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Abstract
Bnip3 is a member of the BH3-only subfamily of pro-apoptotic Bcl-2 proteins and is associated with
loss of cardiac myocytes after a myocardial infarction. Previous studies have demonstrated that Bnip3
induces mitochondrial dysfunction, but the mechanisms involved in this process remain unknown.
In this study, we demonstrate that Bnip3 induces permeabilization of the mitochondria via a novel
mechanism that is different from other BH3-only proteins. We found that Bnip3 induced
mitochondrial swelling and cytochrome c release in isolated heart mitochondria in vitro. Another
BH3-only protein, tBid, also caused release of cytochrome c but failed to induce swelling of
mitochondria. Swelling of mitochondria is a characteristic of mitochondrial permeability transition
pore (mPTP) opening, but Bnip3-mediated mitochondrial swelling was insensitive to cyclosporine
A, an inhibitor of the mPTP and independent of cyclophilin D (cypD), an essential component of the
mPTP. Bnip3 also induced permeabilization of the mitochondrial membranes as evident by calcein
release from the matrix in both wild type (WT) and cypD deficient mouse embryonic fibroblasts
(MEFs). Moreover, Bnip3 induced mitochondrial matrix remodeling and large amplitude swelling
of the inner membrane, which led to disassembly of OPA1 complexes and release from the
mitochondria. Thus, these studies suggest that Bnip3 mediates mitochondrial permeabilization by a
novel mechanism that is different from other BH3-only proteins.
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Introduction
Mitochondria play critical roles in both the life and death of cells. They are important generators
of energy by providing ATP through oxidative phosphorylation, and they are critical regulators
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of cell death by releasing pro-apoptotic proteins such as cytochrome c, Smac/DIABLO and
Omi/HtrA2 [1]. The Bcl-2 family proteins regulate apoptosis mediated by the mitochondria.
They monitor changes in the intracellular environment such as the presence of reactive oxygen
species (ROS), absence of growth factors and DNA damage and induce permeabilization of
the mitochondrial membrane when the conditions are unfavorable for the cell [2]. The major
anti-apoptotic family members are Bcl-2 and Bcl-XL, which exert their effect at the
mitochondrial outer membrane where they help maintain membrane integrity. In contrast, the
two major pro-apoptotic family members Bax and Bak exert their effects by compromising the
membrane integrity leading to release of pro-apoptotic proteins such as cytochrome c into the
cytosol, resulting in caspase activation and demise of the cell. In addition, the Bcl-2 family
includes a large number of so-called pro-apoptotic BH3-only proteins, which include Bid, Bad,
Bik, Bim, Noxa, and Puma. These proteins function as stress sensors in the cell and play a
major role in transducing signals from the cytosol to the mitochondria where they initiate cell
death through the activation of Bax and Bak [2].

Bcl-2 nineteen-kilodalton interacting protein (Bnip3) is a BH3-only protein and has been
shown to contribute to cell death in myocardial ischemia/reperfusion (I/R)-injury [3-5] and
postinfarct remodeling [6]. Bnip3 is primarily localized in the outer mitochondrial membrane
where it induces loss of mitochondrial membrane potential and cell death. However, the exact
mechanism by which Bnip3 perturbs mitochondrial function is unclear and somewhat
controversial. In contrast to other BH3-only proteins, Bnip3 can induce a form of cell death
that shows features of both necrosis and apoptosis [4,7-10]. For instance, Bnip3 has been
reported to induce nucleosomal DNA fragmentation while retaining ATP levels and plasma
membrane integrity in neonatal cardiac myocytes, implying apoptotic cell death [7,10]. In
contrast, another study observed that Bnip3 induced vacuolation of the cytoplasm and rapid
loss of plasma membrane integrity with minimal nuclear damage in 293T cells, which are
features typical of necrotic cell death [9].

Permeabilization of the mitochondrial outer membrane is the commitment step in both
apoptosis and necrosis. Two mechanisms, involving opening of two different mitochondrial
channels, have been proposed to be responsible for the permeabilization; the Bax/Bak channel
and the mitochondrial permeability transition pore (mPTP). In response to a death signal, Bax
and Bax undergo conformational changes to form homo- and heterooligomers resulting in pores
in the mitochondrial outer membrane large enough to accommodate passage of proteins of the
intermembrane space, such as cytochrome c, to the cytosol [1,11]. In contrast, the mPTP is a
non-specific pore in the inner mitochondrial membrane that is permeable to molecules less
than 1.5 kDa [12]. Opening of this pore results in massive swelling of the inner membrane and
subsequent rupture of the outer mitochondrial membrane, leading to release of all
intermembrane space proteins into the cytosol [12,13]. This channel is thought to mainly play
a role in necrosis, whereas the Bax/Bak pore is involved in apoptotic cell death. Interestingly,
Bnip3 has been reported to mediate mitochondrial dysfunction via opening of the mPTP [7,
9,10] and via activation of Bax/Bak [5].

Given the uncertainty concerning the mode of action of Bnip3, we have further investigated
the mechanism by which Bnip3 mediates mitochondrial dysfunction. In this study, we report
that Bnip3-mediated mitochondrial membrane permeabilization and cell death occurs via a
mechanism that is independent of the mPTP. Instead, Bnip3 induces swelling of the inner
mitochondrial membrane which is dependent on the presence of Bax/Bak.
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Materials and Methods
Animals

All animal experiments were performed in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and with the approval of the Institutional
Animal Care and Use Committee of San Diego State University. Male Sprague-Dawley rats
(225-250g) acquired from Harlan were used in this study. CypD−/− mice, which are
homozygous for a targeted deletion of the Ppif gene were generated as described previously
[14].

Preparation of recombinant proteins
Recombinant Bnip3 was purified as previously described [4]. Briefly, E.coli BL21(DE3) cells
transformed with Bnip3 were grown in LB + AMP and expression of Bnip3 was induced with
1 mM IPTG for 4 h. The bacteria were resuspended in Native buffer (150 mM NaCl, 1%
Tween-20, 50 mM NaH2PO4, pH 8.0, and complete protease inhibitors (Roche)), followed by
sonication on ice. After centrifugation at 20,000 × g for 20 min, the supernatants were added
to columns containing Ni-NTA (Qiagen, Inc). The proteins were eluted with 250 mM imidazole
in Native buffer, followed by de-salting on PD-10 columns (Amersham-Pharmacia).

Mitochondrial swelling assay and assessment of cytochrome c release
The isolation of mitochondria was done using a protocol routinely used in our laboratory
[15]. Hearts were rapidly excised and ventricles were minced and homogenized by polytron
in ice-cold isolation buffer (10 mM MOPS pH 7.4, 250 mM sucrose, 5 mM KH2PO4, 2 mM
MgCl2, 1 mM EGTA, 0.1% BSA). Lysates were centrifuged for 10 min at 600 × g to remove
unbroken tissue and nuclei, and the supernatants were centrifuged for 10 min at 3,000 × g to
pellet mitochondria. The mitochondrial pellet was resuspended in swelling buffer (10 mM
MOPS pH 7.4, 250 mM sucrose, 5 mM KH2PO4, 2 mM MgCl2, 5 μM EGTA, 5 mM pyruvate,
and 5 mM malate). 60 μg of mitochondria were mixed with 0.1-1 μg recombinant Bnip3
(2.3-230 nM), 1 μg Bnip3ΔTM (278 nM), 100 nM tBid (33.5 nM) or 250 μM Ca2+ in a 96-
well plate in a total volume of 200 μl/well. Mitochondrial swelling was monitored by measuring
absorbance on a plate reader at 520 nm for 60 min. Shrinking of mitochondria was induced by
5% PEG-3350 (w/v). Mitochondrial swelling curves were graphed using Microsoft Excel. The
amplitude of each curve was obtained by subtracting the endpoint absorbance from the initial
absorbance obtained from the swelling assay. Vmax was obtained by calculating the slope of
the linear segment of the swelling curve. After incubation, the samples were centrifuged for
10 min at 3000 × g to pellet mitochondria. The mitochondria and supernatant were analyzed
by Western blotting for release of cytochrome c (BD Biosciences) or OPA1 (BD Biosciences).
COX IV (Molecular Probes) was used as a mitochondrial marker. These assays were always
done in duplicates and repeated at least 3 times.

Electron microscopy
A suspension of mitochondria was fixed by the addition of an equal volume of 5%
glutaraldehyde in 0.075M Na cacodylate buffer pH 7.3 for 1 hr on ice. Following pelleting,
the samples were washed in cacodylate buffer, postfixed in 1% osmium tetroxide in 0.15M
cacodylate buffer and dehydrated in a graded ethanol series. The pellets were treated with
propylene oxide as the transition solvent before embedding in Epon/Araldite (Electron
Microscopy Sciences, Hatfield PA). Following initial polymerization to form a small resin
button at the bottom of the microfuge tube, the resin pellets were removed from the microfuge
tubes and re-embedded in more liquid resin in a regular flat embedding mold (Ted Pella Inc,
Redding, CA) and oriented such that transverse sections could be prepared through the depth
of the original cell pellet. Thin sections (60 nm) were cut with a diamond knife (Diatome,
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Hatfield PA), mounted on copper slot grids coated with parlodion and subsequently stained
with uranyl acetate and lead citrate for examination on a Philips CM100 electron microscope
(FEI, Hillsbrough OR). Images were documented using a Megaview III CCD camera (Olympus
Soft Imaging Solutions, Lakewood CO) and then handled in Adobe Photoshop.

Crosslinking assay
For protein crosslinking, mitochondria were treated with DMSO or 10 mM BMH (Pierce) for
30 min at 37°C. Samples were centrifuged for 10 min at 20,000 g at 4°C, and the mitochondrial
pellets were resuspended in SDS-PAGE sample loading buffer. DTT in the sample buffer
quenched the crosslinking reaction. Proteins were separated on a 4–20% Tris-Glycine gel,
transferred onto a nitrocellulose membrane, and probed with an antibody to OPA-1 (BD
Transduction Laboratories).

Isolation of Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were derived from WT and CypD-/- E13.5 embryos and
maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine
serum, 50 units/ml penicillin, and 50 μg/ml streptomycin. Primary cells were frozen in aliquots
after the second passage. MEFs derived from WT and Bax/Bak double knockout (DKO) mice
were generously provided by Dr. Craig Thompson (University of Pennsylvania, Philadelphia,
PA) [16].

Cell Death assays
WT and cypD-/- MEFs in growth medium without phenol red were infected with β-gal or Bnip3.
Cell death was assessed after 24 h 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. TUNEL staining was performed using
the In Situ Cell Death Detection kit (Roche Applied Science) according to the manufacturer's
instructions. Nuclei were counterstained with Hoechst 33342 (Molecular Probes). TUNEL
positive nuclei were counted in 10 randomly selected fields of each condition and expressed
as a percentage of the total number of nuclei.

Calcein-AM assay
After adenoviral infection (16 h) or 250 μM H2O2 treatment (1 h), MEFs were loaded with 1
μM calcein-AM (Molecular Probes) and 5 mM cobalt chloride for 15 min at 37°C to quench
cytosolic calcein fluorescence [17]. The cells were rinsed to remove residual dye and opening
of the mPTP was visualized as redistribution of calcein from the mitochondrial matrix into the
cytosol. Live cells were observed through a Nikon TE300 fluorescence microscope (Nikon)
equipped with a cooled CCD camera (Orca-ER, Hamamatsu). At least 100 to 150 cells were
scored from two replicate dishes in three independent experiments.

Statistical Analysis
All values are expressed as means ± Standard Deviation (S.D). ANOVA was performed to
identify statistical significance in multiple-group comparisons and Student's t-test was used to
evaluate significance between two experimental conditions. A p<0.05 was considered to be
statistically significant.

Results
Bnip3 has been reported to mediate cell death via opening of the mPTP in cardiac myocytes
[7,10] and 293T cells [9]. To investigate if Bnip3 could directly induce opening of the mPTP,
we performed swelling assays with isolated heart mitochondria to examine the effect of Bnip3
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on mPTP opening in vitro. Opening of the mPTP results in mitochondrial swelling, which can
be detected as a decrease in absorbance at 520 nm using a spectrophotometer. In the presence
of buffer alone, isolated heart mitochondria exhibited little swelling, whereas addition of
Ca2+, a known inducer of mPTP opening, caused rapid swelling of mitochondria as shown by
the decrease in absorbance (Fig. 1A). Addition of recombinant Bnip3 to the mitochondria also
caused a reduction in the absorbance, indicating swelling of mitochondria. However, we noted
that Bnip3-mediated swelling occurred at a slower rate than Ca2+, and always to a greater extent
(Fig. 1B). Pretreatment of isolated mitochondria with Cyclosporine A (CsA), an inhibitor of
the mPTP, prevented Ca2+-mediated swelling (Fig. 2A) and reduced cytochrome c release (Fig.
2C). In contrast, CsA had little effect on Bnip3 mediated-swelling (Fig. 2B) and cytochrome
c release (Fig. 2C). We found that mitochondrial swelling and release of cytochrome c occurred
in a dose-dependent manner and that CsA was without any effect at all concentrations of Bnip3
(Fig. 2D). Maximal swelling and cytochrome c release occurred at a concentration of 1 μg
which is consistent with previous reports where 1 μg of recombinant Bnip3 was required to
induce release of pro-apoptotic proteins and loss of mitochondrial membrane potential in
isolated mitochondria [4,18].

To examine changes in mitochondrial structure after Ca2+ and Bnip3 treatment at the
ultrastructural level, we obtained transmission electron micrographs of heart mitochondria that
had been incubated with buffer alone, Ca2+ or Bnip3. Healthy mitochondria displayed
numerous narrow crested in a continuous electron-dense matrix (Fig. 3A). Isolated
mitochondria are unstable in swelling buffer, and the EM showed some mitochondria with
signs of matrix remodeling after 45 min incubation incubated in buffer alone. However, freshly
isolated mitochondria were intact with good respiration (Supplemental Figure S1). All
mitochondria treated with Ca2+ (Fig. 3B) or Bnip3 (Fig. 3C) displayed extensive swelling of
inner mitochondrial membrane with ruptured outer membrane. However, there were major
differences in the organization of the cristae between Ca2+ and Bnip3-treated mitochondria.
Ca2+-treated mitochondria displayed loss of the tubular structures and swelling of the inner
membrane, whereas Bnip3-treated mitochondria had complete loss of the tubular cristae and
appearance of “vesicle-shaped” matrix.

OPA1 is a mitochondrial fusion protein that regulates the shape of the cristae and participates
in the formation of narrow tubular crista junctions [19,20]. OPA1 forms tight crista junctions
by forming oligomers [21]. Chemical crosslinking using BMH revealed that OPA1 exists in a
∼290 kDa complex in healthy cardiac mitochondria (Fig. 4A). In contrast, the OPA1 complex
was almost completely absent in mitochondria that had been treated with Bnip3. As has been
previously reported to occur during apoptosis [22,23], there was also substantially less OPA1
in the mitochondria, suggesting that the complex has been disrupted and the protein released.
Inhibition of swelling by polyethylene glycol (PEG) prevented Bnip3-mediated disruption of
the OPA1 complex (Fig. 4B) and release from mitochondria (Fig. 4C). Bnip3-mediated
cytochrome c release was mostly prevented in the presence of PEG (Fig. 4D). This suggests
that Bnip3-mediated swelling causes the disruption and release of OPA1 and cytochrome c.
Truncated Bid (tBid) is a BH3-only protein which has been reported to induce permeabilization
of the outer mitochondrial membrane and cytochrome c release [24]. We found that incubation
of isolated mitochondria with recombinant tBid induced release of cytochrome c (Fig. 5A) but
in the absence of mitochondrial swelling (Fig. 5B). Moreover, Bnip3 contains a transmembrane
(TM) domain that is important for its pro-apoptotic activity and deletion of the TM domain
blocks the ability of Bnip3 to induce cell death [25,26]. The inactive Bnip3ΔTM mutant did
not induce release of cytochrome c or swelling of mitochondria (Fig. 5A and B). Bcl-2 is an
anti-apoptotic protein that can protect cells against death mediated by BH3-only proteins such
as tBid and Bad [27]. To investigate if Bcl-2 could prevent Bnip3-mediated swelling and
cytochrome c release, mitochondria were incubated with Bnip3 in the presence or absence of
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recombinant Bcl-2. We found that Bcl-2 had no effect Bnip3-mediated mitochondrial swelling
(Fig. 5C) or cytochrome c release (Fig. 5D).

Cyclophilin D is an important component of the mPTP and mitochondria lacking cypD are
resistant to mPTP opening [14]. To further investigate whether Bnip3 induced swelling and
cytochrome c release independent of the mPTP, we incubated recombinant Bnip3 with
mitochondria isolated from hearts of cypD-/- mice. Similar to mitochondria isolated from the
rat heart, we found that Bnip3 induced dose-dependent mitochondrial swelling (Fig. 6A) and
release of cytochrome c (Fig. 6B) in cypD deficient mitochondria. As previously reported by
Baines et al. [14] cypD deficient mitochondria were resistant to swelling and cytochrome c
release induced by Ca2+ (Fig. 6C and D). In contrast, Bnip3 induced both swelling and
cytochrome c release in cypD-/- mitochondria. The BH3-only protein tBid induced cytochrome
c release in the absence of mitochondrial swelling in cypD deficient mitochondria (Fig. 6E and
F). To further investigate the role of the mPTP in Bnip3-mediated mitochondrial dysfunction
and cell death, primary mouse embryonic fibroblasts (MEFs) were isolated from WT and
cypD-/- mice and then infected with an adenovirus encoding β-galactosidase (β-gal) or Bnip3.
After 24 h, cell death was determined by measuring release of LDH into the cell culture media
or by staining cells for the presence of fragmented DNA. As shown in Figure 7, Bnip3 induced
significant cell death in WT and cypD-/- MEFs as measured by LDH release (Fig. 7A) and
TUNEL staining (Fig. 7B). Consistent with experiments in vitro, we found that Bnip3 induced
cytochrome c release in WT and cypD-/- MEFs (Supplemental Fig. S2) and that reconstituting
cyclophilin D into cypD-/- MEFs had no effect on Bnip3-mediated cytochrome c release
(Supplemental Fig. S3). Analysis of Bnip3 protein levels in infected cells confirmed similar
levels of Bnip3 overexpression in WT and cypD-/- MEFs (Fig. 7C). These data suggest that
Bnip3 can mediate cell death even in the absence of a functional mPTP.

In addition, opening of the mPTP can be determined in cells using the membrane-permeating
fluorescent probe calcein-AM, which freely enters the mitochondrial matrix but cannot exit
except through an open pore due to processing by cellular esterases. The release of calcein
from mitochondria was analyzed by fluorescence microscopy as described by Bernardi et al.
[17]. WT and cypD-/- MEFs infected with an adenovirus expressing β-gal and loaded with
calcein-AM showed calcein retention in mitochondria. Treatment of WT MEFs with 250 μM
H2O2, a concentration that has been demonstrated to induce mPTP opening [14], caused a
reduction in mitochondrial calcein fluorescence and an increase in cytosolic staining, whereas
calcein fluorescence was retained within the mitochondria of cypD-/- MEFs (Fig. 8A and B).
In contrast, overexpression of Bnip3 induced release of calcein from both WT and cypD-/-

MEFs, confirming that Bnip3 does not require cypD, which is considered essential for opening
of the conventional mPTP, to induce permeabilization of the inner mitochondrial membrane
[14,28,29]. Re-introduction of cyclophilin D in cypD-/- MEFS had no effect on Bnip3-mediated
calcein release but restored the ability of H2O2 to induce release of calcein (Supplemental
Figure S4).

Since Bax and Bak are downstream targets of BH3-only proteins and we have previously shown
that Bnip3 mediates cell death via Bax/Bak [5], we investigated whether Bnip3 required Bax/
Bak to induce release of calcein from the mitochondria. Treatment of WT and Bax/Bak DKO
MEFs with H2O2 caused release of calcein from the mitochondria (Fig. 9A and B). However,
Bax/Bak DKO MEFs overexpressing Bnip3 were significantly resistant to release of calcein,
suggesting that Bax/Bak are required for permeabilization of the mitochondrial inner
membrane by Bnip3.

Quinsay et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
Bnip3 is known to localize to and exert its action at the mitochondria. Since inhibitors of the
mPTP have been reported to partially protect against Bnip3-mediated cell death [5,9], it seemed
likely that Bnip3 would initiate cell death via opening of the mPTP. However, our data clearly
demonstrate that a functional mPTP is not required for Bnip3-mediated mitochondrial
dysfunction. First, swelling assays and ultrastructural analysis of mitochondria showed that
the mechanism of Bnip3-mediated swelling of mitochondria and release of cytochrome c were
different from Ca2+, a known mediator of mPTP opening. Second, overexpression of Bnip3
caused rapid permeabilization of the mitochondrial membrane and cell death in both WT and
cypD-/- MEFs.

There are several reports that Bnip3 mediates cell death via opening of the mPTP [7,9,10].
However, it is clear from our study and others that while Bnip3 can induce opening of the
mPTP, the mPTP is not required for Bnip3-mediated cell death. Vande et al. initially reported
that Bnip3 induced rapid opening of the mPTP and cell death in 293T cells which was reduced
in the presence of CsA or bongkrekic (BA), two different inhibitors of the mPTP [9].
Interestingly, they noted that maximum suppression of mitochondrial dysfunction and cell
death was only 50% with either inhibitor, suggesting that there was an alternative mechanism
by which Bnip3 mediated cell death. Similarly, we found that treatment of cells with CsA or
BA only partially protected against Bnip3-mediated mitochondrial dysfunction in MEFs [5].
We also found that the mPTP inhibitors had no effect on Bnip3-mediated activation of pro-
apoptotic Bax and Bak, suggesting that opening of the mPTP occurs downstream of Bax/Bak
activation or possibly by a separate pathway activated by Bnip3. In this study, we found that
Bax/Bak DKO MEFs were resistant to Bnip3-mediated calcein release from mitochondria.
However, we noted that ∼20% of Bax/Bak DKO MEFs consistently released calcein in
response to Bnip3, suggesting that Bnip3 can open the mPTP via a separate pathway (Fig. 8B).
Our finding that mPTP inhibitors provides ∼50% reduction in Bnip3-mediated cell death,
suggests that Bnip3 also promotes opening of the mPTP via the Bax/Bak pathway (possibly
through ROS). The observation that Bnip3 activates two separate pathways of cell death would
explain the atypical programmed cell death pathway resembling both necrosis and apoptosis
that many investigators have described with Bnip3.

BH3-only proteins are known to promote outer membrane permeabilization via Bax/Bak [16,
30]. The fact that Bax/Bak DKO MEFs were resistant to Bnip3-mediated calcein release,
suggests that Bax/Bak are required for Bnip3-mediated mitochondrial inner membrane
permeabilization. These results are consistent with the notion that all BH3-only proteins,
including Bnip3, require Bax and/or Bak as downstream effectors to initiate mitochondrial
dysfunction. BH3-only proteins activate Bax/Bak which forms a pore in the outer
mitochondrial membrane [1]. However, our results suggest that Bnip3 is capable of disrupting
the integrity of both inner and outer mitochondrial membranes, suggesting that the mechanism
of mitochondrial membrane permeabilization is different from other BH3-only proteins such
as tBid. For instance, we found that Bnip3 promoted both mitochondrial swelling and
cytochrome c release, whereas tBid induced cytochrome c release in the absence of swelling.
This is consistent with previous studies which have reported that tBid induces cytochrome c
release independently of the mPTP [14,31,32]. Also, Bcl-2 is known to protect against tBid-
mediated cytochrome c release and cell death [27,33], but we found that Bcl-2 had no effect
on Bnip3-mediated swelling and cytochrome c release. This finding is consistent with the
previous report that Bcl-2 only partially protects against Bnip3 and that Bnip3 later overcomes
Bcl-2 mediated protection [25]. Moreover, the release of calcein, trapped in the matrix of
mitochondria in healthy cells, requires disruption of both inner and outer membranes. We found
that Bnip3 induced release of calcein in cells with a dysfunctional mPTP, but not in Bax/Bak
deficient cells. In contrast, it has been reported that the Bax/Bak pore opening in response to
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tBid is insufficient for calcein release [34]. Clearly, Bnip3 mediates permeabilization via a
mechanism that is different from tBid but still requires the presence of Bax/Bak.

Remodeling of the inner mitochondrial membrane during apoptosis is characterized by fusion
of individual crista and widening of crista junctions which ensures complete release of
cytochrome c and mitochondrial dysfunction [35-37]. In our studies, we found that Bnip3
induced loss of the tubular cristae and appearance of “vesicle-shape” matrix. This type of shape
has previously been described by Scorrano et al. [37] in mitochondria treated with tBid.
However, tBid treatment did not result in rupture of the outer mitochondrial membrane. This
is consistent with our finding that Bnip3, but not tBid, induced swelling of isolated
mitochondria. The dynamin-related GTPase OPA1 is a mitochondrial fusion protein that
mediates fusion of the inner membrane [19,20], and controls cristae remodeling during
apoptosis [21]. OPA1 maintains tight crista junctions by forming oligomers in the inner
mitochondrial membrane. Upon induction of apoptosis, the OPA1 complex is destroyed [21]
and OPA1 is released into the cytosol [22,23]. In the present study, we found that Bnip3
treatment caused disruption of OPA1 oligomers and subsequent release from mitochondria. In
contrast, Ca2+ treated mitochondria did not display similar cristae remodeling and release of
OPA1. Interestingly, Bnip3-mediated disruption and release of OPA1 was dependent on
mitochondrial swelling suggesting that Bnip3 does not directly induce disruption of OPA1. It
is not known why swelling induced by Ca2+ failed to disrupt and release OPA1.

We found that cytochrome c often appeared as a doublet on Western blots in Bnip3 treated
samples, suggesting that Bnip3 induces a currently unknown modification of cytochrome c.
We could find no evidence in the literature that cytochrome c can be modified by other BH3-
only proteins. However, cytochrome c has been reported to be sensitive to oxidative
modification. For instance, cytochrome c has been reported to be modified by 4-hydroxy-2-
nonenal, a secondary product of lipid peroxidation [38], as well as by hydrogen peroxide
[39]. Since Bnip3 has been reported to induce oxidative stress [9], it will be interesting to
investigate if Bnip3 treatment induces oxidative modification of cytochrome c.

In this study, we have identified a novel mechanism by which the pro-apoptotic protein Bnip3
mediates permeabilization of the mitochondrial membranes. Since Bnip3 has been implicated
in the pathogenesis of various diseases including heart failure and cancer, Bnip3 or one of its
downstream effectors represents an important potential therapeutic target for treatment or
prevention of disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Bnip3 induces swelling of isolated heart mitochondria via a different mechanism than Ca2+.
A. Mitochondria isolated from rat hearts were incubated with recombinant Bnip3 (1 μg) or
Ca2+ (250 μM) and reduction in absorbance at 520 nm was measured. Swelling assay is
representative of three independent experiments. B. The degree of swelling (amplitude) and
rate (Vmax) of swelling was significantly different between Ca2+ and Bnip3. Results are means
±S.E.M. (n=3,*p<0.05).
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Figure 2.
Bnip3-mediated swelling and cytochrome c release are not inhibited by the mPTP inhibitor
cyclosporine A. A. Incubation of mitochondria with 1 μM CsA inhibits swelling mediated by
250 μM Ca2+. B. CsA has no effect on swelling mediated by Bnip3 (1 μg). C. Bnip3 (1 μg)
and Ca2+ (250 μM) induce release of cytochrome c from isolated mitochondria. CsA (1 μM)
reduces Ca2+-mediated cytochrome c release but has no effect on Bnip3-mediated release.
Western blot is representative of three independent experiments. D. Isolated mitochondria were
treated with 0, 0.1, 0.5, or 1 μg Bnip3 in the presence or absence of 1 μM CsA.
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Figure 3.
Mitochondrial morphological changes and matrix remodeling in Ca2+ and Bnip3-treated
mitochondria. Electron microscopy analysis of isolated mitochondria after incubation with
(A) buffer, (B) 250 μM Ca2+ or (C) 1 μg Bnip3 for 45 min.
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Figure 4.
Bnip3-mediated swelling induces disruption of OPA1 complex. A. After treatment with buffer,
Ca2+ (250 μM) or Bnip3 (1 μg) for 30 min, mitochondria were incubated with DMSO or 10
mM BMH for 30 min at 37°C to cross link proteins. Proteins were separated by SDS-PAGE
and analyzed by Western blotting for OPA1. B. The presence of PEG prevents Bnip3-mediated
disruption of OPA1 complex. C. PEG prevents Bnip3-mediated release of OPA1 from
mitochondria. D. PEG partially prevents Bnip3-mediated cytochrome c release. Data shown
are representative of three independent experiments.
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Figure 5.
The BH3-only protein tBid induces cytochrome c release in the absence of mitochondrial
swelling. A. Bnip3 (1 μg) and tBid (100 nM), but not Bnip3ΔTM (1 μg), induce release of
cytochrome c release. B. Incubation of heart mitochondria with recombinant tBid (100 ng) or
Bnip3ΔTM (1 μg) do not induce swelling of mitochondria. C. Incubation of heart mitochondria
with recombinant Bcl-2 (1 μg) does not prevent Bnip3-mediated swelling. D. Bcl-2 does not
inhibit cytochrome c release by Bnip3. Data shown are representative of three independent
experiments.
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Figure 6.
Heart mitochondria isolated from cypD deficient mice are resistant to Ca2+-mediated swelling
but not to Bnip3. A. Mitochondrial swelling of cypD deficient mitochondria treated with 0,
0.1, 0.5, or 1 μg Bnip3. B. Cytochrome c release in cypD deficient mitochondria by
Bnip3._C. Mitochondria lacking cypD were incubated with 250 μM Ca2+ or 1 μg Bnip3 and
swelling was assessed by measuring a decrease in absorbance. D. Western blot analysis of
cypD deficient mitochondria for release of cytochrome c. E. Swelling of cypD deficient
mitochondria was determined by measuring a decrease in absorbance. F. CypD deficient
mitochondria were incubated with Bnip3 (1 μg), Bnip3ΔTM (1 μg), or tBid (100 ng) and
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analyzed for release of cytochrome c by Western blotting. Data shown are representative of
three independent experiments.
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Figure 7.
Bnip3 induces cell death in both wild type (WT) and cypD-/- MEFs. A. Cells were infected
with an adenovirus encoding β-gal or Bnip3 for 24 h. Cell death was determined by (A)
assessing release of LDH into the culture media or (B) TUNEL assay. Results are means
±S.E.M. (n=3, p<0.001). C. Expression of Bnip3 in WT and cypD-/- MEFs infected with an
adenovirus encoding β-gal or Bnip3 for 24 h was determined by Western blot analysis.
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Figure 8.
Bnip3, but not Ca2+, induces release of calcein from mitochondrial matrix in CypD-/- MEFs.
A. Cells infected with β-gal or Bnip3, or treated with 250 μM H2O2 were loaded with 1 μM
calcein-AM and 5 mM CoCl2. B. Quantitation of cells with cytosolic calcein. Results are means
±S.E.M. (n=3, p<0.05).
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Figure 9.
H2O2, but not Bnip3, promotes release of calcein from mitochondria in Bax/Bak DKO MEFs.
A. Cells infected with β-gal or Bnip3, or treated with 250 μM H2O2 were loaded with 1 μM
calcein-AM and 5 mM CoCl2. B. Quantitation of cells with cytosolic calcein. Results are means
±S.E.M. (n=3, p<0.05).
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