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ABSTRACT

Approximately 15% of cases of COPD occur in non-smokers. Among the potential risk fac-
tors for COPD in non-smokers is second-hand smoke (SHS) exposure. However, the Surgeon
General reported in 2006 that the evidence linking second hand smoke and COPD is insuf-
ficient to infer a causal relationship, largely because current evidence does not establish a
biological link. The goal of this study was to determine whether SHS exposure can induce
alveolar macrophage recruitment and expression of activation markers that we have previously
demonstrated in human smokers and in mouse models of emphysema. To achieve these goals,
we studied mice exposed to an ambient mixture of predominantly [89%] sidestream smoke
at increasing doses over 3 months. We found that second hand smoke exposure induced a
dose-dependent increase in alveolar macrophage recruitment (mean + sd; 224,511 + 52,330 vs
166,152 + 47,989 macrophages/ml of bronchoalveolar lavage in smoke-exposed vs air-exposed
controls at 3 months, p = 0.003). We also found increased expression of several markers of alve-
olar macrophage activation (PLA2g7, dkfzp4341142, Trem-2, and pirin, all p < 0.01 at 3 months)
and increased lavage levels of two inflammatory mediators associated with COPD (CCL2 [MCP-
1], 58 + 12 vs. 43 + 22 pg/ml, p = 0.03; and TNF«, 138 + 43 vs 88 + 78 pg/ml, p = 0.04 at 3
months). These findings indicate that second smoke exposure can cause macrophage recruit-
ment and activation, providing a biological link between second-hand smoke exposure and the
development of inflammatory processes linked to COPD.

INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) affects 12.4
to 24 million people in the United States, is the sixth leading
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cause of death worldwide (1-3) and is the only condition in the
top 10 causes of death that has an increasing prevalence and
mortality (1, 4, 5). Although the majority of COPD occurs in
smokers, approximately 15% of cases of COPD occur in non-
smokers (6). Thus, from a public health perspective, a relatively
large number of cases of COPD occur in non-smokers. Among
the potential risk factors for COPD in non-smokers is second-
hand smoke (SHS) exposure. However, the 2006 U.S. Surgeon
General Report on the health effects of SHS found that the ev-
idence linking SHS and COPD is suggestive but not sufficient
to infer a causal relationship. This is largely because current
evidence is only epidemiologic (7—16) and therefore does not
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establish a biological link (17). Furthermore, all but one epi-
demiologic study (11) combined asthma, chronic bronchitis, and
emphysema to define COPD.

Although there has been a trend towards decreased exposure
of the United States (US) population to SHS since 1988 (18),
the number of nonsmoking adults currently exposed to SHS in
the US remains very large (17). Overall, based on blood coti-
nine measurement, approximately 86 million nonsmoking adults
aged 20 or more years in the US were exposed to SHS in 2000
(17). Identification of SHS exposure as a risk factor for COPD
in non-smokers would provide additional rationale for public
health efforts aimed at control of SHS exposure and additional
motivation for smoking cessation among smokers who live with
non-smokers.

Given the paucity of biological evidence linking SHS expo-
sure and COPD, the goal of this study was to determine whether
ambient exposure to smoke that models the constituents of SHS
can cause cellular and molecular abnormalities in the airway
that are associated with COPD using a mouse model. Our pri-
mary endpoints included measurement of airway inflammation,
macrophage recruitment to the lung, and markers of alveolar
macrophage activation. The inflammatory mediators that we as-
sayed included a chemokine and cytokine that have been linked
to the pathogenesis of COPD, CCL2 (MCP-1) (19-21), and tu-
mor necrosis factor-o (TNF-«) (22-26).

The gene expression markers of smoke-induced macrophage
activation that we studied were those that we previously iden-
tified as induced in habitual human smokers, some of whom
had emphysema, and in two mouse models of emphysema (27).
These markers included matrix metalloproteinase-12 (MMP-
12), aproteinase linked to emphysema in mouse and human stud-
ies (27-33). These markers also included four novel markers of
macrophage activation, phospholipase A2, group VII (PLA2g7),
triggering receptor expressed on myeloid cells 2 (Trem-2), an as
yet unnamed transcript (dkfzp4341142, Entrez gene ID 51313)
and pirin. Our secondary endpoints included quantitative assess-
ment of emphysema. We studied these outcomes in C57B16/J
mice exposed to an ambient mixture of predominantly (89%)
sidestream smoke (SS) to model SHS exposure.

MATERIALS AND METHODS

Mice and second-hand smoke exposure

All exposures were conducted at the Institute of Toxicology
and Environmental Health inhalation facilities (University of

California, Davis) in accordance with institutional guidelines.
C57BI16/J mice were purchased from Jackson Laboratories (Bar
Harbor ME, USA). We used a smoke exposure system that pro-
vided for whole body exposure (34). Standard housing cages
containing 4-5 mice each were placed into glass and stainless
steel Hinners-type exposure chambers (volume: 0.44 m?) as de-
scribed by Teague et al. (34).

Sidestream smoke was generated by burning conditioned (48
h in 60% humidity) Kentucky 2R4F reference cigarettes in a
smoking machine with standardized 35 ml puffs of 2 sec du-
ration, once every min, for a total of 8 puffs per cigarette. Af-
ter dilution and aging in a conditioning chamber (2 min), the
sidestream smoke produced between puffs was drawn into the
exposure chambers. To simulate SHS, the sidestream smoke was
reinforced every 58 sec with a 2 sec puff of mainstream smoke
(representing 11% of the overall smoke mixture). The smoke
generated was passed through two chambers oriented in series
and large enough to house the experimental groups of mice. To
create different exposure conditions in these two chambers, the
smoke concentration was regulated through control of dilution
with air and through loss of particulate matter on passing smoke
into the second chamber.

Eight-week-old littermate mice balanced between groups for
gender were exposed to filtered air or increasing levels of smoke
for 5 days per week, 6 hours per day. Groups of mice were studied
monthly for a total of 3 months (Table 1). For month 1, we took
advantage of both exposure chambers by exposing mice to high
dose SHS (chamber 1) and medium-dose SHS smoke (chamber
2). For the remainder of the study, we used only high-dose SHS
exposure (chamber 1) and increased the dose of SHS to a target of
150 mg/m? of total suspended particulate matter (TSP) gradually
to ensure the health of the animals.

This maximal dose was achieved at 6 weeks. The chamber
atmosphere was monitored for temperature, humidity, carbon
monoxide, TSP. TSP matter was measured by weighing material
collected on filters and carbon monoxide was monitored with a
model 880 non-dispersive-infrared (NDIR) analyzer (Beckmann
Industries, La Habra CA, USA). Nicotine concentrations were
measured by drawing air samples through sorbent tubes, extract-
ing the nicotine and analysis with gas chromatography. Through-
out the exposure period mice were weighed and monitored for
general health.

Sample collection

Lungs were lavaged 5 times with 0.8-ml aliquots of sterile
phosphate-buffered saline. An aliquot of 400 ul was removed

Table 1. Environmental conditions at each time point of exposure

Month Exposure Relative humidity
1 Chamber 2 Medium dose SHS 56 + 12%
1 Chamber 1 High dose SHS 56 + 12%
2 Chamber 1 High dose SHS 59 + 11%
3 Chamber 1 High dose SHS 60 £ 11%

Data are mean =+ standard deviation.

Temp COppm nicotine mg/m® TSP mg/m?3
712+ 0.7 238 +62 25+04 69 + 21d
712+ 0.7 3083+72 48+1.6 98 + 27
71.2+0.7 351 +83 55+26 117 £ 32
711 +£0.7 394 +95 6.8 £2.7 131 + 34
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and processed for cell counts and cyto-centrifugation. The
remainder of the lavage fluid was centrifuged, and the cell
free supernatant was stored at —70°C until further processing.
Macrophages were purified from lavage fluid by plating as previ-
ously described (27, 35). RNA was extracted from macrophages
using the RNeasy kit (Qiagen, Valencia CA, USA) and DNAse-
treated (Promega, Madison WI, USA). RNA concentration and
quality were assessed using the Bioanalyzer 2100 (Agilent Tech-
nologies, Palo Alto CA, USA).

Real-time PCR

For analysis of alveolar macrophage gene expression levels,
two-step gPCR was performed as described previously (27, 36).
A panel of three housekeeping genes (GAPDH, S9, -Actin) was
measured during tagman profiling and the geometric mean value
of the two housekeeping genes most stably expressed across the
samples was used for normalization.

ELISA

ELISA for CCL2 and TNF-a was performed on cell-free
BAL fluid per the manufacturer’s protocol (R&D Systems,
Minneapolis MN, USA).

Histology

For histologic staining, lungs from a subset of mice were
inflated to 20 cm water pressure with buffered formaldehyde
containing zinc (Z-FIX, Anatech Ltd, Battle Creek MI, USA).
Fixed lungs were embedded in paraffin, sectioned at 5 um thick-
ness, and stained with hematoxylin and eosin using standard
protocols. Measurement of emphysema was made using stere-
ological methods (37). These analyses were performed with an
Olympus light microscope (Olympus BX50, Olympus Optical
Co. GMBH, Germany) equipped with a mechanical stage linked
to a personal computer (IBM 300PL Personal Computer, IBM
United Kingdom, England) running Computer Assisted Stereol-
ogy Toolbox (C.A.S.T.-Grid) software (Olympus Danmark A/S,
Denmark).

Using point counting, the volume of parenchymal tissue and
air spaces within parenchymal tissue were estimated. Using in-
tersection counting, the surface area of the alveolar epithelium
was estimated in the same microscopic fields, and the alveo-
lar surface area normalized to the volume of lung surveyed
(parenchyma and air) was used as a measure of emphysema (38).
All measurements were made by a single investigator (AE) in a
blinded fashion.

RESULTS

Exposure conditions

We exposed mice to increasing levels of SHS exposure and
assessed them at monthly intervals for 3 months. For the first
month, we exposed mice to either medium or high-dose SHS.
Thereafter, SHS exposure levels were increased to a maximal
level by 6 weeks and all remaining mice were exposed at this
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Figure 1. No differences in weight gain were measured in mice ex-
posed to high dose SHS. Filtered air- and high-dose SHS-exposed
mice were weighed at 2-week intervals throughout the exposure.
Male mice weighed more than female mice at every time point.
There were no statistically significant differences in the amount of
weight gain between filtered air- and SHS-exposed mice. Data are
expressed as mean weight in grams + SD; n = 13-15 for each
group at weeks 0-4, n = 9-12 for each group at weeks 6—8 and n
= 7-9 for each group at week 10.

level. The average total suspended particle (TSP) concentration
in the medium-dose exposure group at 1 month was 69 mg/m?.
Mean daily TSP concentrations in the high-dose SHS exposure
groups were higher at 3 months than at 2 months because of
longer cumulative exposure to the maximal dose so that the
average exposure level was 131 mg/m? at 3 months (Table 1).

Average carbon monoxide levels increased progressively
from 238 ppm in the medium dose group at 1 month to 394
ppm in the high dose group at 3 months. Average ambient nico-
tine levels ranged between 2.5 and 6.8 mg/m?>. There was no
smoke-related mortality during the study. Over the 3-month pe-
riod of exposure, mice in the high SHS exposed group gained
weight at a gender-appropriate rate throughout the exposure pe-
riod (Figure 1) with no difference as compared to the healthy
control group.

Bronchoalveolar lavage cell differentials

Since chronic cigarette smoking leads to increased num-
bers of alveolar macrophages in the lung as assessed by BAL
(39, 40), we measured the degree of pulmonary inflammation
induced by chronic SHS exposure in our exposed mice. We
found consistent increases in macrophage numbers in BAL fluid
over time (Figure 2). Total BAL inflammatory cell and alveo-
lar macrophage numbers increased significantly with high dose
SHS exposure at 1 and 3 months, with a trend for an increase at
2 months. At 1 month of exposure, total inflammatory cell and
macrophage numbers in BAL fluid increased 33% in high dose
SHS-exposed mice as compared to the air-exposed controls (p
= 0.049, based on 6 air and 6 smoke exposed mice). Medium
dose SHS had a smaller effect (25% increase) which was non-
statistically significant (p = 0.18, based on 6 air and 5 smoke
exposed mice).

COPD: Journal of Chronic Obstructive Pulmonary Disease
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Figure 2. BAL total inflammatory cell and macrophage numbers
were increased in high dose SHS-exposed mice compared to fil-
tered air-exposed. Cell counts and differentials were determined in
BAL fluid from filtered air- and medium- or high- dose SHS-exposed
mice after 1, 2 or 3 months of exposure. p-values are for compar-
ison with filtered air-exposed control at that time point. Data are
expressed as median (line), interquartile range (box) and range
(whiskers).

At 3 months of exposure, inflammatory cell and macrophage
numbers in BAL increased 35% and the effect was statistically
significant (p = 0.003, based on 15 air and 16 smoke exposed
mice). BAL neutrophil, eosinophil and lymphocyte percentages
remained < 2% in all groups, and there was no effect of SHS
exposure at any time point in numbers of these cells in BAL.
These data indicate that exposure to components of SHS in mice
result in recruitment of alveolar macrophages with as little as 1
month of exposure.

Macrophage activation

In prior studies of alveolar macrophages from two mouse
models of emphysema and from habitual human smokers, some
of whom had emphysema, we identified several markers of
macrophage activation that were induced at the gene expres-
sion level (27). We used expression levels of a panel of 5 of
these markers to assess alveolar macrophage activation in this
study.

In descending order of level of induction in macrophages
from human smokers by microarray (27), these 5 markers in-
cluded PLA2g7 (the 2nd most highly induced gene in human
smokers), MMP-12 (3rd), dkfzp4341142 (7th), Trem-2 (40th)
and pirin (48th). We picked these markers either based on their
known association with emphysema (MMP-12), or based on
data showing that they are directly up-regulated in macrophages

when stimulated in vitro with components of SHS (data not
shown). In contrast with our prior findings in macrophages from
human smokers, MMP-12 expression was not induced in alve-
olar macrophages with any level of SHS exposure as compared
to control nor at any time point. However, PLA2g7 was induced
with both medium and high-dose SHS exposure and at all time
points (all p < 0.0001, Table 2).

High-level SHS exposure also induced expression of pirin at 1
month (p =0.028), Trem-2 and dkfzp4341142 at 2 months (both
p < 0.002) and pirin, Trem-2 and dkfzp4341142 at 3 months (all
p < 0.01, Table 2). Taken together, these data suggest that SHS
exposure not only recruits alveolar macrophages to the lung, but
also induces a state of macrophage activation that shares some
gene expression profiles in common with macrophages from
habitual smokers and genetic mouse models of emphysema.

Development of emphysema

We evaluated the development of emphysema in SHS ex-
posed mice at 3 months (our final time point) by measuring the
surface area of alveoli normalized to the volume of lung surveyed
as previously described (38). We found no difference in surface
to volume ratios in 8 high-dose SHS exposed mice as compared
to 8 controls (mean =+ se, 1434 + 82 vs 1338 + 59 cm?/cm?,
p = 0.36).

Airway inflammatory mediators

We next evaluated whether exposure to SHS induced
chemokines and/or cytokines that have previously been asso-
ciated with the development of COPD. Using BAL fluid from
SHS exposed and control mice, we performed ELISA for the
following mediators: CCL2 (MCP-1) and TNF«. We found sig-
nificant increases in CCL2 and TNF« in mice with high dose
SHS exposure at a range of time points (Figure 3). For CCL2,
we found a significant increase in high dose SHS-exposed mice
as compared to control mice at month 1 (mean =+ sd, 42 £ 5
vs 28 £ 11 pg/ml, p = 0.02) but a smaller and non-significant
increase with medium-level SHS exposure (38 & 15 vs 28 £
1 pg/ml, p = 0.25).

CCL2 levels were also significantly elevated with high dose
SHS at month 2 (56 &= 16 vs 34 + 16 pg/ml, p = 0.03) and month
3 (58 £ 12vs.43 22 pg/ml, p = 0.03). For TNF«, we found a
significant increase in high-dose SHS exposed mice at month 1
(94 £20vs 48 £ 20 pg/ml, p=0.003) but no significant increase

Table 2. Induction of selected markers of alveolar macrophage activation with SHS exposure.

1 Month
Medium SHS High SHS
Gene Fold-induction ~ p-value  Fold-induction
Mmp12 1.4 0.78 0.9
Pla2g7 3.9 0.0006 3.1
Trem2 1.2 0.13 1.3
Pirin 1.4 0.056 1.3
Dkfzp4341142 1.0 0.36 1.4

2 Month 3 Month
High SHS High SHS
p-value Fold-induction  p-value  Fold-induction  p-value
0.16 0.35 0.26 0.7 0.044
0.0001 3.16 0.0004 4.6 0.0001
0.09 1.59 0.0006 1.4 0.0006
0.02 1.56 0.007 1.5 0.0001
0.85 1.81 0.002 1.4 0.007
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Figure 3. Protein levels of CCL2 and TNF« were increased in BAL fluid from mice exposed to high dose SHS. CCL2 and TNF« were measured
using ELISA in BAL fluid from filtered air- and medium- or high- dose SHS-exposed mice at after 1, 2 or 3 months of exposure. N = 5-6 for each
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with medium dose SHS (78 + 54 vs 48 £ 20 pg/ml, p = 0.24)
There was also a trend towards an increase with high-dose SHS
at month 2 (98 &£ 39 vs 52 £+ 42 pg/ml, p = 0.08) and a further
statistically significant increase with high-dose SHS at month
3 (138 £ 43 vs 88 £ 78 pg/ml, p = 0.04). These data indicate
that exposure to SHS is sufficient to induce a pro-inflammatory
mileu in the lung that did not wane over time.

Serum markers of inflammation

Based on our BAL fluid results indicating an increased in
BAL fluid levels of CCL2 and TNF«, we performed ELISA for
both of these mediators in serum from SHS exposed and control
mice. However, we found that levels of both mediators were
below the limit of detection in serum from all groups.

DISCUSSION

SHS exposure differs from active smoking in both the dose
and composition of the smoke. Given the paucity of biological
evidence linking SHS exposure and COPD, the chief aim of this
study was to model the composition of SHS in an experimental
setting and determine whether SHS exposure can cause changes
in alveolar macrophage recruitment, activation and airway in-
flammation that are associated with COPD.

Using a mouse model, we found that exposure to the
sidestream smoke which constitutes SHS induced a dose-
dependent increase in alveolar macrophage recruitment and ex-
pression of several markers of alveolar macrophage activation
that we have observed in habitual human smokers and mouse
models of emphysema (27). We also found that SHS exposure
increased protein levels of two inflammatory mediators in BAL
fluid that are associated with COPD (CCL2 and TNF«). These
effects occurred without any measurable effects on weight gain
or general health of the mice. In addition, these effects persisted
over the 3 month time period without any evidence of waning

90 April 2009

due to adaptation to the noxious effects of SHS. We found no
measurable effect of SHS on the development of emphysema
in this 3-month study, which would be expected since mouse
models of emphysema with mainstream tobacco smoke require
at least 4 months (41).

Our study was primarily focused on the effects of SHS on
alveolar macrophages because growing evidence suggests that
alveolar macrophages contribute to the development of emphy-
sema in human smokers and in mouse models. Several studies
have shown increased numbers of alveolar macrophages in the
lung and BAL fluid in human smokers (39, 40). In addition,
the expression of inflammatory mediators that recruit or acti-
vate macrophages, such as CCL2 and TNFq, are increased in
COPD (19, 42). Furthermore, the expression and/or function of
several products of activated macrophages, including the matrix
metalloproteinases (MMP)-1, 2, 9, 12, and 14 (31-33, 43-45),
and cathepsins L and C (46—48) have been found to be increased
in smokers and subjects with COPD.

One current hypothesis concerning the role of these
macrophage-associated proteinases in the development of
COPD is that they are consistently induced by smoking, lead-
ing to tissue injury. Subsequently, COPD occurs in the subset
of smokers who are unable to sufficiently repair that tissue in-
jury (49). Thus, macrophage activation is thought to be a nec-
essary initial step in the development of COPD. Mouse models
have further delineated a specific macrophage-associated path-
way in the development of emphysema by demonstrating that
the macrophage metalloelastase, MMP-12, is required for the de-
velopment of emphysema in response to high-dose mainstream
smoke exposure (28).

Other mouse models, such as airway over-expression of the
cytokine interleukin-13 (IL-13) (30) and deletion of the epithe-
lial integrin subunit 86 (29), develop age-related emphysema; in
each case, alveolar macrophage activation plays a critical role
in the destruction of alveolar walls through the production of
proteinases.

COPD: Journal of Chronic Obstructive Pulmonary Disease



Our data show that second hand smoke exposure is suffi-
cient to cause macrophage recruitment to the lung. However,
there appear to be important differences in the mechanisms un-
derlying macrophage recruitment in our study as compared to
studies of mice exposed to high-dose mainstream smoke. A re-
cent study by Houghton et al. exposing mice to mainstream
cigarette smoke from 2 unfiltered cigarettes, 6 days a week for 2
months, found that elastin fragments were responsible for mono-
cyte/macrophage chemotaxis and recruitment to the lung (50).

Further, they showed that the generation of elastin fragments
was due to induction and cleavage by MMP-12 (50). Although
we found macrophage recruitment to the lung, we did not find an
increase in elastin fragments in BAL fluid (data not shown), nor
did we find induction of MMP-12. In contrast, our results suggest
that the mechanism of alveolar macrophage recruitment to SHS
exposure may be due to CCL2 up-regulation, which we found at
the protein level in BAL fluid from SHS-exposed mice. CCL2
is a potent monocyte/macrophage chemoattractant that has been
measured in BAL fluid from chronic cigarette smokers (51). In
addition to its role as a chemoattractant, CCL2 can also induce
activation of inflammatory cells (52-54) and enhance certain
macrophage functions such as anti-bacterial activity (55).

We also found that exposure to SHS is sufficient to induce
expression of several markers of macrophage activation that we
previously identified as highly induced in two mouse models
of emphysema and in human smokers, including PLA2g7, dk-
fzp4341142, Trem-2 and pirin (27). In addition to serving as
relevant markers of smoke exposure, the protein products of
these genes may also contribute to pathophysiology of COPD.
PLA2G7 (aka Lp-PLA2) is thought to play an important role
in atherosclerosis by oxidizing lipids into reactive intermediates
and PLA2g7 levels are an independent risk factor for cardio-
vascular events (i.e. myocardial infarction and stroke) (56-58).
Pirin has been found to be induced in both alveolar macrophages
(27) and in airway epithelial cells (59) in smokers.

Over-expression of pirin in human bronchial epithelial cells
leads to apoptosis (59), a process which is thought to contribute
to the development of emphysema (60). TREM-2 is a cell surface
receptor which is thought to modulate macrophage activation by
signaling through the immunoreceptor protein DAP12 (61). The
function of dkfzp4341142 remains unknown at this time. Induc-
tion of these four genes by SHS exposure without induction
of MMP-12 suggests either that induction of MMP-12 requires
longer-term SHS exposure or higher levels, or that there are im-
portant differences in the type of macrophage activation induced
by sidestream as compared to mainstream smoke. Nonetheless,
these data indicate that SHS exposure is sufficient to induce the
expression of genes in macrophages that plausibly contribute to
inflammatory processes important in COPD, as well as cardio-
vascular diseases (e.g., PLA2g7).

Although there is little prior data on the effects of SHS on
alveolar macrophage recruitment and activation, there are prior
studies of the effects of SHS on systemic inflammatory cy-
tokine production, oxidative stress, and vascular endothelial in-
jury (62—69). On comparison with these studies, our study differs
in that we did not find increased serum inflammatory cytokine
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levels. This is most likely explained by differences in our assays
and time courses of analyses. For example, in one prior study,
systemic inflammatory cytokine production was identified by
ex vivo stimulation of spleen cells (62), whereas we assayed for
cytokines directly in serum by ELISA. In a second prior study,
plasma CCL2 and TNFw levels were found to be increased with
long-term SHS exposure (1 year) but not with short-term ex-
posure (14 weeks) (63). These results are consistent with our
findings in serum over 12 weeks. Of note, that study also found
increased macrophage numbers in the arterial wall in SHS ex-
posed mice suggesting that SHS exposure can affect macrophage
recruitment to multiple relevant end-organs (63).

SHS contains both sidestream smoke released from the smol-
dering cigarette and a small percentage of mainstream smoke
exhaled by the smoker. Because sidestream smoke is generated
at lower temperatures and under different combustion condi-
tions, its composition differs from that of mainstream smoke
(17). Thus, our use of 89% sidestream smoke supplemented
by 11% mainstream smoke mimicked the composition of SHS.
In so doing, we chose ambient exposure levels higher than
those typically observed in human SHS exposure environments,
but significantly lower than those observed in active smokers
7).

Additional factors, such as cumulative exposure and anatomi-
cal differences in airways affect interspecies scaling of equitoxic
doses of SHS. Detailed discussion of interspecies scaling using
an identical smoke exposure system are presented by Bogen
et al. (75), who concluded that the carcinogenic effects of these
mouse exposure levels were similar to the increase in lifetime
lung cancer risk observed with typical US residential SHS expo-
sure. We modeled our exposure levels after this prior publication
to facilitate comparison with the published literature on SHS ex-
posure using our exposure system, recognizing that the ambient
levels are high compared to SHS levels in human environments.

Our SHS exposure model also differs from mouse models
of mainstream smoke exposure which typically expose mice
to mainstream smoke only and which can achieve significantly
higher doses (76). Optimal contextual interpretation of our
smoke exposure levels will depend on improved standardiza-
tion and reporting of exposure levels in the various published
models, which remains a challenge for the field.

In conclusion, we have found that short-term exposure to SHS
in mice induces alveolar macrophage recruitment and expression
of several markers of alveolar macrophage activation that we
have observed in habitual human smokers and in mouse models
of emphysema (27).

These findings contribute to our understanding of the health
effects of SHS exposure by providing a plausible biological link
between SHS exposure and the development of emphysema. Our
data also highlight that there may be several mechanisms under-
lying macrophage recruitment and activation with smoke ex-
posure, including pathways independent of MMP-12 induction.
These alternative pathways may relate to both the type of smoke
exposure (sidestream versus mainstream) and dose or duration
of smoke exposure. Given these findings in mice, future studies
should assess the effects of long term SHS exposure in humans
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on alveolar macrophage recruitment, macrophage activation and
other biological processes linked to COPD.
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