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Abstract

Reactive oxygen species (ROS) are mediators of lung injury, and glutathione (GSH) is the major
nonprotein antioxidant that protects the cell from oxidative stress. We have recently shown that
H»0, induces ceramide-mediated apoptosis in human lung epithelial cells. We hypothesized that
ROS-mediated depletion of GSH plays a regulatory role in ceramide generation, and thus in the
induction of apoptosis. Our present studies demonstrate that GSH at physiologic concentrations (1
to 10 mM) inhibits ceramide production in a time- and dose-dependent manner in A549 human
alveolar epithelial cells. On the other hand, buthionine-sulfoximine—mediated depletion of
intracellular GSH induces elevation of ceramide levels and apoptosis. In addition, GSH blocks
H,0,-mediated induction of intracellular ceramide generation and apoptosis. These effects were
not mimicked by oxidized GSH (GSSG) or other thiol antioxidants, such as dithiothreitol and 2-
mercaptoethanol. Moreover, increase of intracellular H,O,, mediated by inhibition of catalase by
aminotriazole, also induces ceramide generation and apoptosis. These effects were blocked by N-
acetylcysteine. Our results suggest that GSH depletion may be the link between oxidative stress
and ceramide-mediated apoptosis in the lung.

Reactive oxygen species (ROS) are generated as a byproduct of normal aerobic cell
metabolism. Because excessive accumulation of ROS (oxidative stress) is toxic, aerobic
cells have evolved sensitive and effective antioxidant defenses that tightly regulate
intracellular levels of ROS; nonprotein thiols, such as glutathione (GSH), are the major
defense. The lung epithelium is constantly exposed to high concentrations of oxygen and
oxidants, and is thus a primary target for ROS. Therefore, lung epithelial cells are fortified
with high intracellular and extracellular levels of antioxidants (1, 2). However, massive
amounts of ROS are generated in conditions such as inflammation or exposure to cigarette

smoke, air pollutants, and drugs. Consequently, the oxidation—reduction (redox) state of the

cell is altered, an oxidant-antioxidant imbalance results, and overall tissue integrity is
threatened (1-4). Although a link between reactive oxidants, such as hydrogen peroxide

(H205), and epithelial injury has been established, the mechanisms leading to epithelial cell
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dysfunction have just started becoming clear. To cope with oxidative stress the cell launches
several responses, including apoptosis.

Apoptosis is an evolutionary conserved process of preprogrammed and tightly regulated cell
death. When damaged cells undergo apoptosis, phagocytes are recruited at the site to remove
apoptotic cells, thus reducing inflammatory response and tissue damage. The mechanism(s)
by which oxidative stress induces apoptosis is still mainly unknown and the subject of
intense research. Ceramide is a membrane sphingolipid that has recently emerged as a
second messenger involved in the induction of apoptosis (5-9). It can be generated by the de
novo biosynthetic pathway, which is catalyzed by ceramide synthase. Alternatively,
ceramide can be generated as a result of sphingomyelin (SM) hydrolysis by
sphingomyelinases (SMases) in the hydrolytic pathway, which is the major source for
ceramide in cellular responses to extracellular signaling (6, 7, 9-11).

Several types of SMases that are distinguished by their optimum pH, cellular localization,
and ion dependence have been identified; these include lysosomal and secreted acidic
SMases and membrane-bound, Mg2*-dependent and cytosolic, Mg2*-independent neutral
SMases (N-SMases) (9, 12). We have shown recently that H,O, acts on the plasma
membrane of tracheobronchial and airway epithelial cells to activate a Mg?*-dependent N-
SMase, generate ceramide, and induce apoptosis (5, 6). In addition, cell permeant short-
chain ceramide analogs, such as C6-ceramide, induce apoptosis in several cell systems,
including lung epithelial cells (5, 6, 10, 13). These data substantiate the role of ceramide in
the apoptotic signaling pathways.

Invivo and in vitro studies have shown that GSH, the most abundant nonprotein thiol in
mammalian cells, plays a key role in defense against oxidant-induced apoptosis and injury
(2, 4, 14-16). Extracellular supplementation of GSH or N-acetylcysteine (NAC), a known
precursor of GSH, prevents oxidant-induced apoptosis (14, 16-19), whereas depletion of
GSH has been suggested to be an early event that precedes the onset of apoptosis induced by
various agents (14, 19). How depletion of GSH transmits apoptotic signals is unknown. One
potential mechanism involves the release of the GSH inhibitory effect on N-SMase,
followed by the increase in cellular ceramide levels and apoptosis (17, 19, 20).

The lung is continuously exposed to oxidants and is therefore armed with antioxidants. Both
lung epithelial cells and the epithelial lining fluid (ELF) have relatively high concentrations
of GSH. We have previously shown that oxidants such as H,O5 induce apoptosis in lung
epithelial cells by modulating the ceramide pathway (5, 6). In the present study, we focus on
the role of GSH, the main anti-oxidant in lung epithelium, in modulating ceramide-mediated
apoptosis in lung epithelial cells. This study demonstrates the involvement of GSH in the
modulation of ceramide generation and apoptosis in alveolar epithelial cells. We show that
low GSH levels were required for ceramide production, whereas high GSH levels inhibit the
generation of ceramide. The decreased levels of GSH and increased levels of ceramide
correlate with the induction of apoptosis in these lung epithelial cells. Moreover, GSH and
NAC, but not other thiol-containing antioxidants or oxidized GSH (GSSG), inhibit H,O,-
mediated induction of ceramide and apoptosis. Taken together, these results suggest a novel
role for ROS and GSH in regulating ceramide-mediated apoptosis.
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Materials and Methods

Materials

Cell Culture

Cell culture growth media, buffers, and fetal bovine serum (FBS) were obtained from Life
Technologies, Inc. (Grand Island, NY). C6-ceramide and cardiolipin were from Matreya Inc.
(Pleasant Gap, PA). Recombinant sn-1,2-diacylglycerol kinase (Escherichia coli) and
monobrobimane (mBBr) were purchased from Calbiochem (La Jolla, CA). The ApopNexin
Apoptosis Detection and Tunnel apoptosis kits were from Intergen Co. (Purchase, NY).
[v32P]adenosine triphosphate (ATP) (25 mCi/ml) was purchased from ICN Biomedical
(Costa Mesa, CA\). Bis-benzimide (Hoechst 33258), L-D-buthionine sulfoximine (BSO),
aminotriazole (ATZ), GSH, GSSG, NAC, dithiothreitol (DTT), 2-mercaptoethanol, and all
chemical reagents were from Sigma Chemical Co. (St. Louis, MO). Microscope slides,
methanol, chloroform, and all other solvents were obtained from Fisher Scientific (Houston,
TX).

Human alveolar epithelial (A549) cells (American Type Culture Collection, Rockville, MD)
were grown in F12K medium supplemented with 10% FBS and penicillin-streptomycin.
Primary airway epithelial cells were grown as previously described (6). Briefly, tracheas
were isolated from primate lungs provided by the Primate Center at the University of
California, Davis (Davis, CA). Tissues were immersed in Eagle’s minimum essential
medium with 0.1% protease for 24 h at 4°C. Dissociated cells were grown in F12 medium
supplemented with transferrin (5 ug/ml), hydrocortisone (0.1 pM), choleratoxin (0.2 pg/ml),
insulin (5 pug/ml), epidermal growth factor (10 pug/ml), and bovine hypothalamus extract.
Primary cells were further passaged once or twice. Cells were seeded at a density of 1 to 5 x
108 cells/cm? (A549) or 1 to 5 x 103 cells/cm? (primaries) and incubated at 37°C in a
humidified atmosphere of 5% CO- air. Treatments were performed in F12 medium
supplemented with 1% FBS or growth factor-deprived F12 medium. After treatments, the
cells were removed from the culture plates by incubation with 0.05% trypsin—
ethylenediaminetetraacetic acid (EDTA), washed twice with ice-cold phosphate-buffered
saline (PBS) and the cell pellets were used for the different assays.

Determination of Cellular Ceramide Levels by Diacylglycerol Kinase Assay

Ceramide was quantified by the diacylglycerol (DAG) kinase assay as previously described
(5, 6). Briefly, cells were extracted with methanol:chloroform:1 N HCI (100:100:1, vol/vol/
vol). The lipids in the organic phase were dried under vacuum and were resuspended in 100
pl of the reaction mixture containing [y-P32JATP and incubated at room temperature for 1 h.
The reactions were terminated by extraction of lipids with 1 ml methanol:chloroform:1 N
HCI, 170 pl of buffered saline solution, and 30 pl of 0.1 M EDTA. The lower organic phase
was dried under vacuum, and the lipids were resolved by thin layer chromatography (TLC)
on silica gel 60 plates (Whatman) 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 Gel
Scanner (Sunnyvale, CA).
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Determination of Cellular GSH Levels

Low molecular mass thiols were determined by high performance liquid chromatography as
described (21). Cell lysates were incubated with an equal volume of 2 MM mBBr, 20 MM
N-ethylmorpholine (pH 8.0) and incubated for 5 min at room temperature, in the dark. The
proteins were then precipitated by the addition of trichloroacetic acid to a final concentration
of 5% and centrifuged at 3,000 x g for 3 min. The supernatants were injected on a 5-um
Spherisorb RP-18 column and eluted with 8% acetonitrile in 0.25% acetic acid, at a flow
rate of 1 ml/min. GSH was detected using fluorescence detection (excitation, 394 nm;
emission, 480 nm), and quantified using external standards.

Detection of Apoptosis by TUNEL Analysis

Apoptosis was also determined by terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP)-biotin nick end-labeling (TUNEL), using the ApopTag
Peroxidase kit (Intergen). The cells were fixed in 10% formalin for 30 min. The fixed cells
were laid on superfrost/plus microscope slides (Fisher) and incubated at room temperature to
allow evaporation of all liquid. The cells were then washed, treated with 3% H,0O, to quench
any endogenous peroxidase activity, and equilibrated before incubation with the TdT
enzyme in the presence of digoxigenin-conjugated dUTP at 37°C for 1 h. The
antidigoxigenin peroxidase conjugate was applied for 30 min and the peroxidase substrate
was applied and allowed to stain for 15 min before the cells were washed and counterstained
with 0.5% (wt/vol) methyl green. The slides were washed in 100% n-butanol, and the
samples were dehydrated in xylene before mounting.

Detection of Apoptosis by DNA Staining with Hoechst Dye

Apoptosis was also determined by in situ DNA fluorescence using the DNA fluorochrome
bis-benzimide (Hoechst 33258) to bind to A-T regions of DNA. Cells were fixed twice in
Carnoy’s fixative (3 parts methanol to 1 part glacial acetic acid), 5 min each time, and then
allowed to air dry. The cells were stained with bis-benzimide (0.5 pg/ml) for 30 min, washed
twice with distilled water, and mounted on a microscope slide. The slides were evaluated for
apoptotic cells under a fluorescent microscope.

Quantitation of Apoptosis by Annexin V Flow Cytometry

Apoptosis was evaluated by the ApopNexin Apoptosis Detection Kit (Intergen). Apoptotic
cells were detected by virtue of early changes in the plasma membrane (PM) phospholipid
asymmetry. Annexin V binds to phosphatidyl serine, which in apoptotic cells is translocated
to the outer leaflet of the PM. Approximately 15 x 10% cells were resuspended in 1x
ApopNexin Binding Buffer (Intergen) and incubated with fluorescein isothiocyanate
(FITC)-conjugated Annexin V (ApopNexin FITC) and the fluorescent DNA-binding dye
propidium iodide (PI) for 15 min at 4°C in the dark. The cells were analyzed by flow
cytometry using the FITC signal detector (FL1) and the PI signal detector (FL2) in a FAC-
Scan flow cytometer equipped with a doublet discriminating module (Becton Dickinson &
Co., Franklin Lakes, NJ). Cells negative for both Annexin V and Pl staining are live cells;
Annexin V—positive and Pl-negative staining cells are undergoing early stages of apoptosis;
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P1- and Annexin VV—positive staining cells are necrotic and/or late apoptotic cells; and PI-
positive and Annexin VV-negative staining cells are necraotic cells.

Extracellular GSH Decreases Ceramide Levels in A549 Cells

To determine the role of GSH in the ceramide pathway in lung epithelial cells, we
investigated the effect of GSH on cellular ceramide levels. A549 alveolar epithelial cells
were incubated with different concentrations of GSH for different times, in the presence of
1% FBS. As shown in Figure 1, GSH inhibited ceramide generation in a dose- (Figure 1A)
and time-dependent (Figure 1B) manner. Specifically, incubation of A549 cells with GSH at
concentrations as low as 1 mM for 3 h dramatically decreased intracellular ceramide.
Similarly, 5 mM GSH was sufficient to diminish ceramide levels within the first 2 h of GSH
treatment. This GSH-mediated decrease in cellular ceramide levels indicates that GSH may
play a regulatory role in lung epithelial cell ceramide homeostasis and suggests that GSH
may mediate its antiapoptotic effects via inhibition of ceramide production.

Exposure of A549 Cells to H,O, Decreases Intracellular GSH Levels, Which Is
Accompanied by Elevated Ceramide Levels and Induction of Apoptosis

We have previously shown that exposure of human tracheobronchial and airway epithelial
cells to H,O5 induces an increase in cellular ceramide levels and apoptosis (5, 6). Because
H,0, and GSH appear to have opposite effects on ceramide production, we hypothesized
that H,O, may mediate its effects on ceramide generation, and therefore apoptosis, by
depleting cellular GSH. To test this hypothesis, A549 cells were exposed to 250 uM H,0,.
As demonstrated in Figure 2A, cellular GSH levels dropped to 70% within the first 15 min
of exposure to H,0, and reached maximal decrease (up to 50% of baseline levels) during
the first hour. Then, after 4 h of incubation, GSH levels were replenished.

The decrease in cellular GSH was accompanied by elevation in ceramide levels. As shown
in Figure 2B, exposure of cells to 250 uM H,0, increased cellular ceramide in a time-
dependent manner. This ceramide elevation apparently conditioned the cells to commit to
apoptosis because after exposure of cells to H,O for only 1 h, followed by incubation with
regular growth medium, the cells proceeded into apoptosis in a dose- and time-dependent
manner (Figure 2C).

Extracellular GSH Inhibits H,O,-Induced GSH Depletion, Ceramide Generation, and
Apoptosis in A549 Cells

Because GSH inhibits ceramide generation, it became important to determine the effect of
GSH on H,05 signaling in A549 alveolar epithelial cells. Preincubation of these cells with
10 mM GSH for 30 min, before the 30-min exposure to 250 uM H,0,, prevented an H,Oo-
mediated decrease in intracellular GSH levels (Figure 3A). Moreover, GSH prevented
induction of ceramide generation by H,0, (Figure 3B). Of note is that exposure of cells to
GSH alone mediated a decrease in intracellular GSH rather than an increase (Figure 3A).
This may be the result of an active GSH efflux mechanism (22), inhibition of GSH
synthesis, or increased sequestration of GSH to specific subcellular compartments (23). It
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appears therefore that although both GSH and H,0, have similar effects on cellular GSH
levels, they have opposite effects on ceramide production. This suggests that GSH may elicit
its inhibitory effects extracellularly. Indeed, extracellularly supplemented GSH was capable
of inhibiting the apoptotic signaling triggered by H,0, (Figure 3C). Therefore, we conclude
that in A549 cells, HoO, mediates induction of ceramide generation via GSH depletion, an
effect that leads to apoptosis. These effects are efficiently prevented by extracellular
supplementation of GSH.

NAC Prevents Elevation of Ceramide and Apoptosis Induced by ATZ

To test the effect of endogenously generated H,O, on ceramide levels and apoptosis, we
treated primary tracheobronchial cells with ATZ, which increases intracellular H,0, levels
by inhibiting endogenous catalase (18). The cells responded to ATZ with an immediate
elevation of ceramide within the first 10 min of treatment, which reached a maximum of
threefold in approximately 20 min (Figure 4A). Pretreatment of cells with 10 mM NAC, a
well-known antioxidant and precursor of GSH (17, 18, 24), for 1 h inhibited ATZ-induced
ceramide elevation. In addition, ceramide elevation was followed by an induction of
apoptosis after treatment with 30 mM ATZ for 18 h (Figure 4B). Pretreatment of cells with
10 mM NAC for 1 h inhibited the apoptotic effects of ATZ.

Inhibition of Ceramide Production Is an Intrinsic Property Specific for GSH

To determine whether inhibition of ceramide production is an intrinsic property of all
antioxidants or is a specific property of GSH, we tested the effect of other thiol antioxidants
as well as GSSG on the induction of ceramide levels by H,O,. A549 cells were preincubated
for 1 h with 10 mM of DTT, 2-mercaptoethanol, or GSSG, followed by a 30-min incubation
in the presence of 250 pM H,0,. GSH inhibited the H,O,-mediated GSH depletion (Figure
5A) and ceramide increase (Figure 5B). However, none of the nonphysiologic antioxidants,
DTT, 2-mercaptoethanol, or GSSG, were successful in inhibiting an HyO,-mediated
decrease in intracellular GSH or increase in ceramide. These data indicate that the effect of
GSH is mediated by its antioxidant reduced form and further suggest that the ability to
inhibit HyO»-induced ceramide generation is an intrinsic property of GSH and not all thiol
antioxidants.

Depletion of GSH Increases Ceramide Levels and Apoptosis

To further investigate whether depletion of intracellular GSH could modulate ceramide
levels, we used BSO, a widely used inhibitor of GSH synthesis. We investigated the effect
of cellular GSH depletion by BSO on ceramide levels in A549 and primary tracheobronchial
epithelial cells. BSO-mediated GSH depletion increased ceramide production in a dose- and
time-dependent manner (Figures 6 and 7). Treatment of lung epithelial cells with 100 to 500
UM BSO for 24 h depleted intracellular GSH (Figure 6A), and dose-dependently increased
ceramide levels (Figure 6B) as well as apoptosis in both A549 (Figure 6C) and primary cells
(Figure 6D). In addition, exposure of cells to 250 UM BSO for 12 h or more markedly
depleted cellular GSH pools (Figure 7A). In return, GSH depletion increased ceramide
concentrations and the number of apoptotic cells, which reached a maximum after 48 h
(Figure 7B). These results further support the pivotal role of GSH in the modulation of
cellular ceramide levels and apoptosis in lung epithelial cells.
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C6-Ceramide, Similar to H,O», Increases Cellular Ceramide Levels and Induces Apoptosis

Membrane-permeant synthetic ceramide analogs have proven to be useful tools in studies
for the role of ceramide in signal transduction and apoptosis; they mimic the effects of most
ceramide pathway agonists (5, 6, 10, 25). We used the C6-ceramide analog to test whether it
mimics the effects of ceramide elevation by H,0,. Treatment of A549 cells with 25 uM C6-
ceramide elevated cellular ceramide levels up to 1.7-fold in a time-dependent manner
(Figure 8A). However, unlike H,0O5, the ceramide elevation induced by C6-ceramide was
not accompanied by an immediate decrease in cellular GSH levels (Figure 8B, right panel)
and therefore, a 1-h preincubation with GSH did not prevent the increase in ceramide levels
induced by C6-ceramide (Figure 8B, left panel). These results indicate that once ceramide is
elevated intracellularly by exogenous addition of ceramide analogs, extracellular
supplementation of GSH does not affect modulation of cellular ceramide levels.

To determine the apoptotic effects of C6-ceramide, A549 cells were exposed to 25 pM C6-
ceramide for 12 or 24 h. As shown in Figure 9A, C6-ceramide induced apoptosis only after
24 h of exposure. Of note is that exposure of A549 cells to C6-ceramide for 12 or 24 h
results in significantly decreased intracellular GSH levels (26). Therefore, as expected,
complementation with 10 mM GSH inhibited the C6-ceramide induction of apoptosis
(Figure 9B). These results suggest an additional role of GSH, downstream to ceramide
generation in the ceramide-mediated apoptotic pathway, as discussed in subsequent text.

Discussion

Ceramide generation has been identified as a key regulatory step in signaling cascades that
lead to apoptosis in several systems (5-8, 10, 11, 18). In the last few years, the role of
oxidants and antioxidants has become apparent in modulating ceramide-mediated apoptosis
(5, 6, 16, 18-20). The lung is a primary organ targeted by oxidants and has therefore
developed strong intracellular and extracellular antioxidant defense systems. Lung cells have
elevated GSH levels that are modulated in response to oxidants (1-4); GSH concentrations
can reach as high as 10 mM. Moreover, the alveolar ELF contains GSH at high
concentrations—about 400 to 500 uM compared with the 0.5 to 5 uM present in blood
plasma (27, 28). Pulmonary diseases such as cystic fibrosis and adult respiratory distress
syndrome have been associated with changes in GSH concentration of ELF and apoptosis
(2, 4, 29, 30). It is therefore of great importance to elucidate the mechanisms by which GSH
modulates ceramide-mediated apoptosis in lung epithelial cells.

In the present study, we demonstrated that extracellular supplementation of GSH to A549
lung epithelial cells inhibited ceramide production in these cells, whereas depletion of
intracellular GSH by H,O, or BSO was paralleled with increased ceramide levels and
apoptosis induction. When GSH was supplemented extracellularly, the HoO»-induced drop
in cellular GSH was diminished and subsequently both ceramide elevation and apoptosis
were prevented. These were all specific properties of GSH and not of other thiol-containing
molecules. Importantly, ATZ mimicked the effects of H,0, that were provided
extracellularly, and NAC inhibited the effects of intracellularly generated H,O,. In addition,
C6-ceramide mediated an elevation in cellular ceramide levels that was followed by an
induction of apoptosis. These results suggest that in lung epithelial cells, H,O, triggers the
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apoptotic pathway by inducing ceramide generation via depletion of GSH and that elevation
of ceramide is sufficient and necessary for the induction of apoptosis.

In several systems, ROS generation has been shown to play an important and early role in
ceramide-mediated apoptosis induced by serum starvation (31), anthracyclins such as
daunorubicin (32), and cytokines such as tumor necrosis factor (TNF)-a (18). In these
systems, generation of ROS precedes ceramide elevation, and interestingly, GSH depletion
is frequently associated with these effects (18, 31), whereas supplementation of antioxidants
such as GSH and NAC inhibits the induction of both ceramide levels and apoptosis (16-20).
Therefore, it appears that generation of ROS and increase in ceramide may be the common
effect of several diverse apoptotic stimuli. However, how GSH regulates ceramide levels is
not yet established.

It is well documented that SMases are activated in response to several stimuli, thus initiating
the SM/ceramide pathway. Recently it has been shown that one of these enzymes, the
neutral Mg2*-dependent N-SMase, is regulated by GSH. GSH elicits a direct inhibitory
effect on N-SMase from blood cells (17, 19, 20) and on purified N-SMase from brain cells
(33). Moreaver, drops in cellular GSH levels induced by TNF-a signaling precede activation
of N-SMase (19). Our recent studies have suggested a role of a membrane-bound N-SMase
in mediating the effects of H,O, on ceramide production and apoptosis in bronchial and
airway epithelial cells (5, 6). This information in combination with our present data showing
that only GSH, but not GSSG or other antioxidants, inhibits ceramide production (Figure 5)
suggest that GSH may be an inhibitor of N-SMase in human lung epithelial cells.

Interestingly, administration of GSH to A549 cells, in addition to decreased cellular
ceramide, was also associated with a decrease in intracellular GSH (Figure 3A). This
decrease in intracellular GSH could be the result of inhibition of GSH synthesis,
sequestration of GSH in the nucleus (23), or induced efflux of GSH from the cells (22, 27).
Under these experimental conditions, supplementation of GSH inhibited ceramide
production efficiently (Figure 3B). On the other hand, depletion of intracellular GSH by
H,0, or BSO induced an increase in ceramide generation, followed by ceramide-mediated
apoptosis, and these effects were prevented by the replenishment of GSH (Figures 2, 3, 6,
and 7). These findings suggest that both extracellular and intracellular GSH may modulate
ceramide production in the lung. The exact vectorial mode (extra- or intracellular) of GSH
effects remains to be elucidated. This will be facilitated once the N-SMase, which is
modulated by GSH, is molecularly characterized.

We propose that in lung epithelial cells, the PM-bound N-SMase may exist as an inactive
form inhibited by high levels of both intra- and extracellular GSH present in ELF, thus
maintaining low levels of ceramide (Figure 10). The inhibition of N-SMase may render lung
cells less sensitive and less susceptible to oxidants, to which they are ordinarily exposed.
This would increase the threshold for ceramide elevation required for the induction of
apoptosis. However, once oxidant levels increase, they decrease GSH levels, thereby
overcoming its inhibitory effect on N-SMase. Therefore, ceramide is elevated and the
apoptotic pathway is initiated. This is further supported by our findings that the inhibitory
effect on H,0,-induced ceramide production is specific for GSH and not for other thiol-
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containing molecules and most importantly not for GSSG (Figure 5). Therefore, oxidation of
GSH by oxidants renders it incapable of inhibiting ceramide generation. It is interesting that
even a short exposure of cells to H,O, for 1 h, followed by growth in regular medium, is
sufficient to induce apoptosis. This demonstrates that the events that control the fate of the
cells occur within this hour, during which GSH is depleted and ceramide is generated
(Figure 2).

Supplementation of GSH shortly before exposure to HoO, was sufficient to inhibit the
apoptotic effects of H,O». It appears that providing GSH to replenish the decreased levels of
GSH is sufficient to maintain ceramide below the threshold levels, thus preventing
apoptosis. Once ceramide is increased, i.e., by administration of C6-ceramide, GSH can no
longer prevent ceramide elevation (Figure 8B). However, it is still capable of protecting the
cell from apoptotic cell death (Figure 9B). These results suggest that GSH may play a dual
role in ceramide-mediated apoptosis: one role is at the initiation of the apoptotic pathway,
where a decrease in GSH levels modulates ceramide generation, possibly via activation of
N-SMase. GSH may also have an additional role downstream to ceramide generation, where
depletion of GSH by ceramide elevation may modulate downstream targets, such as
caspases. Several studies suggest that ceramide elevation may induce ROS generation in the
apoptotic pathways (25, 34). Ceramide analogs have also been shown to induce ROS and
apoptosis, effects efficiently inhibited by GSH (25, 32). In our system, even though short
exposures to C6-ceramide induce elevation in intracellular ceramide levels, only long
exposures (to C6-ceramide) decrease intracellular GSH levels (26). How C6-ceramide, a
nonphysiologic ceramide analog, increases intracellular ceramide in lung epithelial cells is
still unclear. However, the effects of this nonphysiologic analog can be compared with those
of H,0,, a physiologic oxidant. We propose that the initial drop in GSH, which occurs
within the first hour of exposure to H,O,, mediates ceramide elevation via activation of N-
SMase, whereas the secondary GSH depletion may regulate caspases, such as caspase 3
(26), as well as ceramide generation via a positive feedback mechanism (10). Therefore, our
ongoing studies focus on the molecular sites of ROS and ceramide generation in lung
epithelial cells. We are in the process of elucidating the molecular mechanisms that link the
redox state of the cell to N-SMase activation, ceramide production, and the execution phase
of apoptosis in lung epithelial cells (submitted).
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DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

ELF epithelial lining fluid

FACS fluorescence-activated cell sorter

FBS fetal bovine serum

FITC fluorescein isothiocyanate

GSH reduced glutathione

GSSG oxidized glutathione

NAC N-acetylcysteine

N-SMase neutral sphingomyelinase

PBS phosphate-buffered saline

PI propidium iodide

PM plasma membrane

ROS reactive oxygen species

SEM standard error of the mean

SMase sphingomyelinase

TLC thin layer chromatography
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Figure 1.
Extracellularly supplemented GSH inhibits ceramide generation in A549 cells.

Autoradiography of ceramide in lipid extracts of A549 cells treated in the presence of
regular medium supplemented with 1% serum with (A) increasing concentrations of GSH (0
to 5 mM) for 3 h or (B) 5 mM GSH for different incubation times. Incubations were
terminated by washes with ice-cold PBS, and the cells were harvested with 0.05% trypsin-
EDTA. Cellular lipids were extracted and assayed for ceramide by the DAG kinase assay, as
described previously (5, 6). The reaction products were analyzed by TLC and
autoradiography.
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Figure 2.
H,0, mediates induction of intracellular ceramide levels and apoptosis via depletion of

intracellular GSH. A549 cells were incubated in medium supplemented with 1% serum with
250 uM H,05, for the indicated times. (A). Cell lysates were analyzed for GSH as described
in Materials and Methods. (B). Cellular lipids were extracted and assayed for ceramide by
the DAG kinase assay (5, 6). The reaction products were analyzed by TLC and quantified
using a phosphorimager. (C). To determine apoptosis, cells were stained with Annexin V-
FITC and PI, and were evaluated by FACS analysis, as described in Materials and Methods.
The values are represented as percent (%) of control, not treated, cells and represent mean +
SEM.
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Figure 3.
Extracellular supplementation of GSH prevents H,0,-induced GSH depletion, ceramide

generation, and apoptosis in human lung epithelial cells. A549 cells were incubated in
medium supplemented with 1% serum with 10 mM GSH for 30 min, followed by
incubations with 250 UM H,0O5 for an additional 30 min (A and B) or 24 h (C). (A). Cell
lysates were analyzed for GSH as described in Materials and Methods. (B). Cellular lipids
were extracted and assayed for ceramide by the DAG kinase assay (5, 6). The reaction
products were analyzed by TLC and quantified using a phosphorimager. (C). Apoptotic cells
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were stained with Annexin V-Pl and detected by FACS. The values are represented as
percent (%) of control, not treated, cells.
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Figure 4.
ATZ induces ceramide and apoptosis, effects efficiently inhibited by NAC. (A). Primate

tracheal epithelial cells were incubated with 30 mM ATZ for the indicated times with (solid
triangles) or without (solid circles) preincubation with 10 mM NAC for 1 h. Cellular lipids
were analyzed for ceramide by the DAG kinase assay, as described in Materials and
Methods. (B). Cells were incubated with 30 mM ATZ for 18 h with or without preincubation
with 10 mM NAC for 1 h. After treatments, cells were evaluated for apoptosis by TUNEL.
The values represent apoptotic cells (percent of total cells counted) where at least 300 cells
were counted.
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Figure5.
GSH, but not GSSG or other antioxidants, inhibits ceramide generation induced by H,05 in

lung epithelial cells. A549 cells were preincubated for 1 h in medium supplemented with 1%
serum in the presence or absence of 10 mM of GSH, GSSG, DTT, or 2-mercaptoethanol,
followed by incubations with 250 uM H,O, for an additional 30 min. The cells were rinsed
with ice-cold PBS to terminate the treatments and harvested by trypsinization. GSH (A) and
ceramide (B) levels were determined as described in Materials and Methods. Values
represent mean = SEM. *Mean of the group that was significantly different from the mean
of the H,Oo-treated group (P < 0.05). All other comparisons were statistically not significant
(P > 0.05). Statistical analysis was performed using the Mann-Whitney, nonparametric, two-
tailed test.
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Figure®6.
BSO depletes cellular GSH and induces ceramide production and apoptosis in a dose-

dependent manner. After treatments with the indicated concentrations of BSO for 24 h,
A549 cells were washed with ice-cold PBS and collected by trypsinization. (A). The cells
were lysed and cellular GSH content was determined as previously described (21). (B).
Treated cells were extracted with methanol:chloroform:1 N HCI, and cellular ceramide
levels were determined by the DAG kinase assay (6). (C). To determine apoptosis, cells
were stained with Annexin V-FITC and PI, and were evaluated by FACS analysis, as
described in Materials and Methods. Values represent mean + SEM. (D). Primary cells, after
treatments with 250 or 500 UM BSO for 24 h, were evaluated for apoptosis by staining with
Hoechst, as described in Materials and Methods.
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Figure7.
BSO depletes cellular GSH and induces ceramide production and apoptosis in a time-

dependent manner. After treatments with 250 uM BSO for the indicated times, A549 cells
were washed with ice-cold PBS and collected by trypsinization. (A). Cells were lysed and
cellular GSH content was determined as previously described (21). (B). Treated cells were
extracted with methanol:chloroform:1 N HCI, and cellular ceramide levels were determined
by the DAG kinase assay. Treated cells were also stained with Annexin V-FITC and PI, and
were evaluated for apoptosis, as described in Materials and Methods. VValues represent mean
+ SEM.
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C6-ceramide mediates ceramide generation without depletion of GSH. (A). A549 cells were
treated with 25 M C6-cer-amide for the indicated times. After treatment, cellular lipids
were extracted and assayed for ceramide by the DAG kinase assay (5, 6). The reaction
products were analyzed by TLC and quantified using a phosphorimager. (B). A549 cells
were preincubated with (hatched bars) or without (solid bars) 10 mM GSH for 1 h before
exposure to 25 pM C6-ceramide for 15 min. After treatment, cell lysates were analyzed for
ceramide and GSH, as described in Materials and Methods. All values are represented as
percent (%) of control.

Am J Respir Cell Mol Biol. Author manuscript; available in PMC 2015 March 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lavrentiadou et al.

Figure9.

Apoptosis
(% of control)

n W

(=] (=]

o8

Apoptosis
(% of control)

500

400+

100

!

/

Page 22

g

3004

6 12 18 24
Time (hr)

Control GSH+ Cé-cer

Cé-cer
Treatment for 24 hours

C6-ceramide induces apoptosis, an effect efficiently inhibited by GSH. (A). A549 cells were
treated with 25 uM C6-ceramide for the indicated times. (B). Cells were preincubated with
(hatched bars) or without (solid bars) 10 mM GSH 1 h before exposure to 25 uM C6-
ceramide for 24 h. After treatments, apoptosis was determined by Annexin V staining of
apoptotic cells, as described in Materials and Methods. All values are represented as percent

(%) of control.
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Figure 10.

Schematic representation of the role of oxidants (H,O5) and antioxidants (GSH) in ceramide
generation and apoptosis. GSH inhibits N-SMase activity, thus maintaining low ceramide

levels (19, 20). Stress factors (i.e., extracellularly administered H,0,) result in ROS-

mediated depletion of GSH. This may be a critical event in the induction of apoptosis by

activation of N-SMase and generation of ceramide. However, supplementation of

antioxidants, such as GSH, counteract this effect by inhibiting N-SMase activity. Therefore,
the redox state of the cell determines the activity of N-SMase and the levels of ceramide,

thus modulating the apoptotic pathway in lung epithelial cells.
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