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Oxidants in cigarette smoke inhibit pathogen recognition receptor
function and phagocytosis, but the molecular basis of this inhibition
remains obscure. We sought to identify the inhibitory mechanisms
that impair alveolar macrophage function. Balb/c mice were acutely
exposed to four cigarettes for 4 hours before treatment with in-
tranasal LPS (1 mg). The mice exhibited significantly reduced airway
neutrophilia and expression of TNF-a. Balb/c-derived MH-S alveolar
macrophage cells exposed to cigarette smoke extract (CSE) dis-
played a similar inhibitory response to stimulation with LPS. The in-
duction of inflammatory genesby recombinant (r) TNF-a (100 ng/ml)
was also impaired by CSE. Because both pathways converge on
NF-kB, the degradation of IkBa and the phosphorylation of p65
were assessed and shown to be blunted by CSE. CSE also blocked
the activity of activator protein-1 (AP-1) by inhibiting p38 mitogen
activated protein kinase (MAPK) in a reduced glutathione (GSH)-
reversible manner. The induction of specific Toll-like receptor (TLR)–
negative regulators (suppressor of cytokine signaling-1 [SOCS-1],
interleukin-1 receptor associated kinase-M [IRAK-M], and IL-10) did
not account for the impaired responses of TLRs. As free radical
species are abundant in CSE and GSH restored function, a panel of
oxidative/nitrosative stress markers was screened using immunocy-
tochemistry. The panel identified protein carbonylation as the major
CSE-inducible marker. Oxyblot analysis confirmed that CSE potently
introduced carbonyl groups to many proteins in a dose-dependent
and time-dependent manner that inversely correlated with the
expression of TNF-a. The formation of pseudopodia was not pre-
vented, but these membrane extensions were heavily carbonylated,
and primary alveolar macrophages were also targeted for carbonyl-
ation.Oxidants in cigarette smokedrivea rapid,persistent, andglobal
protein carbonylation that may represent a common pathway to
altered immunity in disease.
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Cigarette smoking and exposure to environmental tobacco
smoke (ETS) are significant risk factors for respiratory infection
(1). Approximately 30% of hospital admissions for pneumonia in
children were estimated to be attributable to ETS (2). Because
pneumonia is already the leading cause of mortality and morbidity
in children worldwide, the impact of ETS on respiratory illnesses is
likely to increase as smoking rates rise in developing regions,
including Asia and Africa (3). The molecular nature of increased
susceptibility to microbial infection is not fully understood.
Smoking and ETS exert diverse effects on the immune system by
altering important host defense mechanisms (4). Repeated expo-

sure to irritants in smoke directly damages the respiratory epithe-
lium, leading to increased permeability and impaired mucociliary
clearance (5). We previously showed that cigarette smoke extract
(CSE) also attenuates the release of inflammatory mediators by
lung epithelial cells in response to the microbial ligand LPS (6). A
similar decline in mediator release is evident in lung macrophages
and monocytes, and is associated with a reduced activation of the
proinflammatory transcription factor NF-kB (7–10).

The host normally responds to infection by recognizing a suite
of pathogen-associated molecular patterns (PAMPs) via special-
ized pathogen recognition receptors (PRRs) such as Toll-like
receptors (TLRs), which promote the release of multiple inflam-
matory mediators. A loss of PRR function will therefore ad-
versely affect essential innate immune responses. Exposure to
smoke also impairs the macrophage-mediated efferocytosis of
apoptotic cells (11) and the phagocytosis of bacteria (12, 13).
However, the mechanisms that drive this impaired recognition and
clearance remain elusive. A number of reports implicate free
radicals as the major immunosuppressive mediator in cigarette
smoke, because scavengers including reduced glutathione (GSH)
and N-acetylcysteine (NAC) restore the normal release of in-
flammatory mediators (6, 7, 14, 15). This is consistent with the very
high oxidant/free radical burden in cigarette smoke, which in-
cludes superoxide (O2�), hydroxyl radicals (�OH), hydrogen per-
oxide (H2O2), nitric oxide (NO), and peroxynitrite species (16).

Because the relative roles of oxidative and nitrosative markers
in smoke-mediated macrophage dysfunction have not been com-
prehensively evaluated, a panel of stress markers was screened via
immunocytochemistry (ICC), Western blot analysis, and selective
biochemical assays. Of the five alternative oxidative/nitrosative
stress markers screened, only protein carbonylation was rapidly
induced by CSE in a manner reversed by treatment with ex-
ogenous GSH. The detection of protein carbonylation is the most
widely used marker for protein oxidation by the derivatization of
modified carbonyl groups (aldehydes and ketones) at cysteine,
arginine, histidine, lysine, proline, or threonine residues (17, 18),
and is a major pathway to protein oxidation (19). Furthermore,
the degree and duration of CSE-mediated protein carbonylation
were correlated with the expression of the inflammatory media-
tor, TNF-a. Our novel findings demonstrate that protein car-
bonylation by CSE occurs in a rapid and global manner, and
as a result, essential macrophage functions, including pathogen
sensing and the internalization and release of inflammatory
mediators, are all significantly compromised.

MATERIALS AND METHODS

Reagents

Anti-4HNE rabbit polyclonal antibody was purchased from Alpha
Diagnostics (San Antonio, TX). Anti-glutathione monoclonal antibody
was purchased from Virogen (Watertown, MA). Anti-p65, phospho-
p65, IkBa, phospho-p38, pErk1/2, pJNK, and nitro-tyrosine rabbit
polyclonal antibodies were purchased from Cell Signaling Technolo-
gies (Danvers, MA). Commercial ELISA sets were purchased from
R&D Systems (Minneapolis, MN). Recombinant TNF-a (rTNF) was
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purchased from Prospec (Ness-Ziona, Israel). All other reagents were
purchased from Sigma (St. Louis, MO).

Exposure to Cigarette Smoke

Balb/c mice were exposed to cigarette smoke as previously described
(20), with minor modifications. Mice were exposed to smoke generated
from one cigarette (2R4F; University of Kentucky, Lexington, KY) for
15 minutes. This process was repeated three times for a total of four
cigarettes over a 4-hour period. Two hours after the final cigarette,
mice were treated intranasally with saline or LPS (1 mg) and bron-
choalveolar lavage fluid (BALF)/excised lungs were archived, as pre-
viously described (21). For the myeloperoxidase (MPO) analysis of
lung tissue, refer to the online supplement.

Preparation of CSE

CSE was prepared as previously described, with minor modifications (6).
Briefly, one research filtered cigarette (2R4F; University of Kentucky) was
bubbled through 25 ml of RPMI medium. This preparation was filtered
through a 0.2-mm filter, and was arbitrarily assigned the value ‘‘1’’ (one
cigarette in 25 ml). For GSH experiments, CSE was incubated with 0.1 mM
GSH for 10 minutes at room temperature before the treatment of cells.

Cell Culture

Murine MH-S alveolar macrophages (CRL-2019; American Type Cul-
ture Collection, Manassas, VA) are a noncancer immortalized cell line
that retains many morphologic and functional properties of primary
alveolar macrophages (22). MH-S cells also effectively adhere to and
clear bacteria by phagocytosis and phagolysosomal processing (13).
MH-S cells were exposed to CSE for a short 15-minute pulse. After
treatment with CSE, cells were maintained in RPMI-1640 1 1% FCS
for the indicated recovery period, before challenge with 1 mg/ml LPS or
100 ng/ml rTNF-a.

Phagocytosis and Molecular Assays

The phagocytic function of MH-S cells was quantified using the Vybrant
Phagocytosis Kit (Invitrogen, Carlsbad, CA), according to the manufac-
turer’s instructions. The intracellular uptake of fluorescein-labeled Escher-
ichia coli was preferentially detected by extracellular quenching with
Trypan blue. Real-time quantitative (Q) PCR was performed using
Taqman chemistry, as previously described (23). For the assessment of
NF-kB and activator protein-1 (AP-1) DNA binding activity, nuclear
extraction and electromobility shift assay (EMSA) were performed as
previously described (6). Western blot analysis was also performed as
previously described (24). For the detection of S-nitrosylated proteins,
a modified biotin switch method was performed, according to the
manufacturer’s instructions (Cayman Chemicals, Ann Arbor, MI).

Methanol-fixed MH-S cells grown in 8-well chambers were fixed in
ice-cold methanol for 10 minutes, and staining was performed using
a DAKO Envision Staining Kit (DAKO, Inc. La Jolla, California,
Carpentaria, CA).

Detection of Carbonylation

The detection of protein carbonylation was performed using a Protein
Oxidation Detection Kit (Millipore, Billerica, MA), according to the
manufacturer’s instructions. For the detection of protein carbonylation
by immunocytochemistry (ICC), cells were incubated with 1 3 2,4-
dinitrophelylhydrazine after the fixation step, and staining proceeded
as already described.

Statistical Analysis

Differences between groups were analyzed using an unpaired t test or
two-way ANOVA, followed by a Bonferroni multiple comparison test
(GraphPad Software, Inc. La Jolla, CA). P , 0.05 was considered
significant.

RESULTS

CSE-Mediated Suppression of Phagocytosis and Inflammatory

Gene Expression Is Independent of LPS Tolerance Mechanisms

A smoke exposure model of four cigarettes over a 4-hour period
was sufficient to reduce LPS-mediated BAL neutrophilia (Fig-

ure 1A) and tissue leukocyte accumulation, as detected by the
activity of MPO (Figure 1B) in BALB/c mice. This reduction in
neutrophil recruitment was similar to the significant reduction
in TNF-a lung mRNA (Figure 1C) and secreted protein in
BALF (Figure 1D). To investigate the molecular mechanisms
behind impaired innate immunity, MH-S alveolar macrophages
that retained the functional properties of primary alveolar
macrophages (13, 22) were used. A CSE dose response was first
performed, demonstrating the dose-dependent inhibition of
TNF-a (Figure 2A). One CSE (1 cigarette in 25 ml of medium)
was subsequently used, because this dose displayed inhibitory
activity similar to that of the in vivo whole-smoke model with-
out affecting cell viability. Similar doses were also used with no
detrimental effects on cell viability (13, 25), although direct
comparisons are complicated because of the alternative methods
used to generate stock CSE solutions. Because the recognition
and ingestion of pathogen are integral to a host’s innate defense
system, we quantitatively measured the phagocytosis of fluo-
rescently labeled E. coli in MH-S alveolar macrophages. As
shown in Figure 2B, the internalization of FITC–E. coli over the
2-hour incubation period was reduced by CSE. A more detailed
kinetic analysis of TNF-a mRNA (Figure 2C) and secreted
protein (Figure 2D) demonstrated the sustained nature of CSE-
mediated macrophage suppression.

A secondary event during acute inflammatory responses to
pathogens and other foreign agents is the resolution of inflam-
mation. The engagement of TLRs promotes negative feedback
mechanisms, including the release of inhibitory mediators to
limit sustained activation (26). Because CSE contains detect-
able concentrations of LPS (27, 28), negative TLR regulators
(suppressor of cytokine signaling-1 [SOCS-1], IL-10, and
interleukin-1 receptor associated kinase-M [IRAK-M]) were
measured by QPCR, and were not induced by CSE (Table 1).
The oxidative stress response marker, heme oxygenase–1
(HO-1), was elevated by CSE treatment (6-fold), and no
increase in apoptosis was detected as determined by acridine
orange/ethidium bromide staining and fluorescence micros-
copy (Table 1).

Free Radical Species Inhibit Multiple Signaling Intermediates

That Control NF-kB and AP-1 Activity

To investigate the importance of reactive radical species, CSE
was pretreated with GSH, which dose-dependently restored the
LPS-induced expression of TNF-a, as assessed by QPCR (Figure
3A). The restoration of TNF-a protein was maximally achieved
when CSE was pretreated with GSH (Figure 3B). Simultaneous
treatment with CSE and GSH was less effective, and the delivery
of GSH after CSE was completely ineffective in restoring LPS
responses. In addition to TNF-a, the CSE-mediated suppression
of the alternative TLR-4 marker, as induced by interferon
regulatory factor (IRF) signaling (interferon gamma–induced
protein-10 [IP-10], Figure 3C) and by IL-6 (Figure 3D), was

TABLE 1. EXPRESSION OF NEGATIVE REGULATORS AND
VIABILITY IN RESPONSE TO CIGARETTE SMOKE EXTRACT

n 5 3

Fold Increase (VEH)

HO-1 IL-10 SOCS1 IRAK

Viability

(% VEH)

CSE (3 hr) mean (SE) 6.5 * (1.1) 1.6 (0.8) 0.6 (0.4) 0.8 (0.1) 91 (14)

Definition of abbreviations: CSE, cigarette-smoke extract; HO, heme oxygenase-1;

SE, standard error; SOC-1, suppressor of cytokine signaling-1; IRAK, IL-1 receptor

associated kinase; VEH, vehicle.

*P , 0.05.
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restored by GSH. When cells were stimulated with rTNF-a
instead of LPS, a similar decline in the expression of TNF-a and
IL-6 was evident (Figures 3E and 3F). The maximal activation
of NF-kB requires the degradation of the inhibitor of kBa

(IkBa) and the phosphorylation of p65. Treatment with CSE
markedly delayed the degradation of IkBa and suppressed
the phosphorylation of p65, which correlated with reduced
NF-kB DNA binding in a GSH-reversible manner (Figure
4A). The engagement of TLR-4 also promotes the phosphor-
ylation of mitogen-activated protein kinases (MAPK), which

can differentially regulate the AP-1 heterodimeric transcrip-
tion factor complex consisting of fos and jun subunits. We
found that all three MAPKs, including c-Jun N-terminal
kinase (JNK), p38, and extracellular-signal regulated kinase
1/2 (Erk1/2) were phosphorylated in response to LPS in
alveolar macrophages. In addition, JNK was directly activated
by exposure to CSE. However, only the activation of p38 was
blocked by CSE in a GSH-responsive manner (Figure 4B),
implicating p38 as the main MAPK susceptible to CSE (Figure
4B, bottom).

Figure 1. Acute exposure to smoke impaired LPS-

induced neutrophil recruitment and induction of

TNF-a. BALB/c mice were exposed to cigarette smoke
(SMK) over a 4-hour period before intranasal delivery

of saline (SAL) or 1 mg LPS. (A) Bronchoalveolar lavage

(BAL) neutrophil numbers and (B) Myeloperoxidase

(MPO) activity in lung tissue were measured 24 hours
after the challenge. Lungs were also collected 2 hours

after treatment with LPS, and (C ) TNF-a mRNA levels

and (D) secreted protein concentrations in BAL were

determined. Data are expressed as mean 6 SEM (n 5

6–8, #P , 0.05).

Figure 2. Phagocytosis and inflamma-

tory gene expression are suppressed by

15-minute pretreatment with cigarette

smoke extract (CSE). (A) MH-S cells were
exposed to indicated doses of CSE be-

fore challenge with LPS (1 mg/ml) for

24 hours, and secreted TNF-a concen-

trations in supernatants were measured
by ELISA. (B) MH-S cells were treated

with CSE or vehicle (VEH) for 15 minutes,

allowed to recover for 1 hour, and then
challenged with FITC–Escherichia coli.

Images were captured by fluorescent

microscopy, and the intensity of fluore-

scence was quantified using a FlexStation
II microplate reader (Silicon Valley, CA)

and presented as a percentage of VEH-

treated cells. (C and D) MH-S cells were

treated with CSE or VEH for 15 minutes
and then challenged with LPS for 24

hours. At indicated time points, TNF-a

mRNA (C ) and secreted protein (D)
concentrations were measured by

quantitative (Q) PCR and ELISA. Data

are expressed as mean 6 SEM (n 5 3–5,
#P , 0.05).
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Rapid and Sustained Induction of Protein Carbonylation Is

Associated with Impaired Expression of TNF-a and Phagocytosis

Because CSE-derived free radical species drive suppressed inflam-
mation, a panel of oxidative and nitrosative stress markers was
screened by ICC, including protein carbonylation, S-nitrosylation,
4HNE, S-glutathionylation, and nitro-tyrosine. As shown in
Figure 5A, only protein carbonylation was markedly enhanced
by exposure to CSE. No further increase in S-nitrosylation was
evident according to ICC, and this result was also validated by
the biotin switch method (Figure 5B). Global S-glutathionyla-
tion or 4HNE were not altered by exposure to CSE (Figure E1),
and nitro-tyrosine staining was not evident above the isotype
control background (data not shown). Oxyblot analysis con-
firmed CSE as a potent inducer of carbonylation that targets
many proteins within the 40–100-kD range in a dose-dependent
manner (Figure 6A), which was inversely correlated with the
LPS-induced expression of TNF-a (Figure 2A). Subcellular anal-
ysis revealed extensive carbonylation in the cytosolic, nuclear,
and membrane fractions (Figure E2). Protein carbonylation also

occurred very rapidly within 10 minutes of exposure to CSE,
and the modification persisted for at least 6 hours, slowly
resolving by 24 hours (Figure 6B, inset). The kinetics of CSE-
mediated carbonylation was again inversely correlated with the
production of TNF-a, because a maximal restoration of gene
expression was evident at the 24-hour time point (Figure 6B).
Preincubating CSE with GSH and N-acetylcysteine (NAC)
prevented the carbonylation of MH-S cells, whereas ascorbate
proved ineffective (Figure 6C). The pattern of carbonylation
was again inversely associated with the LPS-induced expression
of TNF-a, where GSH and NAC restored normal responses, in
contrast to ascorbate (Figure 6D).

Heavily Carbonylated Pseudopod Extensions Fail

to Internalize Bacteria

We used differential interference contrast light microscopy to
investigate the morphology of macrophages in the presence of
CSE, and to localize further intracellular regions positive for
protein carbonylation. As shown in Figure 6E (top), the for-

Figure 3. Pretreatment with glutathione (GSH) maximally

restores inflammatory responses, and CSE also impairs

recombinant (r) TNF-a activity. (A) MH-S cells were treated
with CSE (open squares), preincubated with increasing

concentrations of GSH or VEH (solid squares), allowed to

recover for 1 hour in fresh media, and then challenged

with LPS for 3 hours before assessing TNF-a levels by
QPCR. (B) CSE was pretreated with GSH (PRE), simulta-

neously added to cells with CSE (SIMUL), or added to cells

after exposure to CSE (POST), followed by challenge with

LPS and measurement of TNF-a by ELISA. (C and D) Cells
were exposed to CSE alone or CSE pretreated with GSH for

15 minutes, followed by a 1-hour recovery period, and

were then stimulated with LPS for 24 hours. Concentra-

tions of secreted interferon gamma induced protein-10 (IP-
10) (C ) and IL-6 (D) in supernatants were determined by

ELISA. (E and F ) After treatment with CSE, cells were

treated with rTNF-a (100 ng/ml) for 3 hours, and TNF-
a/IL-6 levels were determined by QPCR. Data are

expressed as mean 6 SEM (n 5 3–5, #P , 0.05).
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mation and extension of pseudopodia were evident in CSE-
treated cells that were abundantly carbonylated by CSE in
a GSH-sensitive manner (Figure 6E, top). Because phagocytic
receptors cluster in outer membrane regions, we assessed
whether localized carbonylation was associated with impaired
phagocytosis. The CSE-mediated suppression of bacterial in-
gestion was completely restored by GSH (Figures 6E, bottom,
and 6F).

Primary Alveolar Macrophages Are Also Targeted

for Protein Carbonylation

Carbonylation levels were assessed in primary alveolar macro-
phages isolated from Balb/c mice by BAL. As shown via ICC in
Figure 7A, CSE induced global carbonylation. These findings
were also validated by oxyblot analysis, demonstrating a marked
induction of protein carbonylation by CSE, whereas LPS alone
caused no change (Figure 7B). Consistent with MH-S cells,
pretreatment with CSE for 15 minutes inhibited the LPS-
induced expression of TNF-a in primary alveolar macrophages
(Figure 7C).

DISCUSSION

The biological consequences of free radical exposure are di-
verse, and include direct modifications and damage of DNA,
lipids, and many proteins. Alveolar macrophage phagocytosis is
impaired in chronic lung disorders such as chronic obstructive

pulmonary disease (29), where exposure to smoke causes sig-
nificant oxidative damage. Cigarette smoke also impairs the
clearance of apoptotic cells through the oxidant-dependent
activation of Ras homolog gene family, member A (RhoA)
(30) and the inhibition of Ras-related C3 botulinum toxin
substrate 1 (Rac1) (31), leading to defective actin polymeriza-
tion, normally required for efficient efferocytosis. Here, we
observed that macrophage pseudopodia were heavily carbony-
lated in response to cigarette smoke exposure. Because carbon-
ylation was previously identified as a major mechanism in actin
cytoskeletal instability (32–34), our findings strongly implicate
cigarette smoke-mediated carbonylation in defective efferocy-
tosis and pathogen clearance. The defect appears to be selective,
because the phagocytosis of polystyrene latex beads by PRR-
independent mechanisms was unaltered in smokers (35).

We found that LPS-induced NF-kB translocation and trans-
activation pathways were also compromised by CSE in an
oxidant-dependent manner. The induction of inflammatory genes
by rTNF-a was similarly reduced. Because the engagement of
TNF receptor and TLR-4 converge at IkB kinase (IKK) to
activate NF-kB, oxidants in CSE are likely targeting IKK or its
downstream adaptors. In addition, the observed defect in
phagocytosis, AP-1 DNA binding, and IRF-mediated gene
expression highlight the diversity of the CSE-mediated inhibi-
tion of inflammatory pathways, and favor a model where
multiple host defense regulatory proteins are modified by
CSE-derived oxidants. Transcription factors such as NF-kB
are particularly redox-sensitive, and are therefore very suscep-
tible to oxidative damage. Thus, the degree and constitution of
oxidants have the potential to either increase or reduce in-
flammatory responses, and may even coexist in disease. The
findings of this study suggest that smoke mediates impaired
primary responses by suppressing bacterial phagocytosis and
activation of the TLR-4 pathway, consequent to extensive
protein carbonylation.

Exposure to cigarette smoke also markedly depletes intra-
cellular stores of GSH, leading to the generation of oxidized glu-
tathione (GSSG) (7, 36), and the disruption of GSH metabolism
is considered a key susceptibility feature of lung diseases (37).
Although no global changes in S-nitrosylation, S-glutathionylation,

Figure 4. CSE impairs signaling to NF-kB and activating protein–1 (AP-

1) in a GSH-sensitive manner. MH-S cells were pretreated with VEH,

CSE, or CSE prepared with GSH (GSH-CSE) for 15 minutes, followed by
1 hour of recovery in fresh medium, and were then stimulated with LPS

over indicated time points. (A) Western blot analysis was used to

measure IkBa, the phosphorylated p65 subunit of NF-kB (p-p65), and

total p65 (T-p65). The DNA binding activity of NF-kB was also
determined by electromobility shift assay (EMSA). (B) The activity of

mitogen-activated protein kinase (MAPK) was determined by Western

blot analysis, using phospho-specific antibodies to p38, c-Jun N-

terminal kinase (JNK), and extracellular signal–regulated kinase 1/2
(Erk1/2). AP-1 activity was assessed by EMSA, as described in MATERIALS

AND METHODS. Images are representative of three individual experiments.

Figure 5. CSE selectively promotes the induction of protein carbonyl-
ation. MH-S cells cultured in 8-well chamber slides were pretreated

with VEH or CSE for 15 minutes, followed by 1 hour of recovery in fresh

medium, and were then subjected to immunocytochemistry (ICC) for

stress markers, including protein carbonylation (CRB) and S-nitrosylation
(S-NC). An isotype control (ISO) was also performed on CSE-treated

cells. Images are representative of three individual experiments. (B) S-

nitrosylation levels were also determined, using the biotin switch
method (as detailed in MATERIALS AND METHODS).
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or 4HNE adduct formation were evident in this study, individual
protein modifications may also contribute to altered macrophage
function in the presence of cigarette smoke radicals. For ex-
ample, the generation of intracellular oxidized GSSG pools can
drive S-glutathionylation (38), which suppresses the NF-kB path-
way by targeting key protein cysteine residues (39). Reactive
nitrogen radicals can also directly inhibit NF-kB signaling via the
S-nitrosylation of p50 and IKK2 (40). Endogenous NO pro-
duction via the induction of NO synthases may even provide
a physiologic brake via S-nitrosylation, which promotes the

resolution of inflammation (41). The observed staining pattern
for S-nitrosylation may also reflect the production of constitu-
tive nitric oxide by alveolar macrophages that maintain cellular
quiescence during periods of inactivation. Peroxynitrite, a highly
reactive product formed in the presence of NO and O2

�, can also
promote the nitration of susceptible tyrosine residues, including
the p65 subunit of NF-kB, leading to a rapid inhibition of DNA
binding and gene expression (42).

In this study, protein oxidation by direct carbonylation was
highly induced by CSE, and was fully reversed by treatment

Figure 6. CSE-mediated carbonylation is associated with

a loss of TNF-a expression and phagocytosis. (A) Oxyblot

analyses of MH-S cells, treated with CSE at indicated
doses. (B) Blot (inset) represents carbonylation levels at

indicated recovery time points after treatment with CSE,

and graph shows levels of TNF-a (QPCR) after 2 hours of

treatment with LPS. (C ) Oxyblot analysis was performed
on cells treated with CSE and preincubated with VEH, 0.1

mM GSH, N-acetylcysteine (NAC), or ascorbate (ASC). (D)

After treatment with CSE preincubated with selective
antioxidants, cells were stimulated with LPS for 3 hours,

and the expression of TNF-a was assessed by QPCR. (E)

Cells cultured in 8-well chamber slides were fixed and

subjected to ICC for protein carbonylation (E, top), and
images were captured using differential interference con-

trast microscopy. For the assessment of phagocytosis, cells

were treated with FITC–E. coli after CSE. Images were

captured using fluorescent microscopy (E, bottom). (F ) The
intensity was quantified using a FlexStation II microplate

reader, where values are presented as a percentage of

VEH-treated cells. Images are representative of three
separate experiments. Data are expressed as mean 6

SEM (n 5 3, #P , 0.05).

Figure 7. CSE-mediated carbonyla-

tion impairment of TNF-a expression
occurs in primary alveolar macro-

phages. (A) Primary alveolar macro-

phages isolated from Balb/c mice by
BAL were cultured in 8-well chamber

slides and treated with VEH or CSE for

15 minutes, followed by 1 hour of

recovery. Fixed cells were then sub-
jected to ICC for carbonylation

(CRB). (B) Oxyblot analysis was per-

formed on primary alveolar macro-

phages treated with CSE for 15

minutes, and after 1 hour of recovery, were stimulated with LPS for 2 hours. (C ) TNF-a levels, as measured by QPCR, were determined after

treatments as already described, and expressed as fold increase above VEH.
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with GSH and NAC. CSE-mediated protein carbonylation was
described to occur via an intracellular metal–catalyzed pathway,
because the cell-permeable metal chelator prevented protein
oxidation (43). Proteosomal degradation was also identified as
a primary mechanism for the removal of carbonylated proteins
(44). Hence, the significant delay in macrophage inflammatory
responses is consistent with the removal of carbonylated pro-
teins by proteosomal degradation and the gradual synthesis of
new protein pools that are functionally active.

According to estimates, approximately 10% of the entire
proteome can be carbonylated during aging, starvation, or
disease (45). Carbonylated proteins in the lungs of children
with pneumonia and other chronic pulmonary diseases have
been detected, including a-1 antitrypsin and surfactant protein
A (SP-A) (46). Importantly, increased susceptibility to exper-
imental pneumonia and impaired phagocytosis were recently
associated with increased SP-A carbonylation, as mediated by
exposure to ozone (47). Our study suggests that many PRRs
and other associated signaling intermediates are also likely to
be modified, underscoring the rationale of targeting oxidative
stress but also pointing out major therapeutic hurdles. The
degree of carbonylation observed was so rapid and extensive
that therapies directed at single moieties seem unlikely to be
able to restore function. More importantly, GSH was most
effective when allowed time to scavenge reactive intermediates,
because the therapeutic delivery of extracellular GSH after
exposure to smoke failed to control protein oxidation. Collec-
tively, these data point to a potentially important role of car-
bonylation in the regulation of host defense. By inference, a
reduction in carbonylation may represent a more useful bio-
marker for antioxidant therapies than current markers, and
strategies to limit carbonylation may be useful in preserving and
restoring defective mucosal immunity.
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