
The Differential Expression of Apoptosis Factors
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Fetal alveolar type II (fATII) epithelial cells were used
o evaluate the role of signaling factors involved in oxi-
ative stress-induced programmed cell death (PCD; apop-
osis). Bcl-2, an antiapoptotic proto-oncogene, showed
aximum abundance in hypoxia and mild reoxygen-

tion, but declined thereafter. The Bcl-2 counterpart,
ax, which promotes PCD, displayed an increasing log-
rithmic profile with ascending DpO2 regimen, such that
he ratio of Bcl-2/Bax decreased as pO2 increased. The
xpression of p53, a cell cycle regulator, paralleled
ax abundance. Pretreatment of fATII cells with
-buthionine-(S,R)-sulfoximine, an irreversible inhibitor
f g-glutamylcysteine synthetase, the rate-limiting en-
yme in the biosynthesis of glutathione (GSH), enhanced
ax and p53 expression over Bcl-2. The GSH analogue,
-glutamylcysteinyl-ethyl ester, down-regulated Bax/
53 abundance but restored that of Bcl-2, thereby in-
reasing Bcl-2/Bax. The antioxidant and GSH precursor
-acetyl-L-cysteine favored Bcl-2 at the expense of Bax/
53, whereas pyrrolidine dithiocarbamate induced Bax
gainst Bcl-2, with mild effect on p53. Sulfasalazine, a
otent and specific inhibitor of NF-kB, induced Bax at
he expense of Bcl-2, in a p53-dependent manner. We
onclude that the differential expression of signaling
actors involved in PCD in the alveolar epithelium is
edox-sensitive and mediated, at least in part, by a neg-
tive feedback mechanism transduced by NF-kB. © 2000

cademic Press

Key Words: N-acetyl-L-cysteine; apoptosis; glutathi-
ne; NF-kB (RelA/p65); pyrrolidine dithiocarbamate;
edox equilibrium; sulfasalazine.

Apoptosis, or programmed cell death, is a genetically
ontrolled mechanism involved in development and ho-
eostasis. This process is characterized by a variety of

ellular changes including loss of membrane phospho-

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 144 (0) 1382 632 597. E-mail: s.c.land@dundee.ac.uk.
257
rial swelling and DNA cleavage (1), and may be in-
uced by stimuli as diverse as hyperthermia, growth
actor withdrawal, chemotherapeutic agents, radia-
ion, cytokines and oxidative stress (2, 3).

The biological pathways controlling cell fate are se-
uentially organized at the molecular level, with sev-
ral regulatory proteins identified that activate or sup-
ress this process (4, 5). The family of B-cell leukemia/
ymphoma-2 (Bcl-2) related proteins constitutes a class
f apoptosis-regulatory gene products that act at the
ffector stage of cell death. Two functional classes of
cl-2-related proteins have been identified that share
ighly conserved homology domains: (i) antiapoptotic,
r antagonistic, members, including Bcl-2, which con-
er negative control in the pathways of cellular suicide

achinery, and (ii) proapoptotic, or agonistic, mem-
ers, including Bcl-associated x protein (Bax), which
romote cell death by competing with Bcl-2 (6). For
nstance, gene ablation studies confirm that the bal-
nce between death promoting and repressing proteins
ontribute a critical checkpoint that determines a cell’s
usceptibility to an apoptotic stimulus (7). While Bax/
ax homodimers induce apoptosis, Bcl-2/Bax het-
rodimer formation evokes a survival signal. Moreover,
oth Bcl-2 and Bax are transcriptional targets for the
umor suppresser protein, p53, which induces cell cycle
rrest and apoptosis in response to DNA damage. The
oordinate performance of these interacting molecules
s, therefore, crucial for controlling life and death of the
ell.
Bcl-2 has been shown to prevent apoptosis induced

y diverse stimuli (8, 9), possibly by acting as an anti-
xidant (10). This hypothesis is consistent with the
bservation that N-acetyl-L-cysteine, an antioxidant
hiol, prevents apoptosis in several cell models (10–13).
xpression of Bcl-2, in addition, was shown to elevate

ntracellular GSH, favor a reduction equilibrium, and
etard GSH extrusion in stress (14). Although the ob-
0006-291X/00 $35.00
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servation that Bcl-2 promotes nuclear uptake of GSH is
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monolayer resistance was monitored constant at $250–300 Vcm2
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nprecedented, GSH depletion and efflux occur at a
ery early stage of apoptosis, concomitant with up-
egulation of Bax. Furthermore, the proapoptotic ef-
ects of p53 are associated with transcription of genes
articularly involved in modulating the response of the
ell to oxidative stress (15). It is evident, therefore, that
lteration in redox equilibrium may have pleiotropic
ffects on susceptibility to DNA damage, gene tran-
cription, and nuclear signal transduction in response
o an apoptotic stimulus. This in essence may deter-
ine cellular response to stimulation and the subse-

uent onset of apoptosis, thereby giving an explanation
or the multiplicity of the effects that agonists and
ntagonists have on the death machinery.
This study investigates in vitro the properties of

lutathione and thiol-related agents in governing apop-
osis in the foetal alveolar epithelium. To this end, we
ested the hypotheses that (i) exposure to ascending
pO2 regimen (oxyexcitation) triggers a signaling
echanism that induces the differential expression of

poptotic agonists and/or antagonists; (ii) selective in-
ibition of glutathione biosynthesis and subsequent

ntracellular depletion accelerates the onset of apopto-
is by favoring Bax/p53 against Bcl-2; (iii) shifting
edox equilibrium into a reduction state creates an
nvironment that necessitates the balance of antago-
ists against potential agonists; and (iv) selective tar-
eting of redox-sensitive transcription factor NF-kB
raws an equilibrium in favor of apoptotic agonists, a
athway which is p53-dependent. We conclude that
edox-mediated pathways are intimately linked to the
xpression of proteins which determine the potential
or apoptosis in the perinatal epithelium.

ATERIALS AND METHODS

Chemicals and reagents. Unless specifically indicated, chemicals
f the highest analytical grade were purchased from Sigma-Aldrich
o. All experimental procedures involving the use of live animals
ere reviewed and approved under the Animals Act legislation, 1986

UK).

Epithelial primary cell cultures. Fetal alveolar type II (fATII)
pithelial cells were isolated from the lungs of fetuses of pregnant
ats at day 19 of gestation, essentially as reported elsewhere (16).
riefly, lung tissues were transferred into ice-cold HBSS and dis-
ected followed by digestion and successive centrifugation repeats
420g at 4°C). fATII cells were harvested and grown (5 3 106) in
olyester filters at 23 Torr for 24 h in serum-free PC-1 base medium,
nd maintained at this pO2 until further analysis. The change in
xygen equilibrium from fetal (;23–30 Torr) to postnatal environ-
ents constitutes a potential signaling mechanism in the perinatal

ung (17). The choice of this form of oxidative stress was based on its
linical relevance of the situation resembling the birth transition
eriod and beyond (16). Shifts in pO2 were re-created where cells
ere cultured at fetal alveolar pO2 (23 Torr), followed by a control
eriod at the same pO2, or re-equilibrated to early postnatal alveolar
O2 (100 Torr), mild (152 Torr) and severe hyperoxia (722 Torr) for
h at 37°C. In each case, the adenylate energy charge, an index of

ell viability and competence, remained $0.7 and transepithelial
258
hroughout experiments.

Cell harvesting, total/nuclear protein extraction, and Western anal-
sis. Subcellular extracts were prepared as described previously
16). Total proteins (20–25 mg) were resolved over SDS–PAGE (7.5%)
els at RT, blotted onto nitrocellulose membrane, and nonspecific
inding sites were subsequently blocked. Rabbit polyclonal IgG anti-
cl-2 (N-19), polyclonal IgG anti-Bax (N-20), and mouse monoclonal

gG1 anti-p53 (Pab-246) (Santa Cruz Biotechnology, USA) antibodies
ere used for primary detection. Anti-rabbit Ig-biotinylated antibody

Amersham Life Science, UK) was employed for secondary detection,
ollowed by the addition of streptavidin-horseradish peroxidase con-
ugate and visualized on film by chemiluminescence. b-Actin stan-
ard was used as an internal reference for semiquantitative loading
n parallel lanes for each variable. Nuclear extracts were analyzed
or NF-kB (RelA/p65) DNA binding activity by electrophoretic mo-
ility shift assay (EMSA), as described by us previously (16).

L-Buthionine-(S,R)-sulfoximine (BSO), N-acetyl-L-cysteine (NAC),
-glutamylcysteinyl-ethyl ester (g-GCE), pyrrolidine dithiocarbamate
PDTC), and sulfasalazine (SSA) pretreatments. Stock solutions of
SO (1125 mM), NAC (1125 mM), g-GCE (1125 mM), PDTC (1125
M) and SSA (25 mM) were prepared in sterile deionized water and
tored at 4°C. Cells grown to confluence were pretreated at 23 Torr
or 24 h at 37°C with BSO (50 mM), NAC (50 mM), g-GCE (100 mM),
DTC (100 mM) or SSA (0.1, 1, 5 mM) before exposure to ascending
pO2 regimen for additional 4 h. After each treatment, cells were
ashed with HBSS, followed by extraction and analysis.

Lactate dehydrogenase (LDH) release activity assay. A modifica-
ion of the method by Bergmeyer (18) was used to determine LDH
elease activity. Supernatants were collected and cells extracted in a
uffer containing (in mM): 20 HEPES (pH 7.5), 1.5 MgCl2, 0.2 EDTA,
00 NaCl, 5 DTT, 1 PMSF, and 1.2 Na3VO4, briefly sonicated and
entrifuged at 10,000g for 5 minutes at 4°C, and cytosolic extracts
ere transferred to 270°C. Samples (100 ml), b-NADH (100 ml of 1.2
g/ml) and K3PO4 (800 ml of 50 mM (pH 7.5) buffer) were vortexed

nd 250-ml aliquots in triplicates were loaded onto a microtiter plate,
nd the reaction was initiated by the addition of 25 ml of sodium
yruvate (0.35 mg/ml). LDH activity was measured by the rate of
onsumption of pyruvate and b-NADH, where the decrease in optical
ensity at 340 nm due to oxidation of b-NADH was followed for 5
inutes. The relative LDH release activity was determined accord-

ng to the equation

DH % Release Activity

5
Experimental Release 2 Background Release

Total LDH Activity 3 100.

he ratio is defined in units z mg21 protein, where a unit is the
mount of enzyme which changes the O.D. of b-NADH at 340 nm and
5°C by 0.001 per minute. Results are expressed as % maximal
ctivity relative to pO2 5 23 Torr.

Quantification of DNA fragmentation. DNA fragmentation was
ssayed as reported elsewhere (19). Briefly, cells were resuspended
n 250 ml Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA, pH
.0), and lysed by addition of 250 ml cold buffer (5 mM Tris-HCl (pH
.0), 2 mM EDTA and 0.5% (v/v) Triton X-100). Samples were incu-
ated for 30 minutes at 4°C prior to centrifugation at 14,000g for 15
inutes to separate intact chromatin (pellet) from DNA fragments

supernatant). Pellets were resuspended in 500 ml TE and precipi-
ated with 500 ml of 10% trichloroacetic acid (TCA) at 4°C. Following
ddition of 300 ml 5% TCA, samples were boiled at 95°C for 15
inutes. DNA content of pellets and supernatants was measured
sing the diphenylamine reagent and the degree of fragmentation
as determined as the ratio of [DNA]supernatant/[DNA]pellet. The varia-

ion in glutathione levels was spectrophotometrically determined in
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eutralized samples as accounted previously (16). Correlation be-
ween reduced glutathione and DNA damage was subsequently car-
ied out.

Assessment of mono- and oligonucleosomes in cytoplasmic frac-
ions. This assay is based on a quantitative sandwich enzyme-
inked immunosorbent assay (ELISA) using mouse mAbs directed
gainst nucleosomes (Boehringer Mannheim, USA). Briefly, samples
20 ml) were transferred into precoated plates and covered with 80 ml
f an immunoreagent, as per the manufacturer’s instructions. Plates
ere thoroughly washed and substrate solution was added and left
ntil the colour development was sufficient for photometric analysis
t 405 nm. The specific enrichment factor (EF) of histone-associated
NA fragments was determined according to EF 5 mU of

ample/mU of control (1 mU 5 1023 OD).

Statistical analysis. Experimental results are expressed as
ean 6 SEM. Statistical analysis was performed by one-way analysis

f variance (ANOVA), followed by post hoc Tukey’s test to determine
ignificance of mean separation among treatments. The a priori level of
ignificance at 95% confidence was considered at P , 0.05.

ESULTS

Analysis of Bcl-2 and Bax expression with ascending
pO2 regimen (oxyexcitation) and BSO. The Bcl-2 ex-
ression profile in the alveolar epithelium is maximal
n hypoxia (23 and 23 3 100 Torr), and gradually
eclines with oxyexcitation (Fig. 1A). Bax abundance
ncreases '3-fold, such that the ratio of Bcl-2/Bax de-
reases as pO2 increases (Fig. 1A). Glutathione deple-
ion by BSO increases the abundance of Bcl-2 and Bax
t all oxygen tensions (Fig. 1B). Histogram analysis of
he corresponding bands relative to b-actin is shown in
ig. 1C.

FIG. 1. The effect of oxyexcitation on signaling factors involved i
O2 and declines with ascending DpO2 regimen, in contrast to B
p-regulates both Bcl-2 and Bax regardless of pO2. (C) Histogram an
.01, as compared to control at each pO2; 1P , 0.05, 11P , 0.01, for [
umber of experiments performed with independent preparations.
259
Analysis of p53 expression with oxyexcitation and
SO. p53 abundance is increased with ascending
O2, in comparison to cultures maintained constant at
3 or 152 Torr (Fig. 2A). Pretreatment with BSO in-
uces the expression of p53 (Fig. 2B), such that the
atio p53BSO/p53control is elevated 'threefold, as shown
n Fig. 2C.

Effect of NAC on p53, Bcl-2, and Bax expression.
he antioxidant and glutathione (GSH) precursor,
AC, induced the expression of Bcl-2 at all oxygen

ensions (Fig. 3A). In contrast, NAC reduced the ex-
ression of Bax and p53, whose abundance was de-
ressed with oxyexcitation (Fig. 3A), such that the
atio Bcl-2/Bax increases '4- to 5-fold as pO2 increases
Fig. 3B).

Effect of g-GCE on p53, Bcl-2, and Bax expression.
he cell-permeant glutathione pro-drug, g-GCE, mim-

cked the effects of NAC. g-GCE is rapidly de-esterified
ntracellularly by esterases thus serving as an effective
elivery of GSH (20). g-GCE induced the accumulation
f Bcl-2, at the expense of Bax and p53 (Fig. 4A),
hereby increasing Bcl-2/Bax and Bcl-2/p53 ratios '5-
o 7-fold (Fig. 4B).

Effect of PDTC on p53, Bcl-2 and Bax expression.
DTC is an antioxidant/pro-oxidant molecule, which
levates oxidized disulfide glutathione (GSSG) at the
xpense of GSH (Haddad et al., unpublished observa-
ions). PDTC favors the balance of Bax against Bcl-2,

poptosis. (A) The abundance of Bcl-2 is maximal at fetal distal lung
which shows increasing abundance with oxyexcitation. (B) BSO
sis of the corresponding bands relative to b-actin (*P , 0.05, **P ,
x] versus [Bcl-2], with or without BSO). n 5 4, which represents the
n a
ax
aly
Ba
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ith no prominent effect on p53 abundance (Fig. 5A).
istogram analysis of PDTC effect is shown in Fig. 5B.

Modulatory role of SSA on redox-sensitive transcrip-
ion factor NF-kB and subsequent regulation of apopto-
ic pathways. SSA, a potent and specific inhibitor of
F-kB (21), up-regulates Bax and p53, and down-

egulates Bcl-2 accumulation (Fig. 6A). Histogram
nalysis of the abundance of these factors is shown in
ig. 6B. The dose-response relationship for SSA-
ependent inhibition of NF-kB activation with oxyex-
itation is shown in Fig. 6C.

Analysis of the potency of thiol modulating agents.
s shown in Table 1, the relative potency of thiols is
iven in reference to Bcl-2 abundance. In contrast to
SO, PDTC and SSA, which lowers Bcl-2, NAC and its
imetic g-GCE favors the balance of Bcl-2 against Bax

nd p53. The effect of thiols on LDH release activity is
hown in Table 2, where NAC has a protective effect
gainst necrotic death.

Analysis of DNA fragmentation and correlation with
SH profile. DNA fragmentation was not detectable
t either static pO2 (23 and 152 Torr; Baseline) or 233
00 Torr shift (Fig. 7A), but increased with oxyexcita-
ion. The profile of the effects of thiol modulating
gents on DNA fragmentation is shown in Fig. 7B.
egression correlation for GSH variations with time on
NA fragmentation pool is given in Fig. 7C, showing
n inverse relationship. DNA strand breakage had a
ignificant inverse correlation with intracellular gluta-

FIG. 2. The effect of oxyexcitation on p53 expression. (A) The
egimen. (B) BSO up-regulates p53 at all oxygen tensions. (C) Histog
**P , 0.001, as compared to control (152 Torr); 11P , 0.01, 111P ,
umber of experiments performed with independent preparations.
260
hione in hyperoxic shifts, making it a suitable marker
o include when protective strategies are assessed.

Detection of nucleosomal fragments and the effect of
hiol modulating agents. Consistent with the DNA
ragmentation assay was the appearance of nucleoso-

al fragments in the cytosol with ascending pO2 shifts
Table 3). BSO increased the formation of mono- and
ligonucleosomes at 23 3 100 and 23 3 152 Torr,
lthough variably comparable to SSA but not to PDTC.
n contrast, NAC lowered the formation of fragmented
ucleosomes induced by oxyexcitation and/or by the
ffects of hydrogen peroxide (H2O2) and xanthine/
anthine oxidase (X/XO) (Table 3), hydroxyl radical
•OH) and superoxide anion (O2

2) generating systems,
espectively.

ISCUSSION

The regulation of apoptotic pathways and the possi-
le involvement of redox-sensitive transcription factors
n the perinatal lung epithelium are not well charac-
erized. The present investigation highlights in vitro
he significance of thiol regulation of signaling factors
overning alveolar cell death in oxidative stress. Spe-
ifically, we show that: (i) signaling factors in apoptosis
re differentially expressed with ascending DpO2

hifts; (ii) selective inhibition of g-GCS, the rate-
imiting enzyme in the biosynthesis of GSH, up-
egulates apoptotic agonists and induces DNA frag-

ression of p53 shows increasing abundance with ascending DpO2

analysis of the corresponding bands relative to b-actin (**P , 0.01,
001, as compared to BSO at each pO2). n 5 4, which represents the
exp
ram

0.
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entation; (iii) replenishing intracellular GSH by
AC favors the up-regulation of antagonists, an effect
imicked by g-GCE; (iv) PDTC, a nonselective blocker

f NF-kB and a precursor of GSSG, draws an equilib-
ium in favor of Bax independent of significant change
n p53 expression; and (v) selective and irreversible
nhibition of NF-kB suppresses Bcl-2 and induces Bax
n a p53-dependent pathway.

Exposure to oxyexcitation triggers a signaling mech-
nism in the perinatal epithelium (16). The mechanics
f this process centers on the activation of redox-
ensitive transcription factors, which modulate the
attern, and determine the specificity of, the molecular
esponse to oxidative stress. The scenario behind a
ifferential up-regulation of apoptosis agonists and/or
ntagonists is largely affected by shifting fATII cells
rom hypoxia to ascending DpO2 regimen. Bcl-2, an
ntiapoptotic proto-oncogene, showed accumulating
bundance under hypoxic conditions, but declined with
xyexcitation, whereas Bax, Bcl-2 counterpart, fol-
owed an opposite expression scheme. Although Bcl-2

FIG. 3. Effect of NAC on apoptotic factors. (A) The expression of
cl-2 shows increasing abundance with ascending DpO2 regimen in
esponse to NAC, in contrast to Bax and p53 whose abundance was
ompletely obliterated. (B) Histogram analysis of the corresponding
ands, relative to b-actin (*P , 0.05, **P , 0.01, ***P , 0.01, as
ompared to [Bcl-2]). n 5 4, which represents the number of exper-
ments performed with independent preparations.
261
ponse to oxyexcitation might reflect its antioxidant
roperties (10), Bcl-2 can protect cells from inevitable
eath even under anaerobic conditions (9), suggesting
hat the production of reactive oxygen species (ROS) is
ot necessarily a prerequisite for mediating apoptosis.
he observation that the oxyexcitation pathway favors
he balance of Bax against Bcl-2 strongly suggests the
nvolvement of an oxygen signaling-dependent mecha-
ism leading to suppression of Bcl-2. The likely path-
ay implicated in this respect could be involving cell

ycle arrest through the activation of p53. This is con-
istent with the hypothesis that hyperoxic injury in
ammalian cells is characterized by a complex but

eproducible pattern of lung injury and repair during
hich the alveolar surface is damaged, denuded and

epopulated by fATII epithelial cells (22). It is therefore
easonable to postulate that chemioxyexcitation (ROS/
pO2) triggers a process ultimately leading to suppres-
ion of Bcl-2 and up-regulation of Bax, possibly
hrough a p53 linked pathway. This postulate is fur-

FIG. 4. Effect of g-GCE on apoptotic factors. (A) The expression
f Bcl-2 shows increasing abundance with ascending DpO2 regimen
n response to g-GCE, in contrast to Bax and p53 whose abundance
as completely obliterated. (B) Histogram analysis of the corre-

ponding bands, relative to b-actin (***P , 0.01, as compared to
Bcl-2]). n 5 4, which represents the number of experiments per-
ormed with independent preparations.



t
p
s
f
p
n
p
t

p
a
T
c
i
c
i
v
i
l
i
r

tion. We have previously reported that BSO depletes
i
t
o
t
R
a
t
o
f
(
c
m
i
e
C
i
i
t
m
t
t
q
n
n
s
i

t
e
o
o
r
l
E
v
r
k
d
f
e
a
c
w
t

s
t
b
t
i
(
f
g
s
a
l

B
r
w
r
t
r
p

Vol. 271, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
her supported by the report of Lowe et al. (23) where
532/2 cell line transfection with a p53 mutant was
hown to lower the threshold for inducing apoptosis
ollowing oxidative challenge. This coheres with the
roposal that p53 acts as a sensor of cellular damage
o matter how undetectable it might be, and that this
rocess falls under tight regulation of redox responsive
ranscription factors (24).

It is now widely accepted that the process of apo-
tosis, which is characterized by specific morphologic
nd biochemical properties, is redox-modulated (25).
hese unique properties, as differentiated from ne-
rosis, may fall into three distinct phases termed
nitiation, commitment, and execution (26). During
ommitment, ROS increase concomitant with lower-
ng GSH levels were reported even in systems where
arious stimuli were used that do not in themselves
nduce the formation of intracellular ROS (27). Se-
ective inhibition of g-GCS, the rate-limiting enzyme
n the biosynthesis of GSH, has been shown to up-
egulate Bax and p53 regardless of pO2 shift direc-

FIG. 5. Effect of PDTC on apoptotic factors. (A) The expression of
ax, but not p53, shows increasing abundance with ascending DpO2

egimen in response to PDTC, in contrast to Bcl-2 whose abundance
as decreased. (B) Histogram analysis of the corresponding bands,

elative to b-actin (*P , 0.05, **P , 0.01, ***P , 0.001, as compared
o [Bax]; 1P , 0.01, 11P , 0.001, as compared to [p53]). n 5 4, which
epresents the number of experiments performed with independent
reparations.
262
ntracellular GSH by $80% (16) and up-regulates
he production of ROS (Haddad et al., unpublished
bservations). Since GSH depletion is an important
rigger of the apoptotic pathway, it’s very likely that
OS are involved in BSO-mediated induction of Bax
nd p53. Unexpectedly, however, BSO also induced
he accumulation of Bcl-2 in a manner independent
f pO2, although redox disequilibrium seems to be in
avor of apoptosis, consistent with other observations
28, 29). Moreover, apoptosis cannot be induced in
ells in which a reduced environment is constantly
aintained, consistent with the observations that

mplementing high GSH levels and/or preventing its
xtrusion increases resistance to apoptosis (28, 30).
onversely, cells undergoing apoptosis extrude GSH,

ndicating that glutathione loss during this process
s not a consequence of oxidative stress (31). We
herefore postulate that loss of cellular GSH content
ight cause oxidative stress, possibly by inducing

he formation of ROS, thereby altering redox poten-
ial in favor of an oxidation equilibrium. This subse-
uently leads to up-regulation of downstream ago-
ists of apoptosis and cell cycle arrest, however, we
ote that GSH depletion alone is not necessarily
ufficient to evoke commitment to apoptosis, as BSO
s also induces the accumulation of Bcl-2.

To further support the notion that replenishing in-
racellular GSH affects the commitment to and/or ex-
cution of apoptosis, we investigated the potential role
f NAC as a glutathione precursor. As expected, NAC
bliterated the appearance of either Bax or p53 in
esponse to oxyexcitation, and induced Bcl-2 accumu-
ation, in agreement with another observation (19).
ffective pharmacological intervention by NAC in al-
eolar cells may indicate modulation of redox equilib-
ium in association with oxyexcitation. NAC is well
nown as a thiol antioxidant which, after uptake,
eacylation, and biochemical conversion to GSH, may
unction as a redox buffer and/or effective ROS scav-
nger (32). A possible mechanism by which NAC blocks
poptosis is by down-regulating the activation of
aspases which are linked to the final executive path-
ay of cell death (33), a concept that has to be ascer-

ained in the alveolar epithelium.
The cell-permeable glutathione pro-drug g-GCE was

hown to be potently effective, as NAC, in mitigating
he apoptotic response. g-GCE is rapidly de-esterified
y intracellular esterases, thereby serving as an effec-
ive delivery agent for glutathione, which is a peptide
ncapable of crossing membranes in its native form
20). Exogenous or endogenous GSH, therefore, may
eed into one of the well-characterized pathways of
lutathione metabolism (34). Since g-GCE is able to
uppress the formation of intracellular ROS, the
ntioxidant/scavenging effects of this molecule are
ikely to contribute to protective effects in oxidative
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tress. Taken together in hand with the cyto-protective
ffects of NAC, it is evident that inhibition of apoptosis
n response to oxyexcitation is dependent on NAC/g-

FIG. 6. Effect of selective inhibition of NF-kB on apoptotic sig
bundance with ascending DpO2 regimen in response to SSA, in con
f the corresponding bands, relative to b-actin. (C) The dose-respo
onspecific) (**P , 0.01, ***P , 0.001, as compared to [Bax]; 1P ,
xperiments performed with independent preparations.

TAB

Comparison of the Potency of Thiol-Modulating A
in the Alveolar Apoptotic Pathway a

DpO2 (Torr) Control BSO

p

152 1.00 0.532
23 6.25‡ 0.822
23 3 100 5.00‡ 0.952
23 3 152 0.44* 0.68
23 3 722 0.65* 0.77

B

152 0.67 2.221
23 5.00‡ 1.752
23 3 100 5.00‡ 1.502
23 3 152 0.50 2.141
23 3 722 1.07* 3.041

a The effective ratio (R) is defined as the Bcl-2/p53 or Bcl-2/Bax ra
bundance of Bcl-2 relative to either p53 or Bax at any given pO2. *
nd lower, respectively, as compared to control.
263
CE ability to suppress Bax and p53 in equilibrium
avoring a reduction environment through induction of
cl-2.

ing factors. (A) The expression of Bax and p53 shows increasing
t to Bcl-2 whose abundance was decreased. (B) Histogram analysis
curve of the SSA-dependent inhibition of NF-kB activation (NS,

1, as compared to [Bcl-2]). n 5 4, which represents the number of

1

ts on Agonist and Antagonist Members Involved
etermined by the Effective Ratio Ra

AC g-GCE PDTC SSA

251 13.41 3.851 2.121
701 22.51 4.002 2.052
801 26.31 4.002 2.002
381 22.81 1.521 2.251
51 13.61 2.211 6.001

251 16.81 0.77 0.272
641 28.11 0.612 0.232
801 35.71 0.572 0.222
251 25.01 0.302 0.192
01 16.71 0.142 0.242

, where R $ 1.00 refers to higher abundance and R # 1.00 to lower
0.05, ‡P , 0.001, as compared to 152 Torr. 12, [Bcl-2] is higher
nal
tras
nse
0.0
gen
s D

N

53

5.
9.
6.
9.

22.

ax

5.
5.
6.
6.
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Recent studies have demonstrated that NF-kB acti-
ation and subsequent nuclear translocation has an
ssential role in preventing cells from entering apopto-
is mediated by cytokines, irradiation, chemotherapeu-
ic agents and other stimuli (35, 36). Support for this
odel is provided with the finding that overexpression

f a dominant-negative form of IkB-a, an inhibitor of
F-kB, in transgenic mice and several cell lines pro-
oted apoptosis in vitro (37, 38). In addition, experi-
ents with RelA2/2 (p652/2) mice show that they are
ore susceptible to agents stimulating apoptosis than

he wild-type (39). This suggested that a probable in-

Analysis of LDH Release Activity, a Ma
to Oxyexcitation and Thiol-Mo

DpO2 (Torr) Control BSO NA

152 3.58 6 0.25 3.62 6 0.17 3.45 6
23 3.04 6 0.12 3.10 6 0.15 3.00 6
23 3 100 5.50 6 1.24 5.25 6 1.12 5.12 6
23 3 152 7.23 6 1.56 7.58 6 1.28 6.79 6
23 3 722 12.23 6 2.37* 13.36 6 2.40* 8.12 6

Note. Data are means 6 SEM. *P , 0.05, as compared to 23 and 1
umber of experiments performed with independent preparations.

FIG. 7. Correlation between the levels of GSH and degree of DNA
.05, **P , 0.01, as compared to 23 Torr). (B) The effect of thiol mod
hifts (*P , 0.05, as compared to baseline; fP , 0.05, as compared to
ime on DNA fragmentation pool and the inverse correlation (*P , 0
, which represents the number of experiments performed with inde
264
olvement of NF-kB in apoptotic pathways in the alve-
lar epithelium could also confer protective strategies
gainst oxidative challenge. We approached this the-
ry from two different, although closely related per-
pectives; firstly, we investigated the effect of nonspe-
ific inhibition of NF-kB using PDTC as an
ntioxidant/pro-oxidant agent which elevates GSSG at
he expense of GSH (Haddad et al., unpublished obser-
ations); and secondly, we studied the effect of SSA, a
elective NF-kB inhibitor (21), and determined
hether these two pathways are diverging at an end-
oint where the execution of apoptosis is finally acti-

er of Necrotic Cell Death, in Response
ating Agents at 4 h and 37°C

g-GCE PDTC SSA

5 3.22 6 0.08 3.50 6 0.21 3.63 6 0.14
0 3.13 6 0.14 3.12 6 0.15 3.14 6 0.12
6 5.21 6 1.54 5.32 6 1.47 6.05 6 1.86
5 7.25 6 1.10 8.15 6 1.50 8.48 6 1.71
8*f 7.00 6 0.78*f 12.82 6 1.73* 12.98 6 1.75*

orr; fP , 0.05, as compared to control. n 5 4, which represents the

dering. (A) Analysis of DNA fragmentation with oxyexcitation (*P ,
ting agents on DNA fragmentation at 233 152 and 233 722 Torr
ntrol at each pO2). (C) Regression analysis for GSH variations with
, as compared to baseline marked by the dotted line at 100%). n 5

ndent preparations.
rk
dul

C

0.1
0.1
1.5
1.3
1.8
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ated by regulating downstream effectors. As expected,
oth inhibitors favored the balance of Bax against
cl-2, but more importantly the observation that the

ormer appears to be mediating apoptosis in a p53-
ndependent manner, in contrast to the latter where a
53-mediated pathway is involved.
PDTC has been proven to be a potent, although a

onselective, inhibitor of NF-kB in the alveolar epi-
helium. PDTC has the potential to decrease the

FIG. 8. Schematic model for apoptosis pathways in the perinatal
xygen species (ROS), a process referred to as chemioxyexcitation,
ctivation of NF-kB. NF-kB conveys a protective effect by amplifyin
hiols such as N-acetyl-L-cysteine (NAC) and g-glutamylcysteinyl-e
elective inhibitor of NF-kB, confers negative regulation favoring apo
p-regulates the expression of Bax and p53 through activation of
yrrolidine dithiocarbamate (PDTC). The likely implicated executi
achinery.

Determination of Cytolplasmic Mono- and Oligonuc
and the Effect of Thiol Modu

Treatment 152 23

ontrol 2.7 6 0.12 2.8 6 0.23
2O2 2.6 6 0.14 2.7 6 0.15
/XO 2.8 6 0.10 2.9 6 0.17
SO 2.9 6 0.15 2.7 6 0.16
SO 1 H2O2 3.0 6 0.12 2.3 6 0.09
SO 1 X/XO 2.7 6 0.10 2.7 6 0.12
AC 2.0 6 0.14f 2.3 6 0.18f

AC 1 H2O2 1.5 6 0.07f 2.3 6 0.14f

AC 1 X/XO 2.4 6 0.11f 1.1 6 0.09*f

-GCE 2.7 6 0.10 3.1 6 0.10
DTC 2.9 6 0.12 2.9 6 0.20
SA 2.8 6 0.11 2.8 6 0.12

Note. Data are means 6 SEM. H2O2 (250 mM); Xanthine (X, 100 mM
52 Torr, fP , 0.05, as compared to control. n 5 4, which represents
265
SH/GSSG ratio by elevating GSSG due to oxidation
f GSH. It is possible, therefore, that GSSG might
rive the formation of an oxidation equilibrium that
enders NF-kB inactive, and subsequently triggers a
ignaling mechanism for the up-regulation of Bax
ndependent of p53. This phenomenon is consistent
ith the observation that PDTC can act as a pro-
xidant that induces p53 cysteine residue oxidation,
orrelated with depression of mRNA accumulation

eolar epithelium. Exposure to ascending DpO2 regimen and reactive
gers a signaling mechanism that could lead to either apoptosis or
cl-2 through the antagonism (antiapoptotic) survival loop. Whereas
l ester (g-GCE) promote the survival loop, sulfasalazine (SSA), a
sis. Glutathione depletion by L-buthionine-(S,R)-sulfoximine (BSO)
onism (proapoptotic) death loop, an effect which is mimicked by
rs of apoptosis are the caspases, the final effectors in the death

some Histone-Associated DNA Fragments (mU/ml)
ng Agents at 24 h and 37°C

DpO2 (Torr)

23 3 100 23 3 152 23 3 722

2.9 6 0.18 3.2 6 0.15* 3.5 6 0.24*
2.2 6 0.27 4.0 6 0.28*f 3.1 6 0.20*
2.4 6 0.15 2.6 6 0.12 2.7 6 0.11
3.6 6 0.17*f 3.6 6 0.12*f 2.5 6 0.10
2.5 6 0.12 3.0 6 0.15 2.3 6 0.13
2.6 6 0.11 3.1 6 0.17* 2.2 6 0.18
2.1 6 0.12f 2.0 6 0.11f 2.6 6 0.19f

3.5 6 0.17f 2.5 6 0.13f 2.1 6 0.21f

0.8 6 0.05*f 0.8 6 0.04*f 0.9 6 0.04*f

2.9 6 0.15 3.0 6 0.15 2.7 6 0.12
3.1 6 0.18 3.1 6 0.15 3.0 6 0.14
3.0 6 0.14 3.2 6 0.12* 3.2 6 0.17*

Xanthine Oxidase (XO, 2 mU/ml). *P , 0.05, as compared to 23 and
number of experiments performed with independent preparations.
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ther hand, SSA favors a p53-dependent induction of
ax, in accord with other observations (41, 42), sug-
esting that selective targeting of RelA render the
pithelium more sensitive to oxyexcitation. Although
F-kB activation is submaximal under mild hyper-

xic conditions and increases with ascending DpO2

egimen (16), the pathways proposed for SSA-
ediated apoptosis under hypoxia are not validated.

n a model of alveolar cells we have previously shown
hat the activation state of this factor at 23 Torr is
inimal, but still detectable (16). The question is

ow selective inhibition of NF-kB by SSA similarly
p-regulates Bax and p53 under both hypoxic and
yperoxic conditions? The explanation for this dis-
repancy is most probably provided by the observa-
ion that NF-kB has the potential to transduce hy-
oxic signals by regulating and facilitating the rapid
ontrol of hypoxic genes (43, 44). We speculate that
SA-mediated apoptosis is dependent on the activa-
ion of a secondary mediator within the signaling
athway from exposure to oxyexcitation to initiation/
ommitment to cell death. The most likely candidate
n this respect is p53, thereby providing unequivocal
vidence in mediating SSA but not PDTC-evoked
p-regulation of Bax against Bcl-2. This strongly
uggests that NF-kB conveys an antiapoptotic pro-
ective function in the alveolar epithelium, implicat-
ng that its induction/activation is critical to defend-
ng the integrity of cells following oxidant injury,
resumably by regulating downstream genes that
re particularly involved in rescuing the cell. Path-
ays mediating apoptosis in the perinatal alveolar
pithelium are schematized (Fig. 8).
The present study provides evidence that the dif-

erential expression of signaling factors mediating
poptosis in the alveolar epithelium is responsive to
edox disequilibrium. Although the chemioxyexcita-
ion pathway is governed by Bax/p53 up-regulation
gainst Bcl-2, thiol regulation of these factors is
argely p53-independent. Selective inhibition of the
edox-sensitive transcription factor NF-kB shows the
ntiapoptotic potential following oxidative chal-
enge, through activation of a survival loop. Cross-
alk among cell death factors in the developing lung
onstitutes a potential target for therapeutic inter-
ention in the treatment of neonatal respiratory dis-
resses such as bronchopulmonary dysplasia, com-
only witnessed in premature infants receiving

linical oxygen therapy.
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