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Chronic obstructive pulmonary disease (COPD) is caused by expo-
sure to cigarette smoke (CS). One mechanism of CS-induced lung
injury is aberrant generation of ceramide, which leads to elevated
apoptosis of epithelial and endothelial cells in the alveolar spaces.
Recently, we discovered that CS-induced ceramide generation and
apoptosis in pulmonary cells is governed by neutral sphingomyeli-
nase (nSMase) 2. In the current experiments, we expanded our
studies to investigate whether nSMase2 governs ceramide genera-
tion and apoptosis in vivo using rodent and human models of CS-
induced lung injury. We found that exposure of mice or rats to CS
leads to colocalizing elevations of ceramide levels and terminal
deoxynucleotidyl transferase mediated X-dUTP nick end labeling–
positive cells in lung tissues. These increases are nSMase2 dependent,
and are abrogated by treatment with N-acetyl cysteine or anti-
nSMase2 small interfering RNA (siRNA). We further showed that
mice that are heterozygous for nSMase2 demonstrate significant
decrease in ceramide generation after CS exposure, whereas acidic
sphingomyelinase (aSMase) knockout mice maintain wild-type
ceramide levels, confirming our previous findings (in human airway
epithelial cells) that only nSMase2, and not aSMase, is activated by
CS exposure. Lastly, we found that lung tissues from patients with
emphysema (smokers) display significantly higher levels of nSMase2
expression compared with lung tissues from healthy control sub-
jects. Taken together, these data establish the central in vivo role of
nSMase2 in ceramide generation, aberrant apoptosis, and lung
injury under CS exposure, underscoring its promise as a novel target
for the prevention of CS-induced airspace destruction.
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Cigarette smoking is associated with 80–90% of the chronic
obstructive pulmonary disease (COPD) cases in the United
States (1). Active exposure to cigarette smoke (CS) also
contributes to the increased incidence of related pulmonary
diseases such as asthma, bronchitis and pulmonary fibrosis.
However, COPD is considered to be the prototypical CS-related
disorder, and is characterized by chronic inflammation of the
airways and severe damage to the lung parenchyma, leading to
pulmonary emphysema.

Several mechanisms have been proposed to be involved in the
pathogenesis of pulmonary emphysema, including an imbalance

of proteases and antiproteases, and oxidative stress (2). Recent
studies suggest another mechanism involved in the development
of pulmonary emphysema: apoptosis of alveolar wall cells (3). An
increase in apoptotic alveolar epithelial and endothelial cells in
the lungs of patients with COPD was detected, thus leading to the
net outcome of loss of alveolar units leading to emphysema.

Recent studies in a novel mouse model of targeted endothelial
cell apoptosis have demonstrated emphysematous-like changes
associated with up-regulation of ceramide consistent with the
observations in patients with COPD (4, 5). These authors used
the model of vascular endothelial growth factor receptor block-
ade and reported increased ceramide in lung endothelial cells,
which was critical in activating cell death, oxidative stress, and
emphysema (5). These results were prevented by fumonisin B1
(inhibitor of the de novo ceramide synthesis pathway, suggesting
that ceramide synthase could be involved in the modulation of
ceramide levels in that model. Another report demonstrated that
superoxide dismutase protected against apoptosis and alveolar
enlargement induced by ceramide (6).

Ceramide was also suggested to injure pulmonary endothelial
and hepatic cells during sepsis (7). Another study, based again on
the protective effects of fumonisin B1 in a guinea pig asthma
model, also proposed a role for increased ceramide-mediated
oxidative stress in the pathogenesis of asthma (8). Teichgraber
and colleagues (9) and Hamai and colleagues (10) have recently
reported that ceramide accumulation mediates inflammation, cell
death, and infection susceptibility in cystic fibrosis.

If, indeed, ceramide is a critical pathogenic element in lung
injury processes, such as emphysema, then it is important to
elucidate the exact cellular mechanism that leads to excess
generation of ceramide under CS exposure. Ceramide levels are
elevated in situations associated with cellular stress, such as
ischemia, radiation, and exposures to chemotherapeutic agents
or oxidative stress (11), and ceramide increase has previously
been shown to be crucial in the induction of programmed cell
death (apoptosis) (12). Because ceramide is a second messenger
molecule that modulates cell apoptosis (13–18) and oxidative
stress (16), others and we have proposed that ceramide up-
regulation may induce lung epithelial destruction, as presented
in the pathogenesis of several lung injury diseases (3, 16, 19).
Recent reports provide a very strong case for cell death (apopto-
sis) having a major role in lung injury in several pulmonary
diseases, such as asthma, bronchitis, and COPD (1, 3, 5, 20–22). In
simple terms, loss of cells by augmented apoptosis would be
expected to be involved, or perhaps initiate, the overall tissue
destruction responsible for lung injury (21, 22).

Ceramide can be generated de novo by acylation of sphingo-
sine or in the reverse pathway of sphingomyelin hydrolysis by
sphingomyelinase (SMase) isoenzymes. According to current
models, sphingomyelin may be constitutively metabolized to
ceramide by several SMases, but some SMases may have special
pathophysiological significance (23). Others and we have re-
ported that the major SMase isoenzyme that becomes activated
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by oxidative stress appears to be neutral SMase (nSMase) 2 (or
sphingomyelin phosphodiesterase 3 [SMPD3 gene]), which is
expressed in the Golgi, but probably also in the plasma
membrane. Our studies in human airway epithelial (HAE)
cells (human bronchial epithelial 1 [HBE1] papilloma virus–
immortalized cells) demonstrated that CS stimulates ceramide
generation, which leads to elevation of apoptotic events via the
specific activation of nSMase2 (19). We therefore attempted to
determine in vivo the specific component in the ceramide-
generating machinery that is activated by CS exposure, which
could present an important novel target for pharmacologic in-
tervention in lung injury diseases. Thus, we designed studies to
investigate whether CS can affect ceramide levels and apoptosis in
the lungs of mice and rats, and what role is played by nSMase2 in
CS-induced lung injury and apoptosis in these animal models.

MATERIALS AND METHODS

Animal Studies

All procedures were performed in accordance with an institutional
animal care and use committee–approved protocol. All animals were
maintained in a high efficiency particulate air (HEPA)-filtered laminar
flow cage rack with a 12-hour light/dark cycle and allowed free access
to food (Purina Rodent Chow; Ralston-Purina. Canada, Woodbridge,
Ontario) and water before experiments. Animals were housed and cared
for by the veterinary staff of Animal Resource Services at University of
Colorado Davis in Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC)-accredited facilities, and were
routinely screened for health status by serology and histology by the
veterinary animal resources facility. In a series of experiments, 10- to 20-
week-old 129/Sv and C57BL/6 mice, and then spontaneously hyperten-
sive rat (SHR)/NCrIBR (strain code from Charles River Laboratory,
Inbred; Wilmington, MA), were used in this research. To investigate the
role of oxidative stress–mediated lung injury, mice were exposed (or not)
to 60 mg/m3 CS of TSP, for 6 h/d, 5 d/wk, and fed either a chow diet or
a diet supplemented with N-acetyl cysteine (NAC) (0.4%). Mice exposed
to either filtered air or CS (research cigarettes) were killed within 6 weeks
after the exposures started. Rats were CS exposed (same conditions as
mice) until 14 weeks in Dr. Pinkerton’s laboratory. Intratracheal in-
stillation of lipid analogs (C6-ceramide and -dihydroceramide: 1 mg/kg)
was done by solubilization in ethanol, followed by delivery at the base of
the protruded tongue in 80–100 ml of perflourocarbon (1:5, vol/vol).
Control mice were instilled with perflourocarbon-1% ethanol, and 1%
BSA. Local RNA interference with nSMase2 siRNA or scrambled iRNA
was performed, as reported by Zhang and colleagues. (24), by intranasal
installation of biotin-labeled nSMase2 siRNA, which had been specially
synthesized for our laboratory (by Dharmacon, Lafayette, CO). Acidic
SMase (aSMase) knockout (KO) mice (C57BL/6 background) came
from E. H. Schuchman, Mount Sinai Medical Center (New York, NY).
Heterozygous nSMase2 (nSMase22/1) mice (129/Sv background) came
from Dr. Jean Jaubert, Pasteur Institute (Paris, France).

In this study, a total of 90 129/Sv mice and 156 C57BL/6 mice were
used. Six 129/Sv mice for each time/treatment point were exposed, or not,
to CS for 1 day, 3 days, 1 week (5 d of exposure), or 3 weeks; six C57BL/6
mice for each time/treatment point were exposed, or not, to CS and fed,
or not, with 0.4% NAC, and killed after 1–6 weeks. Two 129/Sv mice for
each time/treatment point were instilled, or not, with C6-ceramide or C6-
dihydroceramide; 16 129/Sv mice (2 for each time/treatment point) were
used for the nSMase2 siRNA experiments; 4 aSMase KO (aSMase2/2)
mice and 4 nSMase22/1 mice for each time/treatment point were
exposed, or not, to CS for 1 or 3 weeks. Six rats for each time/treatment
point were exposed, or not, to CS, and killed weekly for up to 14 weeks.

Human Lung Samples

Human lung sections were provided by Dr. Rubin Tuder, University of
Colorado (Denver, CO). Lung slides from six different control lungs
were compared with lung slides of six different patients with emphysema
(smokers). The emphysema lung sections came from 49- to 54-year-old
male and female patients, all diagnosed with severe centrilobular
emphysema, except for one diagnosed with mild emphysema. The

control lung sections came from 28- to 75-year-old male and female
patients with no diagnosed lung pathologies or with non–emphysematous-
like diagnosed diseases, such as bronchoalveolar carcinoma–mucinous
type, neuroendocrine tumor (carcinoid tumor), or invasive moderated
differentiated adenocarcinoma.

Determination of Cellular Ceramide Levels by Diacylglycerol

Kinase Assay

Ceramide was quantified by the diacylglycerol kinase assay, as previously
described (14, 15). Briefly, frozen lung fragments were thawed and
weighed. After destruction of the tissue in ice-cold PBS solution with an
electric homogenizer, lipids were extracted with methanol:chloroform:1
N HCl (100:100:1, vol/vol/vol). The lipids in the organic phase were dried
under reduced pressure, and were resuspended in 100 ml of the reaction
mixture, containing [g-P32] ATP, and incubated at room temperature
(RT) for 1 hour. The reactions were terminated by extraction of lipids
with 1 ml of methanol:chloroform:1 N HCl, 170 ml of PBS, and 30 ml of
0.1 M EDTA. The lower organic phase was dried under reduced pres-
sure, and the lipids were resolved by thin-layer chromatography on silica
gel 60 plates (Whatman, Piscataway, NJ) using a solvent of chloroform:
methanol:acetic acid (65:15:5, vol/vol/vol). Ceramide 1–phosphate was
detected by autoradiography, and incorporated 32P was quantified by
densitometry scanning using a Molecular Dynamics scanner (GE
Healthcare, Piscataway, NJ). The amount of ceramide was normalized
per protein unit of the tissue.

Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized with xylene washes
and rehydrated with several washes in ethanol/water solutions. Antigen
retrieval was facilitated by incubation of sections for 10 minutes at 958C in
a 100-mM citrate buffer solution (pH 6). Tissue was blocked in 10% goat
serum, 1% BSA in PBS. Primary antibodies (or preimmune rabbit sera)
were incubated at RT for 2 hours in the blocking solution. These antibodies
included: anti-nSMase2 rabbit (1:50), generated against a partially puri-
fied nSMase2; anti-ceramide (1:20), from Alexis Biochem (Enzo Life
Sciences, Plymouth Meeting, PA); and anti-ceramide, rabbit IgG
(1:50), kindly provided by Dr. Erhard Bieberich (25), Medical College
of Georgia (Augusta, GA). In negative control, the primary antibody
incubation was omitted. After three washes in PBS, secondary antibodies
were incubated for 1 hour at RT (anti-rabbit or mouse IgG [1:200
diluition], Alexa Fluor 488 or 555 dyes). Nuclei were stained by in-
cubating tissue with 49,6-diamidino-2-phenylindole (100 ng/ml in PBS)
for 5 minutes at RT. Sections were mounted with fluoromount-G
(Southern-Biotech, Birmingham, AL) and images were taken at 2003

or 4003 magnification (203 air or 403 oil objectives) with an LSM 5
Pascal Zeiss laser scanning confocal microscope (Standort Göttingen,
Vertrieb - Germany or an Olympus FluoView FV1000 confocal micro-
scope (Center Valley, PA. The laser excitation and the camera sensitivity
were regulated according to the stain of the negative control (i.e., mean
intensity of the fluorochromes was detected as null in the negative
control). Staining levels from randomly acquired images were scored by
four people independently and/or quantified by software analysis.

Evaluation of Fragmented DNA by Terminal Deoxynucleotidyl

Transferase–Mediated X-dUTP Nick End Labeling Assay

Paraffin-embedded tissue sections were deparaffinized and rehydrated as
described for immunohistochemistry (IHC). Fragmented/apoptotic nuclei
were stained by terminal deoxynucleotidyl transferase–mediated X-dUTP
nick end labeling (TUNEL) assay following the protocol described in
the manufacturer’s instruction (Roche, Tucson, AZ) with an enzymatic
reaction of 45 minutes at 378C. A 5-minute incubation at RT with
49,6-diamidino-2-phenylindole in PBS (100 ng/ml) was used to stain all
of the nuclei. Colocalization with nSMase2 antibody was performed by
combining the protocol of the TUNEL assay (done first) with the IHC
protocol. Sections were mounted with fluoromount-G, and images were
taken at 2003 or 4003 magnification with an LSM 5 Pascal Zeiss laser
scanning or an Olympus FluoView FV1000 confocal microscope.

Quantitative Real-Time Reverse Transcriptase PCR (qRT-PCR)

RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA),
according to the standardized extraction protocol supplied by the
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manufacturer. Total RNA was converted to cDNA using oligo-dT
primers and MuMLV-reverse transcriptase (Promega, Madison, WI),
following the instruction of the manufacturer. Quantitative PCR was
performed on an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystem, Carlsbad, CA) using Syber green qPCR Supermix
(Invitrogen) and specific primers for murine nSMase2 (TGAAAGAG
CAGCTACACGGCTA; GAGACCGCTGTTGAGACATTTG) and
glyceraldehyde 3-phosphate dehydrogenase (CTGCACCACCAACT
GCTTAG; GATGGCATGGACTGTGGTC). Reactions were per-
formed in triplicate for each sample. The cycle times for nSMase2 were
normalized to that for glyceraldehyde 3-phosphate dehydrogenase.

Immunoblotting

Protein samples were separated on 10% or 15% acrylamide SDS-page or
5–15% gradient gel (BioRad) at 80–100V before transfer to nitrocellu-
lose membrane (20-mM pore; Bio-Rad) in Tris/glycine buffer at 100 V for
60 minutes at 48C. Membranes were blocked in 5% milk in 0.1% Tris-
buffered saline/Tween 20 (TBST) and probed with primary antibody for
2–4 hours at RT (anti-nSMase2, 1:1,000, generated in rabbit against
a partially purified nSMase2; anti–caspase-3, 1:1,000 from Cell Signal-
ing [Danvers, MA]; anti–b-actin 1:5,000 from Sigma [St. Louis, MO]).
Membranes were washed (three times with TBST), probed with horse-
radish peroxidase (HRP)–conjugated secondary antibody (1:7,500
mouse or rabbit in 5% nonfat dry milk) for 90 minutes at RT, and
washed (three times with TBST). Proteins were visualized by enhanced
chemiluminescence (Pierce, Rockford, IL). Data analysis and quantifi-
cation were done using ImageJ 1.41 software (National Institutes of
Health, Bethesda, MD).

Hematoxylin and Eosin Stain

Staining was performed by standard procedures on lung sections after
sample fixation, dehydration, and embedding in paraffin. Images were
acquired by optical microscopy at 2003 magnification.

RESULTS

CS Induces Accumulation of Ceramide in Lungs of 129/Sv

or C57BL/6 Mice

Consistent with our previous observations in HAE cells exposed
to oxidative stress via CS treatment (16, 19), we found that
ceramide is accumulated in the lungs of mice during exposure to
CS (Figure 1). Figure 1 demonstrates a twofold increase of
ceramide levels in the lungs of 129/Sv mice exposed to CS for
1 week as compared with control mice exposed to fresh air. The
quantization of ceramide levels was performed by lipid extraction
from the respective lung tissues, followed by the assessment of
ceramide using the diacylglycerol kinase assay, which was nor-
malized per protein unit of the tissue (Figure 1A). In addition, as
shown in Figure 1B, IHC of lung tissues from the same groups of
mice demonstrated ceramide accumulation (stained with an anti-
ceramide antibody) in the CS-exposed group of mice in compar-
ison to the controls (air exposed). Although 129/Sv mice responded
to CS with significantly increased ceramide generation after 1 week
of exposure, the C57BL/6 strain demonstrated a slower response,
and showed a measurable increase in ceramide levels starting
only from the third week of CS exposure. Figure 1C shows overall
lung histology of 129/Sv mice exposed (or not) to CS for 1 week.

C6-Ceramide, but Not C6-Dihydroceramide, Increases

Ceramide in Lungs of 129/Sv Mice

It is well known that synthetic membrane-permeant ceramide
analogs, such as C6-ceramide, can mimic the effects of endo-
genous ceramide via a positive stimulation of the ceramide-
generating machinery (14, 15, 26). The functional effects of
exogenously administrated short-chain ceramides were explained
by their stimulation of endogenous ceramide production (16, 17).
At the same time, the dihydro forms of the analogs, like C6-
dihydroceramide, are inactive. They are not able to induce an

increase in endogenous ceramide levels, and, therefore, cannot
mimic stress responses (27). Indeed, we demonstrated in our
previous studies, in HAE cells, that treatment with the C6-
ceramide analog, but not with the C6-dihydro derivative increased
the cellular levels of ceramide and apoptosis (16, 17). The
importance of this stimulus is in starting a positive feedback loop
of ceramide production, allowing for augmentation of ceramide
generation and lung injury.

Thus, we tested whether direct intratracheal instillation of
ceramide analogs can recapitulate the phenotype of the CS
exposure, namely, elevation of endogenous ceramide levels.
129/Sv mice were instilled with either C6-ceramide or C6-
dihydroceramide, then killed 24 hours later, and assayed by
IHC for the amount of ceramide in the respective lungs. As
shown in Figure 1D, the instillation of C6-ceramide analog indeed
caused ceramide accumulation in the lung, whereas the admin-
istration of C6-dihydroceramide did not elicit ceramide increase,
indicating that the ceramide machinery in vivo has similar
responses to those observed earlier in cells, in vitro. Furthermore,
C6 ceramide analog enhanced endogenous ceramide generation
(Figure 1D) at comparable levels to those induced by CS
exposure (Figure 1B), whereas dihydroceramide did not augment
ceramide levels. Increased endogenous ceramide levels were
reported previously by Petrache and colleagues (5), who instilled
the C12-ceramide analog intratracheally into rats. In this study,
most of the increase in the endogenous ceramide was observed in
the endothelial cell population.

Ceramide Generation and DNA Fragmentation in the Lungs

of Mice Exposed to CS

Ceramide accumulation may play a crucial role in the induction
of stress-stimulated apoptosis in the lung (5, 19, 28, 29). We
reported previously that ceramide production is responsible for
apoptosis induction in HBE1 and A549 adenocarcinoma cells
exposed to H2O2 or to CS, and that ceramide generation in
these cells is upstream of caspase cascades (16, 17, 19). Here, we
attempted to verify whether any correlation between ceramide
generation and apoptosis induction exists also in the lungs of
mice exposed to CS.

To detect fragmentation of DNA, TUNEL assays were
performed on lung sections from 129/Sv or C57BL/6 mice
exposed for several weeks to CS. Figure 2A demonstrates an
increase in TUNEL-positive cells in lung sections of C57BL/6
mice exposed to CS for 4 weeks. Mice that were exposed to
filtered air or those exposed to CS presented major differences
in TUNEL staining, and the observed fragmentation of DNA
colocalized with ceramide accumulation.

nSMase2 Expression Colocalizes with TUNEL-Positive Cells

Both in the Bronchial Epithelium and Alveolar Septal Cells

in Lungs of Mice Exposed to CS

We have previously shown in HAE cells that nSMase2 is the
sole target that is activated by CS exposure in the ceramide-
generating machinery (19). Here, we show, for the first time,
that nSMase2 is also being overexpressed in the lungs of mice
exposed to CS. C57BL/6 mice presented a significant increase
in nSMase2 protein expression after 3–4 weeks of exposure to
CS, whereas 129/Sv mice displayed augmented expression of
nSMase2 as early as only 1 week after CS exposure.

As shown in Figure 2B, lung sections from CS-treated mice
presented augmented nSMase2 expression, and nSMase2 ap-
peared to be overexpressed in both bronchial epithelium and
alveolar septal cells. Importantly, at the same respective times
of CS exposures, increases in TUNEL-positive cells were also
observed, suggesting that nSMase2 overexpression, ceramide
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Figure 1. Cigarette smoke (CS) induces
ceramide generation in the lung. Three

129/Sv mice for each time/treatment

point were exposed, or not, to CS for 1

week (A and B), whereas two 129/Sv
mice for each treatment/point were intra-

tracheally instilled with ceramide analogs

or BSA (vehicle) (D). The mice were killed
and assayed for ceramide levels in the

lung by diacylglycerol kinase assay (A)

and immunohistochemistry (IHC) (B and

D). (A) The amount of ceramide in the
graphic represents the average of three

independent experiments (three mice per

treatment), and is reported as percentage

of the untreated mice (filtered air) after
normalization per protein unit of the

tissue; the P value in (A) was obtained

by Student’s t test per number of mice.
(B) Total nuclei (left panels) were stained

by 49,6-diamidino-2-phenylindole (DAPI

ceramide (central panels) was localized

by incubating lung slides with a specific
anti- (a) ceramide antibody (Ab) and

stained by Alexa Fluor 555 dye–conjugated

Ab; the panels on the right show the

merges of total nuclei and ceramide
staining. (C ) Hematoxylin and eosin

(H&E) stain of the 129/Sv mice exposed,

or not, to CS for 1 week. (D) mice were
instilled with synthetic lipids, either C6-

ceramide (C6-CER) or dihydro-C6-ceramide (Dihydro-CER), killed 24 hours after instillation, and assayed for ceramide levels in the lung by IHC:
ceramide (central panels) was localized as in (A) and stained by Alexa Fluor 555 dye; total nuclei were stained by DAPI (left panels); merge images of

ceramide and nuclei staining are shown (right panels). Images were acquired with an LSM 5 Pascal Zeiss laser scanning or an Olympus FluoView

FV1000 confocal microscope.

Figure 2. Ceramide generation, neutral

sphingomyelinase (nSMase) 2 overex-

pression, and DNA fragmentation are
strictly related in lungs of CS-exposed

mice. (A) C57BL/6 mice were exposed,

or not, to CS for 4 weeks, then killed and
assayed for ceramide levels by IHC, as in

Figure 1 and fragmented DNA by terminal

deoxynucleotidyl transferase–mediated

X-dUTP nick end labeling (TUNEL) assay
(brighter stain); total nuclei were also

stained by DAPI, as in Figure 1. The left

panel shows the merge between frag-

mented DNA and ceramide staining,
whereas the right panel presents the

merge of total nuclei, fragmented DNA

(brighter stain), and ceramide localiza-
tion. (B) Mice were exposed, or not, to

CS for 5 weeks, killed, and tested for

fragmented DNA as in (A) (stain in left

panels) and nSMase2 expression (stain in
second panels from the left) by incubating

lung slides with a specific anti- (a)

nSMase2 Ab, and staining it by Alexa

Fluor 555 dye. Total nuclei were stained
by DAPI (not shown alone); right panels

show the merge of TUNEL (brighter

stain), anSMase2, and DAPI. (C ) H&E

stain (overall lung histology) of the
C57BL/6 mice exposed, or not, to CS

for 5 weeks.
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generation, and DNA fragmentation are all synchronized and
colocalized. Figure 2C shows just the overall lung histology of
C57BL/6 mice exposed, or not, to CS for 5 weeks.

Furthermore, Figure 3 shows by immunoblotting that
nSMase2 is overexpressed in the whole lung lysate of three
different 129/Sv mice after 1 week of exposure to CS.

NAC Counteracts nSMase2 Overexpression and Apoptosis

Induced by CS in Mice

NAC is a well characterized antioxidant that is able to neutral-
ize the effects of oxidative stress, both in cell lines and in rats

and mice (30, 31). NAC is rapidly metabolized to intracellular
glutathione (GSH), which is the main antioxidant produced by
the cells. We have shown previously in HAE cells that CS
produces reactive oxygen species (ROS), such as H2O2, which
induce ceramide generation and apoptosis. Furthermore, others
and we have shown that both GSH and NAC can quench
ceramide production and apoptosis induction in these cultured
cells (16, 32).

As shown in Figure 4A, 4 weeks of CS exposure increased the
expression of nSMase2 in C57BL/6 mice, and also elevated the
number of TUNEL-positive cells (Figure 4B). However, control
mice exposed to filtered air, or mice exposed to CS for the same
time period but supplemented with 0.4% NAC in their diet,
showed a significant reduction in nSMase2 staining and TUNEL-
positive cells. nSMase2 expression and TUNEL-positive cells
were quantified by densitometric software analysis of randomly
acquired images from lung slides of three different mice: the
quantifications are reported as histograms in Figures 4C and 4D.

Considering that the TUNEL staining may not accurately
represents apoptosis (33), we estimated the level of cleavage/
activation of caspase-3 in the whole-lung homogenates of the
mice. This cleavage is a specific marker for the execution phase
of apoptosis. As shown in Figure 5, CS exposure increased the
cleaved caspase-3 levels in comparison to control (air-exposed
mice), and the NAC diet could reduce such increase. These data
indicate that NAC diet may exert antiapoptotic effects in the

Figure 3. nSMase2 is overexpressed in 129/Sv mice after 1 week of

exposure to CS. Three 129/Sv mice were exposed, or not, to CS for 1

week, then killed, and assayed by immunoblotting (IB) for the levels of

nSMase2 expression in the whole-lung lysates (lung tissues homoge-
nized in the presence of 0.4% Triton-X 100). Total protein (200 mg)

from each lung was separated on SDS-PAGE and immunoblotted using

specific anSMase2 and ab-actin antibodies. Each sample in the figure

represents a different mouse. Separate panels represent two different
Western blot analyses.

Figure 4. N-acetyl cysteine (NAC)
counteracts nSMase2 overexpression

and DNA fragmentation induced

by CS. Three C57BL/6 mice were

exposed, or not, to CS for 4
weeks, and fed, or not, with

a 0.4% NAC–enriched diet, then

killed, and assayed by IHC for
nSMase2 expression (A) or by

TUNEL staining for detection of

fragmented DNA (B). Total nuclei

were stained by DAPI (left panels);
nSMase2 was stained by Alexa

Fluor 555 dye (central panels in

[A]); TUNEL-positive cells are in

central panels in [B]; respective
merge images are shown in the

right panels. (C ) A total of 12

random images were acquired at
2003 magnification from lung

sections of three different mice

per each treatment (four images

per each mouse) and the mean
intensity of nSMase2 stain (ana-

lyzed by LSM 5 Pascal 4.2 soft-

ware) was normalized to the

mean intensity of DAPI stain (pro-
portional to cell nuclei/number)

in each image; then, the average

value of nSMase2 stain from the
air/chow–treated mice was arbi-

trarily set as 100% value, and all

other values (means and SD) have

been adjusted accordingly. (D)
TUNEL stain in the lung sections

was quantified as described above

in (C ) and reported as means

(6SDs). The P values in (C ) and
(D) were obtained by Student’s

t test per number of images.
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lung, probably counteracting the oxidative stress induced by CS,
thereby reducing the expression of nSMase2 and ceramide
generation followed by apoptosis inhibition.

In Vivo siRNA Silencing of nSMase2 in 129/Sv Mice

We compared our findings of silencing nSMase2 in cell culture
(19, 29) with in vivo silencing studies, as described by Zhang and
colleagues (24), by administrating biotin-labeled nSMase2
siRNA, which had been specially synthesized for our laboratory.
As shown in Figure 6A, 129/Sv mice were administered intra-
nasal murine nSMase2 siRNA (2 mg/kg of body weight) for the
indicated time points. nSMase2 message levels were deter-
mined. We found that nSMase2 siRNA inhibited nSMase2
message in a time-dependent manner (RT-PCR) in the mouse
lung. Then, as shown in Figure 6B, lung sections were incubated
with peroxidase-labeled streptavidin and 3,39-diaminobenzidine
substrate to assess the presence of biotin (brown staining), which
indicates the presence of nSMase2 siRNA (found both the in
airway and in alveoli). Finally, as shown in Figure 6C, lung
sections were processed for ceramide staining (arrows indicate
representative ceramide-positive cells) after instillation of the
murine nSMase2 siRNA. As shown, treatment with nSMase2
siRNA significantly reduced the number of ceramide-positive
cells (Figure 6C, lower panels) compared with mice subjected to
CS alone, and as compared with mice administered nonspecific
siRNA and also subjected to CS (Figure 6C, upper panels). This is
a very important finding, because mice instilled with a scrambled
vector still showed significant positive staining, both for ceramide
and nSMase2, in lung sections after CS exposure.

CS Exposures of nSMase22/1 and aSMase2/2 Mice

129/Sv wild-type (WT) and C57BL/6 WT mice were exposed to
filtered air or to CS for 3 weeks. In parallel, aSMase2/2 mice
(C57BL/6 background) and the nSMase22/1 mice (129/Sv back-
ground) were also exposed to these treatments for the same
duration. Figure 7 shows that the mice with the aSMase gene
knocked out (Figure 7A, lower panels) generated the same levels
of ceramide in response to CS as the respective WT mice (Figure
7A, upper panels), as also reflected by the quantitative analysis in

Figure 7C. In contrast, the nSMase22/1 mice displayed a much
lower ceramide level (Figure 7B, lower panels) compared with the
respective WT mice upon CS exposure (Figure 7B, upper panels),
as also demonstrated by the statistical analysis in Figure 7D. These

Figure 5. CS induces caspase-3 activation, which is reduced by NAC.
Three C57BL/6 mice were exposed, or not, to CS for 5 weeks, and fed,

or not, with a 0.4% NAC enriched diet, then killed, and assayed by IB

for the activation of caspase-3 (presence of cleaved caspase-3) in the
whole-lung homogenates. The image shows samples of 200 mg total

proteins from lungs of two different mice per treatment. The samples

were separated on SDS-PAGE and immunoblotted using specific

ab-actin and acaspase-3 antibodies. The histogram below shows the
quantification (by densitometry) of the levels of caspase-3 cleaved

normalized to the respective levels of b-actin in the lungs of three

different mice.

Figure 6. Small interfering RNA (siRNA) of nSMase2 in the lung
prevents ceramide accumulation during CS exposure. Two 129/Sv

mice for each time/treatment point were instilled for up to 5 days with

biotin-labeled nSMase2 siRNA or scrambled RNA, while exposed in

parallel to CS. (A) nSMase2 expression in siRNA-silenced lungs was
evaluated by RT-PCR in triplicate samples and normalized to the level of

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (B) Lung sec-

tions from 5-day-instilled mice were incubated with peroxidase-labeled

streptavidin and 3,39-diaminobenzidine (DAB) substrate to assess the
presence of biotin (darker staining), which indicates the presence of

siRNA both in airway and in alveoli (left and right panels, respectively);

images were acquired by optical microscopy. (C ) Lung sections from
mice instilled with nSMase2 siRNA for 5 days, or instilled with

scrambled RNA, were subjected to IHC using specific anSMase2 (brighter

stain in left panels) and aceramide (brighter stain in right panels)

antibodies; total nuclei were stained by DAPI; arrowheads indicate
examples of ceramide accumulation–positive cells. Fluorescent images

were acquired with an Olympus FluoView FV1000 laser scanning

confocal microscope and show the respective merges of nSMase2/

nuclei and ceramide/nuclei stains in mice instilled with either scram-
bled siRNA (upper panels) or nSMase2 siRNA (lower panels).
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data suggest that the absence of nSMase2 reduces the susceptibil-
ity of the mice to CS exposure and ceramide production.

nSMase2 Expression in the Lungs of SHR Rats

Because of our experimental design using KO mice, we were
constrained to use 129/Sv WT and C57BL/6 WT mice, the
background strains for the KO and HET mice tested, for our
experiments with mice. The SHR is a recognized model for
a rodent strain that is genetically susceptible to COPD, and
perhaps better represents the relatively low percentage of human
smokers who develop COPD from smoking. Thus, we repeated
some of our experiments in this rat strain. The results obtained in
mice exposed to CS were substantiated in studies with rats (SHR/
NCrIBR) that were exposed to CS for up to 14 weeks. The lung
sections from the exposed rats were also stained for TUNEL-
positive cells, and to determine the expression of nSMase2
protein. The pattern of changes obtained for the exposed rats
was very similar to that shown previously here for the mice
exposed to CS, and that could also be observed after 3–4 weeks of
CS exposure. Figure 8A demonstrates staining of lung sections
taken from the rats after 14 weeks of CS exposure (or not). A
significant increase in TUNEL-positive cells was observed in CS-
exposed rats (lower panels) in comparison to control animals
(upper panels), which was also accompanied by colocalization of
the apoptotic cells with overexpressed nSMase2 (Figure 8A,
central panels).

Of note is that these changes occurred side by side with the
readily observed histological changes of airway epithelial meta-
plasia. Images of intrapulmonary airways and tissue parenchyma
after 14 weeks (Figure 8B, upper panels and lower panels,
respectively) of CS-exposed rats demonstrate ongoing epithelial
injury and repair, as well as epithelial metaplasia. The paren-
chyma shows a significant enlarging of the airspaces, suggestive of
a destructive process that is likely to involve up-regulation of
apoptosis (Figure 8B). These observations corroborate previous
findings by others that have indicated that apoptosis and meta-

plasia take place at the same time, and may perhaps partially
explain why patients with COPD have a higher incidence of lung
cancer (34).

Moreover, increasing numbers of inflammatory cells (leuko-
cytes, neutrophils, and macrophages) were recovered from the
lungs of the SHR/NCrIBR rats by bronchoalveolar lavage after
3 days or 4 weeks of CS exposure (data not shown), demon-
strating that the inflammatory component of COPD is also
elevated in these rats.

As summarized in the model presented in Figure 8C, taken
together, our recent data demonstrate that exposure of mice
and rats to CS leads to elevated ceramide levels in the lung,
followed by an increase in TUNEL-positive cells localized to
the same areas of ceramide generation. All of these changes are
specifically dependent on nSMase2 expression in the bronchial
and alveolar epithelium.

nSMase2 Expression in the Lungs of Human Cigarette

Smokers with Emphysema

We also examined lung sections from control humans and from
smokers with clinically diagnosed and biopsy-verified emphy-
sema, as shown in Figure 9, which presents staining of human lung
biopsies with anti-nSMase2 antibody, both via colorimetric
(Figure 9A) and fluorescent (Figure 9B) techniques. The human
samples, provided by Dr. Rubin Tuder, demonstrated that pa-
tients with emphysema (smokers) have higher levels of nSMase2
expression in the alveolar spaces (Figure 9), suggesting a role for
nSMase2 expression in patients with emphysema who smoke.
Of special note is the apparent similarity of expression of
nSMase2 in the human lungs and in the rodent lungs exposed to
CS shown in Figures 2, 3, and 8.

DISCUSSION

Animal models using smoke exposure would appear to be very
useful for investigation of the detailed molecular mechanisms

Figure 7. nSMase2, and not acidic sphingomyeli-

nase (aSMase), is responsible for ceramide gener-
ation during CS exposure. Knockout (KO) mice for

aSMase (A) and heterozygous (HET) mice for

nSMase2 (nSMase22/1) (B) were exposed, or not,
to CS for 3 weeks, killed, and assayed by IHC for

ceramide levels in the lung sections using a-ceramide

Ab, as in Figure 1 (brighter stain). Total nuclei were

stained by DAPI. Images were acquired with an
Olympus FluoView FV1000 laser scanning confocal

microscope and show the merges of respective

total nuclei and ceramide stains in filtered air (left

panels) and CS-exposed (right panels) mice, for
both KO aSMase (A) and HET nSMase2 (B), com-

pared with the respective wild-type (WT) control

animals (upper panels). (C ) A total of 16 random
images were acquired at 2003 magnification from

lung sections of 2 different mice per each treat-

ment (8 images per each mouse), and the mean

intensity of ceramide stain has been normalized to
DAPI stain as in Figure 4 (i.e., the average values of

ceramide stains from the air-exposed mice), for

both WT and KO aSMase mice, were arbitrarily set

as 100%, and other values (means and SDs) were
adjusted. (D) Ceramide stains in lung sections of

129/Sv mice, WT, or HET nSMase2, were quanti-

fied as described in (C ) and reported as means

(6SD). The P values in (C ) and (D) were obtained
by Student’s t test per number of images.
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responsible for the pathogenesis of COPD, but it is only
relatively recently that such models have been created (35).
Experiments in which animals have been chronically exposed to
CS have provided some insights into strain differences in
susceptibility among mice, as well as into disease pathogenesis
(36–38). In the current study, we demonstrate, for the first time,
that mice (129/Sv and C57BL/6 strains) or rats (SHR/NCrIBR)
exposed to CS accumulate ceramide in the lung, and that this
CS-induced accumulation can be mimicked by local instillation
of synthetic membrane-permeant ceramide analogs (i.e., C6-
ceramide). Moreover, we demonstrate that accumulation of
ceramide colocalizes with increased numbers of TUNEL-positive
cells. Using a new antibody generated in our laboratory against
partially purified nSMase2, we also demonstrated by IHC that
nSMase2 expression was elevated both in the bronchial epithe-
lium and in the alveoli of the lungs of mice or rats exposed to CS
for several weeks. Ceramide elevation and increased numbers
of TUNEL-positive cells were localized to the same lung areas
as nSMase2 protein overexpression, suggesting that all three of
these steps in lung injury are coordinated. Furthermore, we
have also observed increased expression of nSMase2 in the
lungs of human smokers with emphysema. Because nSMase2 is
a novel target, the relative stability of the protein and the
message levels under CS exposure are still unknown. It is
feasible that the expression of nSMase2 is regulated both at
the transcriptional level and at the post-translational level; these

possibilities are currently under investigation (unpublished
observations).

Our studies demonstrate for the first time that exposure to
CS leads to ceramide generation and excessive apoptosis in-
duction in mice and rats through the specific activation of
nSMase2, which can be quenched by pretreatment of mice with
NAC. Ceramide levels were not elevated in lung sections from
mice after CS exposure when nSMase2 was locally silenced by
siRNA. This finding confirmed unequivocally that nSMase2 is
indeed the specific target modulated by CS to promote ceram-
ide production in the lung. Further studies in KO mice
corroborated the findings that only nSMase2, and not aSMase,
is the target of CS exposures, highlighting the essential role of
nSMase2 in ceramide generation and apoptosis augmentation
in lung injury under CS exposure. These results suggest that
overexpression of nSMase2 may be a putative cause for the
initiation or progression of CS-induced lung diseases.

nSMase2 was previously found in the brain (39), and recent
reports presented a role for nSMase2 in aging (40) and in
Alzheimer’s disease (41). At the same time, we have shown that
reactive oxidants up-regulate ceramide generation and cause
pathological cell death in HAE cells (15, 19, 29, 42). We thus
proposed that there must be a specific SMase that is modulated
by ROS in lung epithelial cells. This led to the isolation of the novel
nSMase2 from monkey lung tissue and from HAE cells (42). We
then presented (19, 42) that, when nSMase2 was siRNA silenced,
lung epithelial cells could not undergo cell death in response to
ROS or CS exposure, suggesting that nSMase2 could be a critical
target not only in the brain pathogenesis, but also in ROS-/CS-
induced lung injury in respiratory diseases.

It is presently unknown whether the overexpression of
nSMase2 observed in vivo is under transcriptional regulation or
due to enhanced stabilization mechanisms of the protein itself.
However, it appears that the nSMase2 up-regulation is mediated
by oxidative stress exerted by CS. A diet enriched with NAC,

Figure 8. nSMase2 expression and TUNEL staining are augmented in

lung of CS-exposed rats. Spontaneously hypertensive rat (SHR)/NCrIBR
rats were exposed, or not, to CS. (A) Fragmented DNA was stained by

TUNEL assay as in Figure 2 (left panels), and nSMase2 expression was

evaluated by incubation with anSMase2 Ab (central panels). Merge
images of TUNEL and nSMase2 staining are shown in the right panels.

Images were acquired with an Olympus FluoView FV1000 laser

scanning confocal microscope. (A) Representative of images scored

by four people independently, who analyzed random lung sections. (B)
Lung sections stained by H&E showed epithelial metaplasia (upper

panels) and parenchyma airspace enlargement (lower panels) after CS

exposure: the epithelial lining of the airway in the filtered air control is

composed of a simple cuboidal layer of ciliated and nonciliated cells
(upper left panel ). In contrast, exposure to tobacco smoke for 14 weeks

is associated with a thickened, stratified squamous epithelium in the

form of keratinizing squamation of the epithelium, with numerous
inflammatory cells and debris in the airway lumen (upper right panel ).

The parenchyma (lower panels) show a significant enlargement of the

airspaces of CS-exposed mice (lower right panel) in comparison to the

filtered air-exposed control (lower left panel). The changes in airspace
size are estimated to be increased approximately 50% above filtered air

controls in mean linear intercept length within the airspaces of the lung

parenchyma. (C ) Model of CS-induced injury. CS exposure of airway

cells specifically causes overexpression and activation of nSMase2,
which leads to increased ceramide generation and occurrence of

apoptosis, producing lung injury in both bronchial epithelium and

alveoli. An antioxidant, such as NAC, precursor of glutathione (GSH),

can quench the overexpression and activation of nSMase2, and thus
reduce the occurrence of apoptosis.

b
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a well known antioxidant molecule (30), significantly reduced
both the over expression of nSMase2 and apoptosis. Indeed, we
reported recently that H2O2-oxidative stress generated by CS is
the specific cause for nSMase2 activation in HAE cells. More-
over, generation of ceramide in response to CS/H2O2 exposures
was abolished by antioxidants, such as GSH and NAC (14, 16, 19,
42, 43). Consistent with these observations, the same antioxidants
were also shown by others to inhibit nSMase activity and
ceramide generation in different cell lines (44, 45). Moreover, it
is known that a diet with NAC can restore GSH depletion in the
lung and prevent the oxidative stress–induced injury (46).

aSMase was the first SMase to be shown to have a role in
a disease (47), as types A and B Niemann-Pick disease result from
the deficient activity of aSMase. Recent reports point toward
aSMase as the target responsible for ceramide generation in
various pathologies (6, 9, 10, 23). Although a role for the
lysosomal aSMase has been described in edema (48), and also
suggested to play a role in other pulmonary pathologies, such as
cystic fibrosis (9, 49) and emphysema (5), our data suggest that it is
nSMase2 that serves as an exclusive target to generate ceramide
under the stress of CS exposure. nSMase22/1 mice present a
reduction of ceramide accumulation in comparison to WT mice
when exposed to CS; on the other hand, aSMase2/2 mice could
accumulate ceramide under CS exposure as much as the WT
mice, demonstrating that only nSMase2, and not aSMase, is
modulated by CS. This finding is consistent with our previous
observations in HAE cells, which showed that CS and H2O2-
oxidative stress specifically activate nSMase2, and not aSMase
(14, 19, 29).

Oxidative stress–generated ceramide has been connected to
activation of nSMase and not aSMase in different cell lines,
suggesting a role for nSMase activity in pathogenesis of other
diseases, such as multiple sclerosis, hepatic failure (50, 51), aging
(45), and Alzheimer’s disease (41). We do not exclude the
possibility that aSMase may also have a role in emphysema or
other pulmonary pathologies (49); however, our studies in airway
epithelial cells (19, 42) and the studies presented here in mice
show clearly that only nSMase2, and not aSMase, is activated by
oxidative stress and CS exposure. Furthermore, using our newly
developed anti-nSMase2 antibody, we were also able to demon-
strate, for the first time, that lung tissues from patients with
emphysema (smokers) display high levels of nSMase2 expression
compared with normal patients. Therefore, nSMase2, a member
of the ceramide-generating machinery, presents a potential novel
target in the prevention of CS-induced apoptosis in lung epithe-
lial cells, the initiation step of epithelial/alveoli injury in COPD.

The molecular mechanism that links CS and/or oxidative
stress to augmented nSMase2 expression and activity is far from
being completely understood. We have recently shown that
nSMase2 is a phosphoprotein in which the level of phosphor-
ylation is modulated by oxidative stress, which also controls
nSMase2 function (52).

In summary, nSMase2 is specifically activated by the ROS
(particularly H2O2) component of CS, thereby increasing ceram-
ide generation via hydrolysis of sphingomyelin, and thus elevat-
ing pathological apoptosis in the lung epithelium, which enhances
lung injury. GSH blocks these effects of CS. The pathological
apoptosis is shown now not only in airway epithelial cells (19, 29,
42), but also in the bronchi and alveoli of mice and rats, and the
link to nSMase2 up-regulation may also contribute to lung injury
in human smokers. Our results with nSMase22/1 mice, aSMase2/2

mice, and siRNA silencing of nSMase2 in WT mice demonstrate
that only nSMase2, and not aSMase, is modulated by CS.
Moreover, samples from humans demonstrated that patients
with emphysema (smokers) have substantially higher levels of
nSMase2 expression in the alveolar spaces than control patients.
Of special significance is the noticeable resemblance of elevated
nSMase2 expression in the lungs of rodents exposed to CS.
Therefore, with such a role in lung epithelial apoptosis/injury,
nSMase2, a member of the ceramide-generating machinery, may
be an attractive and specific target for the prevention of the airway
destruction that is the hallmark of CS-induced emphysema.
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