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Signal transduction mediated by Bid, a pro-death Bcl-2
family proteins, connects the death receptor and mito-
chondria apoptosis pathways
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ABSTRACT

Two major apoptosis pathways have been defined in

mammalian cells, the Fas/TNF-R1 death receptor pathway

and the mitochondria pathway. The Bcl-2 family proteins

consist of both anti-apoptosis and pro- apoptosis members

that regulate apoptosis, mainly by controlling the release of

cytochrome c and other mitochondrial apoptotic events. How-

ever, death signals mediated by Fas/TNF-R1 receptors can

usually activate caspases directly, bypassing the need for

mitochondria and escaping the regulation by Bcl-2 family

proteins. Bid is a novel pro-apoptosis Bcl-2 family protein

that is activated by caspase 8 in response to Fas/TNF-R1 death

receptor signals. Activated Bid is translocated to mitochon-

dria and induces cytochrome c release, which in turn acti-

vates downstream caspases. Such a connection between the

two apoptosis pathways could be important for induction of

apoptosis in certain types of cells and responsible for the

pathogenesis of a number of human diseases.
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Programmed cell death (PCD) is an active process of cellular self-destruction with

distinctive morphological and biochemical features[1]. PCD is indispensable in the devel-

opment and maintenance of homeostasis within all multicellular organisms. The molecu-
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lar machinery of PCD is also important for the regulation of homeostasis during adulthood,

which is important for the control of neoplasia and autoimmunity. Understanding how

apoptosis occurs in different situations will help to understand the pathogenesis of a

number of human diseases and therefore provide clues to the treatment.

Genetic and biochemical pathways of apoptosis

A genetic pathway that regulates PCD has been defined and appears to be conserved

from the nematode C. elegans to mammals[2]. Several key groups of molecules have been

identified. Caspases are the main effector molecules that are activated and/or regulated

by molecules that are responsive to death or survival signals[3]. The substrates of

caspases include caspases themselves and other cellular proteins. The activation of one

caspase by another constitutes the caspase cascade that not only amplifies the process

but also transmits the signals from one compartment to another within cells. Based on

the relative substrate specificity, the structure, and the function in the caspase cascade,

caspases that participate in apoptosis can be categorized into upstream initiator caspases,

such as caspase 8 or 9, and downstream effector caspases, such as caspase 3 or 7[3].

Caspases are activated or inactivated through a series of intracellular steps, or pathways,

in response to death or survival signals, which are subject to multiple regulations.

There are two major apoptotic pathways defined in mammalian cells, the death recep-

tor pathway and the mitochondria pathway (Fig 1).

The death receptor pathway is initiated at the cell surface through the Fas/TNF-R1

family protein[4]. Ligation of Fas either by its ligand, FasL, or by its agonistic antibod-

ies triggers the homotrimeric association of the receptors. The clustering of the death

domains in the intracellular portion of the receptors recruits the adapter molecule,

FADD, which then recruits pro-caspase 8. Activation of pro-caspase 8 through self-

cleavage leads to a series of downstream events, including activation of pro-caspase 3,

cleavage of multiple caspase substrates and induction of mitochondrial damages. In a

similar fashion, binding of TNF to TNF-R1 results in the trimerization of the receptor

and recruitment of TRADD, which is followed by a similar reaction seen in the activa-

tion of Fas receptors. The known difference is that TRADD also recruits other molecules,

such as TRAF2, which actually activates a protective pathway through the transcrip-

tion factors NF-κB. Thus in many types of cells, TNF induces cell death only in the

presence of transcriptional inhibitors.

There are, however, a large number of death stimuli that do not seem dependent on

the death receptor pathway. Instead, the death signals are transmitted to mitochondria

through unique intracellular signaling pathways, where release of cytochrome c is

induced[5]. Cytochrome c activates Apaf-1, in the presence of dATP, which in turn

activates pro-caspase 9. Activated caspase 9 can then cleave downstream effector caspases.

Mitochondria apoptosis pathway is involved in many types of cell death induced by

stress signals, such as irradiation, DNA-damaging drugs, hormone or growth factor
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withdrawal[5]. It has to be pointed out that cytochrome c release and caspase activation

may not be the only effects caused by the various insults on mitochondria. Others

include mitochondrial deplorization and free radical generation.

Fig 1. Two major apoptosis pathways are present in mammalian cells. One is mediated by

mitochondria, where cytochrome c is released in response to death stimuli, which in turn activates

Apaf-1 and caspases. Mitochondria may mediate other apoptotic events (mitochondrial dysfunction)

that are contributory to final cell demise, such as opening of permeability transition pore. The

mitochondria pathway is subject to the regulation by Bcl-2 family proteins. Death stimuli trans-

mitted through the Fas/TNF-R1 death receptor family are mainly mediated directly by caspase

cascades in cytosol. However, in certain types of cells, such as hepatocytes, the effector caspases

may not be efficiently activated by caspase 8 and thus the mitochondria pathway mediated by Bid

becomes critical. Bid is cleaved by caspase 8 and translocated to mitochondria to induce cyto-

chrome c release. In other types of cells, such as lymphocytes, this mitochondrial branch may also

play a role in further enhancing the effects of the cytosolic caspase pathway.

Bcl-2 family proteins regulate apoptosis via the mitochondria

pathway

This family of proteins consists of both death antagonists (BCL-2, BCL-XL etc.) and

death agonists (BAX, Bid etc.)[5]. They share structural homology in BH1, 2, 3 and 4

domains, although not all members have all domains. The BH1 and BH2 domains of

the antagonists are required to heterodimerize with the death agonists and repress cell

death. Conversely, the BH3 domain of the death agonists is required for them to

heterodimerize with the death antagonists and to promote cell death[5-7].
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It now seems clear that Bcl-2 family proteins regulate apoptosis mainly via the

mitochondria pathway. Bcl-2 family proteins can regulate caspase activation through

the regulation of cytochrome c release, which is inhibited by the death antagonists

(Bcl-2 or Bcl-xL), and promoted by the death agonists (Bax or Bid)[5]. The molecular

natures these effects are still elusive. Toward this end, Bid, a unique BH3-only mol-

ecule of the Bcl-2 family protein may provide important clues. Bid was first cloned from

a cDNA expression library based on its interaction with Bcl-2 and Bax[7]. The pro-

apoptotic activity of Bid depends on the BH3 domain. Recently, it was found that Bid

could be activated by death signals transmitted by the Fas/TNF-R1 death receptors. Bid

could be cleaved by activated caspase 8[8-10]. The appearance of the cleaved p15 prod-

uct was detected first in cytosol but later, on the mitochondria, where it induced cyto-

chrome c release[8-10]. The fact that cytoplasm of activated cells depleted of Bid by

immunoprecipitation was no longer able to induce cytochrome c release indicated that

Bid was the only effector molecule downstream of caspase 8 that had such a capability

[10]. Functionally, truncated Bid was more potent than the full length one to induce

cell death as well as to interact with Bcl-xL[8]. The key question, however, is what is

the physiological significance of Bid being activated by Fas/TNF-R1 signaling. To an-

swer this question, we studied an animal model involving bid-deficient mice.

The role of Bid in Fas-mediated hepatocyte apoptosis

Activation of Fas-mediated apoptosis in vivo can be achieved by a single injection of

an agonist anti-Fas antibody. Mice usually die within 6 h of receiving a lethal dose of

anti-Fas antibody, and Faslpr/lpr mice that do not have functional Fas are completely

resistant to this treatment[11]. The major organ affected is the liver and the massive

hepatocyte apoptosis is responsible for the animal death[11]. Furthermore, isolated

hepatocytes are susceptible to anti-Fas antibody induced apoptosis in vitro, demon-

strating the direct cytotoxic effects of Fas activation in this type of cells[12]. caspases-

3/7 activities are detected in liver cells of mice injected with anti-Fas antibodies as well

as in hepatocytes incubated with anti-Fas in vitro[12]. Furthermore, hepatocytes

transgenically over-expressing Bcl-2 are resistant to anti-Fas antibody-induced injury

in vivo[13]. These data support the idea that the toxicity of Fas activation in hepato-

cytes may be mainly mediated via the mitochondria pathway, in that caspase activation

is stimulated by the release of cytochrome c, which is inhibited by Bcl-2 or Bcl-xL. We

thus hypothesized that it was Bid that was responsible for the induction of cytochrome

c release and activation of caspase downstream of Fas activation.

Indeed, a single intravenous injection of anti-Fas antibody induced cleavage of Bid

in liver and caused its translocation to mitochondria[10]. To further demonstrate the

role of Bid in anti-Fas mediated apoptosis, we studied bid-deficient mice, which were

constructed through homologous recombination[14]. These mice were born alive and

had no apparent gross development abnormalities. The anti-Fas antibody was given

Bid mediated mitochondria apoptosis pathway
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intravenously at a dose of 0.25 g/g. Wild type animals were almost universally

susceptible to the lethal effect of anti-Fas at this dosage and died within 6 h. The sur-

vival rate in the 24 h period was 1 out 8 animals. Strikingly, bid-/-mice were resistant

to this anti-Fas induced mortality, 82 % (9/11) bid-/-mice survived within the same time

period. Upon the injection of the anti-Fas antibodies, the livers of wild type animals

increased dramatically in weight and the histology showed extensive hepatic cell

apoptosis and hemorrhaging necrosis, as reported previously. All these changes were

much smaller or absent in the livers of bid-/-mice. DNA fragmentation could be clearly

demonstrated in wild type but not in bid-/-livers by TUNEL staining. Isolated bid-

deficient hepatocytes were also resistant to anti-Fas antibodies in vitro. These data

clearly indicate that bid-/- hepatocytes are resistant to anti-Fas induced apoptosis and

further suggest that Bid is essential to Fas-mediated hepatocyte apoptosis.

Fas activation normally initiates the cytosolic apoptosis pathway through direct

caspase recruitment and activation in cells such as lymphocytes. The much reduced

lethality and hepatic apoptosis in bid-/-mice suggested that in hepatocytes, the main

apoptotic pathway initiated by Fas activation was in fact the mitochondria pathway

mediated by Bid. Indeed, activities of caspase 3 or 7 were detected in wild-type mice

receiving anti-Fas antibody treatment, which was hardly detectable in the livers of bid-

/-mice. In contrast, there were no differences in the activities of the upstream initiator

caspase 8, as analyzed by Western blot and substrate cleavage assay. Correspondingly,

the immunostaining signals of cytochrome c were much diminished in hepatocytes of

wild type animals in response to Fas stimulation, implying the release of cytochrome c

from mitochondria. But the signals were not changed in bid-/-animals, suggesting that

Bid was likely the only molecule transmitting the mitochondrial signals in Fas activa-

tion. These finding are consistent with the idea that Bid acts downstream of Fas recep-

tor and caspase 8, but upstream of cytochrome c release and effector caspase activation.

Moreover, it suggests that in hepatocytes, the mitochondria pathway mediated by Bid

is much more important than the cytosolic pathway in determining caspase activation

and the cell fate in response to anti-Fas antibody treatment.

The role of Bid in TNF-R1 initiated hepatocyte apoptosis

Since Bid is critical for Fas-signaling induced apoptosis in hepatocytes, it could be

equally important to TNF-R1 mediated hepatocyte death, where the signaling pathway

is similar. This notion is supported by the finding that Bid can be cleaved and translo-

cated to mitochondria in response to TNF in a lymphoid cell line[10]. The availability

of several murine models of TNF mediated liver injuries makes the test of this hypoth-

esis feasible.

The most commonly used in vivo models of TNF toxicity in mice involve endotoxemia-

related hepatic failures. In one of such models, lipopolysaccharide (LPS) is used to

stimulate the production of TNF by macrophages[15]. This treatment, when combined
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with a pre-administration of an amino sugar, D-galactosamine (GalN), a liver specific

transcriptional inhibitor, causes liver-specific damages. The primary hepatotoxic effect

of TNF in this model is the induction of apoptosis of hepatocytes[16], [17] and the

activation of caspases can be readily demonstrated[18]. The necrosis and inflammation

are also involved, but only at later stage[17].

Although the role of caspases in hepatocyte apoptosis induced by TNF has been

firmly established, the signals and cellular components involved in the pathway are

just being revealed. We are now testing this hypothesis by examining the response of

bid-deficient mice and hepatocytes to TNF. Our preliminary results indicated that Bid

was cleaved in mice given LPS and GalN, and that the cleaved p15 Bid was translocated

to mitochondria (Zhao et al, manuscript in preparation). Cleavage of Bid was also

observed in vitro in cultured hepatocytes treated with TNF and ActD. In both in vivo

and in vitro studies, it seems that Bid is very likely an important component in the

pathogenesis of TNF-mediated toxicity in hepatocytes.

The implication of the role of Bid in the pathogenesis of diseases

of liver and other organs

The participation of Bid in the Fas/TNF-R1 mediated pathway suggests that it could

be one of the key components in the development of a number of human diseases that

are related to the Fas/TNF-R1 activation, particularly the liver failure seen in several

clinical scenarios. For example, the FasL/Fas interaction has been implicated in the

development of viral hepatitis and other types of liver damage[19]. In another scenario,

TNF-R1 activation subsequent to septic shock could lead to liver failure as part of the

clinical manifestations of endotoxemia. The role of TNF-alpha in the pathogenesis has

been clearly demonstrated in patients as well as in animal models[16-18],[20]. The

current studies on Bid in animal models suggest that this molecule could be critical for

the pathogenesis of these diseases.

Activation of Fas death receptor has also been implicated in human diseases involv-

ing other organs, such as pancreas and thyroid. The apoptotic destruction of func-

tional cells in these organs due to either an autoimmune response or injury is thought

to be at least in part responsible for the non-obesity diabetes or autoimmune thyroiditis.

Whether Bid is essential in the signaling of Fas in these situations has yet to be

determined. It has to be cautioned, however, that in some systems, such as lymphoid

cells and embryonic fibroblasts, activation of the Fas/TNF-R1 pathway leads to a more

direct activation of cytosolic effector caspases, such that the role of Bid and the mito-

chondria apoptosis pathway may be limited to the amplification of the death signaling

[10],[14]. It will be interesting to determine whether other types of cells, such as the b-

islet cells could be the type of cells in which activation of Fas will rely on the mitochon-

dria pathway, and therefore Bid, to reach the full effects. These studies will thus pro-

mote our understanding of the pathogenesis of a number of human diseases, which may
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in turn provide hints for preventional and therapeutic interventions in the future.
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