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Bnip3 mediates mitochondrial dysfunction and cell death through

Bax and Bak
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Bnip3 is a pro-apoptotic member of the Bcl-2 family that is
down-regulated in pancreatic cancers, which correlates with
resistance to chemotherapy and a worsened prognosis. In contrast,
Bnip3 is up-regulated in heart failure and contributes to loss
of myocardial cells during I/R (ischaemia/reperfusion). Bnip3
exerts its action at the mitochondria, but the mechanism by which
Bnip3 mediates mitochondrial dysfunction is not clear. In the
present study, we have identified Bax and Bak as downstream
effectors of Bnip3-mediated mitochondrial dysfunction. Bnip3
plays a role in hypoxia-mediated cell death, but MEFs (mouse
embryonic fibroblasts) derived from mice deficient in Bax and
Bak were completely resistant to hypoxia even with substantial
up-regulation of Bnip3. These cells were also resistant to
Bnip3 overexpression, but re-expression of Bax or Bak restored
susceptibility to Bnip3, suggesting that Bnip3 can act via either
Bax or Bak. In contrast, Bnip3 overexpression in wild-type

MEFs induced mitochondrial dysfunction with loss of membrane
potential and release of cytochrome c. Cell death by Bnip3 was
reduced in the presence of mPTP (mitochondrial permeability
transition pore) inhibitors, but did not prevent Bnip3-mediated ac-
tivation of Bax or Bak. Moreover, overexpression of Bnip3ATM,
a dominant-negative form of Bnip3, reduced translocation of
GFP (green fluorescent protein)-Bax to mitochondria during
sI/R (simulated I/R) in HL-1 myocytes. Similarly, down-regu-
lation of Bnip3 using RNA interference decreased activation of
Bax in response to sI/R in HL-1 myocytes. These results suggest
that Bnip3 mediates mitochondrial dysfunction through activation
of Bax or Bak which is independent of mPTP opening.

Key words: apoptosis, Bak, Bax, Bnip3, ischaemia/reperfusion,
mitochondrial permeability transition pore.

INTRODUCTION

The Bcl-2 family members are important regulators of the mito-
chondrial pathway of apoptosis. These proteins determine
whether the mitochondria should initiate the cell death programme
and release pro-apoptotic factors such as cytochrome c. The Bcl-2
family is composed of pro- and anti-apoptotic proteins that share
up to four conserved regions of BH domains (Bcl-2 homology
domains) [1]. Anti-apoptotic members such as Bcl-2 and Bcl-
X, contain all four subtypes of BH domains, and promote cell
survival by inhibiting the function of the pro-apoptotic Bcl-2
proteins. The pro-apoptotic members can be separated into two
structurally distinct subfamilies. The ‘multidomain’ proteins (Bax
and Bak) share three BH regions and lack the BH4 domain. They
are structurally similar to the anti-apoptotic proteins [1,2]. Studies
using cells derived from knockout mice lacking both Bax and Bak
have demonstrated that Bax and Bak are essential for initiation of
cell death through the intrinsic pathway [3]. In contrast, BH3-only
proteins, which include Bid, Bnip3, PUMA (p53 up-regulated
modulator of apoptosis) and BAD, share only the BH3 domain
and are structurally diverse [4]. The BH3-only proteins have been
reported to initiate cell death through activation of Bax and Bak
[3,5,6].

Bnip3 is a member of the BH3-only subfamily of pro-apopto-
tic Bcl-2 proteins based on limited homology within the BH3
domain. The BH3 domain of Bnip contains two conserved core
residues, leucine at position 1 and an aspartic acid at position 6, but
lacks conserved residues glycine and glutamic acid at positions

5 and 7 respectively [7]. In addition, Bnip3 does not function
like previously characterized BH3-only proteins such as Bid and
BAD, and previous studies have proposed that Bnip3 is part
of a functionally unique subclass of BH3-only proteins. For
instance, the BH3 domain of these proteins has been reported
to be essential for their cell death activity, as well as for
mediating heterodimerization with other Bcl-2 members [8—10].
In contrast, the BH3 domain of Bnip3 is neither required for
heterodimerization with other Bcl-2 proteins nor to promote cell
death [11,12]. Instead, the C-terminal transmembrane domain
of Bnip3 appears to be essential for mitochondrial targeting,
apoptotic function and hetero- and homo-dimerization [11,13].
In general, activation of BH3-only proteins leads to initiation of
the intrinsic pathway and activation of the caspase cascade [14—
16]. In contrast, Bnip3 overexpression is associated with necrotic
and apoptotic cell death, as well as a massive up-regulation of
autophagy [12,17-19]. Bnip3 can cause both caspase-dependent
and -independent cell death [12,17,19,20].

Bnip3 has been reported to be down-regulated in pancreatic can-
cers [21], which correlates with resistance to chemotherapy and
a worsened prognosis [22]. In contrast, Bnip3 is associated with
cell death in the myocardium and is up-regulated in hearts after
acute ischaemia and in a model of chronic heart failure [20,23].
Recently, we reported that Bnip3 contributes to loss of myo-
cardial cells in I/R (ischaemia/reperfusion) by perturbation of
mitochondria [19]. Although it is clear that Bnip3 exerts its action
at the mitochondria, the mechanism of Bnip3-mediated cell death
remains poorly defined and it is unknown whether Bnip3 requires

Abbreviations used: AWV, mitochondrial membrane potential; BA, bongkrekic acid; BH domain, Bcl-2 homology domain; CsA, cyclosporin A; DKO,
double knockout; Drp-1, dynamin-related protein 1; FBS, foetal bovine serum; GFP, green fluorescent protein; I/R, ischaemia/reperfusion; LDH, lactate
dehydrogenase; MEF, mouse embryonic fibroblast; mPTP, mitochondrial permeability transition pore; RNAi, RNA interference; sl/R, simulated I/R; TMRM,

tetramethylrhodamine methyl ester; WT, wild-type.

' Present address: BioScience Center, San Diego State University, 5500 Campanile Drive, San Diego, CA 92182-4650, U.S.A.
2 Present address: Department of Developmental and Cell Biology, University of California Irvine, 5205 McGaugh Hall, Irvine, CA 92697-2300, U.S.A.
8 To whom correspondence should be addressed (email agustafs@sciences.sdsu.edu).

© The Authors Journal compilation © 2007 Biochemical Society



408 D. A. Kubli, J. E. Ycaza and A. B. Gustafsson

A 72 h hypoxia
Brightfield YoPro-1
WT MEFs
Bax/Bak
DKO MEFs
B 80 — O~ - WT normoxia P
70 - —O— WT hypoxia

— #- - DKO normoxia
- - A- -DKO hypoxia

% LDH Release
B3

30
20
10 -
. JEREREY " CEXTEL .
0 24 48 72
o Time(h): 0O 24 48

WT MEFs
Bax/Bak DKO MEFs

Figure 1 Cells lacking Bax and Bak are resistant to hypoxia

() Bright-field and YoPro-1 fluorescence microscopy of WT and Bax/Bak DKO MEFs after
72 h of hypoxia. (B) WT and Bax/Bak DKO MEFs were subjected to hypoxia and cell death
was assessed by measuring LDH release as described in the Materials and methods section.
(C) Bnip3 protein levels were determined by Western blot analysis. Results are means + S.E.M.,
n=4(**P < 0.05 compared with normoxia).

Bax and/or Bak as downstream effectors to induce mitochondrial
dysfunction. In the present study, we provide evidence that Bax
and Bak play a critical role in regulating cell death by Bnip3.
We demonstrate that Bnip3 causes mitochondrial dysfunction via
activation of Bax or Bak, which leads to permeabilization of the
outer mitochondrial membrane. Cells lacking Bax and Bak are
resistant to Bnip3-mediated cytochrome c release and cell death,
suggesting that these proteins are required for Bnip3-mediated
cell death. Finally, we show that Bnip3-induced cell death during
sI/R (simulated I/R) is mediated through activation of Bax in HL-1
myocytes.

MATERIALS AND METHODS
Cell culture and transient transfections

MEFs (mouse embryonic fibroblasts) derived from WT (wild-
type) and Bax/Bak DKO (double knockout) mice, generously
provided by Dr Craig B. Thompson (Department of Cancer
Biology, University of Pennsylvania, Philadelphia, PA, U.S.A.),
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Figure 2 Cells lacking Bax and Bak are resistant to Bnip3-mediated
mitochondrial dysfunction and cell death

WT and Bax/Bak DKO MEFs were transfected with vector or Bnip3 for 24 h and (A) the AW,
was measured by TMRM fluorescence and (B) cell death was assessed by measuring plasma
membrane permeability to YoPro-1. Results are means +S.E.M., n=3. (C) Expression of
Bnip3 in WT and Bax/Bak DKO MEFs transfected with vector or Bnip3 for 24 h was determined
by Western blot analysis.

were maintained in DMEM (Dulbecco’s modified Eagle’s me-
dium) supplemented with 10 % (v/v) FBS (foetal bovine serum),
100 units/ml penicillin and 100 pg/ml streptomycin [5]. Atrial-
derived HL-1 myocytes [24] were obtained from Dr William C.
Claycomb (LSU Health Sciences Center, New Orleans, LA,
U.S.A.) and cultured in Claycomb medium (JRH Biosciences)
supplemented with 10% (v/v) FBS, 2mM L-glutamine,
100 units/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B and 100 uM noradrenaline (norepinephrine)
(Sigma). MEFs were transiently transfected using Lipofecta-
mine™ 2000 (Invitrogen) and HL-1 cells were transfected with
Effectene (Qiagen) according to the manufacturers’ instructions.

Hypoxia and LDH (lactate dehydrogenase) release

WT and Bax/Bak DKO MEFs in growth medium without Phenol
Red were deprived of oxygen in hypoxic pouches (GasPak™ EZ;
BD Biosciences) at 37°C. Cell death was assessed after 24, 48
and 72 h of hypoxia by measuring LDH release into the medium
using a cytotoxicity detection kit according to the manufacturer’s
protocol (Roche). The released LDH is expressed as a percentage
of total LDH in the well.
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Figure 3 Expression of Bax or Bak in Bax/Bak DKO MEFs restores susceptibility to Bnip3-mediated mitochondrial dysfunction and cell death

(A) Representative bright-field (upper panel) and fluorescence (YoPro-1; lower panel) images of Bax/Bak DKO MEFs transfected with the indicated construct. (B) Significant loss of TMRM fluorescence
in Bax/Bak DKO MEFs transfected with Bax or Bak together with Bnip3. (C) Bax and Bak restored Bnip3-mediated cell death as measured by permeability to YoPro-1. Results are means + S.E.M.,

n=3(*"*P < 0.05 compared with Bax or Bak alone).

Immunoblotting

Cells were lysed in a buffer containing 50 mM Tris/HCI (pH 7.4),
150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1 % Triton X-100 and
Complete™ protease inhibitor cocktail (Roche) and cleared by
centrifugation at 20000 g for 20 min. Proteins in the supernatants
were separated by SDS/PAGE, transferred on to nitrocellulose,
and immunoblotted with a monoclonal antibody against Bnip3
(Sigma). The protein concentrations were determined by the
Coomassie Blue binding assay (Pierce) with BSA standards.

Assessment of AW, (mitochondrial membrane potential)
and cell death

For analysis of AW, cells were transfected with pcDNA3.1 or
Bnip3 plus pEGFP (Clontech) for 24 h and then loaded with
20 nM TMRM (tetramethylrhodamine methyl ester), which only
accumulates within the matrix of respiring mitochondria [25], for
20 min at 37°C. GFP (green fluorescent protein)-positive cells
were scored for TMRM fluorescence. To assess cell death,
cells transfected with pcDNA3.1 or Bnip3 and MitoDsRed2

(Clontech) were assessed for permeability to YoPro-1 as
previously described [19]. The percentage of cell death was
determined by the ratio of YoPro-1-positive cells to MitoDsRed2-
positive cells. Cells were observed through a Nikon TE300
fluorescence microscope and images of ten random fields were
captured with a cooled CCD camera (charge-coupled-device
camera; Orca-ER, Hamamatsu, Japan). A minimum of 200-
400 transfected cells were scored from duplicate dishes in three
independent experiments.

Immunofluorescence staining

Assessment of Bax and Bak conformational changes was
performed as previously described [26]. Cells were transfected
with pcDNA3.1 or Bnip3 and MitoDsRed2 for 24 h and then
fixed with 4% (w/v) paraformaldehyde for 15 min. The cells
were permeabilized with 0.1 % Triton X-100 in PBS, and blocked
in 5% (v/v) normal goat serum. The cells were stained with
antibodies against Bax(NT) (Upstate Biotechnology), Bak(NT)
(Upstate Biotechnology), cytochrome ¢ (BD Biosciences) or
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Drp-1 (dynamin-related protein 1; BD Biosciences) for 1h at
37°C, washed three times in PBS, followed by incubation with
goat anti-rabbit IgG or goat anti-mouse IgG secondary antibody
coupled with Alexa Fluor® 488 (Molecular Probes). Images were
captured as described above. For high-resolution microscopy, Z-
stacks were acquired of cells at x 60 magnification with 0.3 um
increments and deconvolved using ten iterations of a three-
dimensional blind deconvolution algorithm (AutoQuant).

sI/R

HL-1 myocytes were transfected with GFP-Bax for 48 h before
being subjected to sI/R as previously described [19]. To simulate
ischaemia, the cells were incubated in a buffer containing 20 mM
Hepes (pH 6.6), 125 mM NaCl, 8 mM KCl, 1.2 mM KH,PO,,
1.25 mM MgSO,, 1.2 mM CaCl,, 6.25 mM NaHCO; and 5 mM
sodium lactate in hypoxic pouches (GasPak™ EZ) equilibrated
with 95% N,/5% CO, for 2 h. Reperfusion was initiated by
changing to normoxic buffer containing 20 mM Hepes, pH 7.4,
110 mM NacCl, 4.7 mM KCl, 1.2 mM KH,PO,, 1.25 mM MgSO,,
1.2mM CaCl,, 25mM NaHCO; and 15mM glucose, and
incubating the cells at 95 % O,/5 % CO, for 5 h. To down-regulate
Bnip3 expression, HL-1 cells were transfected with pcDNA™6.2-
GW/EmGFP-miR-Bnip3;,63 or pcDNA™6.2-GW/EmGFP-miR-
LacZ for 48 h prior to sI/R as previously described [19]. Cells were
subjected to sI/R as described above before fixation and staining
with anti-Bax(NT) and a secondary antibody coupled with Alexa
Fluor® 594 (Molecular Probes). GFP-positive cells were analysed
for Bax activation.

RESULTS

Pro-apoptotic Bcl-2 family members Bax or Bak are activated
to initiate mitochondrial-mediated cell death during oxygen
deprivation [27]. Since Bnip3 has been reported to be directly
involved in hypoxia-mediated apoptosis [17,28], we investigated
whether Bax/Bak were required for cell death during hypoxia
using MEFs derived from mice lacking both Bax and Bak. WT
and Bax/Bak DKO cells were deprived of oxygen for up to
72 h and cell death was assessed by measuring LDH release. We
found that exposure to hypoxia resulted in a significant increase in
cell death by 48 h in WT MEFs. In contrast, Bax/Bak DKO MEFs
were markedly resistant to hypoxia compared with WT cells and
did not show a significant increase in LDH release after up to
72 h of hypoxia (Figures 1A and 1B). Interestingly, both WT and
DKO MEFs had substantially up-regulated Bnip3 protein levels
after exposure to hypoxia (Figure 1C), suggesting that Bnip3
mediates cell death through activation of Bax and/or Bak during
hypoxia.

Next, we directly assessed if Bax and Bak were required
for cell death induced by Bnip3. We found that overexpression
of Bnip3 in WT MEFs resulted in a loss of AW, and cell
death, whereas DKO MEFs were completely resistant to Bnip3
overexpression (Figures 2A and 2B). Analysis of Bnip3 protein
levels in transfected cells confirmed overexpression of Bnip3 in
both WT and DKO MEFs (Figure 2C). To confirm that Bnip3-
mediated cell death is dependent on the presence of Bax or Bak,
we reintroduced Bax or Bak together with Bnip3 into Bax/Bak
DKO MEFs. We found that expression of Bax or Bak in DKO
MEFs restored susceptibility of these cells to Bnip3-mediated
mitochondrial dysfunction and cell death (Figure 3). To confirm
further that Bnip3 acts upstream of Bax and Bak, we examined
whether Bnip3 induced activation of Bax and Bak in WT MEFs.
We assessed activation of Bax and Bak using antibodies that
specifically recognize the active conformations of Bax and Bak
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Figure 4 Overexpression of Bnip3 activates Bax and Bak in WT MEFs

(R) Cells co-transfected with vector or Bnip3 and MitoDsRed?2 were stained with anti-Bax(NT)
or anti-Bak(NT) and visualized by fluorescence microscopy. (B) Quantitative analysis of
MitoDsRed2-positive cells exhibiting Bax(NT) or Bak(NT) immunoreactivity. Results are
means + S.EM., n=3 (*,**P < 0.05 compared with pcDNA3.1).

[29,30]. We found that overexpression of Bnip3 in WT MEFs
resulted in a significant increase in immunoreactivity of both
activated Bax and Bak (Figures 4A and 4B), confirming that
Bnip3 can mediate mitochondrial dysfunction through activation
of either Bax or Bak.

Activation of Bax or Bak results in permeabilization of the outer
mitochondrial membrane and release of pro-apoptotic factors
such as cytochrome ¢ [31]. To determine whether cytochrome
c release accompanies Bnip3-induced mitochondrial dysfunction,
WT and Bax/Bak DKO MEFs were transfected with pcDNA3.1 or
Bnip3 and the cellular distribution of cytochrome ¢ was examined
by immunofluorescence staining with an anti-(cytochrome c)
antibody. As shown in Figure 5(A), WT MEFs transfected
with vector had a mitochondrial distribution of cytochrome c,
whereas WT MEFs overexpressing Bnip3 had released their
cytochrome ¢ from the mitochondria. In contrast, Bax/Bak DKO
MEFs maintained cytochrome c¢ in the mitochondria even in
the presence of Bnip3 (Figure 5B). It has been reported that
mitochondria undergo fragmentation at an early stage during
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Figure 5 Bnip3 induces mitochondrial fragmentation and release of cytochrome ¢ in WT MEFs but not in Bax/Bak DKO MEFs

(A) WT or Bax/Bak DKO MEFs were co-transfected with vector or Bnip3 and MitoDsRed?2 for 24 h and then stained with an antibody towards cytochrome ¢ and examined by immunofluorescence.
Representative images are shown. (B) Quantification of cytochrome c¢ release. Results are means+S.EM., n=4 (*P < 0.05 compared with control). (C) Overexpression of Bnip3 induces
fragmentation of the mitochondrial network in WT MEFs. (D) Recruitment of Drp-1 to mitochondria in WT MEFs overexpressing Bnip3.

apoptosis [32,33]. We found that overexpression of Bnip3 in
WT MEFs caused disintegration of elongated mitochondria into
numerous spherical particles (Figure 5C). We also noted that
all of the cells that exhibited fragmented mitochondrial also
had released their cytochrome ¢ (results not shown). Next,
we investigated whether the mitochondrial fragmentation was
due to increased fission through the recruitment of Drp-1 to
mitochondria. We found that Drp-1 was mainly distributed in the
cytosol with some co-localization with mitochondria in control
transfected cells. Drp-1 has been reported to cycle between the
cytosol and the mitochondria in healthy cells [32]. In contrast,
overexpression of Bnip3 caused redistribution of Drp-1 from the
cytosol to the mitochondria. We also noted that Drp-1 was found
in clusters on fragments of mitochondria (Figure 5D). Drp-1 did
not accumulate at the mitochondria in Bax/Bak DKO in response
to Bnip3 overexpression (results not shown).

Several studies have reported that Bnip3 mediates cell death
through opening of the mPTP (mitochondrial permeability
transition pore) in different cell types [12,17,20]. Similarly, we
found that treatment of WT MEFs overexpressing Bnip3 with
CsA (cyclosporin A) or BA (bongkrekic acid), two different
inhibitors of the mPTP, partially protected against Bnip3-me-
diated mitochondrial dysfunction, confirming that Bnip3-induced
loss of AW, is due, in part, whether opening of the mPTP
(Figure 6A). Since mPTP opening has been reported to stimulate
translocation of Bax from the cytosol to the mitochondria, we
investigated whether opening of the mPTP by Bnip3 caused

activation of Bax and Bak. WT MEFs were transfected with vector
or Bnip3 plus MitoDsRed? in the presence or absence of CsA for
24 hbefore activation of Bax and Bak were assessed. Interestingly,
inhibition of mPTP did not prevent activation of Bax and Bak
by Bnip3 in WT MEFs (Figures 6B and 6C). To investigate
further the role of the mPTP in Bnip3-mediated activation of
Bax, Bax/Bak DKO MEFs were transfected with vector or Bnip3
plus GFP-Bax and localization of GFP-Bax was assessed by
immunofluorescence microscopy. In control transfected cells,
GFP-Bax was homogeneously distributed throughout the cytosol,
whereas GFP-Bax accumulated at the mitochondria in cells
overexpressing Bnip3 (Figure 7A). Treatment with CsA did not
inhibit translocation of GFP-Bax to the mitochondria in Bax/Bak
DKO MEFs overexpressing Bnip3, confirming that opening of
the mPTP by Bnip3 does not trigger activation of Bax or Bak
(Figure 7B).

Bcl-2 proteins are important regulators of apoptosis in the
myocardium and we have previously found that Bnip3 contributes
to myocardial I/R injury [19]. Bnip3 overexpression directly
activated Bax and Bak in HL-1 myocytes (Figure 8A), and
treatment with CsA significantly preserved AW, in Bnip3-
overexpressing cells (Figure 8B), confirming that Bnip3 causes
mitochondrial dysfunction through a similar mechanism in HL-1
myocytes and MEFs. To investigate whether Bnip3 causes cell
death during I/R through activation of Bax, we examined the
effects of the dominant-negative Bnip3, Bnip3ATM [17,19,20],
on Bax translocation to the mitochondria in response to
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Figure 6 Inhibition of the mPTP reduces Bnip3-mediated mitochondrial

dysfunction, but does not prevent activation of Bax and Bak

(R) WT MEFs transfected with vector or Bnip3 were treated with 2 .«M CsA or 100 M BA and
stained with TMRM to assess AW, after 24 h (*,**P < 0.05 compared with Bnip3 alone). WT
MEFs transfected with vector or Bnip3 and treated with CsA were fixed after 24 h and stained
with (B) anti-Bax(NT) or (C) anti-Bak(NT). Results are means + S.EM., n=3.

sI/R in HL-1 myocytes. We found that cells transfected with
GFP-Bax had predominantly a diffuse distribution of green
fluorescence during normoxic conditions. Exposure of cells to
sI/R resulted in translocation of GFP-Bax to mitochondria,
whereas overexpression of Bnip3ATM significantly reduced
translocation of GFP-Bax during sI/R (Figures 8C and 8D).
The role of Bnip3 in inducing Bax activation during sI/R
was confirmed by down-regulation of Bnip3 by RNAi (RNA
interference). Transfection of cells with RNAi against Bnip3
resulted in a 70-80% reduction in Bnip3 protein levels
(Figure 8E) and resulted in reduced activation of Bax during
sI/R (Figure 8F).

DISCUSSION

Bnip3 is a critical regulator of mitochondrial function in
myocardial cells and has been implicated in myocardial ischaemia
and heart failure. We have previously shown that Bnip3 con-
tributes to myocardial I/R injury and that blocking Bnip3 with
Bnip3 ATM through transactivator-mediated protein transduction
can preserve mitochondrial integrity and reduce the incidence of
cell death after I/R [19]. In the present study, we have investigated
the molecular mechanism by which Bnip3 mediates the loss of
AW, and cell death. We provide evidence that pro-apoptotic
Bax and Bak play a critical role in regulating mitochondrial
dysfunction by Bnip3. Our results also confirm that Bnip3
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(R) Bax/Bak DKO MEFs were co-transfected with vector or Bnip3 plus GFP-Bax and then
treated with CsA for 24 h before being analysed by fluorescence microscopy. Images shown
are representative of results obtained in three separate experiments. (B) Quantification of
the percentage cells with either diffuse or mitochondrial GFP—Bax fluorescence. Results are
means +S.EM., n=3.

mediates I/R injury through activation of Bax in HL-1 cardiac
myocytes. To our knowledge, this is the first study to demonstrate
that Bnip3 mediates mitochondrial dysfunction and cell death via
Bax and Bak.

Bnip3 is known to localize to and exert its action at the
mitochondria. Since Bax and Bak have been shown to be key
regulators of the mitochondrial pathway of apoptosis, it seemed
likely that Bnip3 would initiate cell death via Bax and/or Bak. Our
results clearly demonstrate that Bax and Bak play a role in Bnip3-
mediated mitochondrial dysfunction. First, cells lacking Bax and
Bak were completely resistant to hypoxia even though Bnip3 was
substantially up-regulated in these cells. Secondly, overexpression
of Bnip3 caused a rapid loss of AW, in WT cells, whereas
Bax/Bak DKO cells were resistant to Bnip3. Reintroduction
of Bax or Bak restored sensitivity to Bnip3, suggesting that
Bax and Bak have overlapping functions in Bnip3-mediated cell
death. Finally, overexpression of Bnip3 induced activation of Bax
and Bak, which correlated with permeabilization of the outer
mitochondrial membrane in WT MEFs.

Our results show that Bnip3 induces activation of Bax and
Bak, but it is not clear exactly how Bnip3 activates Bax and Bak.
BH3-only proteins have been reported to induce activation of
Bax and Bak by direct interaction or indirectly by sequestering
anti-apoptotic members such as Bcl-2 and Bcl-X; [34-36]. Bnip3
and Bak are both constitutively localized to the mitochondria and
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Figure 8 Bnip3 mediates cell death through activation of Bax during sI/R in HL-1 myocytes

(A) Overexpression of Bnip3 activates Bax and Bak in HL-1 myocytes. Cells were transfected with vector or Bnip3 plus MitoDsRed2 and stained with anti-Bax(NT) or anti-Bak(NT). Results are
means + S.EM., n=3.(*,**P < 0.05 compared with control). (B) Treatment with CsA to inhibit the mPTP decreases Bnip3-mediated loss of AW, as measured by loss of TMRM fluorescence. Results
are means + S.EM., n=3 (*P < 0.05 compared with Bnip3 alone). (C) HL-1 myocytes were transfected with pcDNA3.1 or Bnip3 ATM plus GFP-Bax for 48 h and then subjected to 2 h of simulated
ischaemia and 5 h of reperfusion. GFP-Bax distribution was assessed by fluorescence microscopy. Images shown are from a representative experiment. (D) Quantification of GFP—Bax distribution
in HL-1 myocytes. Results are means + S.E.M., n=3. (E) Cells were transfected with a vector encoding RNAI against either Bnip3 or LacZ, and cell lysates were analysed for Bnip3 expression
by Western blotting after 48 h of expression. (F) Down-regulation of Bnip3 by RNAi reduces sI/R-stimulated translocation of GFP-Bax to the mitochondria. Results are means + S.EM., n=3.

could potentially form heterodimers. However, Bax is localized
to the cytosol under normal conditions and only translocates to
the mitochondria in response to stress and therefore is not likely
to require direct interaction with Bnip3 for activation. Instead,
Bnip3 has been shown to directly interact with Bcl-2 and Bcl-
Xy, suggesting that Bnip3 could activate Bax and Bak through
an indirect mechanism by sequestering Bcl-2 and Bcl-X;. The
mPTP has been reported to play a role in the execution of
the mitochondrial apoptotic programme and many studies have
reported a functional link between Bax and the mPTP. There are
reports of the mPTP regulating Bax in apoptosis, where opening of
the mPTP stimulates Bax translocation to mitochondria [37,38].
Several studies have reported that Bnip3-mediated cell death
occurs through opening of the mPTP [12,17,20], and our present

results confirm that Bnip3-induced mitochondrial dysfunction
is mediated through the mPTP. However, our results show
clearly that Bnip3-mediated opening of the mPTP does not cause
activation of Bax and Bak. This suggests that opening of the
mPTP occurs downstream of Bax/Bak activation or possibly by a
separate pathway activated by Bnip3.

DNA fragmentation and chromatin condensation are
characteristics of caspase-dependent cell death and are usually
observed in cells overexpressing Bnip3 [17,20,39]. Our results
demonstrate that Bax or Bak is essential for Bnip3-mediated
mitochondrial dysfunction and cell death. However, Bnip3 has
been reported to induce both caspase-dependent and -independent
cell death. Although activation of Bax and Bak triggers the
release of cytochrome ¢ and activation of caspases, activation

© The Authors Journal compilation © 2007 Biochemical Society
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of Bax and Bak also initiates caspase-independent mitochondrial
dysfunction [6,40,41]. For instance, Cheng et al. [6] reported
that overexpression of BH3-only proteins BAD, Bim (Bcl-2-
interacting mediator of cell death) or Noxa induced mitochondrial
dysfunction and caspase-independent cell death via Bax and Bak
in cells lacking Apaf-1 (apoptotic protease-activating factor-1),
caspase 9 or caspase 3. Bax and Bak have been reported to
initiate apoptosis through activation of the mitochondrial fission
pathway. Both Bax and Bak were reported to co-localize with
the fission protein Drp-1 at defined foci on the mitochondrial
membrane at the onset of apoptosis [32,33]. Bax and Bak were
also shown to induce caspase-independent cell death by the release
of DDP/TIMMS8«, a factor that is involved in mitochondrial
recruitment of Drp-1, from the mitochondria [42]. Thus it
is possible that Bnip3 via Bax and Bak mediates caspase-
independent cell death through the mitochondrial fission pathway.
Taken together, these results are consistent with the notion that
BH3-only proteins, including Bnip3, require Bax and/or Bak as
downstream effectors to initiate the apoptotic programme, but
that the downstream mechanisms of cell death may be caspase-
dependent or -independent.

The pro-apoptotic Bcl-2 proteins have been implicated in the
pathogenesis of various cardiac diseases, including myocardial
infarction and heart failure. We have found that Bnip3 is a major
contributor to myocardial I/R injury [19] and, in the present study,
we provide further evidence that one of the upstream activators
of Bax in I/R is Bnip3. Bax has been reported to be activated in
cardiac cells in response to oxidative stress [26] and during I/R
[37]. Hearts from Bax-deficient mice had reduced mitochondrial
damage and decreased infarct size after [/R compared with
WT, implicating Bax as a major player in I/R injury [43]. In
conclusion, the pro-apoptotic Bcl-2 proteins, including Bnip3,
may be important potential therapeutic targets for treatment and
prevention of myocardial I/R injury to limit loss of contractile
cells.
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