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Abstract
Mitochondrial bioenergetic function is a key to cell life and death. Cells need energy not only to
support their vital functions but also to die gracefully. Execution of an apoptotic program includes
energy-dependent steps, including kinase signaling, formation of the apoptosome, and effector
caspase activation. Under conditions of bioenergetic collapse, cells are diverted toward necrotic
demise. Mitochondrial outer membrane permeabilization (MOMP) is a decisive event in the
execution of apoptosis. It is also causally linked to a decline in bioenergetic function via different
mechanisms, not merely due to cytochrome c dispersion. MOMP-induced bioenergetic deficiency
is usually irreversible and commits cells to die, even when caspases are inactive. Here, we discuss
the mechanisms by which MOMP impacts bioenergetics in different cell death paradigms.
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Introduction
Cell survival depends on critical functions of the mitochondrial membranes. The
mitochondrial inner membrane (MIM) hosts the most important redox reactions converting
the energy of nutrients into the pyrophosphate bond of ATP. These reactions are catalyzed
by the mitochondrial electron transport chain (ETC), which transports electrons from NADH
(or several other substrates) to oxygen, in the complex multistep process termed
mitochondrial respiration. According to the chemiosmotic theory, mitochondrial respiration
generates a transmembrane potential (Δψ) across the inner membrane, which is used by ATP
synthase to phosphorylate ADP. The MIM is normally impermeable to protons and other
ions. This solute barrier function of the MIM is critical for energy transduction.
Permeabilization of the MIM dissipates Δψ and thereby uncouples the process of respiration
from ATP synthase, halting mitochondrial ATP production.

Unlike the MIM, the mitochondrial outer membrane (MOM) is constitutively permeable to
small molecules, because it contains nonselective channels formed by a family of
mitochondrial porins, also known as voltage-dependent anion channel (VDAC) proteins.
However, the MOM is impermeable to proteins, and this protein barrier function is essential
for cell survival. It is now well established that MOM permeabilization (MOMP) is a
decisive event in many forms of apoptotic cell death. MOMP allows cytochrome c and other
mitochondrial apoptogenic proteins to escape into the cytoplasm, where they promote
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caspase activation and rapid cell death. During typical apoptosis, MOMP produces a rapid
decline in mitochondrial respiration. Surprisingly, this phenomenon is not a result of the
dispersal of cytochrome c throughout the cytoplasm, but rather is dependent on the
activation of caspases downstream of MOMP.1 However, this loss of respiration does not
mean that bioenergetic function is irrelevant to cell fate. Cells need ATP to maintain their
vital functions and, somewhat paradoxically, to die by apoptosis. Execution of the apoptotic
program includes energy-dependent steps, including kinase signaling upstream of MOMP
and formation of the apoptosome and caspase activation downstream of MOMP. When
cellular ATP levels are abnormally low, classical apoptotic triggers typically cause necrotic
demise, suggesting that sustained ATP production (either via oxidative or glycolytic
phosphorylation) is required for the cells to engage the apoptotic program.2–4 Decline in
bioenergetic function of mitochondria that have undergone MOMP can be temporarily
prevented if caspase activity is suppressed, but normally this is not sufficient to rescue the
cells from progressive ATP depletion and loss of clonogenic survival5,6 (see further). In this
article, we discuss the impact of MOMP on bioenergetics in different cell death scenarios as
well as potential sparing mechanisms by which cells may evade rapid bioenergetic collapse
after MOMP.

Mitochondrial permeability transition versus Bax/Bak-dependent MOMP
Two fundamentally different, but not mutually exclusive, mechanisms can potentially
underlie MOMP. One mechanism is the mitochondrial permeability transition (MPT), which
results from the opening of a nonselective pore in the MIM with an estimated diameter of
2.3 nm.7 The MPT is typically accompanied by extensive colloid osmotic swelling of the
matrix, leading to mechanical rupture of the MOM. The second mechanism involves the
formation of large pores in the MOM (but, remarkably, not in the MIM) and is directly
promoted by two proapoptotic members of the Bcl-2 family of proteins, Bax and Bak.
Although the MPT was the first mechanism suggested for MOMP,8,9 it is not currently
considered a canonical apoptotic pathway. Instead, more recent evidence supports a primary
role of Bax/Bak-mediated outer membrane pore formation in both physiological and
pathological cell death pathways. Nevertheless, MPT-dependent cell death does occur in
various models involving pathophysiological mitochondrial Ca2+ overload and oxidative
stress, the conditions relevant, for example, to acute ischemia-reperfusion cell injury, several
forms of neurodegeneration, and toxic stresses.10–13 In addition to Ca2+ and peroxides, the
classical triggers of MPT both in vitro and in situ, a 1995 review14 listed more than 30
agents (or groups of agents) facilitating the MPT and as many as 16 classes of compounds
that inhibit MPT induction by different mechanisms. Since then, the list of MPT inducers
and inhibitors has further grown. However, despite this well-established phenomenology,
the molecular composition of the MPT pore is ill-defined. Based on many studies, it has
long been assumed that the adenine nucleotide translocator (ANT), upon binding cyclophilin
D (CypD), forms the conduit of the MPT pore. Additional constituents of the pore complex
were proposed to include VDAC, hexokinase II and creatine kinase (reviewed in Ref. 15).
However, recent genetic knockout experiments have questioned the role of ANT and VDAC
as core components of the pore.16,17

There is no solid evidence supporting a direct role of Bcl-2 family proteins in inducing or
promoting MPT. On the contrary, compelling evidence obtained in systems of different
levels of complexity—genetically altered mice,18,19 intact cells,20–22 digitonin-
permeabilized cells,22 isolated mitochondria,23–25 and purified outer membrane vesicles26
—strongly suggest that neither MPT nor even the MIMper se is involved in MOMP
induction by Bax and Bak. Most persuasive are recent studies utilizing mice deficient in
CypD, which is generally agreed to be a component of the MPT pore. These studies confirm
the role of MPT in necrotic cell death, but not in typical apoptosis.18,19 Mitochondria
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lacking CypD failed to undergo classical MPT, arguing for a critical role of CypD in this
event. Strikingly, CypD-deficient cells were resistant to necrosis induced in control cells by
several MPT triggers, but showed typical features of apoptosis (caspase activation, Annexin
V-staining) in response to staurosporine, etoposide, and other common apoptotic inducers.
Apoptotic cell death in vivo showed a similar independence of CypD.18,19 In contrast, cells
deficient in Bax and Bak, the MOMP effector proteins, were resistant to multiple apoptotic
inducers but underwent necrotic demise in the presence of thapsigargin, an inhibitor of ER
Ca2+ pumps. This type of death was associated with mitochondrial Ca2+ overload, swelling,
and cytochrome c release, but not with prominent caspase activation.27

Although MPT is not required for apoptosis, it may interfere with the canonical apoptotic
pathway and divert it to necrosis in the case of severe energy depletion. The concept of
critical ATP level as a switch between apoptosis and necrosis3,12 has been supported by
manipulating intracellular ATP concentrations using inhibitors of both mitochondrial and
glycolytic ATP production (oligomycin and deoxyglucose, respectively).4 Temporary (3 h)
and reversible lowering of ATP levels beyond a threshold value (by about 30%) committed
cells to undergo apoptosis in the absence of additional stress stimuli. The partial loss of ATP
for a longer period of time (6 h) or a short-term nearly complete ATP depletion resulted in
necrosis.4 Similarly, transient glucose deprivation resulted in mostly necrotic death of
cardiomyocytes treated with staurosporine, while under ATP-replenishing conditions the
apoptotic phenotype was restored.28 In both scenarios, features consistent with MPT were
observed.

However, a clear-cut distinction between MPT-dependent and -independent pathways is not
always achievable in cellular models. As noted earlier, numerous conditions can promote
MPT, and mitochondria in different cell types are known to have different sensitivity to
MPT triggers. Besides, methods to assess MPT in whole cells are not “standard”. Many
studies rely on sensitivity of mitochondrial depolarization, cytochrome c release and other
cell death markers to cyclosporin A or less efficient MPT inhibitors, such as bongkrekic acid
(BkA). This often leads to controversy concerning whether MPT is a primary cause of
MOMP, a confounding factor, or simply irrelevant. For example, staurosporine-induced cell
death typically displays all the hallmarks of a canonical MPT-independent apoptotic
pathway, with CypD being dispensable for staurosporine-induced cytochrome c release.29
In some studies, however, cyclosporin A is capable of blocking STS-induced cell death,28
which potentially suggests an additional cyclosporin A target. An alternative explanation for
this variability may be cell-type specificity: in certain cells, staurosporine causes elevation
of cytosolic Ca2+ and thus may direct the cells toward the MPT-dependent pathway.30 This
scenario would be similar to cytochrome c release induced by the Ca2+ mobilizing agent
thapsigargin, for which CypD is reported to be indispensable.29

Although cyclosporin A targets proteins other than CypD (e.g., other cyclophilins and
calcineurin), 31 it is nevertheless a more specific and potent inhibitor of MPT than another
commonly used agent, BkA. The use of BkA, an inhibitor of ANT that locks the antiporter
in a specific conformation, seemed justified under the assumption that ANT is a core
component of the MPT pore. However, now that the role of ANT is being reconsidered, the
use of BkA in cell-based models has become questionable. Furthermore, as a potent
inhibitor of ATP/ADP transport, BkA is expected to have an immediate side effect on
mitochondrial ATP production. Finally, even in isolated mitochondria, BkA only slightly
delays the onset of MPT (typically, for several minutes29,32 in contrast to CsA, which
blocks MPT completely under most conditions.

In addition to measurements of Δψ, more sophisticated methods for assessment of MPT in
situ have been developed (discussed in Refs. 10,33). Also, in some paradigms, the simple
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observation that Δψ is sustained during cytochrome c release is sufficient to exclude the
MPT as a primary cause of MOMP. An elegant single-cell imaging study employing
simultaneous kinetic measurements of Δψ and cytochrome c release in apoptotic cells
unequivocally supports such a scenario.21

Bioenergetics after MOMP in the presence and absence of active caspases
The concept of “harmless release of cytochrome c”22,34 has been supported by much data
demonstrating functional integrity of mitochondria during MOMP. The released cytochrome
c can reenter mitochondria, and its pool is initially sufficiently abundant to sustain
respiration.22 However, when caspases are active, mitochondrial bioenergetics are soon
impaired. Single-cell studies demonstrated that the Δψ drop lagged behind cytochrome c
release only by several minutes, followed by a reduction in ATP levels.21,22 However, this
loss of Δψ and ATP can be substantially delayed by pan-caspase inhibitors, such as zVAD
and Q-VD. The rapid decline in bioenergetic function after MOMP was attributed to caspase
cleavage of Complex I and, possibly, Complex II of the ETC.1,35 Complex IV activity was
not affected, raising the possibility of limited respiration via a Complex IV-dependent
bypass (as described later). A cleavage site was identified in one of the Complex I subunits
(p75), and mutation at this site prevented inhibition of NADH-dependent respiration, Δψ
decline and loss of ATP in apoptotic cells.1 Typically, in caspase-inhibited cells following
MOMP, Δψ is not disrupted by the ATPase inhibitor oligomycin22 and therefore reflects
true respiratory activity of mitochondria as opposed to Δψ generated by the hydrolysis of
glycolytic ATP by ATP synthase operating in reverse.36 Δψ is sufficiently high to sustain
prolonged ATP production (12–48 h, depending on the stimulus) and protein import.
1,6,22,25

Although Δψ and cellular ATP pools are maintained for some time following MOMP, cells
still typically exhibit a complete loss of clonogenic survival.5,6 To help clarify the
mechanisms of cell death downstream of MOMP, we developed a “pure MOMP” model in
which cells could be induced to undergo MOMP without the side effects of typical apoptotic
cell stressors. Cells were stably transfected with a proapoptotic protein consisting of the
Bax-activating protein BimS fused with a domain of estrogen receptor, resulting in the rapid
and specific induction of Bax/Bak-dependent apoptosis, merely through addition of
tamoxifen to the culture medium.6 This approach revealed an unexpected pattern of changes
in mitochondrial function after MOMP in the presence of caspase inhibitors. Interestingly,
the cells continued to divide for ~48 h after MOMP, although cellular ATP levels and, in
parallel, rates of nuclear DNA replication, declined slowly over that time period, and the
cells eventually succumbed to proliferation arrest. However, much earlier, at ~4–8 h after
tamoxifen addition, the cells displayed impairment of specific respiratory complexes:
complete loss of Complex I and ~70% decrease in Complex IV activity. Apparently,
residual respiration supported by Complex II and partially inhibited Complex IV was
enough to delay bioenergetic collapse. At later times, mitochondria exhibited loss of some
essential proteins, a sign of progressive deterioration. Thus, MOMP itself, even if
downstream caspases are inactive, precludes clonogenic cell survival, because of an early
impairment of respiratory activity. An additional conclusion from this study is that
oligomycin-induced inhibition of mitochondrial ATP production results in immediate cell
proliferation arrest, while selective inhibition of glycolysis by 2-deoxyglucose in the
presence of glutamine has no immediate effect on these cells. Thus, glycolysis alone cannot
sustain cell proliferation; mitochondrial bioenergetic function is required (notwithstanding
the shift toward glycolytic metabolism in some tumor cells, termed the Warburg effect).
This observation is consistent with the higher efficiency of oxidative phosphorylation
compared to glycolytic phosphorylation.
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It was possible that loss of respiration could occur because of a gradual depletion of the
cytosolic cytochrome c pool, possibly by proteasomal degradation. 37 However, the
impairment of respiratory function we observed could not be corrected by the introduction
of exogenous cytochrome c to permeabilized cells, although in control experiments,
exogenous cytochrome c did restore respiration after MOMP was induced by treatment of
permeabilized normal cells with an exogenous proapoptotic protein, tBid. Thus, degradation
of cytochrome c cannot be the sole explanation for the observed reduction in respiration.6

Another possible explanation for the early loss of respiratory function is that the ETC
complexes may be directly targeted by intramitochondrial proteases (e.g., by the AAA
proteases38). The mechanisms by which MOMP could activate such proteases or make
mitochondrial proteins accessible to them are unknown. Alternatively, specific ETC proteins
could be degraded by cytoplasmic proteases that gain access to the inner membrane
following MOMP. It has been reported that selective degradation of Tim23 (a key
component of the mitochondrial protein import complex) by an unidentified mitochondrial
protease occurs shortly after MOMP.39 However, in our “pure MOMP” model, the loss of
respiratory function preceded Tim23 disappearance.6 Moreover, several mitochondrial
nuclear-encoded proteins remained abundant for at least 24 h after MOMP, in agreement
with the earlier study which demonstrated that the protein import function remained
uncompromised in post-MOMP cells, as long as high Δψ was maintained. 25 It seems likely
that mitochondrial proteins are subject to their normal degradation rates, but at later times
cannot be replenished by biosynthesis and mitochondrial import. Lastly, it is conceivable
that unknown proteins in the intermembrane space that are required for respiration are, along
with cytochrome c, dispersed throughout the cytoplasm.

Other processes contributing to mitochondrial dysfunction may be linked to alterations in
the lipids of the MIM. Several groups have reported apoptosis-associated changes in
cardiolipin content, including oxidation,40 “reorganization,”41 and even relocation of
cardiolipin from the MIM to other membrane compartments.42 Cardiolipin is the signature
mitochondrial lipid that is obligatory required for the activity of proteins involved in energy
transduction, such as ANT and Complexes III and IV of the ETC (Refs. 43 and 44 and
references therein). Furthermore, oxidation of cardiolipin causes cytochrome c detachment
from the MIM45 and thus compromises electron shuttling from Complex III to Complex IV.
An in vitro study has reported that the proapoptotic protein tBid can selectively inhibit ANT
and, therefore, ADP-stimulated respiration (but not uncoupled respiration) via binding to
cardiolipin.41 However, the cell death paradigm employed in our study6 is tBid-independent
and excludes such a scenario.

Spare bioenergetic mechanisms for cell survival after MOMP
In general, MOMP is a point-of-no-return in apoptosis. As mentioned earlier, MOMP leads
to a loss of clonogenic survival even if effector caspase activation is blocked. Therefore,
caspase inhibitors should generally be poor drugs for clinical conditions such as ischemia/
reperfusion injury involving deleterious cell death. On the other hand, cancer cells often lose
the ability to activate effector caspases.46–48 Also, some terminally differentiated cells can
recover after MOMP.49,50 Thus, from the perspective of pharmacological intervention, the
mechanisms of caspase-independent death and survival are of particular importance. How
could caspase inhibition be a mechanism for long-term survival in some cells? A recent
study5 showed, intriguingly, that the enforced expression of GAPDH enabled some cells
that had patently undergone MOMP (as evidenced by the release of cytochrome c-GFP from
mitochondria) to resume proliferating after several days and to recover their content of
mitochondrial cytochrome c. Two distinct functions of GAPDH were required for this slow
recovery from MOMP: glycolytic function and stimulation of autophagy, involving the
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upregulation of an autophagy-related gene, atg12. Exactly how the mitochondrial network
might be restored in the surviving cells is still unknown. We can hypothesize, based on the
results of Lartigue et al. described above, that mitochondria that have undergone MOMP
deteriorate in such a progressive manner that they can never be repaired. If so, the only way
a mitochondrial network can be restored is by biogenesis, which requires that at least a small
pool of seed mitochondria somehow avoid undergoing MOMP. Very likely, the
fragmentation of mitochondria that typically follows Bax/Bak activation51 would increase
the probability that some fraction of a cell’s mitochondria remain intact. The existence of a
mitochondrial quality control mechanism might help by disposing of mitochondria that
eventually lose Δψ, although whether mitophagy (as opposed to autophagy in general)
indeed contributes to cell rescue remains to be demonstrated. It is conceivable that damaged
mitochondria, if not removed promptly, poison the cell by draining cellular ATP pools and
propagating injury through increased ROS production.4

It should be noted that the ability of overexpressed GAPDH to preserve ATP production
depends on whether its function represents a rate-limiting step in the glycolytic pathway.
Ordinarily, another glycolytic enzyme, phosphofructokinase, serves as the rate controlling
point in glycolysis, but this enzyme is upregulated in the HeLa cells used in the study.
Besides, cancer cells (such as HeLa) are, in general, actively glycolytic. Remarkably, levels
of GAPDH (which unwisely is often used as a gel loading control) decline by 80–90% in the
post-MOMP cells.5 Therefore, GAPDH is likely to become rate-limiting. It is possible that,
in other cell types, restoration of glycolytic ATP production and cell recovery may require
stimulation of different enzyme(s) in the glycolytic pathway. Similarly, some cell types
could employ mechanisms other than GAPDH expression to stimulate autophagy.

As discussed above, Complex I has emerged as a primary target for both caspase-dependent
and caspase-independent injury. In caspase-inhibited cells, ATP production and Δψ are
preserved (albeit temporarily) by limited respiration involving Complex II and the terminal
segment of the ETC. In general, individual ETC components, in particular Complex IV, are
considered to be in major functional excess,52 although it has been argued that functional
redundancy of Complex IV does not exceed 20–40% in vivo.53 We hypothesize that spare
respiratory capacity of Complex IV is sufficient to delay bioenergetic death and may
contribute to post-MOMP cell survival. From this perspective, quantitative and mechanistic
aspects of short-cut respiratory pathways warrant further investigation. One such potential
mechanism is the external pathway of NADH oxidation, a phenomenon described in earlier
bioenergetic studies.54 Specifically, cytochrome c can be continuously reduced by
extramitochondrial NADH via the flavoprotein (Fp5)-cytochrome b5 complex residing at the
MOM and then oxidized by Complex IV (cytochrome c oxidase). Thus, under conditions of
inhibited ETC activity (except Complex IV), this mechanism can support respiration.
Originally, it was proposed that oxidation of external NADH involves a cytochrome c
shuttle between the intact MOM and cytochrome c oxidase, based on the assumption that the
cytochrome c binding site of cytochrome b5 faces the intermembrane space.54 However,
subsequent studies demonstrated that the rate of external NADH oxidation in intact
mitochondria was extremely low and that MOM rupture was required for this process,
provided that extramitochondrial cytochrome c was available.55,56 Activity of this
cytochrome c redox system is sufficiently high to generate Δψ and support ATP production.
55 However, this mechanism has only been studied in isolated liver mitochondria under
conditions of artificial MOMP induced by digitonin and osmotic swelling. Thus, the
relevance of this interesting phenomenon to mitochondrial function in normal and apoptotic
cells is still hypothetical. As a step forward in this direction, we have demonstrated (Fig. 1)
that the external NADH oxidation pathway can efficiently restore mitochondrial respiration
in post-MOMP HeLa cells in the presence of mitochondrial inhibitors that cause complete
inhibition of ETC activity upstream of Complex IV. In the experiment described in Figure 1,
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MOMP was induced either by in vitro action of tBid or by treatment of the cells with
staurosporine. As expected, Complex I-driven respiration is significantly reduced in
staurosporine-treated cells, but replenishment of mitochondria with NADH and cytochrome
c is sufficient to restore respiration in these cells. In agreement with the earlier studies,55,56
external NADH oxidation was not observed in the absence of MOMP (Fig. 1, trace b).
These data indicate that MOMP not only paves the way for mitochondrial damage, but at the
same time permits activation of a potential spare respiratory mechanism.
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Figure 1.
Mitochondrial respiration driven by oxidation of external NADH in digitonin-permeabilized
HeLa cells. The cells (13 × 106 per mL) were permeabilized with 0.012% digitonin in a
KCl-based incubation medium containing 10 mM succinate and 0.5 µM rotenone. Arrows
indicate additions of the cells, 100 nM FCCP (an uncoupler), 2 µM myxothiazol (a Complex
III inhibitor), 2 mM NADH, and cytochrome c (CytC, final concentration—80 µM).
Complex IV inhibitor KCN (0.5 mM) was added at the end of the runs to terminate
respiration. Curve (a) cells were treated with 0.5 µM staurosporine (in the presence of 100
µM ZVAD) for 12 h; curve (b) control cells; curves (c) and (d) digitonin-permeabilized cells
were pretreated with 40 nM tBid for 5 min prior to the respiration measurements in the
presence (c) or absence (d) of NADH. Numbers under the curves are respiration rates (µM
O2 per min). Note that cytochrome c markedly stimulated respiration in staurosporine and
tBid-treated cells (a, c) in the presence of exogenous NADH.
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