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Every cell in the body expresses a set of proteins designed to trigger permeabilization of the mitochondria and cell death.
Inactivation or inappropriate triggering of these pathways is increasingly recognized as a contributor to human disease. A
study in this issue of the JCI demonstrates that IL-6 exerts its protective effect against the development of lung injury
following exposure of mice to 95% O2 by increasing the expression of a Bcl-2–related protein, A1. This protein acts to
prevent mitochondrial membrane permeabilization and cell death following exposure to hyperoxia. The data in this study
lend support to the hypothesis that inappropriate triggering of cell-death pathways may contribute to the development of
hyperoxic pulmonary edema, lung injury, and respiratory failure.
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active mucocutaneous pemphigus vul-
garis (20). Inhibition ELISAs showed that 
epitopes defined by these monoclonal anti-
bodies are blocked by autoantibodies from 
multiple patients with pemphigus. More-
over, genetic analysis of these antibodies 
revealed restricted patterns of heavy- and 
light-chain gene utilization. Taken togeth-
er, these findings suggest several novel 
approaches to abrogating disease (e.g., tar-
geting B cells that express certain VH gene 
segments, generating peptides that may 
block pathogenic antibodies reactive with 
shared and dominant epitopes, or using 
blocking anti-idiotypic antibodies). These 
approaches, coupled with better under-
standing of the contributions of molecular 
mimicry as well as mechanisms of central 
and peripheral tolerance to disease patho-
genesis, will facilitate the development of 
effective interventions that counteract the 
chronic morbidity (i.e., pruritus, blistering, 
infection, scarring, and treatment-related 
immunosuppression) and, at times, mor-
tality of immunobullous diseases.
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Every cell in the body expresses a set of proteins designed to trigger permea-
bilization of the mitochondria and cell death. Inactivation or inappropriate 
triggering of these pathways is increasingly recognized as a contributor to 
human disease. A study in this issue of the JCI demonstrates that IL-6 exerts its 
protective effect against the development of lung injury following exposure of 
mice to 95% O2 by increasing the expression of a Bcl-2–related protein, A1 (see 
the related article beginning on page 1039). This protein acts to prevent mito-
chondrial membrane permeabilization and cell death following exposure to 
hyperoxia. The data in this study lend support to the hypothesis that inappro-
priate triggering of cell-death pathways may contribute to the development of 
hyperoxic pulmonary edema, lung injury, and respiratory failure.

To maintain homeostasis, cell growth must 
be precisely balanced by cell death. It is there-
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fore not surprising that long-lived mammals 
have highly conserved, complex pathways 
that regulate cell death. The importance of 
these pathways has been demonstrated dur-
ing embryogenesis and in many pathologic 
conditions (1). Disturbance of the cell-death 
pathways can result in either malignancy or 
autoimmune disorders, while premature 
cell death has been implicated in the devel-

opment of degenerative diseases, immuno-
deficiency, and infertility (1). Studies of the 
apoptotic pathways in the past decade have 
led to the realization that, at a molecular 
level, cells in the body are poised to “sacri-
fice” themselves for the benefit of the organ-
ism. This has led some investigators to spec-
ulate that inappropriate activation of these 
pathways may explain the convergence of a 
number of different injurious stimuli in the 
phenotypes of either lung injury or multiple 
organ dysfunction syndrome (2).

In many nonimmune mammalian cells, 
death pathways converge at the mitochon-
dria, which serve a dual role as the primary 
metabolic engines of the cell and as critical 
cell-death checkpoints. As depicted sche-
matically in Figure 1, exposure to a death 
signal results in the permeabilization of the 
mitochondrial outer membrane, releasing a 
variety of proteins, including cytochrome c,  
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Smac/Diablo, and other proapoptotic mol-
ecules that result in cell death. Proteins of 
the Bcl-2 family regulate mitochondrial 
membrane permeabilization during cell 
death. These proteins share up to 4 Bcl-2  
homology (BH) domains, which are 
required for protein function. Proteins that 
contain 3 BH domains (BH1–BH3), for 
example Bax and Bak, can oligomerize to 
form channels in the outer mitochondrial 
membrane sufficiently large to release cyto-
chrome c and other macromolecules. These 
proteins are held in check by proteins shar-
ing 4 BH domains (BH1–BH4), for example 
Bcl-2, Bcl-XL, and A1 (1). Proteins contain-
ing a single BH domain (BH3 proteins) ini-
tiate apoptosis by activating Bax or Bak or 
by inhibiting BH1–BH4 proteins.

Hyperoxia-induced lung injury is 
regulated by signaling events
Exposure to hyperoxia is a well-estab-
lished model of lung injury characterized 

by the development of pulmonary edema 
and inflammation (3). The development 
of hyperoxic lung injury has been clearly 
shown to require the generation of reactive 
oxygen species, which leads to alveolar epi-
thelial and endothelial cell death by both 
apoptosis and necrosis (4). Overexpression 
of cytokines or chemokines (e.g., TNF-α, 
IL-1β, IL-6, CXC-chemokine receptor 2, 
and IL-11), growth factors (e.g., IGF and 
keratinocyte growth factor [KGF]), Akt, or 
the β subunit of the Na,K-ATPase has been 
shown to protect animals from hyperoxia, 
which suggests that hyperoxic lung injury 
results from the activation of cellular-sig-
naling pathways that are susceptible to 
modulation (5–8). The mechanisms by 
which these events protect against injury, 
however, have not been completely eluci-
dated. In this issue of the JCI, He et al. (9) 
describe new findings based on the previ-
ous observation that mice overexpressing 
IL-6 were protected against hyperoxia-

induced lung injury through a mechanism 
that was independent of the expression of 
antioxidant enzymes (10). Building upon 
other investigators’ work implicating 
involvement of the Bcl-2 family of proteins 
in hyperoxia-induced lung injury (11, 12), 
He and colleagues sought to determine 
whether regulation of these proteins by  
IL-11 might explain its protective effect. 
They found that IL-11 upregulated the 
expression of an antiapoptotic Bcl-2–
related protein, A1. This protein and its 
human counterpart, Bfl-1, contain 4 BH 
domains but lack a C-terminal transmem-
brane domain found in many other Bcl-2 
proteins (13). Bfl-1/A1 is expressed in the 
immune cells, the spleen, and the lung, and 
functionally acts to prevent cell death in a 
manner similar to that of Bcl-2 and Bcl-XL 
(13–16). Mice lacking A1 showed increased 
susceptibility to hyperoxia-induced lung 
injury, and overexpression of IL-11 was 
no longer protective in the A1-knockout 
animals (9). These in vivo findings were 
confirmed in a mouse lung epithelial cell 
line, in which the overexpression of A1 pro-
tected against hyperoxia-induced necrosis 
and apoptosis.

Cell death and lung injury
In this important report, He et al. have 
demonstrated a clear role for the Bcl-2 
family of proteins in the development of 
hyperoxic lung injury (9). As the only role 
yet identified for the Bcl-2 family of pro-
teins is the regulation of cell death, these 
new data suggest that alveolar epithelial 
and/or endothelial cell death is important 
in the pathophysiology of lung injury. If 
so, this finding could provide a potential 
explanation for the protection conferred 
by seemingly disparate stimuli against 
hyperoxic lung injury. For example, treat-
ment with TNF-α or IL-1β might stimulate  

Figure 1
Schematic representation of the cell-death 
pathways activated by exposure to hyper-
oxia. The Bcl-2 family of proteins is a group 
that contains 1 BH domain (BH3) or 3 BH 
domains (BH1–BH3), both of which induce 
cell death, and also contains 4 BH domains 
(BH1–BH4), which protect against cell death 
(see text for details). In this issue of the 
JCI, He et al. (9) report that IL-11 induces 
expression of the antiapoptotic Bcl-2– 
related protein A1, which is required for IL-11– 
induced protection against hyperoxia-
induced lung injury. IAP, inhibitor of apopto-
sis protein; IL-11R, IL-11 receptor.
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NF-κB–dependent transcription of anti-
apoptotic Bcl-2 family members. Also, 
growth factors such as KGF might prevent 
hyperoxia-induced cell death through the 
activation of Akt (17). The overexpression 
of Akt has been shown to prevent mito-
chondria-dependent apoptosis indepen-
dently of the Bcl-2 proteins in vitro and 
to prevent hyperoxia-induced lung injury 
in vivo (7, 18).

Implications for future research
Establishing a role for the Bcl-2 family 
of proteins in hyperoxic lung injury will 
likely influence future investigations into 
the molecular mechanisms by which these 
pathways become activated to contribute 
to hyperoxic and other forms of acute lung 
injury. For example, the link between the 
intracellular or extracellular generation 
of oxidants and the activation of the Bcl-2 
family of proteins is not known. Addition-
ally, the most established mechanism by 
which Bcl-2–related proteins induce cell 
death is through permeabilization of the 
outer membrane of the mitochondria; how-
ever, these proteins can also form channels 
in the ER that result in the release of ER 
calcium and cell death (19, 20). Hyperoxia, 
like other forms of oxidant stress, might 
also induce cell death through this ER-
dependent mechanism.

Many investigators, including He et al., 
have observed that the morphology of cell 
death, in vitro and in vivo, is both necrotic 
and apoptotic, which raises the question of 
how activation of the mitochondria-depen-
dent apoptotic pathway might result in both 
of these phenotypes. Mitochondrial mem-
brane permeabilization by Bcl-2 proteins 
results in the activation of caspases, cysteine 
proteases that use energy derived from ATP 
hydrolysis to cleave their substrates after 
an aspartic acid residue. Activation of these 
caspases is required for cells to die by apop-
tosis, yet caspase activation has been more 

difficult to detect following exposure to 
hyperoxia than in other forms of apoptotic 
cell death (5). Is this the result of activation 
of caspase-independent cell-death pathways 
that are also regulated by the Bcl-2 family of 
proteins, or do derangements in cell metab-
olism induced by hyperoxia prevent hyper-
oxia-induced caspase activation?

Finally, not all strategies shown to pre-
vent hyperoxia-induced lung injury have 
an obvious link to cell death. For example, 
overexpression of Na,K-ATPase, which 
restores alveolar epithelial cell polarity 
and increases lung edema clearance, pro-
tects against hyperoxic lung injury (6). Do 
these approaches increase the resistance 
of the cells to death stimuli, or do they act 
through an independent mechanism to 
prevent lung injury? The work by He et al. 
(9) brings into focus novel lines of investiga-
tion aimed at dissecting those pathways of 
cell death that have significant relevance to 
acute lung injury.
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