Int J Clin Exp Med 2010;3(3):223-232
www.ijcem.com /IJCEM1006003

Original Article

A cellular model to mimic exhaled cigarette smoke-
induced lung microvascular endothelial cell injury and
death

Jianliang Zhang?!, Noah Juedes?, Vikram M. Narayani, Bingfang Yue3, Alan L. Rockwood34,
Nadia L. Palma?, and Jawaharlal M. Patel1.2

1Department of Medicine, University of Florida College of Medicine, Gainesville, FL 32610; 2Research Service,
Malcom Randall Department of Veterans Affairs Medical Center, Gainesville, FL 32608; SARUP Institute for Clinical
and Experimental Pathology, Salt Lake City, UT 84108; and 4Department of Pathology, University of Utah, Salt Lake
City, UT 84132, USA

Received June 26, 2010; accepted July 29, 2010; available online July 31, 2010

Abstract: Tobacco smoke exhaled from smokers is a key component of secondhand smoke, contributing to lung al-
veolar wall destruction seen in chronic lung diseases. Although mainstream and sidestream tobacco smoke are cyto-
toxic to lung cells, it is unclear whether exhaled smoke induces lung cell injury or even death. We sought to establish
an in vitro model to examine the effects of exhaled smoke on lung cells. Phosphate-buffered saline-conditioned ciga-
rette smoke (CCS) derived from a blow-by system was used to mimic exhaled tobacco smoke exposure. Exposure of
medium to CCS leads to dose-dependent increases in nicotine/cotinine levels. Scanning spectrophotometric analysis
of the CCS-exposed medium reveals an absorption peak at 290 nm wavelength. The OD values at 290 nm are corre-
lated with nicotine levels in the exposed medium, indicating that a simple measurement of OD at 290 nm can be
used to monitor CCS exposure. Tobacco smoke contacts the microvascular endothelium located at lung alveoli, be-
fore it enters the blood stream. Hence, human lung microvascular endothelial cells (hMVEC) were exposed to CCS
and assessed for cell injury and death. Exposure of hMVEC to CCS equivalent to burning 12-16 cigarettes leads to
increased LDH release from the cells into the medium. This suggests that CCS can induce lung cell injury. CCS at a
low level increases cell growth, whereas the high level of CCS decreases cell viability. In addition, CCS exposure in-
duces cell detachment and morphological changes. Our results demonstrate that exposure of buffer-conditioned
mainstream cigarette smoke leads to increased nicotine/cotinine levels and cell injury/death, which may contribute
to the pathophysiology of passive smoking-associated lung diseases.

Keywords: Cellular model, secondhand smoke, chronic lung diseases, lung microvascular endothelial cells, passive
smoking-associated lung diseases

Introduction

Secondhand smoke is a serious health risk,
which causes about 50,000 deaths in the
United States each year [1]. Growing evidences
suggest that exposure to secondhand smoke is
associated with the pathophysiology of chronic
obstructive pulmonary disease including emphy-
sema, a deadly lung disorder associated with
alveolar cell death and destruction [2-6]. Sec-
ondhand smoke consists of exhaled main-
stream smoke and sidestream smoke derived
from burning a tobacco product. Non-smokers
are exposed to secondhand smoke when close

to the smoker or in the indoor space where
smoking occurs. Abundant studies have demon-
strated that mainstream and sidestream smoke
are cytotoxic to lung cells in vitro and in vivo [7-
11]. For instance, exposure of cultured cells to
smoke extracts or condensates result in the
damage and death of lung alveolar cells includ-
ing endothelial and epithelial cells [7-8]. Fur-
thermore, the numbers of apoptotic cells are
increased in the emphysematous lungs and the
lungs of animals exposed to smoke [9-11].
When mainstream smoke passes through aque-
ous solutions such as lung fluid or medium,
some ingredients in the gas and solid phase are



Exhaled smoke-induced lung cell death

absorbed. It has been speculated that exhaled
smoke, a component of secondhand smoke,
may be less toxic to humans than whole smoke
is, since it has been “conditioned” or
“detoxified” by smokers’ lungs.

In order to determine the direct effects of ex-
haled smoke on the induction of lung cell injury
and death, a cellular model is needed. However,
there are challenges related to mimicking ex-
haled smoke. First, many factors can affect the
contents of exhaled smoke. For instance, the
length of smoke that is inhaled influences the
amount of chemicals that are absorbed by the
lung fluid. Furthermore, it is very difficult to ex-
pose humans or animals to tobacco smoke and
then collect exhaled smoke. Given the complex
nature of exhaled smoke, an in vitro model
would help closely mimic exhaled smoke under
controllable conditions.

Exhaled smoke is a complex mixture of sub-
stances, and as such, a surrogate measure of
exposure that is representative of exhaled
smoke as a whole is essential. Several compo-
nents have been used as surrogates or mark-
ers. Most cigarettes (in inhaled smoke) contain
1 to 3 milligrams of nicotine. Nicotine is most
commonly found in the gas phase in the envi-
ronment and has been widely used as a poten-
tial marker of tobacco smoke exposure. When
tobacco is smoked, the lungs are directly ex-
posed to smoke. Nicotine-rich blood in the vas-
culature passes from the lungs to the brain
within a few seconds. Nicotine stays in the
blood for several hours to two days. The levels
of blood nicotine in individual smokers range
from 25 to 444 nmol/L (4 to 72 ng/mL) [12].
The levels of blood nicotine in habitual tobacco
users have been reported to be as high as 3.09
pug/mL by gas chromatography [13].

The metabolites of smoke ingredients in physio-
logical fluids are also used as accurate methods
for estimating tobacco smoke exposure in sub-
jects. Cotinine, a metabolite of nicotine, leaves
its traces in blood and urine for up to 7 days.
Cotinine is the biological marker of choice in
most epidemiological studies. Cotinine assays
are sensitive enough to distinguish individuals
without tobacco exposure from those persons
with low exposure. The current optimal plasma
cotinine cut-point to distinguish smokers from
non-smokers in the general US population is 3
ng/ mL [14]. The plasma cotinine levels are
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largely varied from 16 ng/mL to 1180 ng/mL in
the individuals who smoke 20 cigarettes per
day [15]. Other markers such as solanesol, 3-
ethenylpyridine, carbon monoxide, iso- and an-
teisoalkanes (C29-C34), fluorescent particulate
matters, respirable suspended particles, and
ultraviolet particulate matters are also used as
the markers of tobacco smoke exposure.

A smoke exposure protocol has been developed
in our laboratory to closely mimic in vivo expo-
sure of exhaled smoke. In the system, main-
stream cigarette smoke is passed through phos-
phate-buffered saline (PBS, pH 7.4) to mimic
lung-conditioned smoke. A peak absorbance
has been identified, correlated to nicotine/
cotinine levels, and used to monitor the expo-
sure of conditioned cigarette smoke (CCS). The
cytotoxic effects of buffer-condition cigarette
smoke on human lung endothelial cells have
been assessed.

Materials and methods
Cell culture

Human pulmonary microvascular endothelial
cells (hMVEC) were purchased from Lonza and
propagated in monolayer cultures as described
by Zhang et al [16-17]. Cells that were subcul-
tured less than 5 times in post-confluent
monolayers and maintained in EGM-2 MV me-
dium (Lonza) were used for all experiments.

Modular exposure of hMVEC to CCS

Mainstream cigarette smoke was passed
through PBS in a blow-by system as shown in
Figure 1, thus closely mimicking the process of
tobacco smoke that passes through the airways
of smoker’s lungs. Mainstream smoke traveled
10 cm through PBS since the range of an aver-
age tracheal length is from 5.4 cm to 13.1 cm
for a 2-20 year old person [18]. The inlet of a
modular incubator chamber (Billups-
Rothenberg) was connected to a 1,000 mL-flask
containing 1,000 mL of PBS. A cigarette holder
was attached to the flask, and the outlet of the
holder was submerged 10 cm below the PBS
surface. Then, the monolayers of cultured
hMVEC on the bottom of a 35-mm dish were
covered by 2 mL of medium to mimic in vivo
lung alveolar fluid. The thickness of the medium
layer above the endothelium layer in the center
of the dish is about 2 mm. Although the thick-
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Figure 1. A diagram of the flow-by system for exposure of hMVEC to CCS. The inlet of a modular incubator chamber
was connected to a flask containing 1,000 mL of PBS, and the outlet was connected to a vacuum line through a valve
for adjustment of flow rates and an absorption unit. Culture dishes in the exposure chamber were exposed to CCS
generated by burning 2R4F cigarettes and passing through PBS at a rate of one cigarette per four minutes. Cells in
the control chamber were treated under identical conditions with an unlit cigarette.

ness of the alveolar epithelial fluid is estimated
to be about 20-150 um [19], 2 mm medium
coverage was used in the cell model of exhaled
smoke for the following reasons. First, the lung
fluid contains organic substances and lung cells
that may scavenger and/or metabolite sub-
stances in tobacco smoke. Therefore, more PBS
is needed to achieve similar effects as the al-
veolar fluid does. Second, smoke must pass the
alveolar epithelial layer to reach the endothe-
lium. Third, too low level of PBS may cause di-
rect exposure and cell injury. Finally, insufficient
medium in the dish can result in the alteration
of nutrient concentrations due to evaporation
during the exposure process, which could affect
the cells. The dishes in the chamber were ex-
posed to CCS derived directly from burning
2RA4F reference research cigarettes (the second
run of the 1R4F reference cigarette developed
by the NIH-NCI, the USDA and the Tobacco and
Health Research Institute of the University of
Kentucky) that was passed or filtered through
PBS solution. Cigarettes were burned at a rate
of one cigarette per 4 minutes for 16 min (4
cigarettes). The smoke was passed through 10
cm of PBS, and then delivered to the exposure
chamber. The CCS-exposed cells were returned
to normal conditions, i.e. room air-5% CO. at
37°C, and kept for a 44 min to mimic the inter-
vals between smokings in vivo. This was defined
as one exposure cycle or exposure unit (EU), i.e.
burning 4 cigarettes in 16 min plus 44 min re-

225

covery. For exposure of cells to 8-16 cigarettes
or 2-4 EU, the exposure cycle had been re-
peated 2-4 times. Control hMVEC in a parallel
chamber were treated under identical condi-
tions with an unlit cigarette (O EU). After CCS
exposure, 1 mL of medium was taken from the
dish and used for the spectrophotometric analy-
sis. The exposed cells were either used immedi-
ately or incubated in fresh medium under nor-
mal conditions for an additional 12-14 hrs.

LC-MS/MS analysis of nicotine and related
derivatives

The liquid chromatography - tandem mass
spectrometry (LC-MS/MS) method for assess-
ments of nicotine, cotinine, trans-3'-hydroxy co-
tinine, nornicotine, and anabasine was modified
from a fully validated method previously re-
ported for biological matrices [20]. In brief, a
mixed mode solid phase extraction (SPE) proce-
dure was modified since the matrix of all study
samples was PBS. The calibrators were pre-
pared by freshly spiking into PBS. The calibra-
tors and the CCS-exposed samples were simply
diluted with acetonitrile containing deuterium-
labeled internal standards (IS) before subjecting
to instrument analysis. Deuterium-labeled IS
were used for all analytes. The analysis was
performed on a Quattro Micro triple quadrupole
mass spectrometer with 2795 Alliance HT2 LC
system, both from Waters. An Atlantis HILIC
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silica column (100 by 2 mm from Waters) was
used in hydrophilic interaction mode. The mass
spectrometer was operated in a multiple reac-
tion monitoring (MRM) mode with positive elec-
trospray ionization. Two MRM transitions were
monitored for each analyte or IS. The lower limit
of quantification for all analytes was 1 ng/mL,
and the total imprecision (coefficient of varia-
tion, CV %) was <10% for the analytical meas-
urement range from 1 ng/mL to 5000 ng/mL.

Scanning spectrophotometry for assessments
of CCS exposure

The CCS-exposed PBS/medium without the
presence of cells was subjected to the scanning
spectrophotometric analysis using the wave-
lengths from 200 to 800 nm on a spectropho-
tometer (SpectraMax M5, Molecular Devices,
CA). The OD values of the CCS-exposed PBS/
medium at 200-800 nm wavelengths were
measured and recorded. The wavelength that
was corresponded to the maximal OD was iden-
tified.

Cell injury and viability assessments

Plasma membrane damage leads to the leak-
age of lactate dehydrogenase (LDH) from in-
jured cells. hMVEC in the wells of a 96-well plate
were exposed to CCS. The exposed cells were
rinsed and incubated in Hank's Buffered Salt
Solution (HBSS) for 3 hr. Then, the levels of LDH
activity in the conditioned HBSS were assessed
using the Cytotoxicity Detection kit (Roche). The
OD values at 490 nm wavelength were sub-
tracted by the values at the reference wave-
length (600 nm). In a separate set of CCS-
exposed cells, cell proliferation was measured
using the Cell Proliferation Reagent, WST-1
(Roche). Mitochondrial dehydrogenase in viable
cells cleaves WST-1, a water-soluble tetrazolium
salts, and causes colorimetric change. The
amount of the cleaved formazan dye is directly
proportional to the metabolically active cells.
hMVEC were exposed to CCS and then incu-
bated in HBSS containing WST-1. The OD values
of conditioned HBSS at 450 nm were measured
and subtracted by the values at the reference
wavelength (600 nm).

Morphological examination of the endothelial
monolayer

After hMVEC were exposed to 0-4 EU of CCS,
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the cell morphology was examined under a
phase contrast microscope as described earlier
[21]. Microphotographs were taken using a digi-
tal camera attached to the microscope.

Statistical analysis

Significance for the effects of CCS on nicotine/
cotinine levels, absorbance at A220, LDH release,
and cell viability were determined by analysis of
standard deviation and t-Test/ANOVA using the
data analysis tools of Microsoft Excel [22].

Results
CCS exposure leads to increased nicotine levels

To closely mimic exhaled tobacco smoke, main-
stream cigarette smoke is passed through PBS
as described in the section of Materials and
Methods. Nicotine is an essential element of
tobacco smoke and is widely used as a marker
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Figure 2. Assessments of nicotine and cotinine levels
in CCS-exposed PBS. Two milliliters of PBS in each
35-mm dish were exposed to air (O EU), or 1-4 EU (4-
16 cigarettes) of CCS as described in the Materials
and Methods. The CCS-exposed PBS was collected
and subjected to LC-MS/MS analysis. The levels of
nicotine (Fig 2A) and cotinine (Fig 2B) were deter-
mined. Data represent the means + SD of triplicates.
*: P<0.05 vs. 1 EU, n=3.
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Figure 3. The scanning spectrophotometric analysis. PBS/EBM-2 (2 mL) in dishes (35-mm) was exposed to air (O EU),
or 1-4 EU (4-16 cigarettes) of CCS as described in the Materials and Methods. The absorption spectrum of the CCS-
exposed sample was determined on a scanning spectrophotometer using the wavelengths from 200 to 800 nm. PBS
or EGM-2 exposed to O EU was used as a blank or a reference for the scanning analysis to eliminate the background
absorbance. The representatives of scanning spectrum of 1-4 EU-exposed PBS and 4 EU-exposed EGM-2 are shown,
indicating an absorption peak at A290 nm (Fig ure 3).

to monitor smoke exposure. First, we determine nicotine levels. The accumulative level of nico-
whether CCS exposure leads to the elevation of tine in the buffer that is exposed to conditioned
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smoke derived from 4 cigarettes or 1 EU, is 800
ng/mL under our experimental conditions
(Figure 2A). This implies that passive inhalation
of exhaled smoke could lead to increased nico-
tine levels in the lung. Next, we examine the
effects of prolonged and interrupted exposure
to CCS on nicotine accumulation. The levels of
exhaled smoke in the environment over time
are not constant. To mimic this, a modular expo-
sure protocol is used. Exposure to conditioned
smoke derived from 4-16 cigarettes over 1-4
hrs, i.e. 1-4 EU or exposure cycles, increases the
nicotine levels from 800 to 5000 ng/mL in the
exposed buffer; whereas the nicotine level was
not detectable in the medium exposed to O EU
(Fig 2A). Finally, the levels of cotinine, the meta-
bolic products of nicotine, are assessed. To our
surprise, CCS increases the cotinine levels from
4.5 to 25 ng/mL in CCS-exposed buffers (Figure
2B). The cotinine level in the control PBS (O EU)
is 0.15 ng/mL. The source of this cotinine is
unclear since PBS without the presence of cells
used for conditioning and exposure is unlikely to
catalyze the conversion of nicotine to cotinine. It
remains to be determined whether the main-
stream smoke contains cotinine derived from
burning cigarettes. Nevertheless, the presence
of cotinine in CCS indicates that cotinine may be
used as a marker to monitor exhaled smoke.
The levels of trans-3"-hydroxy cotinine, nornico-
tine, and anabasine in CCS-exposed PBS are
not significantly changed, compared to controls
(data not shown).

Monitoring CCS exposure

To determine whether exposure to CCS alters
chemical characteristics of the exposed PBS
and EGM-2, the scanning spectrophotometric
analysis using the wavelengths from 200 to 800
nm was performed. PBS or EGM-2 exposed to O
EU was used as a blank or a reference for the
analysis, hence the OD value of O EU-exposed
PBS or EGM-2 was 0. The pattern of the absorb-
ance (spectrogram) between A2oonm 10 Asoonm iS
similar among the samples exposed to 1-4 EU
of CCS (Figure 3). All spectrograms show a CCS
exposure-associated peak at Azgonm (Figure 3).
To determine whether CCS exposure increases
the OD values at 290 nm (OD2gonm) in a dose-
dependent manner, 1-4 EU CCS-exposed PBS
were assessed for the values of OD2gonm. CCS
exposure induces dose-dependent increases in
the OD values at the absorbance peak (Figure
4A). In addition, the OD2gonm Vvalues are corre-
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lated to the levels of nicotine in the CCS-
exposed buffer (R2=0.9885, Figure 4B). The
chemicals that are responsible for the absorb-
ance peak at Axoonm are unclear. However, the
assessment of OD2gonm can be used to monitor
CCS exposure.
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Figure 4. The correlation of OD2gonm and nicotine
levels. PBS (2 mL) in dishes (35-mm) was exposed to
air (O EU), or 1-4 EU (4-16 cigarettes) of CCS as de-
scribed in the Materials and Methods. The OD29onm
values of the exposed PBS was assessed (Fig 4A).
The correlation of OD29onm values and nicotine levels
in CCS-exposed PBS is shown (Fig 4B). Data repre-
sent the means = SD of triplicates. *: P<0.05 vs. 1
EU, n=3.

CCS causes cell injury and impacts cell viability

To examine the effects of CCS on cell injury,
LDH levels in the medium are measured. The
relative levels of LDH in the medium containing
the cells exposed to 3-4 EU of CCS are signifi-
cantly higher than those in the medium contain-
ing control cells (O EU), indicating CCS-induced
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Figure 5. Assessments of CCS-induced LDH release
and cell viability. h(MVEC were exposed to air (O EU),
or 1-4 EU (4-16 cigarettes) of CCS as described in the
Materials and Methods. The exposed cells were
rinsed and incubated in HBSS. The levels of LDH
activity in the conditioned HBSS were assessed using
the rapid enzymatic assay kit (Fig 5A). Some treated
cells were subjected to the viability assay using the
WST-1 cell proliferation kit (Figure 5B). Data repre-
sent the means + SD. *: P<0.05 vs. O EU, n=4.

cell injury (Figure 5A). Furthermore, the effects
of CCS on cell viability are assessed. The rela-
tive level of WST-1 in the cells exposed to 1 EU
of smoke is higher than that in the control cells
(O EU, Figure 5B). This suggests that exposure
to low levels of CCS stimulates cell growth. The
relative levels of WST-1 in the cells exposed to 2
-4 EU of CCS are significantly decreased in a
dose-dependent manner, indicating that expo-
sure of hMVEC to high levels of CCS decreases
cell viability. Release of LDH and decreases in
WST-1 levels indicate CCS-induced cell injury
and death.

Conditioned smoke alters cell morphology

hMVEC are exposed to CCS and examined un-
der a microscope. The morphology of 1-2 EU-
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exposed hMVEC is comparable to that of O EU-
exposed cells (Figure 6). Exposure of hMVEC to
3-4 EU of CCS decreases the number of at-
tached cells on the dish, indicating the CCS-
induced detachment of cells from the dish. The
remaining cells on the dish show irregular
shapes. This observation indicates that condi-
tioned smoke can cause endothelial cell detach-
ment and death.

CCS exposure (EU)

Figure 6. Morphology of CCS-exposed cells. hMVEC
were exposed to air (O EU), or 1-4 EU (4-16 ciga-
rettes) of CCS as described in the Materials and
Methods. Cell morphology was examined under a
phase contrast microscope (Figure 6).

Discussion

An exposure protocol has been established to
closely mimic the effects of exhaled mainstream
smoke. Plasma nicotine/cotinine levels in the
subjects exposed to tobacco smoke range from
ng/mL to pyg/mL. The levels of exhaled smoke
exposure can be affected by many factors such
as lung fluid, the number of cigarettes smoked,
and the length of exposure. We attempted to
quantify the effects of exhaled smoke exposure
by setting up an exposure system. Mainstream
smoke generated from burning cigarettes at a
rate of 4 min per cigarette was passed through
10 cm distance in 1,000 mL of fresh PBS. Expo-
sure of PBS (2 mL) in a 35-mm dish to CCS for 4
cigarettes or 1 EU leads to elevation of nicotine
to about 0.8 pg/mL, or 0.2 ug/mL per cigarette.
This is equivalent to the mean values of plasma
nicotine/cotinine levels in individuals smoking
20 cigarettes per day [12-13]. The capillary re-
gion of the lungs is in immediate contact with
smoke. Therefore, nicotine levels in the lung
microvessels may be higher than those in the
peripheral vessels. Exposure of PBS to condi-
tioned smoke for 4 EU increases the nicotine
level to bug/mL. This may mimic the conditions
in the lung alveoli when exhaled smoke is in-
haled. The nicotine levels in the exposed buffer
are accumulative. It seems that nicotine levels
in PBS are relatively stable during CCS expo-
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sure. Although this exposure protocol can be
used to mimic exhaled tobacco smoke in a con-
trollable way, several limitations should be con-
sidered. First, the lung fluid contains biological
substances such as proteins, which may absorb
or react with exhaled smoke in a different way
than PBS does. Hence, the nicotine levels in the
system may be different from passive smokers’
lungs. Second, smoke aging in the air and lungs
often alters the levels and compositions of ex-
haled smoke. The in vitro system mimics a spe-
cific condition. Finally, lung airways are far more
complex than our exposure system. It is ex-
pected that the lungs may metabolite more
smoke ingredients including nicotine than PBS.
Therefore, the nicotine levels estimated in this
system may be higher than those in the lungs,
when they are exposed to the similar amounts
of exhaled smoke.

Although the identity of OD2go product remains
unknown, OD2govalues correlate with nicotine
levels in CCS-exposed buffer/medium. There-
fore, the value of OD at 290 nm wavelength can
be used as a marker to monitor conditioned
smoke exposure. Nicotine and its derivatives
are used to assess mainstream and sidestream
tobacco smoke exposure. Our results suggest
that the assessment of OD2go and/or the level
of nicotine may help determine the degree of
lung cell injury caused by conditioned smoke
exposure. The spectrum of smoke-exposed me-
dium (EGM-2) shows a similar pattern and re-
veals absorbance peak at 290 nm. OD2go of
EGM-2 is used to assess the relative levels of
nicotine in the medium to monitor CCS expo-
sure. Tobacco smoke consists of more than five
thousand substances. It is unclear which ingre-
dient of CCS causes the absorbance at 290 nm.
However, the levels of 290 nm absorbed sub-
stance(s) increased in PBS or medium are pro-
portional to the levels of nicotine.

Exposure to CCS increases LDH release and
decreases cell viability. Exposure of hMVEC to 3-
4 EU of CCS leads to a LDH leak from the cells,
indicating smoke-induced injury. CCS increases
cell growth at a low level (1 EU) and decreases
cell viability at higher levels (2-4 EU). Further-
more, morphological examination supports the
notion that conditioned smoke can cause cell
detachment/death. Exhaled tobacco smoke is
thought to be less cytotoxic since it is filtered by
the lungs of smokers. However, our current
studies demonstrate that exposure of cultured
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lung vascular endothelial cells to CCS under
conditions close to in vivo exposure to exhaled
tobacco smoke results in cell injury and death.
This is in agreement with the observations that
exposure of infant monkey lungs to a compo-
nent of sidestream tobacco smoke leads to acti-
vation of caspases, cleavage of PARP, and in-
creased numbers of apoptotic cells [23]. In ad-
dition, mainstream smoke has been shown to
enhance cell death in rat lungs [24]. Different
constituents of tobacco smoke such as the gas
phase, extracts, and condensates have been
reported to induce endothelial cell death [25-
28].

Conclusions

Our present studies demonstrate an exposure
protocol/system to closely mimic in vivo expo-
sure to exhaled tobacco smoke, the key compo-
nent of secondhand smoke. In addition, exhaled
smoke can be cytotoxic to lung cells based on
observations using this cell model. Compromise
of pulmonary vascular endothelial function
represents a critical component of the patho-
physiology in tobacco smoke-related lung dis-
eases including emphysema [29-30]. Condi-
tioned smoke-mediated loss of lung endothelial
cells supports a causal link between second-
hand smoke exposure and pathophysiological
changes reported in lung diseases.
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