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Abstract Previous studies have shown that hyperoxia
results in cerebral cortical neuronal apoptosis. Studies have
also shown that phosphorylation of anti-apoptotic proteins
Bcl-2 and Bcl-xl results in loss of their anti-apoptotic
potential leading to alteration in mitochondrial membrane
permeability and the release of apoptogenic proteins in the
neuronal cell of the newborn piglets. The present study
tests the hypothesis that cerebral hyperoxia will result in
increased serine phosphorylation of apoptotic proteins
Bcl-2, Bcel-xl, Bax, and Bad in the mitochondrial mem-
branes of the cerebral cortex of newborn piglets. Twelve
newborn piglets were divided into normoxic (Nx, n = 6)
exposed to an FiO, of 0.21 for 1 h and hyperoxic (Hyx,
n = 6) exposed to FiO, of 1.0 for 1 h. In the Hyx group,
PaO, was maintained above 400 mmHg while the Nx
group was kept at 80—-100 mmHg. Cerebral cortical tissue
was harvested and mitochondrial fractions were isolated.
Mitochondrial membrane proteins were separated using
12% SDS-PAGE, and probed with anti-serine phosphory-
lated Bcl-2, Bel-x1, Bax, and Bad antibodies. Protein bands
were detected, analyzed by imaging densitometry and
density expressed as absorbance (OD x mm?). Phosphor-
ylated Bcl-2 (p-Bcl-2) protein density (OD x mm?) was
81.81 2924 in Nx and 15834 + 10.66 in Hyx
(P < 0.05). Phosphorylated Bcl-x1 (p-Bcl-xl) protein den-
sity was 52.98 £ 3.59 in Nx and 99.62 £ 18.22 in Hyx
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(P < 0.05). Phosphorylated Bax (p-Bax) protein was
161.13 £6.27 in Nx and 17421 £ 1595 in Hyx
(P = NS). Phosphorylated Bad (p-Bad) protein was
166.24 £ 9.47 in Nx 155.38 £ 12.32 in Hyx (P = NS).
The data show that there is a significant increase in serine
phosphorylation of Bcl-2 and Bcel-xI proteins while phos-
phorylation of Bad and Bax proteins were not altered
during hyperoxia in the mitochondrial fraction of the
cerebral cortex of newborn piglets. We conclude that
hyperoxia results in differential post-translational modifi-
cation of anti-apoptotic proteins Bcl-2 and Bcl-xl as
compared to pro-apoptotic proteins Bax and Bad in mito-
chondria. We speculate that phosphorylation of Bcl-2 and
Bcl-x1 will result in loss of their anti-apoptotic potential by
preventing their dimerization with Bax leading to activa-
tion of the caspase cascade of neuronal death.
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Introduction

Hypoxic—ischemic injury to the newborn brain has been
shown to result in rapid cell death with features of both
necrosis and apoptosis [1]. Apoptosis is a tightly controlled,
highly ordered, physiological form of cell death, also
referred to as programmed cell death [2]. Apoptosis occurs
in the context of hyperoxia-induced organ injury [3]. It is
well recognized that oxygen concentrations higher than
physiologic levels exert toxicity to the developing retinas
and lungs of the premature infant [4]. Oxygen is also a potent
trigger for apoptotic neuronal death in the developing brain
[3, 5]. Hyperoxia generates reactive oxygen species (ROS)
similar to reoxygenation following hypoxia/ischemia [2, 3].
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Hyperoxia may exacerbate, rather than ameliorate, oxygen
free radical mediated cerebral tissue injury [2, 3]. It has also
been shown by Gill et al. that following hypoxia/ischemia,
100% O, resuscitation led to increased Bax mediated acti-
vation of endoplasmic reticulum cell death signaling and
subsequent inflammation and injury by increasing necrotic
like cell death [6]. Following 24 h of hyperoxia, Hu et al. [2]
have demonstrated increased levels of DNA fragmentation
in the cerebral cortex of newborn rats [7].

As neural tissue PO, increases, the body’s antioxidant
defenses are overwhelmed due to increased production of
ROS in the mitochondria, cytoplasm, membranes, and
extracellular fluid compartments [8—10]. Oxidative stress
damages lipids, proteins, and other cell constituents, and
ultimately leads to neuronal cell death [11-13]. Intracel-
lular ROS produced during exposure to hyperoxia are
responsible for both the lung injury observed in intact
animals and the death of cells in culture following hyper-
oxia [14, 15]. ROS may disrupt regulation of DNA repair
mechanisms, signal transduction, DNA and RNA synthesis,
protein synthesis, and enzyme biosynthesis [11, 16].

Studies have shown that hyperoxia causes an elevation in
the steady state of nitric oxide (NO) concentration in cere-
bral cortex of both rats and mice. Hyperoxia causes an
increase in NO synthesis as part of a response to oxidative
stress [17]. Hoehn et al. demonstrated that hyperoxia indu-
ces up-regulation of inducible-NOS mRNA and synthesis of
inducible-NOS-protein in microglial cells in several areas of
the immature rat brain. This increased protein synthesis
leads to the formation of peroxynitrite, which indicates
potential damage to structures of the neonatal brain [18].

During neonatal resuscitation, oxygen at levels greater
than room air is routinely used for treatment of neonatal
hypoxia—ischemia [19, 20]. Vento et al. were able to show
that newborn infants who were resuscitated with 100%
oxygen have an increased oxidative stress for at least a
month, in contrast to infants resuscitated with room air
[21]. Oxidative stress implies increased ROS and this
increase is associated with programmed cell death [3]. In a
recent study, hyperoxia was identified as a risk factor for
abnormal neurologic outcome of preterm infants [3]. This
indicates that apoptotic neurodegeneration triggered by a
high oxygen environment during a critical stage of brain
development may account for cognitive and also motor
impairment in premature infants [3].

The Bcl-2 multigene family of proteins is an important
determinant of apoptotic cell death. It consists of pro-
apoptotic (Bax, Bcl-X, Bak and Bad) and anti-apoptotic
(Bcl-2, Bel-X; and Bel-w) proteins. Bel-2 and Bax proteins
play a crucial role in regulating cell survival and cell death.
Bcl-2 family members determine cell death and survival by
controlling mitochondrial membrane ion permeability,
cytochrome c¢ release, and the subsequent activation of
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caspase mediated executor functions [2, 22]. Bax is a
21 kDa protein that shares homology with Bcl-2, and
heterodimerizes with Bcl-2 or homodimerizes with itself.
When Bax is over-expressed in cells, apoptotic death in
response to a death signal is accelerated. When Bcl-2 is
over-expressed, it heterodimerizes with Bax and cell death
is repressed. Therefore, the ratio of Bcl-2 to Bax appears to
be important in determining susceptibility to apoptosis [7,
23]. Previously in our laboratory we have shown that
during hyperoxia the expression of Bax protein was
increased and Bcl-2 protein expression was decreased [11].
There is evidence to support that hyperoxia leads to
changes in phosphorylation of proteins that control neuronal
survival during development [3]. Phosphorylation may
affect the function of Bcl-2 or Bax by altering the ability of
these proteins to form heterodimers or act independently of
dimerization. Post-translational modification of Bcl-2 and
Bax proteins through phosphorylation changes the function
of these proteins by altering cell cycle events, by regulating
cell proliferation as well as programmed cell death [23, 24].
Studies have shown that treatment of cells with a number of
agents results in phosphorylation of Bcl-2 and is associated
with inhibition of the anti-apoptotic function of Bcl-2 [7, 25,
26]. The present study tests the hypothesis that cerebral
hyperoxia results in increased serine phosphorylation of anti-
apoptotic proteins Bcl-2 and Bcl-xl, in the mitochondrial
membranes of the cerebral cortex of the newborn piglet.

Experimental Methods
Animal Protocol

Studies were performed in 2-5 days old newborn piglets
using an experimental protocol, approved by the Institu-
tional Animal Care and Use Committee of Drexel
University. We studied 12 anesthetized, ventilated piglets,
randomly assigned to two groups: normoxia and hyperoxia.
Anesthesia was induced with isoflurane 4% and then
lowered to 1%, while allowing the animals to breathe
spontaneously through a mask. Lidocaine 1% was used for
all instrumentation. A tracheostomy was performed and
endotracheal tube secured. Femoral arterial polyvinyl
chloride catheters were inserted for continuous monitoring
and intravenous catheters used for drug administration.
After instrumentation, isoflurane was discontinued and
supplemental intravenous fentanyl (50 pg/kg), and pancu-
ronium (0.1 mg/kg) were administered as needed while the
animals were mechanically ventilated. In both groups, pH
was maintained between 7.35 and 7.45, and pCO, between
35 and 45 mmHg throughout the study. After an initial
stabilization period at FiO, of 0.21, the normoxic group
was continued at an FiO, of 0.21 for 1 h and the PaO, kept
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at 80-100 mmHg. The hyperoxic group was subjected to
FiO, of 1.0 for 1 h and the PaO, was maintained above
400 mmHg. At the conclusion of the 1 h period, the brain
tissue was immediately removed under anesthesia placed in
mitochondrial isolation buffer or in liquid nitrogen and
stored at —80°C prior to biochemical analysis.

Determination of High Energy Phosphates

To assess tissue oxygenation, cerebral energy metabolism
with brain tissue concentrations of ATP and phosphocre-
atine (PCr) were determined by a coupled enzyme reaction
using the method of Lamprecht et al. [27].

Isolation of Cerebral Cortical Mitochondrial Fraction

Cerebral tissue mitochondrial fraction was isolated using
the method of Booth and Clark [28]. One gram of cerebral
cortical tissue was homogenized using a Dounce-type glass
homogenizer in 30 ml of fresh isolation medium contain-
ing 0.32 M sucrose, 1 mM EDTA and 20 mM Tris—HCI
buffer, pH 7.1. The homogenate was centrifuged for 3 min
at 1,500x g and the resulting supernatant was centrifuged at
15,000x g for 10 min to provide the crude mitochondrial
pellet. To purify mitochondria, the crude mitochondrial
pellet was suspended in 2.5 ml of isolation buffer and
mixed with 12.5 ml of 12% Ficoll solution and placed on
the bottom of an ultracentrifuge centrifuge tube. Ten mil-
liliter of 7% Ficoll solution was layered over it followed by
10 ml of isolation medium. The gradient was centrifuged
for 30 min at 100,000xg. The mitochondrial pellet was
washed and re-suspended in the isolation medium. The
purity of mitochondrial preparation with respect to the
possibility of contamination with cell nuclei was deter-
mined by immunoblotting using nuclear marker proteins
lamin A and lamin C. No lamin A or C were detected in the
mitochondrial fraction, demonstrating that the mitochon-
drial preparation was free from nuclear contamination.
Protein concentration was determined by the method of
Lowry et al. [29]. The mitochondrial preparation was
diluted to a final concentration of 150 ng protein/100 pl.

Immunoprecipitation and Western Blot Analysis

Proteins were separated on a 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel and
transferred onto nitrocellulose membrane and blocked with
6% phosphate-buffered saline (PBS)-milk at 4°C with
constant agitation for 4-6 h. The membranes were then
incubated with primary polyclonal antibodies (Santa Cruz
Biotech, Santa Cruz, CA, USA) anti-Bad, anti-Bax, anti-
Bcl-xl, anti-Bcl-2, antiphosphoserine-Bad, antiphospho-
serine-Bcl-x1 and antiphosphoserine-Bcl-2 antibodies in 3%

PBS-milk, overnight at 4°C. The proteins for Bax phos-
phorylation were immunoprecipitated with phosphorylated
anti-serine antibody and then immunoblotted with anti-Bax
antibody. Subsequently the nitrocellulose was washed with
distilled water and incubated with horseradish peroxidase
conjugated secondary antibody (Rockland, Gilbertsville,
PA, USA) in 3% milk for 1.5 h at room temperature with
constant agitation. Specific complexes were detected by
enhanced chemiluminescence method using the ECL
detection system (Amersham Pharmacia Biotech, Little
Chalfont, Buckinghamshire, UK) and analyzed by imaging
densitometry (GS-700 densitometer, Bio-Rad, Hercules,
CA, USA). The densitometric scanning data were expressed
as autoradiographic values (OD x mm?) per immunoblot
protein representing Bax, Bad, Bcl-2, and Bcl-xl proteins
densities. Actin was used as a loading control.

Statistical Analysis

Statistical analysis of biochemical measurements was per-
formed using an unpaired ¢ test for comparison between
groups. A P value < 0.05 was considered significant. All
values are shown as mean = standard deviation (SD).

Results
ATP and Phosphocreatine

The ATP concentrations in the normoxic and hyperoxic
groups were 4.83 £ 0.50 and 5.09 £ 0.36 pmol/g brain,
respectively (P = NS vs. Nx). The phosphocreatine con-
centrations in the normoxic and hyperoxic groups were
3.87 £ 0.30 and 3.93 + 0.55 umol/g brain, respectively,
(P = NS vs. Nx).

Expression of Serine Phosphorylated Bax, Bad, Bcl-2,
Bcel-xl

The expression of phosphorylated serine (OD x mm?)
changed from 81.8 & 9.2 to 158.3 + 10.7 (P < 0.05) in
Bcl-2 and from 529 £ 3.6 to 99.6 £ 18.2 in Bcl-xl
(P < 0.05) when compared from normoxia to hyperoxia
(Fig. 1). The expression of serine phosphorylated pro-
apoptotic proteins Bax and Bad (OD x mm?) did not sig-
nificantly change when compared from normoxia to
hyperoxia 161.1 £6.3 to 1742 £ 159 in Bax and
166.2 £ 9.5 to 155.3 £ 12.3 in Bad (Fig. 1).

Expression of Bax, Bad, Bcl-2, Bcel-xl

Bax expression (OD x mm?) was 75.2 & 23.8 in the
normoxic and 145.6 = 5.0 in the hyperoxic group
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(P <0.01) (Fig. 2). Bad expression (OD x mmz) was
372 £39 in the normoxic and 85.6 & 6.2 in the
hyperoxic group (P < 0.01) (Fig. 2). Expression of the
anti-apoptotic proteins Bcl-2 and Bcl-xl did not change
significantly with Bcl-2 145.6 £ 6.9-148.4 £ 6.6 and with
Bcel-x1 37.2 £ 3.9-85.6 &+ 6.2 (Fig. 2).

Representative immunoblots demonstrating serine
phosphorylated Bax, Bad, Bcl-2, and Bcl-xI expression are
shown in (Fig. 3). During hyperoxia, serine phosphorylated
Bax and Bad proteins in the mitochondrial fraction in the
cerebral cortex of newborn piglet demonstrated no change
in their expression in normoxia compared to hyperoxia.
The serine phosphorylated Bcl-2, and Bcl-xl showed
increased expression in the hyperoxic group when com-
pared to the normoxic group.

Discussion

The data demonstrate that 1 h of hyperoxia resulted in
increased in the expression of pro-apoptotic proteins Bax
and Bad and the expression of Bcl-2 and Bcl-xl was not
significantly changed. However, under the same condition
of hyperoxia, there was increased levels of serine phos-
phorylated Bcl-2 and Bcl-x1 when compared to normoxia.
Bax and Bad protein expression did not change. Bax and
Bcl-2 expression results were comparable to previous data
shown in our laboratory.
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During hyperoxia, the production of ROS leads to the
activation of the mitochondrial-dependent cell death path-
way through activation of the mitogen-activated protein
(MAP) kinase pathways and the proapoptotic proteins Bax
or Bad, with subsequent mitochondrial membrane perme-
ability resulting in cell death [30, 31]. Exposure to hyperoxia
results in mitochondrial membrane damage with subsequent
loss of ATP [32]. This study was performed in isolated cell
system in vitro and cannot be compared with our data for an
in vivo animal model. Mitochondria-dependent apoptotic
signaling is characterized by the release of proapoptotic
molecules such as cytochrome ¢ and apoptosis inducing
factor (AIF) from mitochondria [32].

Phosphorylation of Bcl-2 protein was shown originally in
leukemic cells where treatment with phosphatase inhibitors
results in cell death, suggesting that phosphorylation of Bcl-2
protein leads to loss of its function [7, 19, 26]. Therefore,
post-translational modification of Bcl-2 family members by
phosphorylation regulates apoptosis [33]. Previous studies
have shown that phosphorylation disrupts the association of
Bcl-2 with Bax, an effect that could lead to Bax-induced
apoptosis [19, 25]. Phosphorylation of Bcl-2 has been
reported in response to multiple stimuli, and it can be
mediated by a variety of kinases, including Raf-1 kinase,
protein kinase C, protein kinase A, c-Jun N-terminal kinase,
and CDC2 kinase [19, 34-36]. If Bcl-2 phosphorylation
results in a loss of its anti-apoptotic function, then higher
Bcl-2 levels may not provide additional protection against
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Fig. 3 Immunoblots of serine phosphorylated Bax, Bad, Bcl-2, and
Bcel-xl proteins in mitochondrial fraction during hyperoxia in the
cerebral cortex of newborn piglets

apoptosis. Once activated, the pathway leading to phos-
phorylation of Bcl-2 could result in the complete loss of anti-
apoptotic potential, irrespective of Bcl-2 level [19, 26].
Studies suggest that phosphorylation modifies the func-
tion of Bcl-2 family members by changing patterns of
dimerization [25, 37]. However, other studies found that
phosphorylation of Bcl-2 did not affect dimerization [24,
38]. In support of the latter, Hu et al. demonstrated that
phosphorylated Bcl-2 after either all trans retinoic acid
(ATRA) or taxol treatment does not change its capacity to
form heterodimers with Bax. The discrepancy in findings

further apoptosis; this is likely due to an increase in Bax,
Bad to Bcl-2, Bcl-xl1 ratio. Furthermore, the results show
that mitochondrial cerebral energy metabolism (measured
by ATP and PCr) is not statistically different during
hyperoxia when compared to normoxia. This is different
when compared to hypoxia where cerebral energy metab-
olism is lower when compared to normoxia. Indicating
that, alterations in apoptotic proteins during hyperoxia are
independent of energy metabolism.

It is possible that these changes during hyperoxia are
brought about by oxygen free radicals which are generated
during hyperoxic exposure. Perhaps the increased free
radicals inactivate serine phosphatases thereby leading to
the increase in phosphorylated Bcl-2 and Bcl-x1. In previ-
ous studies, we have shown that hypoxia, a condition that
leads to increase generation of free radicals, results in
decreased activity of protein phosphatase 2A (a serine
phosphatase) in cerebral cortex of newborn piglets [39].
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The results show that there is a differential phosphorylation
of anti-apoptotic proteins as compared to pro-apoptotic
proteins. This differential phosphorylation may have to do
with the accessibility of specific proteins to serine phos-
phatases and the microenvironment of these proteins in the
membrane.

Mitochondria-dependent apoptosis is initiated by the
translocation or activation of the proapoptotic Bcl-2 family
members Bax or Bak and prevented by the overexpression
of anti-apoptotic molecules from the same family (Bcl-x1
or Bcl-2) [14, 40]. Previous studies have shown that the
anti-apoptotic effects of over-expression of several Bcl-2
family members arise at least in part from their ability to
inhibit mitochondrial cytochrome c release [41, 42]. Bax
translocation to mitochondria and mitochondria perme-
ability transition pore (PTP) opening are known to be
responsible for cytochrome c release [43]; and both pro-
cesses are hindered by Bcl-2 [44].

During apoptosis, Bcl-2 remains bound to the mito-
chondrial membranes, but the cytosolic forms of Bax, Bid,
and Bcl-x1 have been found to redistribute from the cytosol
into the cell’s membranes, in particular the mitochondrial
membranes [45, 46]. The role of Bcl-2 family members in
mitochondrial membrane permeability is supported by the
observation that several family members, including Bid,
Bax, and Bak, are capable of inducing cytochrome c
release from purified mitochondria [42, 47, 48]. Further-
more, in vitro studies have shown that the insertion of Bax
in the mitochondrial membranes results in the release of
cytochrome ¢ from mitochondria [46, 47].

In summary, the present study investigated the effect of
hyperoxia-induced changes on the expression of pro-
apoptotic and anti-apoptotic proteins and their posttrans-
lational modification by phosphorylation. The results
show that exposure to hyperoxia leads to an increase in
the pro-apoptotic protein Bad without changes in the anti-
apoptotic protein Bcl-xl in hyperoxia compared to nor-
moxia. The data demonstrate that, during hyperoxia, there
is an increase in serine phosphorylation of Bcl-2 and Bel-xl
in the mitochondrial fraction of the cerebral cortex of
newborn piglets, and that the phosphorylation of Bax and
Bad was not altered. During hyperoxia, tissue oxygena-
tion was unchanged, both the normoxic and hyperoxic
groups have a comparable level of cerebral high energy
phosphates.

We conclude that hyperoxia results in post-translational
modification, particularly, serine phosphorylation of the
anti-apoptotic proteins Bcl-2 and Bcl-xl in the mitochon-
drial fraction of the cerebral cortex of newborn piglets.
Serine phosphorylation of Bcl-2 and Bcl-xI will result in
loss of their anti-apoptotic potential by preventing their
dimerization with pro-apoptotic proteins Bax and Bad. We
speculate that increased free Bax and Bad will lead to
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activation of the caspase cascade and result in neuronal
death in the cerebral cortex of the newborn piglets.
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