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A decreased clearance of apoptotic cells (efferocytosis) by
alveolar macrophages (AM) may contribute to inflammation in
emphysema. The up-regulation of ceramides in response to
cigarette smoking (CS) has been linked to AM accumulation
and increased detection of apoptotic alveolar epithelial and
endothelial cells in lung parenchyma. We hypothesized that
ceramides inhibit the AM phagocytosis of apoptotic cells. Re-
lease of endogenous ceramides via sphingomyelinase or exoge-
nous ceramide treatments dose-dependently impaired apopto-
tic Jurkat cell phagocytosis by primary rat or human AM,
irrespective of the molecular species of ceramide. Similarly, in
vivo augmentation of lung ceramides via intratracheal instilla-
tion in rats significantly decreased the engulfment of instilled
target apoptotic thymocytes by resident AM. The mechanism
of ceramide-induced efferocytosis impairment was dependent
on generation of sphingosine via ceramidase. Sphingosine
treatment recapitulated the effects of ceramide, dose-depen-
dently inhibiting apoptotic cell clearance. The effect of cer-
amide on efferocytosis was associated with decreased mem-
brane ruffle formation and attenuated Rac1 plasma membrane
recruitment. Constitutively active Rac1 overexpression rescued
AM efferocytosis against the effects of ceramide. CS exposure
significantly increased AM ceramides and recapitulated the effect
of ceramides on Rac1membrane recruitment in a sphingosine-
dependentmanner. Importantly, CS profoundly inhibited AM
efferocytosis via ceramide-dependent sphingosine production.
These results suggest that excessive lung ceramidesmay amplify
lung injury in emphysema by causing both apoptosis of structural
cells and inhibition of their clearance by AM.

The patchy inflammation in pulmonary emphysema, a ma-
jor form of chronic obstructive pulmonary disease, has been

attributed to a direct effect of cigarette smoke (CS)2 and/or
pollutants or a subsequent increase in oxidative stress causing
enhanced recruitment of inflammatory cells (1). Studies in the
past decade revealed that lung parenchyma structural (epithe-
lial and endothelial) cell apoptosis is a key event in emphy-
sema (2–5), but its integration in the inflammatory processes
in the lung remains obscure. One mechanism postulated to
link apoptosis and inflammation is a defect in clearance of
apoptotic cells in the lung, which is normally promptly and
efficiently executed via a unique, highly dynamic, and regu-
lated phagocytic process of central importance for tissue ho-
meostasis (6). An impairment of apoptotic cell phagocytosis
(efferocytosis) (7), primarily carried out by specialized phago-
cytes such as macrophages, may explain the increased detec-
tion of apoptotic cells (8) in diseased tissues, such as emphy-
sema lungs (6, 9), and may lead to secondary necrosis of such
cells with ensuing inflammation. The relevance of efferocyto-
sis in the context of emphysema has been recently investi-
gated in vitro and in vivo (6, 10), where studies have shown
that macrophages isolated from patients with chronic ob-
structive pulmonary disease or experimentally exposed to CS
exhibited decreased efferocytosis (11, 12). Identifying the
mechanisms by which CS exerts its negative effect on effero-
cytosis is of high importance to ultimately rebalancing the
homeostatic clearance of apoptotic cells and harnessing in-
flammation in emphysema lungs.
Ceramides are signaling sphingolipids serving as second

messengers for functions ranging from differentiation to
growth arrest and apoptosis (13). Ceramide levels are regu-
lated through hydrolysis of sphingomyelin by sphingomyeli-
nases (SMases), through de novo ceramide synthesis (14, 15)
via serine palmitoyl-CoA transferase (SPT) and ceramide syn-
thases, or through ceramidase-regulated catabolism to sphin-
gosine (16). Our previous investigations showed that cer-
amide synthesis is increased in the whole lung in response to
CS and oxidative stress and that increased ceramides contrib-
ute to apoptosis of lung parenchyma (epithelial and endothe-
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lial) cells in emphysema models while inducing AM accumu-
lation (17). Because AM are resistant to ceramide-induced
apoptosis (18), we hypothesized that ceramides inhibit the
AM phagocytic function of apoptotic cells.
Little is known about the role of ceramides in the phagocy-

tosis of apoptotic cells, although several components of the
sphingolipid metabolism have been implicated in cellular pro-
cesses related to Fc- and complement-dependent phagocyto-
sis. For instance, the acid SMase has been shown to be re-
quired for efficient phagolysosomal fusion (19, 20), whereas
ceramide-1-phosphate, a phosphorylation product of cer-
amide, has been implicated in the regulation of macrophage
survival and neutrophil phagocytic function (21). The role of
ceramide in the signal transduction of efferocytosis and its
involvement in the mechanisms by which CS impairs AM
efferocytosis are not known. The Rho family GTPases and
their downstream effectors, traditionally linked to cytoskeletal
reorganization (22), have a profound role in differentially
modulating phagocytosis, because Rac1 and Cdc42 activate,
whereas RhoA inhibits efferocytosis (23). Although ceramides
may activate RhoA and facilitate its plasma membrane trans-
location required for ceramide-induced actin stress fiber for-
mation in fibroblasts (24), their effect on Rho-GTPases in AM
has not been reported.
Our work, using primary AM ex vivo, as well as in vivo

studies of resident AM in rats, shows that ceramides markedly
impair the ability of AM to engulf apoptotic cells through a
mechanism that involves sphingosine generation and modula-
tion of Rac1 availability.

EXPERIMENTAL PROCEDURES

Reagents—All of the chemical reagents were purchased
from Sigma-Aldrich unless otherwise stated. Ceramides with
short (C6:0; C8:0) or intermediate (C16:0) fatty acid chain,
dihydroceramide (DHC; 6:0), polyethylene glycol-conjugated
ceramide C16:0-PEG 2000, as well as brain ceramides mixture
were purchased from Avanti Polar Lipids (Alabaster, AL).
Cell Lines—Human acute T cell leukemia cell line Jurkat

(ATCC) was maintained in complete culture medium consist-
ing of RPMI 1640 supplemented with heat-inactivated fetal
bovine serum (10%), penicillin (100 units/ml), and streptomy-
cin (0.1 mg/ml). The rat alveolar macrophage cell line
NR8383 (ATCC) was maintained in Ham’s F12K medium
containing L-glutamine (2 mM), sodium bicarbonate (1.5
g/liter), and heat-inactivated fetal bovine serum (15%).
Primary Human AM—The human acellular bronchoalveo-

lar lavage (BAL) fluid and human AM were obtained via bron-
choscopy, following a protocol approved by the institutional
review board for human research at Indiana University Pur-
due University, Indianapolis. The procedure was performed
under conscious sedation through a fiberoptic bronchoscope
wedged in subsegmental bronchi of the right middle lobe or
lingula, as described previously (25), instilling 300 ml of sterile
saline (0.9% NaCl) and obtaining at least a 50% return. Lavage
fluid was filtered through sterile gauze, and BAL cells were
pelleted by centrifugation. The supernatant was saved as acellu-
lar BAL fraction at �70 °C until further testing. AMwere resus-

pended inmedia and used freshly for phagocytic assays as de-
scribed below.
Primary Rat AM—Primary rat AM were isolated from

Sprague-Dawley rats by BAL, as described previously (26). Rat
lungs were lavaged with cold sterile 0.9% NaCl (10 ml three
times). Cell counts and viability were determined by trypan
blue dye exclusion. The cells were pelleted by centrifugation
(250 � g; 10 min) and then resuspended in complete medium
RPMI 1640 supplemented with fetal bovine serum (10%), so-
dium pyruvate (1 mM), nonessential amino acids (1%), glucose
(14 mM), NaHCO3 (17.9 mM), HEPES (10 mM), penicillin (100
units/ml), and streptomycin (0.1 mg/ml).
Phagocytosis Assay—Primary AM were accommodated in

culture for 3 days before phagocytosis experiments. Apoptosis
was induced in target Jurkat cells by UV exposure (30 mJ/cm2,
60 s) followed by incubation for 3.5 h (37 °C and 5% CO2), a
time sufficient to generate late apoptotic, annexin-positive,
and PI-positive cells (�70% of the cell population, as detected
by dual annexin V/PI staining and flow cytometry). For subse-
quent experiments, singular PI staining (50 �g/ml, 15 min)
was utilized for apoptotic target cells, followed by washing
and co-culture at a 1:5 ratio of macrophages to target cells for
1 h. After co-culture, nonengulfed Jurkats were extensively
washed with cold PBS, and the AM were harvested by scrap-
ing and were fixed with paraformaldehyde (1%). Trypan blue
(0.04%) was utilized to differentiate between apoptotic target
attachment/binding and intracellular ingestion, following a
fluorescence quenching strategy described previously (27). As
phagocytosis negative controls, we co-cultured AM with apo-
ptotic targets at 4 °C. Efferocytosis was quantified by flow cy-
tometry utilizing a previously described method (28) and a
Cytomics FC500 cytofluorimeter (Beckman Coulter, Fuller-
ton, CA) with CXP software. The results were expressed as
efferocytosis index, defined as the percentage of AM that en-
gulfed apoptotic cells relative to the total number of AM or
relative phagocytic index, defined as the percentage of treated
AM with engulfed apoptotic cells relative to the number of
untreated AM with engulfed apoptotic cells (used as a positive
control).
CS Extract—Filtered research grade cigarettes (1R3F) from

the Kentucky Tobacco Research and Development Center
(University of Kentucky, Lexington, KY) were used for pre-
paring an aqueous CS extract. CS (100%) was prepared by
bubbling smoke from two cigarettes into 20 ml of PBS at a
rate of 1 cigarette/min to 0.5 cm above the filter (29), followed
by pH adjustment to 7.4 and 0.2-�m filtration. A similar pro-
cedure was followed for the air control (AC) extract prepara-
tion but bubbling ambient air rather than CS into the cell cul-
ture medium.
Animal Studies—The Animal Care and Use Committee of

the Indiana University School of Medicine approved all of the
experimental procedures. Male Sprague-Dawley rats were
obtained from Charles River Laboratories (Wilmington, MA).
Thymocytes were harvested from rats (age 3–4 weeks old)
and maintained in culture (RPMI 1640 medium supple-
mented with 10% FBS and 1% penicillin/streptomycin) for up
to 48 h, sufficient for spontaneously undergoing apoptosis.
Rats (9–16 weeks old, 300–400 g) were instilled intratrache-
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ally with Cer C16:0-PEG 2000 (10 mg/kg) or vehicle (PEG
2000). After 24 h, PI-stained apoptotic rat thymocytes (5 �
107/rat) were instilled intratracheally, and BAL was harvested
after 30 min, quenched with trypan blue, and fixed with 1%
paraformaldehyde. Efferocytosis was quantified by flow
cytometry.
Apoptosis—Target cells (UV-treated Jurkat, rat thymocytes)

or AM were stained with annexin V and PI following the
manufacturer’s protocol (R & D Systems, Minneapolis, MN).
Apoptosis was quantified by flow cytometry.
Ceramide Determination—Lipid extraction and total lipid

phosphorus (Pi) measurements utilized a modified Bligh and
Dyer method (30), followed by Pi labeling with NH4-molyb-
date (31), as described previously (17). Sphingolipid analyses
were performed via combined LC-MS/MS, using the API4000
Q-trap hybrid triple quadrupole linear ion trap mass spec-
trometer (Applied Biosystems-Sciex) equipped with turbo ion
spray ionization source and Agilent 1100 series liquid chro-
matography as a front end (Agilent Technologies, Wilming-
ton, DE). The following individual molecular species of cer-
amides were monitored: 14:0, 16:0, 18:0, 18:1, 20:0, 24:0, and
24:1-ceramides, utilizing C17 ceramide as internal standard.
Ceramide measurements were normalized by total lipid phos-
phorus (Pi).
Ceramide Synthesis Inhibition Studies—The following in-

hibitors were utilized by pretreating rat AM for the indicated
time: the ceramide synthase inhibitor fumonisin (FB1; 10 �M,
2 h; Cayman Chemicals, Ann Arbor, MI), the SPT inhibitor
myriocin (My; 50 nM; 2 h; Biomol International, Plymouth
Meeting, PA), the neutral SMase inhibitor GW4869 (20 �M,
30 min; Calbiochem, San Diego, CA); the acid SMase inhibi-
tor imipramine (50 �M, 1 h) (Calbiochem, San Diego, CA); or
the ceramidase inhibitor (1S,2R)-D-erythro-2-(N-myris-
toylamino)-1-phenyl-1-propanol (MAPP; 1 �M, 2 h; Biomol
Int., Plymouth Meeting, PA).
siRNA and Real Time RT-PCR—Rat AM from BAL were

cultured onto 12-well plates and transfected with 1 �M of
nontarget siRNA oligonucleotides or directed against acid
ceramidase (encoded by ASAH1) using Accell Smart Pool
siRNA (Dharmacon; Thermo Fisher Scientific Inc., Waltham,
MA). After 72 h, total RNA was extracted using RNA isola-
tion kit (Qiagen), and the cDNA was reversely transcripted
from 1 �g of total RNA by using the first strand synthesis kit
(Invitrogen) with random primers. mRNA expression was
quantified using QuantiTect SYBR green RT-PCR kit
(Qiagen) and the following primers for ASAH1: sense (5�-
GCCGCTTGCAGCTGGGAAGAT-3�) and reverse (5�-GGT-
GTACCACGGAACTGGTCCTC-3�) and for ASAH2: sense
(5�-TGGAGAAGACTTGGGCCTTA-3�) and reverse (5�-
TCCAGGCAGATAGCCTCTGT-3�) using a 7500 real time
PCR system (Applied Biosystems, Foster City, CA). The
results were normalized to rat endogenous cellular GAPDH.
The relative expression was assessed by the comparative CT
method correcting for amplification efficiency of the primers
and performed in triplicate.
Rac1 Overexpression—NR8383 cells were transiently trans-

fected with pEGFP-C1-Rac1 plasmid DNA (3 �g/106 cells or
empty vector, using the Amaxa nucleofector system (Lonza,

Allendale, NJ), following the Macrophage nucleofector kit
protocol (Amaxa Biosystems, Gaithersburg, MD). The cDNA
of wild type Rac1 and constitutively active RacV12 mutant
were a gift from Gary Bokoch (Scripps, La Jolla, CA). Mam-
malian expression vector for Rac1-EGFP was prepared by Ba-
khtiyor Yakubov (University of Chicago) by subcloning full-
length cDNA encoding wild type or constitutively activated
Rac1 into pEGFP-C1 plasmid (Clontech, CA) using XhoI and
BamHI cloning sites. The transfection efficiency was deter-
mined microscopically and by flow cytometry.
Rac1 and RhoA Activities—Primary rat AM were assessed

utilizing the G-LISA assay kit (Cytoskeleton, Inc., Denver,
CO), according to the manufacturer’s protocol, and the read-
outs were analyzed with SpectraMax M2 (Molecular Devices).
Western Blotting—Cellular lysates from the harvested cells

were separated into membrane and cytoplasmic fractions,
utilizing a membrane extraction kit (BioVision), according to
the manufacturer’s protocol. Equal protein amounts from
each fraction, as determined by BCA protein analysis (Pierce)
were separated by SDS-PAGE and transferred onto a PVDF
membrane followed by routine immunoblotting, as described
previously (17). Immune complexes were detected using ECL
or ECL-plus (Amersham Biosciences), quantified by densi-
tometry, and normalized using specific �-actin (1:10000;
Sigma), flotillin 2 (1:1,000; Santa Cruz), or CD71 (1:1000; AbD
Serotec) antibody.
Immunocytochemistry—After fixation in paraformaldehyde

(4%), NR8383 cells were stained for either actin only or for
both actin and Rac1 (clone 23A8; Millipore, Billerica, MA),
using Texas Red phalloidin (Molecular Probes/Invitrogen)
and a Rac1 monoclonal antibody, respectively, followed by
Alexa fluor 488 chicken anti-mouse antibody (Molecular
Probes/Invitrogen) staining, as described previously (32). The
images were obtained using a Nikon H600L fluorescence mi-
croscope with a camera and NIS-Elements AR 3.0 software.
Statistical Analysis—Statistical analysis was performed us-

ing SigmaStat 3.5. Comparisons among groups were made
using analysis of variance. For experiments in which two con-
ditions were being compared, a two-tailed Student’s t test was
used. All of the experiments were performed at least three
times, and the data were expressed as the means � S.E. Statis-
tically significant differences were considered if p � 0.05.

RESULTS

Ceramides Inhibit the Apoptotic Clearance Function of Pri-
mary AM—Ceramides are sphingolipids that can be released
as second messengers intracellularly or can be found extracel-
lular when generated at the plasma membrane or when re-
leased in the circulating plasma (33). We have previously
demonstrated increased levels of various ceramide species in
lung samples from chronic obstructive pulmonary disease
patients (17) and in the lungs of mice exposed to CS (34). To
test our hypothesis that ceramides inhibit efferocytosis, cer-
amides were augmented by three approaches: treatment with
exogenous bioactive ceramides, which have been routinely
used to mimic the function of endogenous ceramides (35–37);
generation of endogenous ceramides via sphingomyelin hy-
drolysis by active neutral SMase treatment; and exposure of
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cells to CS concomitant with treatment with ceramide syn-
thesis inhibitors. The choice of ceramide species was based on
solubility (species containing shorter length fatty acid chains
being more soluble) and relevance (species containing longer
length fatty-acid chains being more abundant in mammalian
cells). For most treatments we utilized C6:0 ceramide. To en-
sure that this is a physiologically relevant ceramide, ceramide
species were measured in the human acellular BAL that con-
tained a vast range of ceramide species, including the short

chain ceramide C6:0 (Cer C6:0) (Fig. 1A). Treatment of pri-
mary human AM collected via BAL from healthy volunteers
with Cer C6:0 prior to co-culture with target apoptotic (UV-
irradiated) Jurkat cells significantly inhibited human AM effe-
rocytosis, measured by counting engulfed PI-labeled apopto-
tic cells on coded slides (Fig. 1B). Similarly, primary rat AM
obtained via BAL from adult rats were pretreated with Cer
C6:0 in dose-dependent and kinetic experiments (1, 5, and 10
�M for 1, 2, 4, and 18 h) prior to co-culture with target apo-

FIGURE 1. Ceramide inhibits AM efferocytosis ex vivo. A, abundance of ceramide species measured in the human BAL acellular fluid by combined LC-MS/
MS. The data shown are the averages of n � 15 BAL obtained from apparently healthy volunteers. B–F, engulfment efficiency of human (B) or rat AM was
assessed after AM were pretreated with ceramides for 4 h (unless otherwise stated) and co-cultured for 1 h with PI-stained apoptotic Jurkat cells. B, quantifi-
cation of human AM efferocytosis by microscopy. Right panel, representative image of AM exhibiting green auto-fluorescence (arrowhead) with internalized
PI-stained apoptotic Jurkat cells (red, arrow). Left panel, efferocytosis index calculated as the percentage of AM with engulfed PI-stained cells relative to the
total AM number, using coded slides (means � S.E.; *, p � 0.05; Student’s t test) after treatment with vehicle (Ctl) or ceramide (Cer 6:0; 10 �M; 4 h). C and D,
dose dependence (C; at 4 h) and kinetics (D) of inhibitory effect of Cer 6:0, its vehicle ethanol (Et-OH), or its precursor DHC (6:0) on rat AM efferocytosis.
C, efferocytosis was measured by flow cytometry and expressed as relative phagocytic index (percentage of efferocytosis of treated AM relative to that of
untreated AM). White bar, AM co-incubated with apoptotic Jurkats at 4 °C (mean � S.E.; n � 14; (*, p � 0.05 versus control). D, efferocytosis was measured by
flow cytometry and expressed as inhibitory activity (%) compared with untreated AM (mean � S.E.; n � 3; *, p � 0.007; **, p � 0.005 versus control). E, rat
AM efferocytosis was measured by flow cytometry and expressed as relative phagocytic index (percentage of untreated control: black bar) following treat-
ment with brain ceramides (a porcine extract containing long chain ceramides) (10 �M; 4 h) or with vehicle (mean � S.E.; n � 3; *, p � 0.05 versus control).
F, effect of post-ceramide recovery of rat AM efferocytosis determined by flow cytometry and expressed as relative phagocytic index (percentage of un-
treated AM). Rat primary AM were treated with ceramide C6:0 (1, 5, or 10 �M; 4 h) and then allowed to recover overnight in regular growth medium prior to
efferocytosis assay (means � S.E.; n � 3; *, p � 0.05 versus control; #, p � 0.05 versus corresponding treatments). G, rat AM efferocytosis was measured by
flow cytometry and expressed as efferocytosis index following treatment (4 h) with active neutral SMase at the indicated concentrations before challenge
with apoptotic targets. Treatment with Cer 6:0 (10 �M; 4 h; white bar) is shown for comparison (means � S.E.; n � 3; *, p � 0.05 versus control). H, rat AM
efferocytosis expressed as relative phagocytic index (percentage of untreated control: black bar) following treatment with Cer 6:0 (10 �M; 4 h) after preincu-
bation with myriocin, an inhibitor of SPT in the de novo ceramide synthesis pathway (My, 50 nM, 2 h; n � 3; means � S.E.; *, p � 0.05 versus control; #, p �
0.05 versus Cer 6:0).
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ptotic Jurkat cells. Cer C6:0 inhibited AM efferocytosis in a
dose- and time-dependent manner (Fig. 1, C and D) by up to
50% (p � 0.005; 10 �M) without inducing AM apoptosis (18)
(data not shown). Based on these data, a concentration of 10
�M ceramide applied for 4 h prior to apoptotic target chal-
lenging was employed for subsequent experiments. Further-
more, to study the specificity of the effect of ceramides on
AM efferocytosis, the cells were treated with DHC, the imme-
diate precursor of ceramide in the de novo synthesis pathway.
This sphingolipid is biologically distinct, despite close struc-
tural characteristics to ceramide. In fact, DHC may actually
oppose some of the the effects of ceramide on mitochondrial
membranes (38). Indeed, in contrast to ceramide, DHC 6:0
had no inhibitory effect on AM efferocytosis (Fig. 1C). Similar
to short chain ceramide, the natural brain ceramide extract (a
mixture of long and very long chain ceramides) inhibited apo-
ptotic cell uptake by AM, compared with the vehicle control
(Fig. 1E). Although we could not detect AM cell death follow-
ing treatment with any ceramide species, to rule out a general
nonspecific toxic effect on AM, we investigated whether the
inhibitory effect of ceramide on AM efferocytosis was reversi-
ble upon removing ceramide from the media. Rat primary
AM were treated for 4 h with ceramide and then allowed to
recover overnight in regular growth medium prior to effero-
cytosis assays. Previously ceramide-treated AM completely
recovered their engulfment capacity (Fig. 1F) to levels similar
to those of untreated AM. This suggests that the effect of Cer
C6:0 on apoptotic cell uptake is not permanent. To confirm
that endogenously generated ceramide is as capable as exoge-
nous ceramides to inhibit efferocytosis, AM were treated with
active neutral sphingomyelinase (from Bacillus cereus), which
generates ceramide from sphingomyelin. The endogenous
ceramide production in response to SMase treatment (0.3 and
0.5 units/ml for 4 h) recapitulated the effects of exogenous
ceramide treatment, significantly inhibiting rat AM efferocy-
tosis by more than 85% (p � 0.001) (Fig. 1G). Most biological
effects observed after the exogenous delivery of any ceramide
species have been attributed to the generation of intracellular
ceramides (39). We assessed, using specific inhibitors, the

degree to which endogenous versus exogenous ceramides af-
fected AM efferocytosis in response to short chain ceramide
treatments (which could be mimicking increased pools of
paracellular ceramide in pathological conditions, such as with
CS). Both C6:0 and C8:0 ceramides required the activation of
SPT in the de novo ceramide synthesis pathway to inhibit AM
engulfment (Fig. 1H and data not shown, respectively), sug-
gesting an early conversion of the exogenous ceramides to
endogenous ceramides.
Ceramide Inhibits AM Efferocytosis in Vivo—In a model of

in vivo AM efferocytosis, adult rats were treated intratrache-
ally with target PI-labeled apoptotic thymocytes (Fig. 2A),
followed 30 min later by investigation of apoptotic cell phago-
cytosis by resident AM collected by BAL. To investigate the
effect of excessive ceramides on efferocytosis in vivo, lung
ceramides were augmented by direct intratracheal application
of the sphingolipid, as described previously in mice (17) using
parameters (10 mg/kg) shown to cause lung parenchyma cell
apoptosis and airspace enlargement (17, 34). To avoid poten-
tial toxicity of the usual ceramide vehicle (ethanol), we uti-
lized a PEG-conjugated Cer C16:0, one of the most abundant
ceramide species in the lung (as shown in Fig. 1A). Rats re-
ceived Cer C16:0 or vehicle only (PEG 2000) followed 24 h
later by intratracheal instillation of target PI-labeled apoptotic
thymocytes. Compared with AM harvested from the BAL of
untreated or vehicle-treated rats, resident AM from cer-
amide-treated animals demonstrated significantly decreased
ability to engulf apoptotic thymocytes (Fig. 2B).
Ceramide Mediates the CS Effects on AM—CS is a potent

inhibitor of AM efferocytosis (40). CS extract inhibited pri-
mary rat AM efferocytosis in a dose-dependent manner (Fig.
3A) as early as 1 h, but with a marked and significant effect
after 4 h of treatment (Fig. 3B). This inhibitory effect persisted
for up to 24 h after removal of cells from the CS-containing
medium (Figs. 3E and 4B). Although CS exposure increases
ceramides in the whole lung and in lung endothelial and epi-
thelial cells in culture conditions (17), it remains unknown
whether CS specifically up-regulates ceramides in AM. Pri-
mary rat AM were exposed to CS extract (1–10% v/v) fol-

FIGURE 2. Ceramide inhibits AM efferocytosis in vivo. A, apoptosis of target thymocytes following ex vivo incubation (24 h), measured by flow cytometry
following dual staining with PI and annexin V (representative flow panel; cells in the right upper and right lower panels are apoptotic). B, in vivo AM efferocy-
tosis of intratracheally delivered PI-labeled apoptotic thymocytes (30 min), assessed by flow cytometry. AM were recovered by BAL from Sprague-Dawley
rats treated intratracheally with either Cer 16:0 (PEG 2000-conjugated; 10 mg/kg; 24 h) or vehicle (PEG 2000); means � S.E.; n � 4; *, p � 0.05 versus untreat-
ed; #, p � 0.05 versus vehicle).
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lowed by lipid extraction and ceramide quantification via tan-
dem mass spectrometry. There was an almost 2-fold increase
in endogenous ceramides upon 4 h of CS exposure (acute re-
sponse) (n � 3; p � 0.03), along with an increase in the pro-
duction of DHC species (data not shown). Interestingly, the
increase in ceramides continued even 24 h after removal of
AM from the CS-containing medium, reaching a 5-fold in-
crease (chronic response) (Fig. 3C). To investigate whether
ceramide synthesis was necessary for the effect of CS on AM
efferocytosis, AM were treated with specific ceramide synthe-
sis inhibitors prior to CS extract exposure, followed by func-
tional assessment of efferocytosis. Treatment with the de novo
SPT inhibitor (myriocin; 50 nM; 2 h), but not with inhibitors
of acid SMase (imipramine; 50 �M; 1 h) or neutral SMase
(GW4869; 20 �M; 30 min) had a protective effect on AM, op-
posing the acute effects of CS on efferocytosis (Fig. 3D), but
was ineffective on the more chronic effects of CS (Fig. 3E).
Interestingly, fumonisin B1 (FB1; 50 �M; 2 h), which inhibits
ceramide synthases in both the de novo pathway and the recy-
cling pathway, did not mimic the effects of myriocin (Fig. 3D),
suggesting that accumulation of sphingosine in response to
FB1 may counteract its beneficial effects on inhibiting de novo
ceramide synthesis (schematic in supplemental Fig. S1) in
response to CS.
CS Impairs AM Efferocytosis through Sphingosine

Accumulation—Ceramide deacylation via ceramidase gener-
ates sphingosine, which is a substrate for sphingosine kinases

1 and 2 to form sphingosine-1-phosphate (S1P) (schematic in
supplemental Fig. S1). The role of sphingosine in phagocyto-
sis is not known, but S1P has been reportedly involved in my-
cobacteria phagocytosis and is released upon engulfment of
apoptotic cells (41, 42). We next investigated the role of cer-
amidase-mediated hydrolysis of ceramide to sphingosine in
AM efferocytosis. Treatment of rat AM with the ceramidase
inhibitor MAPP (1 �M; 2 h) followed by exposure to CS (3%;
4 h), although not affecting efferocytosis at 4 h, caused a
marked protective effect against CS on AM efferocytosis at
24 h (Fig. 4, A and B). In addition, treatment with sphingosine
(4 h) had a dose-dependent inhibitory effect on AM apoptotic
clearance (Fig. 4C), whereas similar concentrations of S1P (4
h) had negligible effects on rat AM efferocytosis (Fig. 4C, in-
set, and data not shown). Treatment with the ceramide
synthases inhibitor FB1 failed to rescue sphingosine-in-
duced inhibition (Fig. 4D), whereas the ceramidase inhibi-
tor MAPP rescued ceramide-induced blockage of efferocy-
tosis (Fig. 4E), indicating that the effects of sphingosine
were not due to generation of ceramide by ceramide syn-
thase and that sphingosine is the principal mediator of the
effect of ceramide on apoptotic cell engulfment. Together,
these data suggest that CS inhibits apoptotic clearance in
AM through ceramide deacylation to form sphingosine.
We next investigated which of the two ceramidases, acid or
neutral, mediates this inhibitory effect. Knockdown of acid
ceramidase (ASAH1) via transient transfection of primary

FIGURE 3. CS inhibits AM efferocytosis in part by de novo ceramide synthesis via SPT. A, effect of aqueous extract of ambient AC or CS (1, 3, 5, and 10%
v:v; 4 h) on rat AM efferocytosis, measured by flow cytometry (means � S.E.; n � 10; *, p � 0.005 versus control). B, time-dependent effects of CS (3% CS ex-
tract v:v) on rat AM efferocytosis, measured by flow cytometry; means � S.E.; n � 3; *, p � 0.05 versus untreated control (UT). C, total ceramides 24 h after
removal of rat AM from treatment with CS (3%; 4 h), measured by tandem mass spectrometry, followed by normalization by intracellular inorganic phos-
phorus content; means � S.E.; n � 4; *, p � 0.01 versus control. D and E, rat AM efferocytosis of PI-labeled apoptotic Jurkat cells following CS exposure (3–
5%; 4 h) and specific ceramide synthesis inhibitors myriocin (My; 50 nM; 2 h), fumonisin (FB1; 5 �M; 2 h), or GW4869 (20 �M; 30 min). Engulfment was as-
sessed after 4 h of CS exposure (D) or 24 h after removal of AM from the CS treatment (E) and quantified by flow cytometry (means � S.E.; n � 3; *, p � 0.05
versus AC).
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rat AM with specific siRNA (Fig. 4F) significantly rescued
efferocytosis from CS inhibition (Fig. 4G), pointing out the
role of this enzyme in sphingosine generation upon CS ex-
posure. In contrast, neutral ceramidase gene knockdown by
specific siRNA had no effect on the efferocytosis inhibition
induced by CS (data not shown).

Rac1 Involvement in the CS and Effects of Ceramides on AM
Efferocytosis—Treatment of AM with CS extract caused
changes in the actin cytoskeleton, in particular a decrease in
membrane ruffle formation, as visualized by fluorescence mi-
croscopy of Texas Red phalloidin staining (Fig. 5A). Given the
central role of Rho GTPases in the unique regulation of effe-

FIGURE 4. CS inhibition of AM efferocytosis is sphingosine-dependent. A and B, rat AM efferocytosis following inhibition of sphingosine synthesis with
the ceramidase inhibitor (MAPP; 1 �M, 2 h) and exposure to CS (3%; 4 h) assessed immediately (A) or 24 h following removal of AM from the CS treatment (B)
(means � S.E.; *, p � 0.05 versus untreated control cells; #, p � 0.05 versus CS; n � 4). C, rat AM efferocytosis after treatment with sphingosine (Sph) at the
indicated concentrations (4 h) or methanol vehicle (Veh; 0.7%; 4 h; means � S.E.; n � 3; *, p � 0.001 versus untreated). Inset, inhibitory effect on efferocytosis
(%) of sphingosine and S1P treatment at the indicated concentrations (4 h) on AM efferocytosis. D, rat AM efferocytosis following treatment (4 h) with cer-
amide synthase inhibitor fumonisin B1 (FB1; 5 �M; 2 h), sphingosine (3 �M), or sphingosine (3 �M) in the presence of FB1 (means � S.E.; n � 3; *, p � 0.05
versus untreated (UT) control). E, AM efferocytosis after treatment with ceramide C8:0 (10 �M, 4 h) and the ceramidase inhibitor MAPP (1 �M, 2 h; mean �
S.E.; *, p � 0.05 versus untreated control; #, p � 0.05 versus C8:0; n � 3). F, acid ceramidase (ASAH1) mRNA expression (relative to GAPDH) measured in
primary rat AM by real time PCR after 72 h of transient transfection with siRNA targeting ASAH1 (1 �M) or with nontarget siRNA (NT) (means � S.D.; *,
p � 0.005 versus NT siRNA; n � 2). G, rat AM efferocytosis following inhibition of sphingosine synthesis with acid ceramidase siRNA (1 �M, 72 h) and
exposure to CS (3%; 4 h) or AC, assessed 24 h after removal of AM from the CS treatment (means � S.E.; *, p � 0.05 versus control; #, p � 0.05 versus
CS/NT; n � 2).
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rocytosis as compared with other types of phagocytosis and
the role of Rac1 in membrane ruffling, we studied the effect of
CS on the intracellular distribution of Rac1. AM were treated
with CS extract (5%; 4 h) or control air extract, followed by
cell fractionation and Rac1 immunoblotting of the cytoplas-
mic and the membrane fractions. CS markedly decreased the
abundance of Rac1 in the plasma membrane fraction, as de-
tected by immunoblotting with a Rac1-specific antibody (Fig.
5, B and C).
To determine whether treatment with ceramide recapitu-

lates the effects of CS on the cytoskeleton and Rac1, AM were
treated with ceramide (Cer C6:0; 10 �M; 4 h) and stained for
actin and Rac1. AM treated with ceramide but not with vehi-
cle exhibited marked changes in the actin cytoskeleton, nota-
bly a decrease in membrane ruffle formation (Fig. 6A), and a
decrease in Rac1 at the plasma membrane, noted by immuno-
cytochemistry using Rac1-specific antibody (Fig. 6A). Al-
though a decrease in Rac1 is known to inhibit macrophage
efferocytosis (43, 44), a similar effect could be achieved by an
increase in RhoA, another Rho GTPase. Because ceramide
treatment (Cer C6:0; 10 �M; 1 min, 3 min, 6 min, 12 min, 30
min, and 4 h) did not activate RhoA and treatment with a spe-
cific Rho kinase inhibitor (Y27632; 10 �M; 1 h) had no protec-
tive effect against ceramide-inhibited efferocytosis (data not
shown), we next investigated whether Rac1 was mechanisti-
cally involved in the effect of ceramide on efferocytosis. AM
were transfected with a constitutively active GFP-expressing
Rac1 construct or with a control GFP-expressing plasmid
prior to efferocytosis assays (Fig. 6B). In contrast to their ef-
fect on wild type AM (Figs. 1 and 2), ceramide treatment did
not inhibit efferocytosis in AM expressing a constitutively

active Rac1 (Fig. 6C). To link the ceramide pathway to the
effect of CS on Rac1, sphingosine production was inhibited
with the ceramidase inhibitor MAPP, which significantly re-
stored the Rac1 abundance in the plasma membrane fraction
of AM treated with CS (Fig. 6D).

DISCUSSION

Our results demonstrate a previously unappreciated func-
tion of ceramides in the inhibition of apoptotic cell clearance
by human and rat alveolar macrophages in vitro and in vivo.
This effect may have clinical relevance to the pathogenesis of
emphysema. The efferocytosis responses of rat primary AM
exposed ex vivo to CS extract are of similar magnitude and
kinetics as those from AM isolated after in vivo exposure of
C67/B6 mice to CS (40), suggesting that our model is consis-
tent with in vivo events during CS-induced emphysema. The
net loss of parenchymal cells via apoptosis is now recognized
as a major component of emphysema pathogenesis, along
with an inflammatory response causing protease/anti-prote-
ase imbalance with ensuing matrix proteolysis (45) and oxida-
tive stress (46). The processes that explain the coexistence of
excessive apoptosis with inflammation in the lung are not
fully explained, because normally, apoptotic cells are rapidly
cleared by specialized cells. Their persistence could lead to
secondary necrosis and engagement of inflammatory re-
sponses. Chronic obstructive pulmonary disease patients dis-
play increased numbers of apoptotic cells in the lungs, which
can be a consequence of both increased cell death (2, 4) and
decreased apoptotic cell clearance (11, 47, 48). Previous inves-
tigations of the molecular mechanisms of excessive lung cell
apoptosis led us to identify increases in ceramide species in

FIGURE 5. CS decreases Rac1 membrane abundance. A, representative fluorescence micrographs of AM (NR8383 cells) stained for actin (with Texas Red
phalloidin; red) and nuclei (DAPI; blue) following treatment with AC or CS extract (5%; 4 h). Note that control cells (left panel) exhibit pronounced ruffling of
the plasma membrane (arrows), whereas CS-treated cells (right panel) have markedly reduced membrane ruffle formation. Scale bar, 50 �m. B, Rac1 mem-
brane abundance detected in protein lysates from total membrane and cytoplasmic fractions obtained from NR8383 cells treated with CS extract (5%; 4 h)
or AC. The proteins were detected by Western blotting using a specific Rac1 antibody; flotillin-2 and �-actin were used as loading controls. C, densitometry
of Rac1 expression detected by Western blotting normalized by loading control, expressed as fold change versus AC control (means � S.E.; n � 3; *, p �
0.05 versus AC).
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FIGURE 6. Ceramide inhibits AM efferocytosis through Rac1 down-regulation. A, representative fluorescence micrographs of AM (either alone in the
upper panels or co-incubated with apoptotic Jurkat cells in the lower panels) stained for actin (with Texas Red phalloidin; red), nuclear marker (DAPI; blue),
and Rac1 (with Rac1 antibody conjugated to Alexa fluor 488; green; lower panels only) following treatment with Cer C6:0 (10 �M; 4 h) or control vehicle (0.1%
ethanol). Note that control cells exhibit ruffles of the plasma membrane (arrows), whereas ceramide-treated cells have a near loss of membrane ruffle for-
mation (double arrowhead) and decreased Rac1 staining. The engulfed Jurkat apoptotic cells are seen in control cells (asterisk), surrounded by a Rac1-rich
phagosome membrane (arrow). Scale bar, 50 �m. The values are representative of n � 2 experiments. B, Rac1 protein level in NR8383 cells transfected with
constitutive active Rac1 or control plasmid. Vinculin immunoblot was used as loading control. C, phagocytic index of wild type NR8383 macrophages and
those overexpressing Rac1 treated with ceramide (Cer C6:0; 10 �M; 4 h); note the lack of inhibitory effect of ceramide on efferocytosis in cells expressing a
constitutively active Rac1 (means � S.E.; n � 3). D, Rac1 plasma membrane abundance detected in protein lysates from total membrane fractions obtained
from NR8383 cells treated with CS extract (3%; 4 h) or AC with or without a ceramidase inhibitor pretreatment (MAPP; 1 �M, 2 h). The proteins were de-
tected by Western blotting using a specific Rac1 antibody, CD71 was used as loading control; densitometry of Rac1 expression was normalized by loading
control (means � S.E.; n � 3; *, p � 0.05).
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the lungs of patients with emphysema (17). Endogenous cer-
amide synthesis can be stimulated by a variety of factors, in-
cluding directly by CS (17, 34, 49). In addition, synthesis of
ceramide species at the plasma membrane may lead to their
release in the paracellular milieu where they can affect sur-
rounding cells in a paracrine and/or autocrine manner. Our
data suggest that multiple species of ceramides present in the
lung exhibit similar effects on efferocytosis. Together with our
previous reports of ceramide-mediated alveolar epithelial and
endothelial cell apoptosis (17), our current data support the
notion that ceramides may be molecular mediators of both
structural cell apoptosis and alveolar macrophage efferocyto-
sis impairment in the emphysematous lung. The effect of cer-
amide on AM efferocytosis was reversible upon cell removal
from ceramide treatment. This result suggested that cer-
amides have a specific effect on efferocytosis function rather
than a toxic effect on the macrophages. In fact, AM were
found to be particularly resistant to the pro-apoptotic effects
of ceramides (50), in contrast to lung structural cells (39). As
expected, the exogenously added ceramides generated both
endogenous de novo ceramides, which inhibited efferocytosis
early in the time course, and sphingosine, which was respon-
sible for late inhibitory effects on apoptotic cell engulfment.
The involvement of ceramide up-regulation in CS-induced
AM efferocytosis impairment adds an important piece to the
puzzle of the molecular mediators and mechanisms by which
CS exerts its action. Our results showed that SPT-mediated
de novo ceramide synthesis followed by deacylation via acid
ceramidase are important steps in the CS-mediated effect on
AM efferocytosis, implicating for the first time the ceramide
metabolite sphingosine as a key mediator of this biological
process. These results emphasize the complexity of sphingo-
lipid involvement in the regulation of various types of phago-
cytosis. For example, ceramide metabolites such as galactoce-
rebroside, but not glucocerebroside, enhanced phagocytosis
by neutrophils (51), and ceramide 1-phosphate was involved
in phagosome formation (52), whereas S1P is involved in my-
cobacteria phagocytosis and may contribute to macrophage
responses that follow the engulfment of apoptotic cells
(41, 42).
The efferocytosis mechanism requires recognition of tar-

gets by the phagocyte followed by cytoskeletal reorganization
and internalization of the target. The best studied “eat me”
recognition signal is the exposure of phosphatidylserine (nor-
mally found on the inner leaflet of the plasma membrane) on
the outer leaflet of the plasma membrane (53). We could not
detect any effect of ceramide on the target recognition, as
evaluated by the attachment index, or on the expression of
the phosphatidylserine receptor in AM (data not shown). In
turn, the Rac1 GTPase family protein was a major target of
AM efferocytosis impairment by ceramides. The Rho family
GTPases are known to regulate multiple signaling pathways
that play a key role in the cytoskeleton organization (54). Rac1
promotes membrane ruffling and phagosome closure (55),
and mutations of ced-10/Rac1 cause failure of phagocytosis of
cell corpses after programmed cell death (43, 44), with Rac1-
null macrophages exhibiting defective lamellipodium exten-
sion (56). In contrast, increased Rac1 activation promotes

membrane ruffling that is necessary to facilitate uptake at the
phagocytic cup and that decreases stress fiber formation, thus
allowing for cell shape changes during engulfment. Although
ceramide treatment did not stimulate RhoA activity, it had a
marked effect on Rac1, like CS, by decreasing its abundance at
the plasma membrane. These findings are consistent with
previous studies of Rho family GTPase involvement in the CS
effects on AM efferocytosis (40), where CS had no effect on
RhoA activation immediately after exposure, activating it only
at 24 h. These data, along with the observation of persistent
inhibitory effects of CS on efferocytosis, suggest that CS may
act on the interchange activation of Rac1 and RhoA proteins,
early on by inhibiting ruffles formation via ceramide- and
sphingosine-mediated Rac1 redistribution and at later time
points by enabling stress fiber formation. Our work does not
exclude additional targets of ceramide-induced effects on ef-
ferocytosis, including redox changes from reactive oxygen
species production and modulation of other cytoskeletal
events. Future studies will also have to address the molecular
mechanism by which sphingosine impacts Rac1 plasma mem-
brane interactions and the effect of ceramides on Fc�-medi-
ated AM phagocytosis. In conclusion, ceramides, which are
found to be up-regulated in response to CS, and their deacyla-
tion product sphingosine dose-dependently impair AM effe-
rocytosis, both directly in a paracellular context and as second
messengers of CS exposure.

Acknowledgments—We acknowledge Amanda Fisher, Marjorie Al-
brecht, and Ioan S. Chesches for expert technical assistance, and we
thank Peter Henson for advice and support.

REFERENCES
1. Yoshida, T., and Tuder, R. M. (2007) Physiol. Rev. 87, 1047–1082
2. Kasahara, Y., Tuder, R. M., Taraseviciene-Stewart, L., Le Cras, T. D.,

Abman, S., Hirth, P. K., Waltenberger, J., and Voelkel, N. F. (2000)
J. Clin. Invest. 106, 1311–1319

3. Tuder, R. M., Petrache, I., Elias, J. A., Voelkel, N. F., and Henson, P. M.
(2003) Am. J. Respir. Cell Mol. Biol. 28, 551–554

4. Tuder, R. M., Zhen, L., Cho, C. Y., Taraseviciene-Stewart, L., Kasahara,
Y., Salvemini, D., Voelkel, N. F., and Flores, S. C. (2003) Am. J. Respir.
Cell Mol. Biol. 29, 88–97

5. Rangasamy, T., Cho, C. Y., Thimmulappa, R. K., Zhen, L., Srisuma, S. S.,
Kensler, T. W., Yamamoto, M., Petrache, I., Tuder, R. M., and Biswal, S.
(2004) J. Clin. Invest. 114, 1248–1259

6. Henson, P. M., Bratton, D. L., and Fadok, V. A. (2001) Nat. Rev. Mol.
Cell Biol. 2, 627–633

7. Vandivier, R. W., Henson, P. M., and Douglas, I. S. (2006) Chest 129,
1673–1682

8. Henson, P. M., and Tuder, R. M. (2008) Am. J. Physiol. Lung Cell Mol.
Physiol. 4.L601–611

9. Kasahara, Y., Tuder, R. M., Cool, C. D., Lynch, D. A., Flores, S. C., and
Voelkel, N. F. (2001) Am. J. Respir. Crit. Care Med. 163, 737–744

10. Golpon, H. A., Fadok, V. A., Taraseviciene-Stewart, L., Scerbavicius, R.,
Sauer, C., Welte, T., Henson, P. M., and Voelkel, N. F. (2004) FASEB J.
18, 1716–1718

11. Uller, L., Persson, C. G., and Erjefält, J. S. (2006) Trends Pharmacol. Sci.
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