 1B and 1C). Usually at least 6 months of smoke
exposure are required to induce emphysema in mice (25).
Moreover, rats are quite sensitive to smoke exposure, and ini-
tially could not tolerate such high concentrations of TPM. They
had to be acclimated to 50% concentrations of the target dose
during the first week of exposure, and to 75% during the second
week of exposure. Lee and colleagues (26) reported emphyse-
matous changes in rat lungs after 4 months of mainstream cig-
arette smoke exposure. This suggests that SHS exposure is even
more harmful than mainstream smoke because emphysematous
changes are present after 2 months of exposure, and therefore

Figure 2. SHS exposure induced lung-tissue remodeling and cell death. (A and B) Paraformaldehyde-fixed, agarose-inflated 5-mm lung slices were

imaged with nonlinear second-harmonic generation (SHG) microscopy. The acquisition of three-dimensional images was performed using a 53 5 tiling

procedure. The autofluorescence of elastin (green) and the SHG signal of collagen (red) were determined in RA-exposed control rat lungs (A) and SHS-

exposed lungs (B). (C) The quantitative analysis of collagen deposition was performed using Image J software (National Institutes of Health, Bethesda,

MD). Cell death was determined by the TUNEL staining of RA-exposed rat lungs (D) and SHS-exposed lungs (E). Thick arrows indicate bronchioles, and

thin arrows show the vasculature. (F) The quantification of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was

performed using Image J software. Statistical analysis was performed using GraphPad Prism (San Diego, CA) and the Student t test. (G) Vascular

endothelial growth factor (VEGF) protein concentrations in RA-exposed control rat lung tissue and in 2-month and 4-month SHS-exposed rat lung tissue

extracts were measured by a Luminex assay (BioRad, Hercules, CA). Immunohistochemical staining for a–smooth muscle actin was performed on RA-

exposed (H) and 2-month SHS-exposed (I) rat lung sections. (J) Pulmonary blood vessel thickness was measured using the Photoshop program (Adobe,

San Jose, CA), and was expressed as a ratio of vessel wall area over total vessel area. Vessels of equal diameter were assessed. Three slides per group with

10 vessels per slide were evaluated. (K) Blood vessel counts per field. Vessel counting was performed on a–smooth muscle actin–stained slides at 3200

magnification (three slides per group, three fields per slide). *P , 0.05. **P < 0.01. ***P < 0.001. Ctrl, control; RFU, relative fluorescence units.

728 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013

http://www.surgeongeneral.gov/library/secondhandsmoke


our rat model of progressive emphysema may be of utility in
intervention studies.

Exposure to SHS resulted in significant weight loss that cor-
related with reduced concentrations of leptin (Figure E1 in the

online supplement). This weight loss most likely reflects in-
creased concentrations of free fatty acids and catecholamines
in the plasma (27). Low concentrations of leptin have also been
implicated in smokers with COPD, and have been associated

Figure 3. Immunohistochemi-

cal staining of rat lungs for mac-

rophage marker CD68, IL-18,

and IL-18–binding protein (IL-

18BP). CD68 staining was per-

formed in RA-exposed control

rat lungs (A and B) and 2-month

SHS-exposed rat lungs (C and

D). Staining was undertaken

for IL-18 in RA-exposed rat

lungs (E) versus 2-month

SHS-exposed rat lungs (F). Stain-

ing was also performed for IL-

18BP in alveolar macrophages

of RA-exposed rat lungs (G) and

2-month SHS-exposed (H) rat

lungs. Concentrations of IL-18

cytokine (I) and IL-18 mRNA (J)

were determined in bronchoal-

veolar lavage fluid (BALF) cells

from RA-exposed and 2-month

SHS-exposed rats (J). (K) Protein

concentrations of chemokine (C-

C motif) ligand 5 (CCL5) were

determined in BALF of RA-

exposed and 2-month SHS-ex-

posed rats. *P , 0.05. Arrows in

A and C indicate the enlarged

areas shown in B and D.

Figure 4. Western blot analysis of rat pulmonary microvascular endothelial cells (RPMVECs) untreated (Ctrl), or treated with 3% cigarette smoke

extract (CSE) or rat recombinant IL-18 (100 ng/ml). The blots are representative of VEGF receptor–1 (VEGFR1) (A) and VEGFR2 (C). The three bands

of VEGFR2 represent the mature, fully glycosylated form (230 kD), the intermediate, partly glycosylated form (200 kD), and the immature form

(180 kD). The quantitative analysis of Western blots involved VEGFR1 (B) and the mature 230-kD (indicated with an arrow) form of VEGFR2 (D).

IL-18–induced RPMVEC death was detected by immunofluorescent staining for annexin V and caspase-3. Annexin V staining was performed in control

cells (E) and IL-18–treated RPMVECs (F). Caspase-3 staining was performed in control cells (G) and IL-18–treated RPMVECs (H). Annexin V and caspase-3

stained green, F-actin–rhodamine B phalloidin stained red, and DAPI stained blue for nuclei. a.u., arbitrary units. *P , 0.05. a.u., arbitrary units.

Kratzer, Salys, Nold-Petry, et al.: Second-Hand Smoke and IL-18 729



with sexual dysfunction, impaired glucose tolerance, osteoporo-
sis, and pulmonary infections (28). Moreover, chronic exposure
to cigarette smoke is associated with weight loss because to-
bacco compounds stimulate the hypothalamus in an appetite-
reducing manner (29) and affect leptin metabolism. Reduced
leptin concentrations have been reported in healthy male smok-
ers (30).

Rats exposed to SHS developed right ventricular hypertrophy
(Figures 1E and 1F) and lung tissue remodeling that resulted in
fewer blood vessels and a significant degree of muscularization
of the remaining vessels, as demonstrated by a–smooth muscle
actin staining (Figures 2G–2I), suggesting mild pulmonary hy-
pertension. A retrospective study performed on 409 patients
with endstage COPD/emphysema or a-1–antitrypsin deficiency
found the incidence of pulmonary hypertension to be 36% (31).
However, the association with smoking status was not exam-
ined. The development of pulmonary hypertension worsens
the prognosis in patients with COPD. Recent data suggest that
pulmonary hypertension may comprise a direct effect of to-
bacco smoke on intrapulmonary vessels, causing an abnormal
production of mediators that control vasoconstriction, vasodila-
tation, and vascular cell proliferation. This ultimately leads to
aberrant vascular remodeling and physiology (32–36).

In our animal model, increased collagen (fibrosis) and aber-
rant elastin layers in the lung tissue were evident, as demon-
strated using SHG microscopy (Figure 2B). SHG microscopy
is highly sensitive for collagen, does not require any labeling,
and allows for the detection of fine changes in tissue remodeling
that are undetectable with conventional immunohistochemistry.

Moreover, the alveolar macrophages in SHS-exposed rat lungs
exhibited a foamy phenotype with increased numbers of apoptotic
cell accumulations. This implies decreased phagocytotic clearance
and signaling, as previously reported (37, 38).

An impaired regulation of inflammatory signaling in COPD
has been reported, based on the increased numbers of inflamma-
tory cells and their cytokine signaling (39–41). In murine alveolar
macrophages, cigarette smoke exposure attenuated cytokine pro-
duction (42). SHS exposure resulted in a decrease of leptin con-
centrations in rat lungs (Figure 3L), as well as in the vast majority
of cytokines tested using a multiplex array (Table E1 in the
online supplement). At the same time, a significant increase in
IL-18 concentrations in the BALF of SHS-exposed rats was
evident (Figure 3I). The precursor for IL-18 is found weakly
expressed in nearly all lung cells, and the expression of the
mature active form is strongly enhanced in macrophages after
lung injury (43, 44). SHS exposure may induce the caspase-1
activity necessary to release the active IL-18 from alveolar mac-
rophages. The IL-18 precursor can be also cleaved by neutrophil
protease-3 (45). However, no neutrophils were evident in the
BALF of SHS-exposed rats.

Although IL-18 has been implicated in cigarette smoke–induced
pulmonary responses and elevated concentrations of IL-18 have
been reported in the plasma of patients with COPD (46–49), the
mechanisms behind IL-18–mediated lung injury remain unclear.

Decreased concentrations of IL-18 were found in the sputum of
active smokers, with a positive correlation between IL-18 concen-
trations and the percent predicted FEV1 in asthmatic smokers
(50). Very recently, Kang and colleagues (51) used lung-specific,
inducible IL-18 transgenic mice to show that IL-18 can induce
emphysema and vascular remodeling. That study supports our
findings in a rat model of SHS-induced emphysema, where in-
creased concentrations of IL-18 contributed to lung destruction
and the development of emphysema. Moreover, a significant in-
crease of CCL5 in the BALF was evident after 2 months of
SHS exposure, and CCL5 was previously shown to be increased
in the sputum of patients with COPD (52).

IL-18 plays a role in cardiovascular disease (53), which is
consistent with the observation of mild right ventricular hyper-
trophy after SHS exposure (Figures 1E and 1F). In the trans-
genic murine model, the overexpression of mature IL-18 in the
lungs resulted in an increased production of IFN-g, IL-5, and
IL-13, chronic lung inflammation, and age-dependent emphyse-
matous lung destruction (48). Here we show that IL-18–deficient
mice are protected against the excessive inflammation caused by
S. epidermidis infection, indicating an important role of this cy-
tokine in the inflammatory response (Figure E3).

Studies have demonstrated in a murine model system that
IL-18 receptor (IL-18R) signaling is involved in the pathogenesis
of cigarette smoke–induced inflammation and emphysema (47,
54). In fact, IL-18R null mice were partly protected from ciga-
rette smoke–induced emphysema. Recently, circulating concen-
trations of IL-18 in patients with COPD at Global Initiative on
Obstructive LungDisease (GOLD) Stages III and IV were reported
to be significantly higher than in smokers and nonsmokers, suggest-
ing that IL-18 may play a role in the pathogenesis of COPD (47, 49).

Our study shows for the first time the involvement of IL-18 in
pulmonary endothelial cell death and the development of em-
physema after SHS exposure.

The recombinant IL-18 or CSE induced microvascular endo-
thelial cell death. Moreover, IL-18 down-regulated the expression
of both VEGFR1 and VEGFR2 in RPMVECs. Earlier, we dem-
onstrated that blockingVEGFR signaling with theVEGFR inhib-
itor SU5416 induces endothelial cell apoptosis and emphysema
(7). SU5416 is known to block both VEGFR1 and VEGFR2.
In fact, SU5416 demonstrates a higher affinity for VEGFR1 than
for VEGFR2, suggesting that VEGFR1 may be the primary tar-
get of apoptosis induction in emphysema. Recently, pulmonary
endothelial cells were reported to express higher concentrations
of VEGFR1 than of VEGFR2 (55).

Our data on SHS-exposed rats suggest that IL-18–induced
endothelial cell death occurs as a result of an inhibition of VEGFR
signaling.

IL-18BP is a naturally occurring inhibitor of IL-18 activity and
demonstrates higher affinity for IL-18 than for the receptor of
IL-18 (56, 57). IL-18BP is known to decrease the severity of in-
flammation in response to injury, and an imbalance between con-
centrations of free IL-18 and IL-18BP affects the severity of some
inflammatory diseases (58). An adoptive transfer of mesenchymal

Figure 5. Permeability (A) and macrophage migration (B)

assays. After serum starvation, RPMVEC monolayers were

treated with IL-18 (100 ng/mL) or 10% CSE for 12 hours.

(A) The relative light intensity of the albumin-bound Evans

blue was determined by measuring absorbance at a wave-

length of 620 nm. (B) Macrophage migration was assessed

using carboxyfluorescein succinimidtl ester–labeled alveolar

macrophages after 24 hours. The relative fluorescence inten-

sity in the lower Boyden chamber was measured using a Victor

3 fluorescence plate reader (excitation at 488 nm; Perkin-

Elmer, Waltham, MA). *P , 0.05. **P < 0.01. ***P < 0.001.
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stem cells derived from mice transgenic for overexpressing human
IL-18BP improved myocardial function in rat models of myocar-
dial ischemia (59). Here we show, for the first time, that SHS
exposure decreased IL-18BP expression in alveolar macrophages
(Figure 3H). Our data suggest a therapeutic potential for IL-18BP
in COPD. The natural stimulant for IL-18BP production is IFN-g
(60). However, we found decreased concentrations of IFN-g in the
lung tissue and undetectable concentrations in the BALF after
SHS exposure, which correlates with the decreased expression of
IL-18BP in alveolar macrophages.

In conclusion, the present work and the research of others
show that SHS exposure causes similarly deleterious effects in
rat models. SHS impairs immune responses in the lung, and after
2 months of exposure, leads to measurable, progressive emphy-
sema and right ventricular hypertrophy. SHS impairs the lung’s
first line of defense, namely, macrophage function, leading to
increased secretions of the proinflammatory mediator IL-18
that mediates emphysematous lung destruction by inducing
the apoptosis of microvascular endothelial cells via the down-
regulation of VEGFR1 and VEGFR2. Our study indicates that
IL-18 as well as its binding protein may comprise potential
targets for new therapies in COPD.
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