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The functional significance of the expression of cystic fibrosis trans-
membrane regulator (CFTR) on endothelial cells has not yet been
elucidated. Since CFTR has been implicated in the regulation of
intracellular sphingolipid levels, which are important regulators of
endothelial cell apoptosis in response to various insults, we in-
vestigated the role of CFTR in the apoptotic responses of lung
endothelial cells. CFTR was detected as a functional chloride channel
in primary lung endothelial cells isolated from both pulmonary
arteries (human or mouse) and bronchial arteries (sheep). Both
specific CFTR inhibition with 2-(phenylamino) benzoic acid
diphenylamine-2-carboxylic acid, 5-[(4-carboxyphenyl)methylene]-
2-thioxo-3-[(3-trifluoromethyl)phenyl-4-thiazolidinone (CFTRinh-172),
or 5-nitro-2-(3-phenylpropylamino)benzoic acid and CFTR knock-
down significantly attenuated endothelial cell apoptosis induced
by staurosporine or H2O2. CFTRinh-172 treatment prevented the
increases in the ceramide:sphingosine-1 phosphate ratio induced by
H2O2 in lung endothelial cells. Replenishing endogenous ceramides
via sphingomyelinase supplementation restoredthe susceptibilityof
CFTR-inhibited lung endothelial cells to H2O2-induced apoptosis.
Similarly, the anti-apoptotic phenotype of CFTR-inhibited cells was
reversed by lowering the intracellular pH, and was reproduced by
alkalinization before H2O2 challenge. TUNEL staining and active
caspase-3 immunohistochemistry indicated that cellular apoptosis
was decreased in lung explants from patients with cystic fibrosis
compared with those with smoking-induced chronic obstructive
lung disease, especially in the alveolar tissue and vascular endothe-
lium. In conclusion, CFTR function is required for stress-induced
apoptosis in lung endothelial cells by maintaining adequate in-
tracellular acidification and ceramide activation. These results may
have implications in the pathogenesis of cystic fibrosis, where aber-
rant endothelial cell death may dysregulate lung vascular homeosta-
sis, contributingtoabnormal angiogenesis andchronic inflammation.
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The most common cause of death in cystic fibrosis (CF) is
respiratory failure from progressive lung disease characterized
by thickened airway secretions accompanied by chronic re-
spiratory infections and chronic inflammatory changes. The

molecular defect involved in CF is the mutated cystic fibrosis
transmembrane conductance regulator (CFTR), a plasma mem-
brane cAMP-dependent chloride channel (1). CFTR mutations
cause absent, reduced numbers, or poorly functioning ion
channels on the cell membrane, which impair the cell’s ability
to move chloride and bicarbonate into the extracellular space.
These alterations in the CFTR expressed on pulmonary airway
epithelial cells lead to the accumulation of abnormally thickened
respiratory secretions in CF. However, CFTR is expressed in
other resident cells in the lung, including pulmonary microvas-
cular endothelial cell (2) and pulmonary artery smooth muscle
cells (3). While the role of CFTR in epithelial cell function has
been the subject of extensive research, its role in the function of
other cellular compartments in the lung is largely unknown.
Since endothelial cells constitute an important defense barrier
with an active role in regulating inflammatory responses in the
lung, elucidating the role of CFTR in the endothelium may
uncover mechanisms that underlie the chronic inflammatory
responses in CF lungs. We set out to investigate the role of
CFTR in lung endothelial cells, in particular in the regulation of
cell death (select data were presented in abstract form [4]).

Lung endothelial cell programmed cell death, or apoptosis, is
a highly regulated process that is required for normal blood vessel
formation and for orderly removal of senescent, injured, and
infected cells from tissues. A dysregulated or impaired apoptotic
process may, however, trigger inflammatory responses (5) and
contribute to increased morbidity in response to respiratory
infectious agents such as Pseudomonas aeruginosa (6). In lung
epithelial cells, disruption of CFTR function has been shown to
both inhibit (7, 8) and augment apoptosis (9). Abnormalities in
intracellular acidification and alterations of ceramide levels have
been implicated in both the anti- and pro-apoptotic effects of
CFTR inhibition (8, 9). The effect of CFTR inhibition on endo-
thelial cell apoptosis or sphingolipid signaling is not known.

The sphingolipids ceramide and sphingosine-1 phosphate
(S1P) are signaling mediators involved in the regulation of lung
epithelial and endothelial cell apoptosis and survival, respec-
tively (9–12). CFTR, an ATP-binding cassette transporter
localized in ceramide-rich membrane microdomains, has been
involved in the regulation of sphingolipid, particularly S1P,
transport across the plasma membrane (13). Furthermore, the
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inability of CFTR-inhibited cells to generate optimal intracel-
lular acidification may impair the activity of the acid sphingo-
myelinase or ceramidases, enzymes involved in the control of
intracellular ceramide levels. Since endothelial cells are suscep-
tible to oxidative stress–induced ceramide-dependent apoptosis,
we studied the role of CFTR in H2O2-induced apoptosis
of primary endothelial cells isolated from pulmonary and
bronchial arteries. Utilizing specific pharmacologic tools, we
identified an inability of the CFTR-inhibited endothelium to
augment ceramides in response to stress, concomitant with a
pH-dependent impairment in apoptosis.

MATERIALS AND METHODS

Chemicals and Reagents

All chemicals were purchased from Sigma Aldrich (St. Louis, MO)
unless otherwise stated.

Cells

Mouse lung endothelial cells were generously provided by Dr. Patty Lee
(Yale University, New Haven, CT). Sheep primary bronchial artery
endothelial cells were generously provided by Dr. Elizabeth Wagner
(The Johns Hopkins University, Baltimore, MD). Human lung microvascu-
lar endothelial cells (HLMVEC) were obtained from Lonza (Allendale,
NJ) and maintained in culture medium consisting of EMB-2, 10% FBS,
0.4% hydrocortisone, 1.6% hFGF, 1% VEGF, 1% IGF-1, 1% ascorbic
acid, 1% hEGF, 1% GA-100, and 1% heparin. All primary cell cultures
were maintained at 378C in 5% CO2 and 95% air. Experiments were
performed up to passage 10 with cells at 80 to 100% confluence.

Cellular Toxicity and Viability

Cellular toxicity and viability in response to treatments with pharmaco-
logic CFTR and non-CFTR chloride channel inhibitors was determined
by measuring LDH release (Promega, Madison, WI) in endothelial cells
at 30 min and 18 h after treatment, using the manufacturer’s protocol.

CFTR Inhibitory Studies

Endothelial cells were treated with the following specific CFTR channel
blockers: 2-(phenylamino)benzoic acid diphenylamine-2-carboxylic acid
(DPC) (200 mM in ethanol vehicle; the final ethanol concentration in cell
culture media was 2%), 5-nitro-2-(3-phenylpropylamino)benzoic acid
(NPPB) (200 mM in ethanol, 5%), and 5-[(4-carboxyphenyl)methylene]-
2-thioxo-3-[(3-trifluoromethyl)phenyl-4-thiazolidinone (CFTRinh-172)
(20 mM in DMSO, 0.2%); and the specific non-CFTR chloride channel
inhibitor disodium 4,49-diisothiocyanatostilbene-2,29-disulfonate (DIDS)
(200 mM in H2O). Cell growth media were replaced with serum-free
media for 2 hours before the addition of inhibitors. Cells were pretreated
with these inhibitors for 1 hour before treatments with staurosporine or
H2O2.

In addition, CFTR was knocked down via CFTR-specific siRNA
(Ambion, Austin, TX), using a nontarget siRNA (scramble and siGlo
from Ambion) as a control. Cells were transfected with 25 to 100 nM
siRNA using a siPORT FX transfection kit (Ambion). Cells were
treated staurosporine or vehicle after 72 hours and lysates were
obtained for real-time PCR or caspase-3 activity quantification.

Patch Clamp Analysis of CFTR Channel

Recording electrodes were prepared from borosilicate glass using
a horizontal electrode puller (P-97; Sutter Instruments, Novato, CA) to
produce tip openings of 1 to 2 mm (3–5 MV). Electrodes were filled with
an intracellular solution containing (in mM): 43 CsCl, 92 CsMeSO4,
5 TEA, 2 EGTA, 1 MgCl2, 10 HEPES, 2 Mg-ATP, and 0.4 Na-GTP, pH
7.2, 295 to 300 mOsm/L. The extracellular solution contained (in mM):
6 KCl, 144 NaCl, 1 MgCl2, 1 CaCl2, 10 HEPES, and 10 Glucose, pH 7.2,
290 to 300 mOsm/L. The flow rate was 2 to 3 ml/minute. Coverslips with
endothelial cells were placed in a recording chamber, and the cells were
visualized with an infrared-differential interference contrast microscope
(BX50WI; Olympus, Center Valley, PA) and CCD camera. Whole-cell
voltage-clamp recordings were performed at 248C with an Axopatch
200B amplifier (Axon Instruments, Sunnyvale, CA). After tight-seal

(. 1 GV) formation, the electrode capacitance was compensated. The
membrane capacitance, series resistance and input resistance of the
recorded endothelial cells were measured by applying a 5 mV (10 ms)
hyperpolarizing voltage pulse from a holding potential of 0 mV. Cells
with a series resistance change greater than 15% during the experiment
were excluded from the analysis. Signals were filtered at 5 kHz and
digitized at a sampling rate of 10 kHz using a data-acquisition program
(Axograph 4.6). At a holding potential of 0 mV, the CFTR currents were
evoked by voltage steps (from 2150 mV to 180 mV in 10-mV
increments, 1 s). The activators and blockers of CFTR were applied in
the bath solution at the indicated concentrations.

In a separate set of experiments, where we studied ion currents in
cultured lung endothelial cells treated with H2O2 in the presence and
absence of the CFTRinh-172 inhibitor, the currents were measured
2 minutes after the rupture of the cell membrane to allow the exchange
of the cytosol for the pipette solution. The standard extracellular
solution contained (mM): 145 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 5.5
Glucose, and 10 HEPES (pH 7.2), whereas the intracellular solution
contained (mM): 140 CsMeSO3, 10 CsCl, 2 MgCl2, 0.5 EGTA, and 10
HEPES (pH 7.2). The osmolarity of recording solutions was adjusted
to 295 to 300 mOsm with mannitol, if needed. The currents were
recorded during 400-millisecond step pulses to 2100 mV and 1100 mV
from the holding potential of 0 mV using the Optopatch amplifier
(Cairn Research Ltd, Kent, UK) and digitized with the Digidata 1322A
AD converter (Molecular Probes). The Clampfit 10 software (Molec-
ular Probes) was used for data analysis. The mean cell capacitance (6

SD) of untreated cells was 19.6 6 7.3 pF.

Polymerase Chain Reaction

Total RNA was extracted from cultured cells using a commercial total
RNA isolation kit (Qiagen, Valencia, CA), and the cDNA was
reversely transcripted from 1 mg of total RNA by using the first-strand
synthesis kit (Invitrogen, Carlsbad, CA) with random primers. The
cDNA products were amplified by an RT-PCR module using synthe-
sized primers for CFTR gene as target gene and GAPDH primers for
the GAPDH gene as reference gene. The primers used for the gene
amplification were synthesized by Invitrogen. Primers for human
CFTR gene were (accession number: NM_000492): forward, 5-GCA
TTTGCTGATTGCACAGT-3; reverse, 5-ACTGCCGCACTTT
GTTCTCT-3. Primers for the ovine CFTR (accession number:
NM_001009781) were: forward, 5-cctttccaacaacctgaacaa-3; reverse,
5-aggactacgaggaaagcaagc-3. Primers for the human and ovine GAPDH
gene as reference gene were: forward, 5-GCATTTGCTGATTGCA
CAGT-3; reverse, 5-ACTGCCGCACTTTGTTCTCT-3). The RT-
PCR products were electrophoresed on a 1.5% TAE agarose gel,
and the bands for human and ovine CFTR were detected at a size of
100 bp and 150 bp, respectively. The bands were excised and the
product was checked by sequencing at the Indiana University Genetics
Core Laboratory. The real-time CFTR quantitative PCR analysis was
obtained on RNA extracted from cell lysates. Total RNA was
extracted using TRIzol Reagent (Invitrogen), and the PureLink
Micro-to-Midi total RNA purification system (Invitrogen). Exon-
spanning primers specific for CFTR and GAPDH, were designed on
the basis of published cDNA sequences. Real-time PCR was per-
formed using the 7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA), and results were reported as fold change versus
GAPDH expression.

Western Blotting

Endothelial cells were lysed and then fractionated using the CellLytic
MEM Protein Extraction Kit (Sigma), to enrich for membrane proteins
from hydrophobic fractions. Lysates were loaded in equal amounts
(30 mg protein/lane) on SDS-PAGE followed by immunoblotting
as previously described (14, 15). Membranes were incubated with
CFTR-specific antibody (1:200; Upstate, Billerica, MA), followed by
anti-mouse biotin-conjugated antibody, 1:10,000 diluted in TBST and
a tertiary anti-biotin horseradish peroxidase–linked antibody, 1:10,000.

Apoptosis Assays

Apoptosis was induced in endothelial cells by treatment with staur-
osporine (0.6 mM, 6 h) or H2O2 (250–500 mM, 2–6 h) in serum-free
culture media. Caspase-3 activity was measured in cell lysates using
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a fluorescence-based assay (Promega) as previously described (16).
Annexin and propidium iodide staining was used to identify apoptotic
cells and exclude necrosis, using a fluorescence-based assay (R&D
Systems, Minneapolis, MN), quantified by flow cytometry.

Lipid Extraction

Lipid extraction was performed by the Bligh and Dyer method by
suspending cells in chloroform:methanol:water with a ratio of 0.5:1:0.4
(vol/vol/vol) in glass tubes. The lipid phase was separated by addition of
chloroform and water (1:1) followed by centrifugation. The lower organic
phase was saved and the total phospholipid content was determined by
colorimetric phosphate quantification (17). This determination was used
for normalization of ceramide and S1P measurements (15).

Ceramide and S1P Quantification

Analyses of the sphingolipids were performed via combined liquid
chromatography-tandem mass spectrometry (LC/MS/MS). Instrumen-
tation employed was an API4000 Q-trap hybrid triple quadrupole
linear ion-trap mass spectrometer (Applied Biosystems) equipped with
turboionspray ionization source and Agilent 1100 series liquid chro-
matograph as a front end (Agilent Technologies, Wilmington, DE).

The sphingolipids were ionized via electrospray ionization (ESI)
with detection by multiple reaction monitoring (MRM). Analysis of the
molecular species of sphingoid bases and ceramides employed positive
ion ESI with MRM analysis with minor modification of published
methods (18, 19) as previously described (20). C17-analogs of ceramide
and S1P were used as internal standards (15). The MRM transitions
employed for detection of sphingoid bases were as follows: m/z 286 .

268 (C17-sphingosine, internal standard); m/z 300 . 282 (sphingosine);
and m/z 302 . 284 (dihydrosphingosine). MRM transitions monitored
for the elution of ceramide molecular species were as follows: m/z
510 . 264, C14:0-ceramide; m/z 538 . 264, C16:0-ceramide; m/z 540 .

284, C16:0-dihydroceramide; m/z 552 . 264, C17:0-ceramide (internal
standard); m/z 564 . 264, C18:1-ceramide; m/z 566 . 284, C18:1-
dihydroceramide; m/z 566 . 264, C18:0-ceramide; m/z 568 . 284,
C18:0-dihydroceramide; m/z 594 . 264, C20:0-ceramide; m/z 650 .

264, C24:1-ceramide; m/z 652 . 284, C24:1-dihydroceramide; m/z
652 . 264, C24:0-ceramide; m/z 654 . 284, C24:0-dihydroceramide;
m/z 680 . 264, C26:1-ceramide; m/z 682 . 264, C26:0-ceramide; m/z
708 . 264, C28:1-ceramide; m/z 710 . 264, C28:0-ceramide). S1P
and DHS1P were quantified as bis-acetylated derivatives employing
reverse-phase HPLC separation, negative ion ESI, and MRM analysis.
Details of this approach are as previously described (21).

Enzymatic Activity Assays

Neutral and acid sphingomyelinase activities were measured in cell
lysates using a fluorescence-based assay (Invitrogen) as previously
described (22). RIPA buffer with proteinase inhibitors was used to
obtain cell lysates, which were then further diluted in the appropriate
acid or nonacid buffer per the assay protocol. Serine palmitoyltransfer-
ase activity was determined as previously described (22). In brief, cells
were lysed in lysis buffer (10 mM HEPES [pH 7.5], 250 mM sucrose,
1 mM EDTA) plus protease inhibitor cocktail and sonicated on ice.
Supernatants were collected and 100 ml added to an equal volume of
23 assay buffer (0.2M HEPES pH 8.3, 5 mM EDTA, 100mM pyridoxal
phosphate, 10 mM DTT, 2 mM L-serine). Samples were incubated for
10 minutes at 378C. The reaction was initiated by the addition of
palmitoyl-CoA to a final concentration of 0.2 mM and 1.0mCi of [3H]
serine and incubated at 378C for 7 minutes. Reactions were terminated
by the addition of NH4OH (3 ml, 0.5 N) and chloroform/methanol
(2:1 vol/vol), 25 mg D-sphingosine, followed by NH4OH (2 ml, 0.5 N).
The lower organic phase was collected, dried under a stream of nitrogen,
and resuspended in 1 ml scintillation fluid. CPMs were counted using
a PE TopCount NXT scintillation counter.

Acidic/basic pH treatments were achieved by preparing media from
basal EMB-2 using Tris-HCl (30 mM) and Hepes (40 mM) buffers,
followed by pH adjustments to 6.5, 7.0, 7.4, 7.8, and 8.0 with HCl and/or
NaOH (24). Media was then placed in a 378C, 5% CO2 incubator for 24
to 48 hours to allow equilibration with CO2. The pH of the media was
monitored before adding it to cells and at the completion of experiments.

Human lung tissue consisted of sections from fixed, paraffin-
embedded explanted lung tissue from patients with chronic obstructive

pulmonary disease (COPD) and from patients with CF (collected at the
University of Pittsburgh). Normal lung tissue sections were generously
provided by Dr. Rubin Tuder (Johns Hopkins University and the
University of Colorado). The specimen collection and storage were
approved by the Institutional Research Board from the University of
Pittsburgh and the Johns Hopkins University.

Immunohistochemical staining for active caspase-3 was performed
on paraffin-embedded lung sections according to the manufacturer’s
directions using the Vector antigen unmasking solution and the
Vectastain Universal Elite ABC kit (Vector Laboratories, Burlingame,
CA). Briefly, after blocking with 2% normal horse serum, an anti-
active caspase-3 polyclonal antibody (Ab2302; Abcam, Cambridge,
MA) at dilution of 1:25 was applied as the primary antibody for
2 hours. The antibody diluent (DAKO, Carpinteria, CA), without the
primary antibody, was used as negative control. The sections were then
incubated with horse ‘‘universal’’ anti-mouse/rabbit IgG (biotinylated
antibody) for 30 minutes. After washing with TBST, a complex of
avidin and biotinylated horseradish peroxidase was applied to the
sections for 30 minutes. After washing with TBST, the sections were
developed with Vector diaminobenzidine (DAB) substrate kit
(Vector). A similar staining procedure was performed omitting the
primary antibody and was used as negative control.

TUNEL and endothelial cell–specific marker immunostaining were
performed by first processing paraffin-embedded lung sections for the
detection of TUNEL-positive apoptotic cells using commercially
available Fluorescein FragEL DNA Fragmentation Detection Kit
(Calbiochem, Gibbstown, NJ), according to the manufacturer’s guide-
lines. Then, the CD31 endothelial cell–specific marker was visualized
using a primary goat polyclonal CD31 antibody (1:50 dilution; Santa
Cruz Biotechnology, Santa Cruz, CA) and Texas Red–conjugated
rabbit anti-goat IgG (1:200 dilution; Santa Cruz). Nuclei were counter-
stained with 49,6-diamidino-2-phenylindole (DAPI).

Stained slides were coded, and an individual blinded to the identity
of the slides captured representative images from each lung using
a Nikon Microscope equipped with a Nikon camera. For quantification
of the staining intensity, the images were then scored using a Meta-
morph (Molecular Devices, Sunnyvale, CA) macro developed by
Dr. Rubin M. Tuder (University of Colorado).

Statistical Analysis

Statistical analysis was performed using SigmaStat 3.5. The differences
between groups were compared using unpaired Student t test or
ANOVA with Student-Newman-Keuls. Statistical significance was set
at P , 0.05.

RESULTS

Expression of Functional CFTR in Lung Endothelial Cells

It has been previously reported that CFTR is expressed in
human umbilical vein cells and human lung microvascular
endothelial cells, where it functions as a chloride channel (2).
Using routine PCR (Figure 1A) and Western blotting (not
shown), we confirmed the expression of CFTR in primary lung
microvascular endothelial cells. CFTR expression was also
identified in primary bronchial arteries endothelial cells from
sheep by routine RT-PCR (Figure 1A), followed by sequencing
that demonstrated the ovine CFTR sequence (data not shown).
Patch clamp analysis of the CFTR ion channel showed activa-
tion by 8-Br-cAMP and genistein as expected, and inhibition of
the channel by the prototypical specific CFTR inhibitors, DPC
and NPPB, but not by the non-CFTR chloride channel inhibitor
DIDS (Figure 1B, i–iii). To investigate whether oxidative stress
alone modifies the CFTR current in lung endothelial cells,
currents were recorded during 400-millisecond step pulses to
2100 mV and 1100 mV from the holding potential of 0 mV.
The current amplitudes were averaged over a 380-millisecond
interval. Since our pipette solution contained low chloride
concentration (12 mM), we considered that any inward currents
represent mostly leak currents or other nonselective cation
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conductance. The outward chloride current component was
isolated by subtracting the absolute value of the inward current
from the total outward current. The resulting outward currents,
expressed relative to the cell capacitance, were significantly
larger in the H2O2-treated cells and were reduced in cells
treated with both H2O2 and the CFTR inhibitor CFTRinh-172
(Figure 1B, iv). These results suggested that CFTR is expressed
on both pulmonary and bronchial artery endothelial cells, where
it functions as a chloride channel that may be activated by
oxidative stress. Next, we set out to determine the role of CFTR
function in endothelial cell viability and death.

Effect of CFTR Inhibitors on Endothelial Cell Viability

CFTR function was modulated using pharmacologic inhibitors
DPC, NPPB, and CFTRinh-172 at concentrations that demon-
strated effective CFTR inhibition by patch clamp analysis. The
effect of these inhibitors, the non-CFTR chloride channel in-
hibitor DIDS, or the CFTR activator genistein on the baseline

endothelial cell viability was studied using the LDH release assay,
having their vehicle (ethanol or DMSO) as controls. The effective
concentration of the inhibitor that effectively blocked the CFTR
chloride current in the patch clamp analyses was 200 mM for DPC
and NPPB. At these concentrations, the CFTR inhibitors failed to
induce endothelial cell death at 30 minutes and at 16 hours after
treatment, with the exception of NPPB, which increased LDH
release at 16 hours (Figure E1 in the online supplement, and data
not shown). Based on these results, nontoxic concentrations of
inhibitors were used in subsequent experiments that assessed their
effect on endothelial cell apoptosis.

Pulmonary endothelial cell apoptosis was studied in response
to staurosporine, a general protein kinase inhibitor, or to H2O2,
an inducer of oxidative stress. Mouse lung endothelial cells
pretreated with the specific CFTR inhibitors DPC or NPPB
demonstrated significant attenuation of staurosporine-induced
apoptosis, as measured by Annexin V/propidium iodide staining
and flow cytometry (Figure 2A) or caspase-3 activity assay (data

Figure 1. Cystic fibrosis (CF)
transmembrane conductance

regulator (CFTR) expression

and ion channel function in
lung endothelium. (A) CFTR

RNA expression in sheep bron-

chial artery cells (SBA), human

lung microvascular endothelial
cells (HLMVEC), and BEAS-2B

(bronchial epithelial cells, as

control) was detected by rou-

tine RT-PCR. Size markers were
loaded in lane 1; samples with-

out reverse transcription (no

RT, controls) were loaded into
lanes 3, 5, and 7. (B) CFTR

current recording by whole

cell patch clamp analysis in

HLMVEC. (i ) Traces of Cl2

currents recorded before (top)

and after (bottom) application

of 8-Br-cAMP (100 mM). Cur-

rents were evoked by voltage
steps ranging from 2100 mV

to 50 mV from a holding po-

tential of 0 mV. (ii ) I–V curve of
CFTR currents (I expressed as

current density). (iii ) Effects of

CFTR channel activator and

blocker on Cl2 currents. Mean
CFTR currents recorded in the

presence of CFTR activators

(genistein, 100 mM or 8-Br-

cAMP, 100 mM) and specific
CFTR inhibitors DPC (i1, 200

mM) or NPPB (i3, 200 mM) or

non-CFTR Cl2 channel inhibi-

tor DIDS (i2, 200 mM). The
currents were normalized to

those recorded before applica-

tion of the drugs (evoked at
50 mV) and reported as rela-

tive currents (mean 6 SD;

*P , 0.05). (iv) Relative CFTR

currents recorded in the ab-
sence (2) or presence of H2O2

and the effect of CFTRinh172

(100 mM) (mean 6 SEM; *P ,

0.05).
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not shown). Knockdown of CFTR via transient transfection of
endothelial cells with a specific siRNA (25–75 nM for 72 h)
significantly reduced CFTR RNA expression as measured by
real-time PCR compared with transfection with a nontarget
siRNA (Figure 2B). CFTR knockdown (25 nM for 72 h)
significantly inhibited staurosporine-induced apoptosis in lung
endothelial cells, measured by caspase-3 activity assay (cells had
a nonstatistical significant increase of 2% [1.02-fold] in caspase-3
activity versus control) (Figure 2B). In contrast, nontarget
siRNA treatment failed to reduce staurosporine-induced apo-
ptosis (1.4-fold increase in caspase-3 activity versus control)
compared with cells that did not receive siRNA and underwent
staurosporine-induced apoptosis (which had approximately
a 1.2-fold increase in caspase-3 activity versus control; Figure
2C). A similar effect was obtained after pretreatment with the
highly specific CFTR inhibitor CFTRinh-172, which significantly
attenuated H2O2-induced primary human pulmonary microvas-

cular endothelial cell apoptosis measured by caspase-3 activity
assay (Figure 2D). The nonspecific chloride channel DIDS also
inhibited H2O2-induced apoptosis in human and mouse pulmo-
nary endothelial cells (data not shown), implying that other
chloride ion channel flows may also facilitate apoptosis induced
by oxidative stress in these cells.

Mechanisms of CFTR Involvement in Endothelial

Cell Apoptosis

Ceramide is a second messenger in endothelial cell apoptosis
signaling in response to multiple agonists, including oxidative
stress. Treatment of human microvascular endothelial cells with
H2O2 significantly increased intracellular ceramide levels (by
z 20%), as quantified by tandem mass spectrometry (Figure 3A).
Pretreatment of these cells with the CFTR inhibitor CFTRinh-172
attenuated H2O2-induced ceramide up-regulation (Figure 3A).
Interestingly, the inhibition of CFTR did not alter either in-

Figure 2. Effect of CFTR inhibitors on stress-induced lung endothelial cell apoptosis. (A) Flow cytometry of mouse lung endothelial cells stained with

Annexin V and propidium iodide and treated with (i) staurosporine (0.6 mM, 6 h), (ii) vehicle, and staurosporine with (iii) DPC (200 mM) or (iv) NPPB

(200 mM) pretreatments. Note marked increase in apoptotic cells in the right lower quadrant (asterisk) in the staurosporine-treated cells and the

profound inhibition of apoptosis in the CFTR-inhibited cells. (B) CFTR mRNA expression (relative to GAPDH) measured in endothelial cells by real-
time PCR after transient transfection with siRNA targeting CFTR (siCFTR) at the indicated concentrations or with nontarget siRNA (n 5 2; mean 6

SD; *P , 0.05 versus nontarget siRNA). (C) Caspase-3 activity in primary human lung microvascular endothelial cells treated with staurosporine

(0.6 mM, 6 h) with or without siCFTR (25 nM) or nontarget siRNA (25 nM). Caspase-3 activity was measured in cell lysates as U/mg protein/minute

and reported as fold increase versus each respective untreated control (n 5 3; mean 6 SEM; *P , 0.05 versus nontransfected cells and versus
nontarget siRNA-transfected cells). (D) Caspase-3 activity in primary human lung microvascular endothelial cells treated with H2O2 (250 mM, 6 h) in

the presence of the CFTR inhibitor CFTRinh-172 (20 mM). Caspase-3 activity was measured in cell lysates and expressed as U/mg protein/min and

then reported as fold increase versus control, untreated cells (n 5 3; mean 6 SEM; *P , 0.05 versus control; #P , 0.05 versus H2O2 treatment).

318 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 41 2009



tracellular levels of S1P (which were decreased by H2O2)
(Figure 3B), or the dihydroceramide levels (Figure 3C), precur-
sors of ceramide in the de novo pathway of ceramide synthesis
(which were increased by H2O2). Overall, CFTR inhibition
significantly decreased the ceramide:S1P ratio in endothelial
cells (Figure 3D), suggesting that the anti-apoptotic effects of
CFTR inhibition were due to a decrease in the net pro-
apoptotic levels of intracellular sphingolipids.

To investigate whether the decrease in intracellular ceramide
levels was required by the CFTR inhibitor to inhibit apoptosis,
we supplemented lung endothelial cells with sphingomyelinase.
Sphingomyelinase catalyzes the breakdown of sphingomyelin
from the membranes to generate ceramide. Treatment of
human lung microvascular endothelial cells with a low concen-
tration of sphingomyelinase, which by itself is not sufficient to
cause apoptosis, effectively reversed the CFTRinh-172 anti-
apoptotic action against H2O2 (Figure 4A). These results
suggested the CFTR inhibition results in an apoptosis-resistant
cellular state due to an inability to up-regulate ceramides in
response to stress.

Decreases in cytosolic pH precede cytochrome c release and
caspase activation (24). Intracellular acidification is also neces-
sary for the activation of enzymes, such as acid sphingomyeli-
nase and ceramidase, which typically cause increases and
decreases in intracellular ceramide levels, respectively. Previous
work showed that CFTR-deficient epithelial cells are unable to
acidify their cytoplasm secondary to lack of bicarbonate outflow
(8). We therefore investigated next the role of pH in the anti-
apoptotic effect of the CFTR inhibitors. Human endothelial

cells treated with CFTRinh-172 in an acidified media (pH 6.5 and
7.0, rather than a pH of 7.6 measured in regular growth media)
showed increased susceptibility to H2O2-induced apoptosis, in-
versely related with the intracellular pH (Figure 4B). Conversely,

Figure 3. Effect of CFTR inhibitors on intracellular sphingolipid levels
in lung endothelial cells. (A–C ) Ceramide, S1P, and dihydroceramide

levels were measured by tandem mass spectrometry in primary human

lung microvascular endothelial cells treated with H2O2 (250 mM, 6 h) in

the presence of the CFTR inhibitor CFTRinh-172 (20 mM). Sphingolipid
levels were normalized by intracellular phospholipids (inorganic phos-

phorus content, Pi) and plotted as mean 6 SEM (n 5 3; *P , 0.05

versus control; #P , 0.05 versus H2O2). (D) The ratio of ceramide/S1P

in lung endothelial cells, an indicator of pro-apoptotic/anti-apoptotic
intracellular balance, was calculated from the values measured in A and

B (mean 6 SEM; n 5 3; *P , 0.05 versus control; #P , 0.05 versus H2O2

treatment).

Figure 4. Modulation of apoptotic susceptibility to H2O2 of CFTR-

inhibited endothelial cells. (A) Inhibitory potency of CFTRinh-172 on
the apoptosis induced by H2O2-treated human lung microvascular

endothelial cells was measured by caspase-3 activity. Results were

expressed as % inhibition of maximum H2O2-induced caspase-3 activa-
tion (mean 6 SEM; n 5 6; *P , 0.01). Cells were pre-treated with

CFTRinh-172 (20 mM) before H2O2 (250 mM, 6 h) with or without

supplementation with sphingomyelinase (0.3 U/ml). Note that in the

presence of this low concentration of sphingomyelinase, CFTRinh-172
lost its ability to inhibit H2O2-induced apoptosis. (B) Inhibitory potency of

CFTRinh-172 on H2O2-induced endothelial cells apoptosis was expressed

as % inhibition of maximum H2O2-induced caspase-3 activation

(mean 6 SEM; n 5 3; *P , 0.05). Cells were pre-treated with CFTRinh-172
(20 mM) before H2O2 (250 mM, 6 h) at various pH of the culture me-

dium, as indicated. Note a loss of apoptosis inhibitory capacity of

CFTRinh-172 with decreasing the cell media pH (acidification) compared
with the pH of the usual culture media (pH 7.6). (C) Apoptosis measured

by caspase-3 activity in human lung microvascular endothelial cells after

treatment with H2O2 (250 mM, 6 h) at various pH of the culture medium,

as indicated (mean 6 SD; n 5 3; *P , 0.01 versus Veh at pH 7.6; #P ,

0.01 versus H2O2 at pH 7.6). Note inhibition of H2O2 -induced

endothelial cells apoptosis when cells are at a higher pH (alkalinization)

compared with the pH of the usual culture conditions (pH 7.6).
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the alkalinization of endothelial cells (exposure to media with
pH 7.8 and 8.0) alone rendered them more resistant to H2O2-
induced apoptosis, recapitulating the phenotype induced by
CFTR inhibition (Figure 4C).

To investigate whether the effect of CFTR inhibitor on the
intracellular pH is linked to its effect on ceramide signaling, we
measured the activity of key enzymes involved in controlling
ceramide levels under varying pH conditions. In usual culture
conditions, H2O2 treatment significantly increased the activity of
serine palmitoyl transferase (SPT, Figure 5A), the first step in
the de novo ceramide pathway, and had only a modest activation
(not reaching statistical significance) effect on the acid sphingo-
myelinase (Figure 5B), but not neutral sphingomyelinase (not
shown) activity. The activator effect of H2O2 on SPT and acid
sphingomyelinase was significantly blocked by the CFTRinh-172
(Figures 5A and 5B). These results indicate that the de novo
pathway is the major contributor to the increased ceramide:S1P
ratio after H2O2 treatment in lung endothelium, and importantly,
that this increase is attenuated by CFTR inhibition. Under acidic
(pH 6.8) culture conditions, endothelial cells treated with H2O2

failed to activate SPT (Figure 5C), whereas they enhanced the
acid sphingomyelinase activity both at baseline (absolute activity
almost doubled compared with the cells in usual baseline
conditions shown in Figure 3B) and after H2O2 treatment
(Figure 5D). Interestingly, the significant inhibitory effect of
CFTRinh-172 on the H2O2-induced acid sphingomyelinase acti-
vation persisted even in acidic conditions (Figure 5D). These
results suggested that the pathway of restoration of CFTR-
inhibited lung endothelial apoptosis by the acidic pH may be
SPT and acid sphingomyelinase independent.

Levels of Endothelial Cell Apoptosis in Human Lung from

Patients with CF

To determine the relevance of impaired stress-induced apoptosis
in CFTR-inhibited human endothelial cells in culture conditions,

we measured levels of apoptosis in lungs of patients with CF.
Apoptosis was determined in lung tissue from patients with CF or
from those suffering from the chronic lung disease COPD (by
TUNEL and active caspase-3 immunohistochemistry) and from
individuals without lung disease (active caspase-3 immunohisto-
chemistry). To determine the levels of apoptosis specifically in
lung endothelial cells in vivo, lungs were co-stained for TUNEL
and CD31, an endothelial cell–specific marker. Compared with
the lungs from patients with COPD (a chronic lung disease
characterized by airway inflammation, known to exhibit elevated
apoptosis of alveolar cells [25]), the CF lungs had sparse
TUNEL-positive lung cells that seldom co-localized with endo-
thelial cells (Figure 6A). To confirm that the TUNEL-positive
cells were indicative of apoptosis, we performed immunohisto-
chemistry for active caspase-3. Similarly, CF lung tissue showed
markedly lower active caspase-3 immunostaining compared with
COPD (Figure 6B). When measured by image analysis software,
the intensity of the active caspase-3 in the CF lung parenchyma
was as low as in nondiseased lung samples, and significantly
diminished compared with the COPD alveolar parenchyma
(Figure 6B, panel f ). In both CF and COPD lung tissue sections
examined, there was minimal apoptosis in the large airways
epithelium (Figure 6A, panels c and f ).

DISCUSSION

Our studies indicate that one of the roles of CFTR in lung
endothelium is to facilitate pro-apoptotic signaling in response to
stresses such as oxidative stress. Inhibition of CFTR in endothe-
lial cells was associated with an inability to up-regulate ceramides
in response to oxidative stress and was linked to the inability of
CFTR-inhibited cells to acidify the intracellular milieu, a step
required for optimal activity of several pro-apoptotic pathways.
Restoration of either ceramide levels or of an acidic pH was
sufficient alone to overcome the CFTR-inhibitors’ anti-apoptotic

Figure 5. Modulated enzyme activity
in CFTR-inhibited endothelial cells in

acidic and neutral conditions. (A)

Serine palmitoyl transferase and (B)
acid sphingomyelinase activities mea-

sured in human lung microvascular

endothelial cells after pretreatment

with CFTRinh-172 (20 mM) and treat-
ment with H2O2 (250 mM, 1 h) in

usual culture conditions (pH 7.6). (C)

Serine palmitoyl transferase and (D)

acid sphingomyelinase activities mea-
sured in human lung microvascular

endothelial cells after pretreatment

with CFTRinh-172 (20 mM) and H2O2

(250 mM, 1 h) at pH 6.8 (mean 6 SD;
n 5 2 for A and C, n 5 3 for B and D;

*P , 0.05 versus Veh; #P , 0.05

versus H2O2).
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effect. The inhibition of oxidative stress–induced lung endothelial
cell apoptosis by the CFTR inhibition was paralleled by a decrease
in apoptosis in general, and endothelial cell apoptosis in partic-
ular, in CF lungs.

Although the presence of CFTR in cells other than epithe-
lium is now well documented (2, 26–28), its role in these cellular
compartments, particularly in the endothelium, is not well
known. Our work contributes to the understanding of the role
of CFTR in lung endothelial cell viability. Previous studies in
lung epithelial cells and CF mouse lung and gastrointestinal
disease models have generated conflicting results for the role of
CFTR in apoptosis. An anti-apoptotic role for CFTR in airway
epithelial cells was noted in the lungs of aged CFTR-null mice,
which exhibited increased apoptosis due to excessive accumu-
lation of ceramide (9). Similar to our results, an apoptosis
facilitator role for CFTR was noted in lung epithelial cells under
stress from pseudomonal infection (7) and in a mouse model of
CF-associated gastrointestinal disease (29). These results sug-
gest that the role of CFTR in apoptosis may be cell type and
stimulus dependent and may differ at different ages. For
example, defective CFTR may lead to altered regulation of
sphingolipid metabolism, leading to abnormally high levels
of ceramide in cells with genetic long-standing CFTR deficiency
(9), and additionally impair ceramide up-regulation under stress,
as demonstrated by the current work.

The interrelation of CFTR and sphingolipids is complex.
CFTR is inserted in sphingolipid-rich membrane domains,
which play a role in both apoptotic signaling (30) and the
internalization of Pseudomonas aeruginosa (31), events of
relevance to CF pathogenesis. While CFTR function itself
may be modulated by ceramides (32) through its function as
an ATP-binding cassette, CFTR has also been implicated in the
transport of sphingolipids across the plasma membrane, in
particular the transport of S1P into cells (13). Our data
indicated that ceramide levels are decreased in CFTR-inhibited
cells undergoing oxidative stress, whereas S1P levels were not
affected, indicating the driving factor toward cell survival in
CFTR-inhibited cells was through impaired ceramide produc-
tion, rather than S1P availability. These results are in agreement

with the report by Guilbault and coworkers that showed
decreased circulating levels of specific ceramide species in the
plasma of individuals with CF and decreased lung levels of
ceramide in mice deficient of CFTR (33). These findings reveal
the importance of using mass spectrometric documentation of
ceramide content to accurately discern between ceramides and
dihydroceramides levels. Although previously thought to be
biologically inactive, there is accumulating evidence that dihy-
droceramides may exert independent biological effects, includ-
ing opposing ceramide functions (34). Although it remains
unclear what role dihydroceramides play in the CFTR-inhibited
endothelium, their accumulation in the context of decreased
ceramide levels was associated with inhibition of apoptosis. The
mechanism by which ceramide levels were decreased while
dihydroceramide levels were increased by the CFTR inhibitors
remains unclear, although it may be related to the sum of
actions on the activity of enzymes regulating ceramide and
dihydroceramide levels. As noted here in lung endothelial cells,
H2O2 has been shown to increase SPT activity in other cell
types (35). Both the acid sphingomyelinase and SPT activation
were inhibited by the CFTR inhibitor. The lack of S1P and
dihydro-S1P accumulation implies that sphingosine kinase is not
activated. In this context, the increased dihydroceramide levels
may be explained by decreased N-acyl-sphinganine dehydroge-
nase activity, which would block the conversion of dihydrocer-
amide to ceramide (20).

Our data showed that acidification restores the susceptibility
to stress-induced apoptosis in CFTR-inhibited lung endothelial
cells, implicating pH-dependent processes in the impairment of
apoptosis. One of the mechanisms implicated in the anti-
apoptotic effects of CFTR inhibition in other cell types has
been the lack of chloride and bicarbonate flow through an
inhibited CFTR, which may impair the cell’s ability to acidify
and activate endonucleases required for apoptosis (8). Other
enzymes implicated in apoptosis are pH regulated, including
enzymes participating in the ceramide metabolism. To this end,
Teichgräber and colleagues discovered the role of pH regula-
tion of the reverse ceramidase activity, causing increased
ceramides levels in the CFTR-null epithelial cells (9). However,

Figure 6. Apoptosis lev-

els in human CF lungs.
(A) Representative hu-

man lung sections from

patients with (a–c) CF

or (d–f) chronic obstruc-
tive pulmonary disease

(COPD), co-stained for

apoptosis (TUNEL; green;
green arrowhead), endo-

thelial cells (CD-31; red),

and nuclei (DAPI; blue).

Note the relative paucity
of apoptotic endothelial

cells (yellow; yellow open

arrowhead) in the CF

lungs compared with
COPD lungs. There was

little TUNEL staining in

the large airway epithe-

lium (white arrows) in
both CF and COPD (c,

f ). (B) Representative

micrographs of active caspase-3 immunostaining (brown staining, arrows) of fixed samples from (a, b) CF, (c, d ) COPD, and (e) nondiseased
human lungs (arrowheads pointing to carbon particles). (f ) The positive staining was quantified by image analysis software and expressed as density

units per high-power field of lung (mean 6 SEM; 3–9 random fields per sample; n 5 4 CF and COPD samples each from a different individual; n 5 3

nondiseased lungs each from a different individual; *P , 0.01).
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our data suggested that in the context of decreased ceramide
levels in CFTR-inhibited lung endothelial cells, lowering the
intracellular pH, while restoring the susceptibility to apoptosis,
did not abolish the effect of the CFTR inhibitor on the acid
sphingomyelinase. It is therefore conceivable that the lack of
CFTR acidification impairs apoptosis via pathways independent
of acid sphingomyelinase. Other mechanisms by which CFTR
facilitates oxidative stress–induced apoptosis may be present,
including those shared by other chloride channels (as suggested
by the anti-apoptotic action of the anion channel inhibitor
DIDS). These mechanisms may include cell volume regulation
(36, 37) and promoting O2

.2 flux across the endothelial cell
membrane leading to intracellular Ca21 release and apoptosis (38).

The relevance of a requirement for functional CFTR in
stress-induced endothelial cell apoptosis is not yet known.
Endothelial cell apoptosis has been invoked as a potential
pathogenic mechanism in acute events such as sepsis and acute

lung injury (39, 40) and in chronic diseases such as COPD-
emphysema (25). Unlike our findings in the CF lung and CFTR-
inhibited endothelial cells, emphysematous human lungs have
increased apoptosis and increased ceramide levels (15, 41). It is
unclear whether patients with CF have a lower incidence of
acute lung injury or emphysema. One speculation awaiting
further experimental studies is that an activated endothelium
(for example, in bronchial arteries accompanying large airways)
unable to undergo apoptosis could lead to aberrant angiogen-
esis or fuel local production of inflammatory cytokines and
promote leukocyte migration, thus contributing to a heightened
inflammatory state in the CF airway.

In conclusion, we have shown that CFTR function plays an
essential role in stress-induced apoptosis of the lung endothe-
lium. The CFTR inhibition had a pH-dependent anti-apoptotic
effect involving decreases of intracellular ceramides in lung
endothelial cells. This mechanism may be relevant to vascular

Figure 6. (continued ).
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biology in general and to future studies aimed at understanding
how lung vascular function contributes to the development of
chronic inflammatory changes in CF.
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