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Alveolar macrophages (AMs) express the class A scavenger receptors (SRAs) macrophage receptor with col-
lagenous structure (MARCO) and scavenger receptor AI/II (SRA-I/II), which recognize oxidized lipids and 
provide innate defense against inhaled pathogens and particles. Increased MARCO expression in lungs of 
ozone-resistant mice suggested an additional role protecting against inhaled oxidants. After ozone exposure, 
MARCO–/– mice showed greater lung injury than did MARCO+/+ mice. Ozone is known to generate oxidized, 
proinflammatory lipids in lung lining fluid, such as 5β,6β-epoxycholesterol (β-epoxide) and 1-palmitoyl-2-(9′-
oxo-nonanoyl)-glycerophosphocholine (PON-GPC). Intratracheal instillation of either lipid caused substan-
tial neutrophil influx in MARCO–/– mice, but had no effect in MARCO+/+ mice. Normal AMs showed greater 
uptake in vitro of β-epoxide compared with MARCO–/– AMs, consistent with SRA function in binding oxidized 
lipids. SR-AI/II–/– mice showed similar enhanced acute lung inflammation after β-epoxide or another inhaled 
oxidant (aerosolized leachate of residual oil fly ash). In contrast, subacute ozone exposure did not enhance 
inflammation in SR-AI/II–/– versus SR-AI/II+/+ mice, reflecting increased AM expression of MARCO. These 
data identify what we believe to be a novel function for AM SRAs in decreasing pulmonary inflammation after 
oxidant inhalation by scavenging proinflammatory oxidized lipids from lung lining fluids.

Introduction
Inhaled oxidants are important causes of environmental lung inju-
ry, and the oxidative stress caused by air pollution and tobacco 
smoke can contribute to the pathogenesis of chronic obstructive 
pulmonary disease (COPD) and asthma (1, 2). The first point of 
contact between lung tissue and inhaled oxidants is the epithe-
lial lining fluid. If levels of antioxidants in the lining fluid are 
inadequate to control activities of the inhaled oxidants, second-
ary oxidation products arise, which can pass on the oxidative 
stress to the surrounding milieu and underlying epithelium (3). 
By exposing bovine surfactant to ozone, Murphy and colleagues 
identified 5β,6β-epoxycholesterol (β-epoxide) and 1-palmitoyl-2-
(9′-oxo-nonanoyl)-glycerophosphocholine (PON-GPC) as 2 major 
surfactant-derived oxidation products (4, 5). Both lipids are pro-
inflammatory and may contribute to lung inflammation after 
ozone inhalation (4, 5). As surfactant covers a large fraction of the 
pulmonary epithelium, β-epoxide and PON-GPC can reach rela-
tively high concentrations on the surface and be widely distributed 
during conditions of oxidative stress. Rapid clearance of oxidized 
surfactant lipids from the lung lining fluid therefore seems critical 
for a successful host response against inhaled oxidants.

Macrophage receptor with collagenous structure (MARCO) 
and scavenger receptor AI/II (SR-AI/II) are class A scavenger 
receptors (SRAs) on macrophages with potential functions in 
host defense against modified lipids (6). MARCO and SR-AI  
share the same overall domain structure, but differ in that 
MARCO has a longer extracellular domain and lacks an α–heli-
cal coiled coil domain (7). SR-AI and SR-AII are 2 similar recep-
tors generated through alternative splicing of a single gene. 
Macrophage scavenger receptors have long been known to clear 
modified lipids and contribute to foam cell formation during 
atherogenesis (8). They also function as part of innate defense 
systems in the lung, as scavenger receptors on alveolar macro-
phages (AMs) have been shown to bind environmental particles 
and bacteria (9–11). However, their role in protecting the lung 
against oxidized surfactant lipids generated by inhaled oxidants 
has not to our knowledge been examined previously.

Gene expression profiling identified increased MARCO 
expression in lungs of ozone-resistant mice, suggesting a pro-
tective role for this receptor. Using mice with genetic deletion of 
MARCO or SR-AI/II, we analyzed their specific in vivo roles in 
regulating lung inflammation in response to 2 inhaled oxidants, 
ozone and residual oil fly ash (ROFA). We also examined the in 
vivo role of MARCO and SR-AI/II in lungs exposed to oxidized 
surfactant lipids such as β-epoxide and PON-GPC. Absence 
of MARCO increased BAL markers of lung inflammation and 
injury after inhalation of ozone or ROFA leachate and after 
instillation of B-epoxie or PON-GPC. In vitro studies confirmed 
diminished uptake of oxidized lipids by MARCO-deficient AMs. 
Our data identify what we believe to be a novel role for MARCO 
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and SR-AI/II in innate defenses against inhaled oxidants: ben-
eficial scavenging of oxidized surfactant lipids from damaged 
lung lining fluids.

Results
Increased expression of MARCO after ozone exposure in vivo. In order 
to identify potential mediators of the ozone resistance previously 
observed in C3H/HeJ mice (12), we used microarray profiling and 
RT-PCR to analyze gene expression in lungs of ozone-resistant 
(C3H/HeJ) and consomic, ozone-sensitive (C3H/OuJ) mice. Analy-
sis after exposure to 0.3 ppm ozone for 48 hours showed increased 
MARCO mRNA expression at 24 and 48 hours in C3H/HeJ  
compared with C3H/OuJ mice (Figure 1, A and B). Western blot 
analysis of lung tissue from C3H/HeJ mice after 48 hours of 0.3-ppm  
ozone exposure confirmed the increased MARCO expression at 
the protein level (Figure 1C).

Because the increased MARCO expression in whole-lung 
homogenate samples could be caused by increased lung macro-
phage numbers after ozone inhalation, we next isolated AMs from 
C57BL/6 mice also exposed to 0.3 ppm ozone for 48 hours and 
immunostained them for cell surface MARCO. We found that 
MARCO was significantly upregulated on the surface of AMs 
from C57BL/6 mice in response to ozone exposure (Figure 1D), 
facilitating further analysis using C57BL/6 mice with a specific 
deletion of the MARCO gene (9, 13).

MARCO decreases inflammation in the lungs of mice exposed to ozone. To 
examine whether MARCO deficiency modulates lung inflamma-
tion in response to ozone, we exposed MARCO+/+ and MARCO–/–  
mice to 0.3 ppm ozone for 48 hours and performed bronchoalveo-
lar lavage (BAL). As expected, ozone caused increased neutrophil 
numbers in BAL fluid from MARCO+/+ mice; however, the increase 
was 2-fold higher in MARCO–/– than in MARCO+/+ mice (20 × 104 
versus 8 × 104; P = 0.003; Figure 2A). Ozone mediates oxidative 
damage to the alveolocapillary membrane, and proteins leak from 
plasma into alveoli. Ozone caused increased BAL protein levels in 

MARCO+/+ mice, but the ozone-associated increase in BAL protein 
was slightly higher in MARCO–/– than MARCO+/+ mice (Figure 2B). 
Ozone exposure also cause increased oxidative stress, which may 
result in the formation of 8-isoprostane from arachidonic acid 
phospholipids (14, 15). The relatively low concentration of ozone 
used in our exposures (0.3 ppm) had no detectable effect on the 
level of 8-isoprostane in BAL samples from MARCO+/+ mice, but 
increased BAL 8-isoprostane levels in MARCO–/– mice (Figure 2C). 
Hence, the presence of MARCO reduced the intensity of injury in 
lungs of MARCO+/+ mice exposed to ozone, as measured by levels 
of neutrophils, protein, and 8-isoprostane.

MARCO decreases neutrophil accumulation in the lungs of mice exposed to 
aerosolized ROFA. To examine whether MARCO inhibits inflamma-
tion in lungs exposed to other inhaled oxidants besides ozone, we 
next exposed MARCO–/– mice to aerosolized leachate from ROFA, 
a surrogate for air pollution particulates (100 mg/ml for 1 hour). 
The soluble metals present in dissolved ROFA (leachate) constitute 
most of the mass of ROFA samples and provide a useful model of 
acute lung injury following aerosol exposure (16). As expected, brief 
exposure to ROFA aerosol (1 hour) caused increased neutrophilia 
in MARCO+/+ mice upon BAL analysis 18 hours later. Strikingly, the 
increase was 5-fold higher in MARCO–/– than in MARCO+/+ mice  
(5 × 104 versus 1 × 104; P < 0.001; Figure 2D). BAL isoprostane levels 
were minimal and not different between the 2 groups after these 
ROFA exposures which cause a lower absolute level of BAL neu-
trophilia than seen after ozone exposures (data not shown). After 
exposure to a higher concentration of ROFA (leachate of 300 mg/ml  
for 1.5 hours), MARCO–/– mice showed increased levels — similar 
to those following ozone exposure — of BAL polymorphonuclear 
leukocytes (PMNs) compared with MARCO+/+ mice (20 × 104 versus 
14 × 104, average of 5 mice per group) and a corresponding trend 
for increased BAL isoprostanes (8.2 pg/ml versus 5.5 pg/ml).

MARCO decreases inflammation in the lungs of mice exposed to oxidized 
lipids in vivo. Ozone exposure of lung lining fluid cholesterol creates 
β-epoxide, an oxidized surfactant lipid that is cytotoxic in vitro 

Figure 1
Ozone upregulates MARCO in lungs 
from ozone-resistant HeJ mice. HeJ 
or congenic ozone-sensitive OuJ mice 
were exposed to 0.3 ppm ozone for up 
to 48 hours. Microarray analysis (A) and  
RT-PCR (B) were performed on total 
RNA isolated from lung samples and 
showed increased MARCO mRNA 
expression in HeJ mice (filled symbols) 
compared with OuJ mice (open symbols). 
(C) Western blot analysis of lung tissue 
obtained after 48 hours of ozone expo-
sure also showed increased MARCO 
protein expression. (D) Ozone upregu-
lates MARCO on the surface of AMs 
of C57BL/6 mice exposed to 0.3 ppm  
ozone for 48 hours, as shown by 
increased fluorescence after flow cyto-
metric analysis. Results shown are 
representative of 3 independent experi-
ments. MFI, mean fluorescence intensi-
ty. *P < 0.05 versus ozone-treated OuJ; 
#P < 0.05 versus air-exposed control.
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and may contribute to lung inflammation after ozone inhalation 
(4, 17). Also, ozonolysis of unsaturated surfactant glycerophos-
phocholines creates PON-GPC (5). To determine whether MARCO 
protects against these oxidized surfactant lipids, we instilled 1 μg 
β-epoxide or PON-GPC intratracheally (i.t.) into MARCO–/– mice. 
We found that i.t. instillation of either β-epoxide or PON-GPC into 
MARCO–/– mice caused substantial neutrophil influx, whereas these 
agents had no effect in MARCO+/+ mice at this dose (Figure 3A).  
Instillation of a 100-fold greater dose of either β-epoxide or  
PON-GPC into MARCO+/+ mice did cause BAL neutrophilia  
(2.3 ± 2.8 × 104 and 17 ± 21 × 104, n = 5 and 2, respectively), con-
firming the proinflammatory potential of these agents when 
present in sufficient concentration. Instillation of β-epoxide and  
PON-GPC i.t. into MARCO–/– mice also caused increased levels of 
the neutrophil chemoattractant macrophage inflammatory pro-

tein–2 (MIP-2) and total protein in BAL fluid, while no such effects 
were observed in MARCO+/+ mice (Figure 3, B and C).

MARCO promotes lipid accumulation in AMs exposed to β-epoxide in 
vitro. To examine the role of MARCO in scavenging β-epoxide, we 
incubated MARCO–/– and MARCO+/+ AMs with β-epoxide for 24 
hours and quantitated cellular lipid content by flow cytometry 
after labeling with the fluorescent dye Nile Red. We found that 
MARCO–/– AMs exhibited diminished uptake compared with 
MARCO+/+ AMs, as evidenced by lower staining for cellular lip-
ids after β-epoxide incubation (relative fluorescence, MARCO+/+, 
30.8 ± 10.7; MARCO–/–, 10.3 ± 10.3). Viability of MARCO–/– and 
MARCO+/+ AMs were similar at 95% and 94%, respectively, after 18 
hours of β-epoxide incubation.

SR-AI/II decreases neutrophil accumulation in the lungs of mice exposed 
to ROFA and β-epoxide in vivo. In order to determine whether the 
other major macrophage SRA, SRA-I/II, also protects against 
inhaled oxidants, we exposed SR-AI/II+/+ and SR-AI/II–/– mice to 
ROFA aerosols or β-epoxide by i.t. instillation and measured acute 
lung inflammatory responses by BAL analysis 7 hours later. While 
the ROFA aerosol caused a small increase in BAL neutrophils in 
SR-AI/II+/+ mice, the increase was substantially higher in SR-AI/II–/–  
mice (9.9 × 104 versus 0.8 × 104; P = 0.002; Figure 4A). Similarly, 
i.t. instillation of β-epoxide into SR-AI/II–/– mice caused substan-
tial neutrophil influx, whereas it had no effect in SR-AI/II+/+ mice  
(11 × 104 versus 0.2 × 104; P < 0.001; Figure 4B).

We also evaluated responses after the longer exposures to inhaled 
ozone (0.3 ppm for 48 hours). In contrast to findings with MARCO–/–  
mice, ozone caused similar small increases in neutrophils in SR-AI/II+/+  
and SR-AI/II–/– mice (Figure 4C). Because ozone exposure was asso-
ciated with increased expression of MARCO in normal or wild-
type mice (Figure 1), we sought to determine whether increased 
expression of MARCO also occurs in SR-AI/II–/– mice. We isolated 
AMs from SR-AI/II–/– mice exposed to 0.3 ppm ozone for 48 hours, 
immunostained for cell surface MARCO, and quantified the expres-
sion using flow cytometry. We found that SR-AI/II–/– AMs exhibited 
substantially higher staining for MARCO after ozone exposure 
compared with air-exposed controls (Figure 5).

Discussion
Our interest in the role of the macrophage SRAs MARCO and 
SR-AI/II in regulating lung inflammation after ozone inhala-
tion began with microarray data showing increased pulmonary 

Figure 2
MARCO decreases inflammation in lungs of mice exposed to ozone 
and ROFA. (A–C) BAL samples obtained from MARCO–/– mice after 
exposure to 0.3 ppm ozone for 48 hours showed higher levels of neu-
trophils (A), total protein (B), and 8-isoprostane (C) compared with 
controls. (D) BAL samples obtained from MARCO–/– mice 18 hours 
after exposure to aerosolized leachate from ROFA (100 mg/ml, 1 hour) 
showed higher levels of neutrophils compared with controls. Number 
of mice per group is shown for each bar. *P < 0.05 versus treated 
MARCO+/+ group; #P < 0.05 versus untreated.

Figure 3
MARCO decreases inflammation in lungs of mice exposed to β-epoxide or PON-GPC i.t. BAL samples obtained from MARCO–/– mice 7 hours 
after i.t. instillation of 1 μg β-epoxide (Exp) or PON-GPC (PON) showed higher levels of neutrophils (A), MIP-2 (B), and total protein (C) com-
pared with controls. Number of mice per group is shown for each bar. *P < 0.05 versus respective treated MARCO+/+ group; #P < 0.05 versus 
cholesterol (Chol) control.
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MARCO mRNA expression in ozone-resistant HeJ mice, but not 
in ozone-sensitive OuJ mice (Figure 1). While this initial hypoth-
esis-generating data came from HeJ and OuJ mice, we subse-
quently determined that ozone inhalation also increased MARCO 
expression on AMs from C57BL/6 mice, allowing more detailed 
analyses using mice deficient in MARCO (available on a C57BL/6 
background). We found that absence of MARCO increased lung 
inflammation after inhalation of ozone and another inhaled 
oxidant, aerosolized ROFA leachate. These findings prompted 
further examination of the role of lung macrophage MARCO in 
uptake and removal of oxidized surfactant lipids such as β-epox-
ide and PON-GPC. Our analyses showed that MARCO mediated 
intracellular lipid accumulation after incubation of lung macro-
phages with β-epoxide in vitro. MARCO acted to protect lungs 
against inflammation after β-epoxide and PON-GPC instilla-
tion in vivo, as shown by increased inflammatory responses in 
MARCO–/– mice. Taken together, these data suggest what we 
believe to be a previously unrecognized role for lung macrophage 
SRAs in lung defense against inhaled oxidants through clearance 
of otherwise proinflammatory oxidized surfactant lipids from 
damaged lung lining fluids.

Our data show similar, but not identical, functions for the 2 
receptors studied, MARCO and SR-AI/II. We found that SR-AI/II, 
also contributed to protection of the lungs against acute inflam-
mation, as determined by the number of BAL neutrophils after 
ROFA and β-epoxide exposure. In contrast to MARCO–/– mice, 
however, SR-AI/II–/– mice did not show increased inflammation 
in experiments using 48 hours of exposure to ozone. After such 
ozone exposure, we observed increased expression of MARCO 
on AMs from both SR-AI/II+/+ and SR-AI/II–/– mice, suggesting a 
protective effect of MARCO in both groups. Moreover, it is note-
worthy that ozone exposure did not cause increased expression of 
the gene encoding SR-AI/II in the same microarray analyses that 
revealed increased MARCO expression in the ozone-resistant HeJ 
mice (data not shown). One interpretation is that basal levels of 
SR-AI/II contribute to clearance of proinflammatory oxidized lip-
ids generated by the acute challenges of ROFA aerosols or direct 
instillation of β-epoxide. Comparison of data from these more 
acute exposures with those of the 48-hour ozone experiments 
suggest that the basal and unchanged level of SR-AI/II is insuf-
ficient for optimal clearance of oxidized lipids generated during 
the longer exposure to ozone, a task mediated by the increased 
MARCO expression we observed in the ozone model. It is also 

possible that during repair of inflammation, scavenger receptors 
may be involved in binding and clearing cellular debris, thereby 
hampering further amplification of the inflammation in the lung. 
Hence, to the extent that such repair processes are initiated at the 
48-hour time point of the ozone exposure, MARCO and SR-AI/II 
may limit inflammation through mechanisms beyond the pro-
posed binding of oxidized lipids.

It is worth noting that ozone and ROFA generate different lipid 
oxidation products. Ozone produces specific lipid ozonation 
products plus nonspecific lipid autoxidation from both ozone-
initiated reactions within the epithelial lining fluid and after the 
onset of the inflammatory response. On the other hand, ROFA 
likely generates oxidized lipids via transition metal redox cycling 
as well as inflammation. Production of β-epoxide occurs in both 
scenarios, while PON-GCP should be relatively specific to ozone 
reactions. To facilitate comparison of ROFA to ozone exposures, 
we also analyzed BAL PMNs and isoprostanes using a higher ROFA 
concentration, which caused levels of PMNs comparable to those 
seen with ozone. Under these conditions, MARCO–/– mice showed 
a higher number of BAL PMNs and a trend toward higher 8-iso-
prostane levels. These data further support the conclusion that 
MARCO can scavenge a range of oxidatively modified lipids rather 
than being strictly specific for autoxidation-derived lipids.

When β-epoxide and PON-GCP were administered to MARCO+/+ 
mice, MARCO appeared to inhibit the inflammatory response to 
the oxidized lipids in full. When MARCO+/+ mice were exposed to 
ROFA or ozone, MARCO only partly decreased the inflammatory 

Figure 4
SR-AI/II decreases neutrophil accumulation in lungs of mice exposed to ROFA and i.t. β-epoxide, but not ozone. SR-AI/II–/– mice received aero-
solized leachate from ROFA (100 mg/ml for 1 hour; A), 1 μg i.t. β-epoxide (B), or 0.3 ppm ozone (C) for 48 hours. Number of mice per group is 
shown for each bar. *P < 0.05 versus treated SR-AI/II+/+ group; #P < 0.05 versus untreated control.

Figure 5
Ozone upregulates MARCO on the surface of SR-AI/II–/– AMs. SR-AI/II–/–  
mice were exposed to 0.3 ppm ozone for 48 hours, after which the AMs 
were isolated, labeled for MARCO, and analyzed by flow cytometry. 
Results shown are representative of 2 independent experiments.
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response, indicating that other oxidized products are capable of 
inducing inflammation in MARCO+/+ mice. At 100-fold greater 
doses, both β-epoxide and PON-GCP caused neutrophil influx in 
MARCO+/+ mice 7 hours after instillation (2.3 × 104 and 17 × 104, 
respectively). At lower doses, the oxidized surfactant lipids did not 
seem critical to the inflammatory response in MARCO+/+ mice, 
probably because MARCO and other scavenger receptors were 
capable of clearing the lipids sufficiently from the lung surface.

We have previously shown important functions for MARCO and 
SR-AI/II in innate immune responses against bacteria and environ-
mental particles (9–11). The current data indicate that MARCO 
and SR-AI/II are also involved in clearing oxidized surfactant lip-
ids in the lung. In atherosclerosis, scavenger receptors have long 
been known to take up oxidized lipids and contribute to foam 
cell formation (8, 18, 19). While SR-AI/II is implicated in lipid 
loading of macrophage-derived foam cells during atherogenesis  
(18, 20–22), the receptor is also expressed on AMs, indicating that 
it may be engaged in metabolism of modified lipids in the lung. 
MARCO is upregulated on human foam cells (23) and on foam 
cells in atherosclerotic lesions from mice (24, 25), and a high-fat 
diet causes increased MARCO mRNA expression in the lungs and 
livers of C57BL/6 mice (25), further supporting a role for MARCO 
in lipid uptake in the lung.

Lipid ozonation products from surfactant are essential for the 
transmission of toxic signals to the pulmonary epithelium after 
ozone inhalation (3, 26, 27). The oxidized surfactant lipids β-epox-
ide and PON-GPC are important lipid ozonation products implicat-
ed in this process. They are created from cholesterol and oleate- and 
palmitoyl-containing glycerophosphocholines, which constitute 
about 5% and 20%, respectively, of the lung surfactant (28, 29). Also, 
β-epoxide is created from cholesterol in cell membranes. Both lipids 
are detected in vitro after exposing bovine surfactant to ozone (4, 5), 
and β-epoxide and nonanals are detected in vivo in BALs after expos-
ing rodents to ozone (17, 30). We are not aware of previous studies 
measuring β-epoxide and PON-GPC using the 48-hour exposure 
conditions of the present study. However, exposing C57BL/6 mice 
to 0.5 ppm ozone for 3 hours creates 2.5 ng β-epoxide per ml BAL, 
and unexposed lungs from C57BL/6 mice have β-epoxide levels of 
approximately 95 ng per lung (17). Our data using bolus instillation 
of 1 μg β-epoxide and PON-GPC provide a proof-of-principle, but 
future studies would benefit by more detailed measurement of the 
BAL levels of oxidized lipids during the 48-hour exposure to ozone.

Macrophages have previously been shown to take up β-epox-
ide (31), whereas PON-GPC uptake by macrophages is less well 
described. Lipid ozonation products regulate several proinflam-
matory cytokines, chemokines, and adhesion molecules (5, 32–37). 
Both β-epoxide and PON-GPC have specifically been associated 
with cytotoxic activities and expression of IL-8 (5, 32), an impor-
tant neutrophil chemoattractant after ozone exposure (3, 38, 39). 
In the present study, viability of AMs was relatively unaffected by 
β-epoxide incubation (16 μg/ml), in contrast to previous studies 
of cell lines in which this dose has been shown to have cytotoxic 
effects (4, 32, 40). One explanation might be that the primary cells 
used in our assay resist the cytotoxic effect better than cell lines 
do. Alternatively, differences in our assay compared with previous 
studies may also account for the better cell survival we observed. 
Consistent with prior observations of β-epoxide and PON-GPC as 
potential stimulators of IL-8 release (5, 32), MIP-2, a rodent homo-
log of human IL-8, was markedly increased after i.t. instillation of 
β-epoxide or PON-GPC into MARCO–/– mice.

Both lung epithelial cells and macrophages express CXC 
chemokine mRNA and protein after ozone exposure in vivo  
(38, 41). MIP-2 expression after oxidant exposure has been local-
ized immunohistochemically to both AMs and alveolar epithelial 
cells (38, 42). However, these data do not allow quantitation of 
the relative contribution of epithelial cells versus macrophages to 
MIP-2 release. One mechanism suggested by our present data is 
protection of lung epithelial cells from oxidized lipids by AM scav-
enging. Another possibility is that AM scavenger receptors divert 
oxidized lipids away from other, more proinflammatory receptors 
on the same cell and thereby reduce AM-derived MIP-2 and the 
inflammatory response that follows. In order to begin to address 
this question, we compared the capacity of AMs from MARCO+/+ 
and MARCO–/– mice to respond to oxidants by secretion of MIP-2.  
We observed similar fold increases in MIP-2 release in AMs 
exposed in vitro to H2O2 generated by a glucose oxidase–glucose 
system (43) (fold increase at 50 μg/ml glucose oxidase, MARCO+/+, 
1.9 ± 0.6; MARCO–/–, 1.8 ± 0.4; n = 3; our unpublished observa-
tions). These data suggest that MARCO–/– AMs retain the ability 
to respond to oxidants with proinflammatory cytokines, similar 
to previous observations using LPS (9). The question of the rela-
tive contribution of epithelial versus macrophage cytokine release 
when AM scavenger receptors are absent could be further analyzed 
in vitro. However, extrapolation to in vivo biology will remain dif-
ficult, as previous coculture experiments show enhanced release 
of CXC chemokines in response to environmental oxidants when 
AMs and lung epithelial cells are in contact (44).

Oxidants are present in air pollution and tobacco smoke or are 
released from activated leukocytes during lung inflammation. 
Increased oxidative stress in terms of increased BAL 8-isoprostane 
levels has been detected in lungs of smokers, patients with asthma, 
and patients with COPD (45). Therefore, we exposed MARCO–/– 
and MARCO+/+ mice to the smoke from 4 unfiltered cigarettes 
and after 6 hours found higher BAL neutrophils in MARCO–/– 
than in MARCO+/+ mice (0.51 versus 0.07 × 104; n = 8 and n = 11,  
respectively; P = 0.02; our unpublished observations). These data 
indicate that MARCO protects the lung from acute cigarette 
smoke exposure. However, because cigarette smoke contains both 
particulate and gaseous proinflammatory components, whether 
MARCO protects by scavenging particles, smoke-generated oxi-
dized lipids, or both, remains to be determined in future studies. 
When the lung lining fluid is under oxidative attack in injuries 
other than ozone-induced lung disease, significant concentrations 
of β-epoxide and PON-GPC may be produced and contribute to 
inflammation. In support of this idea, genetic studies show that 
the reduced activity of microsomal epoxide hydrolase, an enzyme 
that metabolizes β-epoxide (46), is associated with a higher risk 
of COPD and emphysema (47, 48). Other members of the epoxide 
hydrolase family besides microsomal epoxide hydrolase are also 
expressed in the lung (49–51), but their relation to the risk of lung 
disease is less well described.

In conclusion, our data indicate what we believe to be a pre-
viously unrecognized role for MARCO and SR-AI/II in innate 
defenses against inhaled oxidants, scavenging oxidized surfactant 
lipids from damaged lung lining fluids. This mechanism may 
apply to proinflammatory oxidized surfactant lipids other than 
the β-epoxide and PON-GPC we studied. We also speculate that 
MARCO and SR-AI/II could be involved in a general mechanism 
to dampen inflammation caused by the oxidized surfactant lipids 
generated during many forms of pulmonary inflammation and 
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injury. Similar to the role for scavenger receptors in atherosclerosis 
(8, 52), SRAs internalize potentially proinflammatory oxidized lip-
ids without engaging the typical phlogistic response in the lungs.

Methods
Animals. Mice (8–12 weeks old) genetically deficient in MARCO or SR-AI/
AII on the C57BL/6 background were used in all experiments but the initial 
gene expression profiling experiments, in which C3H/OuJ and C3H/HeJ  
mice were used. Age- and sex-matched MARCO+/+ and SR-AI/II+/+  
C57BL/6 mice were used as controls. MARCO–/– mice were developed 
using homologous recombination and were backcrossed for at least 8 
generations to the C57BL/6 background (9, 13). SR-AI/II–/– C57BL/6 mice 
were generated by disrupting exon 4 of the gene encoding SR-AI/II (also 
known as macrophage scavenger receptor 1; Msr1) as previously described 
(18) and were kindly provided by T. Kodama (University of Tokyo, Tokyo, 
Japan). All animals were housed in sterile microisolator cages and had no 
evidence of spontaneous infection. Ethical approval before all experimen-
tation was obtained from the Harvard Medical Area Animal Use Commit-
tee, Boston, Massachusetts, USA.

Ozone exposure. Mice were placed in cages in a 145-l stainless steel cham-
ber with a Plexiglass door and then exposed to 0.3 ppm ozone for 48 hours. 
As a control, mice were exposed to atmospheric air in a neighboring cham-
ber in the same room. During exposures, mice had continuous access to 
food and water. Ozone was generated by passing oxygen (Airgas East) 
through UV light, which was subsequently mixed with room air in the 
chamber. By the constant drawing of a sample of the chamber atmosphere 
through a sampling port, the ozone concentration within the chamber 
was monitored constantly by a UV photometric ozone analyzer (model 49; 
Thermo Electron Corp.), which was calibrated by a UV photometric ozone 
calibrator (model 49PS; Thermo Electron Corp.). In this ozone-induced 
lung disease model, there is acute lung inflammation with primary influx 
of neutrophils and production of proinflammatory mediators similar to 
ozone-induced lung injury in humans. BAL was performed within 1 hour 
after cessation of ozone exposure.

Aerosol exposure to ROFA leachate. A single sample (1 kg) of ROFA, 
obtained from the precipitator unit of a local power plant, was gener-
ously provided by J. Godleski (Harvard School of Public Health, Boston, 
Massachusetts, USA). ROFA was suspended at 100 mg/ml in PBS, pH 7.4, 
and sonicated for 10 minutes. After sitting for 30 minutes at room tem-
perature, the ROFA suspension was incubated at 37°C with rotation for 
4 hours and then centrifuged at 3,000 g for 10 minutes. The supernatant 
(leachate) was removed and used for aerosol exposures. Mice were exposed 
to a nebulized aerosol of ROFA leachate for 1 hour within individual 
compartments of a mouse “pie” chamber (Braintree Scientific) using a 
Pari IS2 nebulizer (SUN Medical Supply) connected to an air compressor 
(PulmoAID; DeVilbiss). BAL was performed 18 hours after the aerosol 
exposure, a time point previously determined to be most representative 
of maximal neutrophil accumulation and airway hyperresponsiveness in 
normal or Balb/C mice (16).

Lipid i.t. instillation. Mice were anesthetized by injecting 100–200 μl of  
20 mg/ml ketamine hydrochloride (Fort Dodge Laboratories Inc.) intra-
muscularly into the right thigh. For each mouse, 50 μl of 20 μg/ml β-epox-
ide (C2648; Sigma-Aldrich), 50 μl of 20 μg/ml PON-GPC (870605; Avanti 
Polar Lipids), or 50 μl of 20 μg/ml cholesterol (C8667; Sigma-Aldrich) was 
instilled i.t. BAL was performed 7 hours after i.t. lipid installation.

Affymetrix GeneChip array analysis. The left lungs of C3H/OuJ and C3H/HeJ  
mice exposed to 0.3 ppm ozone or air (n = 3 per group) for 6, 24, or 48 
hours of continuous exposure were processed for Affymetrix microarray 
analysis. Total RNA was isolated using TRIzol reagent (Invitrogen). cDNA 
was synthesized using SuperScript choice system (Invitrogen), followed 

by purification via phenol/chloroform extraction and labeling using 
an ENZO BioArray RNA transcript labeling kit. Purified biotin-labeled 
cRNA was then generated with Qiagen’s RNeasy kit and fragmented 
randomly to about 200 bp (200 mM Tris-acetate, pH 8.2; 500 mM KOAc; 
and 150 mM MgOAc). Each fragmented cRNA sample was hybridized to 
Affymetrix Murine Genome U74Av2 oligonucleotide arrays according to 
the manufacturer’s instructions. Fluorescent images were read using a 
Hewlett-Packard G2500A Gene Array Scanner. Each GeneChip underwent 
a stringent quality-control regime using Microarray Analysis Software 
(version 5; Affymetrix) and the following parameters: cRNA fold changes 
(amount of cRNA obtained from starting RNA); scaling factor; percentage 
of “Present” calls; signal intensity; housekeeping genes; internal probe set 
controls; and visual inspection of the .dat files for hybridization artifacts. 
The expression value (mean difference) for each gene was determined by 
calculating the mean of differences of intensity (perfect match intensity 
minus mismatch intensity) between its probe pairs. The expression analy-
sis files created by Microarray Analysis Software (version 5) were trans-
ferred to GeneSpring 7.0 (Silicon Genetics) for statistical analyses and 
characterization of data. All samples were normalized in GeneSpring to 
OuJ air-exposed controls, similar to previous studies (53). After a stringent 
filtering of genes, including elimination of absent flags in all groups and 
inclusion of only those genes with significant interactions for strain and 
time (P < 0.05, 2-way ANOVA), we then identified changes in MARCO 
expression in OuJ versus HeJ mice at each time point.

RT-PCR. The same total RNA used for the microarray analysis (1 μg) was 
reverse transcribed into cDNA in a volume of 50 μl. We then used 2.0 μl of 
cDNA for quantitative PCR using a purchased probe set for MARCO accord-
ing to the manufacturer’s instructions (Mm00440265_m1; PerkinElmer). 
MARCO expression was normalized to 18S (Hs99999901_s1; PerkinElmer).

Western blotting. A piece of the right lung from the same mice as in 
the microarray analysis was homogenized in RIPA buffer, and super-
natants containing total lung protein were obtained. Total protein  
(100 μg) was denatured, fractionated by a 10% SDS-PAGE gel, and trans-
ferred onto PVDF membranes. After blocking with 5% nonfat dried milk 
in Tris-buffered saline, pH 7.4, the membrane was incubated with rat 
anti-MARCO antibody (diluted 1:100; Cell Sciences). The membranes 
were then incubated with an anti-rat HRP-labeled secondary antibody 
(Santa Cruz Biotechnology Inc.), and protein signals were visualized 
with a chemiluminescent reagent (ECL Plus Western blotting detection 
system; Amersham Biosciences).

Cell isolation and BAL analyses. Mice were euthanized by an overdose of 
pentobarbital, and their lungs were lavaged 6 times with 0.8 ml ice-cold 
PBS. Total cell yield was determined by hemocytometer, and differential 
counts were determined by microscopic evaluation of cytocentrifuge prep-
arations stained with modified Wright-Giemsa. BAL protein levels were 
determined using the Bio-Rad protein assay, BAL 8-isoprostane was deter-
mined by competitive enzyme immunoassay (Cayman Chemical), and BAL 
MIP-2 was determined by ELISA assay (R&D Systems) according to the 
manufacturers’ instructions.

Flow cytometry. Lavaged AMs from nonexposed MARCO+/+ and MARCO–/– 
mice were plated at 160 × 103/well in cell culture medium, 50 μg/ml choles-
terol, or 16 μg/ml β-epoxide in 1% heat-inactivated fetal bovine serum/peni-
cillin/streptomycin/RPMI. After 24 hours, cells were washed 2 times in PBS, 
resuspended in 200 μl PBS, and incubated on ice with 200–400 ng/ml Nile 
Red for 20–30 minutes. At least 90% of the cells were viable, as determined 
by Trypan Blue staining. After incubation, yellow-gold fluorescence emis-
sion was collected at 530–560 nm on a Coulter Epics Elite flow cytometer 
(Beckman Coulter). LPS level in the β-epoxide stock solution (20 μg/ml) was 
found to be below detection limit (less than 6.25 pg/ml) using the Limulus 
amebocyte lysate assay (QCL-1000; BioWhittaker).
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Lavaged AMs from SR-AI/II+/+ and SR-AI/II–/– mice exposed to air or  
0.3 ppm ozone for 48 hours were suspended at 2 × 106 per ml and incu-
bated in 20 μg/ml rat anti-mouse CD16/CD32 (catalog no. 553140;  
BD Biosciences — Pharmingen) for 45 minutes on ice. After 45 minutes,  
10 μg FITC-conjugated rat anti-mouse MARCO antibody (catalog no. 
MCA1849FA; Serotec), 10 μg FITC-conjugated rat anti-mouse IgG antibody 
(catalog no. MCA1211F; Serotec), or medium was added to each 400-μl  
cell suspension. After 55 minutes of incubation on ice, cells were washed 
2 times in 1.2 ml PBS and resuspended in 5 μg/ml propidium iodine, 1% 
BSA, and PBS, after which fluorescence emission was collected at 530 nm 
on the flow cytometer using propidium iodine gating for live cells.

Statistics. Statistical analysis was performed with SPSS version 12. Mann-
Whitney U test or 2-tailed Student’s t test was used for comparisons of 2 
groups. Results are reported as mean ± SEM. A P value less than 0.05 was 
considered significant.
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