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Abstract

Cells have evolved a highly integrated network of mechanisms to coordinate cellular survival/

death, proliferation, differentiation, and repair with metabolic states. It is, therefore, not surprising 

that proteins with canonical roles in cell death/survival also modulate nutrient and energy 

metabolism and vice versa. The finding that many BCL-2 (B cell lymphoma 2) proteins reside at 

mitochondria or can translocate to this organelle has long motivated investigation into their 

involvement in normal mitochondrial physiology and metabolism. These endeavors have led to the 

discovery of homeostatic roles for BCL-2 proteins beyond apoptosis. Here, we predominantly 

focus on recent findings that link select BCL-2 proteins to carbon substrate utilization at the level 

of mitochondrial fuel choice, electron transport, and metabolite import independent of their cell 

death regulatory function.
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The BCL-2 family proteins: A brief overview

Known for their canonical function as regulators of the intrinsic or mitochondrial pathway of 

apoptosis, the BCL-2 family proteins have been the subject of intense biochemical, 

structural and genetic studies. Below, we provide a brief highlight of molecular features that 

endow these proteins with exquisite control over cellular life/death decisions before turning 

our attention to the main focus of this review, namely their physiologic roles in nutrient and 

energy metabolism. For in depth discussion of cell death regulatory functions of BCL-2 

family proteins, we refer the reader to several excellent recent reviews [1-3].
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The BCL-2 family consists of anti- and pro-apoptotic proteins that share sequence homology 

within conserved α-helical regions known as BCL-2 homology (BH) domains. All anti-

apoptotic members, such as BCL-2 and BCL-XL, and a subset of pro-apoptotic family 

members, such as BAX (BCL-2 associated X protein) and BAK (BCL-2 antagonist killer), 

are “multi-domain” proteins that contain 3-4 BH domains (Figure 1). The “BH3-only” pro-

apoptotic molecules, including BAD, BID, BIM, NOXA, BIK, HRK and PUMA show 

sequence homology only within a single BH domain, BH3, which is an amphipathic α-helix 

also known as the minimal death domain required for binding to “multi-domain” BCL-2 

family members [2-5] (Figure 1). In addition to BH domains, several BCL-2 family 

members possess a transmembrane domain and can localize to sub-cellular membranes, 

including the mitochondrial outer membrane and endoplasmic reticulum (ER). Other BCL-2 

proteins devoid of a transmembrane domain can tether to mitochondria through interaction 

with other proteins, including mitochondrial resident BCL-2 family members.

The capacity of different BCL-2 proteins to form highly selective interactions is integral to 

their regulation of apoptosis. These interactions ultimately control mitochondrial 

intramembranous oligomerization of BAX/BAK and the attendant mitochondrial outer 

membrane permeabilization (MOMP), leading to cytochrome c release. BAX/BAK are 

requisite gateway to mitochondrial apoptosis in that their combined deletion prevents release 

of cytochrome c and produces resistance to all death stimuli that activate the intrinsic 

pathway of apoptosis [6]. BH3-only proteins are cell death initiators whose pro-apoptotic 

activity is latent unless activated by transcriptional or post-translational mechanisms in a 

tissue-restricted and signal-specific manner [2, 4, 5]. They act upstream of BAX/BAK and 

serve as sentinels for distinct damage signals, thereby increasing the range of inputs for 

stress signals such as DNA damage, growth factor withdrawal, proteotoxic stress and 

hypoxia. The pro-apoptotic activity of BH3-only proteins is associated with exposure of the 

hydrophobic face of their amphipathic BH3 helix, enabling it to interact with the 

hydrophobic groove of multi-domain anti- and pro-apoptotic family members.

Interactions among different BCL-2 proteins are governed by cytosolic and membrane 

conformers of select family members that are regulated at multiple levels, including binding 

affinities and association with membrane lipids [1, 7]. As such, understanding the precise 

mechanisms controlling MOMP has been a formidable challenge in the field. While these 

mechanisms have been intensely debated, some consensus appears to be emerging [1-3]. 

BH3-only pro-apoptotic molecules fall in two functional categories. BH3-only proteins such 

as BAD and NOXA referred to as “sensitizers” or “de-repressors” bind to and inhibit anti-

apoptotic partners, while others such as BIM, BID and PUMA known as “activators” can 

directly bind and induce oligomerization of BAX/BAK leading to MOMP (Figure 2). 

Activator BH3-only proteins can also bind and neutralize anti-apoptotic BCL-2 proteins. 

Anti-apoptotic proteins inhibit apoptosis by binding activator BH3-only proteins and by 

preventing BAX/BAK oligomerization [8] (Figure. 2). A proposed mechanism for the latter 

is that membrane inserted conformers of anti-apoptotic proteins such as BCL-2, which are 

defective in oligomerization, may bind membrane-embedded BAX/BAK, preventing their 

subsequent oligomerization [9]. Tonic activation of BH3-only molecules in response to a 

given stress signal can eventually overcome the neutralizing capacity of anti-apoptotic 
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members. Sensitizer BH3-only proteins engage anti-apoptotic molecules, allowing activator 

BH3-only proteins to activate BAX/BAK. Furthermore, membrane activated conformers of 

BAX/BAK can subsequently activate other latent BAX/BAK molecules through an auto-

activation mechanism, amplifying the signal to trigger MOMP [10, 11]. In addition, 

increasing evidence indicates that BAX/BAK oligomerization can be modulated by 

mitochondrial membrane remodeling through altered balance of mitochondrial fission and 

fusion events, as well as by other mitochondrial outer membrane proteins [12-14].

The expanding functional networks of BCL-2 proteins beyond regulation of 

cell death and survival

The ability of different BCL-2 proteins to form highly selective interactions is integral to 

their function. The structural details of these interactions, their dynamics, and their 

modulation in or at the mitochondrial outer membrane have revealed important mechanistic 

insights into regulation of apoptosis [1-3, 15, 16]. As mentioned above, these interactions 

ultimately control MOMP, leading to the release of cytochrome c. Biochemical studies have 

also expanded the network of BCL-2 protein interactions to a number of non-BCL-2 protein 

partners that either modulate the cell death regulatory capacity of BCL-2 proteins [12-14], or 

endow them with homeostatic functions beyond and independent of apoptosis [17-19]. 

These functions include, but are not limited to, mitochondrial energy and nutrient 

metabolism, calcium homeostasis, mitochondrial morphology, cell cycle checkpoints, and 

DNA damage response. Some of these functions were uncovered during investigation of 

apoptotic mechanisms and others were discovered in the process of examining BCL-2 

proteins in healthy cells in the absence of apoptotic stimuli. How these additional 

physiologic roles are related or distinct from the cell death modulatory function of BCL-2 

proteins is an active area of research. Within this context, identification and characterization 

of novel binding partners and post translational modifications of individual BCL-2 proteins 

will continue to provide valuable insights (Box 1). In addition, how these alternative 

functions are shared/redundant or specialized among individual BCL-2 family members 

continues to be an evolving area of research.

BCL-2 proteins and carbon substrate utilization

The capacity of cells to sense nutrients and metabolize a variety of carbon substrates 

(glucose, amino acids, ketone bodies, and fatty acids) not only fulfills specific anabolic and 

catabolic needs but can modulate cell fate and function [20, 21]. Emerging evidence also 

indicates that cellular preference for a specific fuel substrate as well as the capacity to switch 

from utilization of one substrate to another can profoundly influence adaptive responses to 

stress [21]. Moreover, the metabolic byproducts of nutrient metabolism such as acetyl-CoA, 

glucose-6-phosphate, glucosamine, succinate, fumarate, malonyl-CoA, and S-adenosyl 

methionine can serve as signaling messengers capable of altering organelle cross-talk, post-

translational modification of proteins, chromatin states, and gene expression [22, 23]. 

Below, we focus on recent findings that have implicated select BCL-2 family proteins in 

regulation of carbon substrate utilization as well as fuel switching, and briefly review the 

experimental observations as to whether and how these metabolic roles are connected to, or 

independent of their cell death regulatory function.
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BAD and BNIP3 in endocrine tissues: A tale of sugar and fat

The first evidence for the involvement of a BCL-2 family member in systemic glucose 

homeostasis emerged from the studies of the BH3-only protein BAD and its direct 

interaction with glucokinase (GK, hexokinase IV)- the maturity onset diabetes of the young 

type 2 (MODY2) gene product [24-27]. GK is a key component of the mammalian glucose 

sensing machinery with tissue-specific roles in insulin secretion by pancreatic islet β-cells, 

glucose utilization and storage in hepatocytes, as well as central glucose sensing [28]. 

Compared to other hexokinase isoforms, unique kinetic properties such as lack of product 

inhibition by glucose-6-phosphate, a high Km (low affinity) for glucose, and positive 

substrate cooperativity, render the GK-catalyzed reaction essentially a substrate-driven 

process particularly well-suited for regulation of blood glucose levels. The notion that the 

BAD-GK partnership is physiologically relevant for glucose sensing and systemic glucose 

homeostasis is consistent with several metabolic alterations that are phenocopied in vivo and 

in vitro upon ablation or depletion of each protein in β-cells and liver, including reduced 

glycolysis and mitochondrial handling of glucose, fasting hyperglycemia, loss of glucose 

responsiveness of insulin secretion in β-cells, impaired glucose tolerance, and hepatic insulin 

resistance [24-26].

Activation of GK by BAD is dependent on phosphorylation of a conserved serine residue 

within the BAD BH3 domain, Ser155 in mouse BAD corresponding to Ser118 in the human 

sequence. Depending on the cell type and cellular context, several kinases and signalling 

pathways can regulate BAD phosphorylation, including RSK/PKA, AKT, and p70S6K 

[reviewed in 29]. These either target Ser155 phosphorylation directly or phosphorylate 

Ser136 upstream of the BH3 domain, which in turn primes Ser155 phosphorylation. 

Phosphorylation of Ser155 acts as a molecular switch that neutralizes BAD's apoptotic 

function by preventing its interaction with pro-survival BCL-2, BCL-XL and BCL-w 

proteins, and simultaneously triggers its ability to activate GK [25-27, 29] (Figure 3). At the 

molecular and structural level, GK activation by BAD is mediated by direct binding of the 

phospho-BAD BH3 helix near the active site of GK, whereby the Vmax of the enzyme is 

increased through a non-allosteric mechanism without changes in GK affinity for glucose 

[27]. Importantly, BAD phosphorylation is sensitive to glucose, nutritional (fed and fasted) 

states, and insulin [25, 26, 30], suggesting that the functional crosstalk between BAD and 

GK may serve as a homeostatic sensor of the nutrient and hormonal milieu in β-cells and 

hepatocytes. When the BAD BH3 domain is dephosphorylated, BAD can no longer activate 

GK but can bind and inhibit the pro-survival molecules BCL-2, BCL-XL, and BCL-w 

[reviewed in 29] (Figure 3). BAD dephosphorylation per se is not sufficient to trigger 

apoptosis but plays a permissive role and sensitizes cells to apoptosis when sufficient 

cellular damage has accumulated. As described below, in the absence of apoptotic stimuli or 

cellular damage, dephosporylated BAD has other effects on carbon substrate metabolism.

Mitochondria play an important role in insulin secretion by β-cells through the production of 

“coupling factors” such as ATP/ADP and NAD(P)H that couple fuel (glucose and amino 

acids) oxidation to the release of insulin granules [31]. GK activity in β-cells is tightly linked 

to their capacity to oxidize glucose and release insulin in a glucose dose responsive manner 

(glucose sensing) [28]. Studies in islets derived from Bad −/− and Bad S155A knockin mice, 
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and in human donor islets indicate that the phospho-BAD BH3 helix is necessary and 

sufficient for proper mitochondrial oxidation of glucose and the attendant increase in insulin 

secretion, but does not affect insulin release in response to amino acids or other 

secretagogues that donate carbons to the tricarboxylic acid (TCA) cycle independent of GK 

activity [25, 27, 32]. This selective defect in glucose-stimulated insulin secretion rather than 

a broad deficiency in insulin release is in agreement with GK as the metabolic target of 

BAD phosphorylation, and is further in line with the observation that mutations in BAD do 

not produce global defects in mitochondrial substrate metabolism and oxidative 

phosphorylation (OXPHOS), which would otherwise lead to a general defect in insulin 

secretion in response to glucose and non-glucose secretagogues.

Glucose metabolism in β-cells not only triggers insulin secretion but can also affect β-cell 

mass by promoting β-cell proliferation and survival as well as preventing their de-

differentiation [32-36]. Recent findings indicate that genetic and pharmacologic approaches 

to mimic BAD phosphorylation within its BH3 helix augment functional β-cell mass through 

β-cell autonomous protective effects [32]. The benefits of phospho-BAD in β-cells include 

protection from apoptosis induced by inflammatory, oxidative and ER stress stimuli, as well 

as increased glucose handling and insulin secretory capacities (Figure 3). Phospho-BAD 

BH3 mimicry also promotes long term survival of β-cells, as evident from the superior 

engraftment of donor islets treated with stapled peptides modeled after the phospho-BAD 

BH3 helix and transplanted into diabetic mice [32]. The dual effects of phospho-BAD on 

glucose-stimulated insulin release and β-cell protection from stress-induced death translate 

into improved functional β-cell mass in vivo (Figure 3). At the mechanistic level, 

comparison of phospho-BH3 BAD variants indicated that the effect of BAD 

phosphorylation on β-cell survival is linked to its capacity to activate GK and cannot be 

solely explained by the lack of its inhibitory effects on pro-survival BCL-2 proteins. 

Consistent with these observations, the protective effect of phospho-BAD is abrogated 

following molecular depletion of GK [32]. The precise branch-points of glucose metabolism 

downstream of the BAD-GK axis that may promote β-cell survival are not known. Glucose-

derived metabolites can feed a number of pathways that will change the pool of NAPDH, 

glutathione, nucleotides and lipid intermediates, significantly affecting the antioxidant, DNA 

repair, and biosynthetic capacity of β-cells that may be relevant to β-cell protection in this 

context. In addition, changes in ATP and Ca2+ flux following mitochondrial metabolism of 

glucose-derived pyruvate may provide bioenergetic benefits that can be β-cell protective.

While GK in β-cells is essential for proper glucose sensing and insulin release, its activity in 

the liver plays a central role in setting the balance between hepatic glucose utilization, 

production and storage in the fed and fasted states. In the fed state, hepatic glycolysis is 

increased and excess glucose is used for glycogen synthesis and lipogenesis. During long-

term fasting, glucose is produced de novo (gluconeogenesis) in the liver from lactate, 

pyruvate, glycerol and amino acids such as alanine that are supplied by the muscle. This 

ensures that the blood glucose supply to the brain and other tissues is not interrupted during 

fasting. Gluconeogenesis and glycolysis are competing pathways that are reciprocally 

regulated by hormonal signals, including insulin and glucagon, as well as hepatic carbon 

flux [37]. Importantly, these processes are heavily influenced by mitochondria through fatty 
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acid oxidation (FAO), TCA cycle and electron transport chain (ETC) activity, which supply 

the gluconeogenic pathway with metabolic precursors, reducing equivalents and ATP [38]. 

Findings in both liver and cultured hepatocytes in which BAD or GK are manipulated 

indicate that loss of GK or BAD, or inhibition of BAD phosphorylation is associated with 

programmatic changes in hepatic metabolism beyond reduced glycolysis. When BAD is 

phosphorylated and GK is active, FAO and gluconeogenesis are actively inhibited (Figure 

3). When BAD is dephosphorylated or ablated, glycolysis is diminished, FAO is 

disinhibited, and pyruvate is preferentially partitioned to gluconeogenesis in a cell-

autonomous manner (Figure 3). In this setting, increased FAO supports elevated 

gluconeogenesis [26]. Importantly, these observations highlight the metabolic consequences 

of BAD phosphorylation status in a context where cells have not been stressed with 

apoptotic stimuli and cellular life/death decisions are not at play. The reciprocal effects of 

BAD on hepatic utilization of glucose and fatty acids are GK-dependent in that when GK is 

molecularly depleted, the phospho-mimic variant of BAD can no longer increase hepatic 

glucose utilization or inhibit FAO [26]. How the reciprocal utilization of glucose and fatty 

acids is controlled by the hepatic BAD-GK axis at the metabolite level awaits additional 

studies. It is possible that BAD phosphorylation state may help mitochondria distinguish the 

glycolytic versus gluconeogenic source of pyruvate (pyruvate derived from gluconeogenic 

amino acids that are supplied by the muscle during fasting), thereby modulating its 

metabolic fate. It is also possible that BAD phosphorylation controls the level of a “switch” 

metabolite that actively represses FAO.

Exaggerated gluconeogenesis in the absence of BAD or when BAD phosphorylation is 

blocked is refractory to insulin action (hepatic insulin resistance) [26]. This is consistent 

with the observation that BAD phosphorylation, which can downregulate gluconeogenesis 

through GK activation, is triggered by insulin, and suggests that BAD may serve as a 

downstream effector of insulin in suppression of hepatic glucose production. The 

physiologic relevance of phospho-BAD in the context of systemic glucose metabolism is 

further evident from the observations that hepatic expression of BAD S155D phospho-

mimic variant in high fat-fed mice or leptin resistant obese (ob/ob) diabetic mice 

downregulates hepatic gluconeogenesis, allays fasting hyperglycemia, and significantly 

improves glucose homeostasis [26].

Another BH3-only protein, BNIP3, can also influence hepatic adaptation to fed and fasted 

states. Hepatic BNIP3 expression is increased during fasting, and Bnip3-deficient mice show 

increased lipogenesis and reduced FAO, which is consistent with excessive hepatic lipid 

accumulation (hepatic steatosis) and a failure to augment hepatic glucose production during 

fasting [39]. This hepatic phenotype is opposite of Bad −/− liver and hepatocytes. The 

molecular mediators of BNIP3-dependent changes in mitochondrial FAO have not been 

elucidated. In light of published reports on the role of BNIP3 in mitophagy and clearance of 

suboptimal or damaged mitochondria [40, 41], it is possible that the reduced hepatic FAO in 

BNIP3-deficient mice is linked to diminished mitochondrial function [39]. This scenario 

would be consistent with increasing evidence in multiple experimental systems that 

mitochondrial fuel handling is tightly coordinated with mitochondrial network architecture 
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dictated by mitochondrial fission and fusion events, as well as mitochondrial life cycle 

through mitophagy [42, 43].

BAD-dependent glucose-to-ketone body fuel switch and the excitable brain

Regulation of glucose metabolism by BAD is not limited to tissues that express GK, 

suggesting cell type-specific mechanisms/binding partners that mediate BAD's metabolic 

function [44, 45]. In particular, BAD modulation of substrate metabolism in the brain is 

relevant for neuronal excitability and seizure sensitivity [45]. Glucose is the main source of 

energy in the brain, however neural cells can switch to alternative substrates such as ketone 

bodies under conditions of glucose limitation and dietary restriction [46, 47]. Ketone bodies 

and certain fatty acids can cross the blood brain barrier and provide up to 60% of energy in 

the brain in cases of low glucose availability [48, 49], and their metabolism is integrated 

through acetyl-CoA pools. In addition, ketone bodies can be synthesized locally by 

astrocytes [50, 51]. The capacity of mitochondria to process carbohydrates and ketone 

bodies can influence neuronal excitability. For example, the ketogenic diet (KD), which 

reduces glucose metabolism and promotes the breakdown of fatty acids to generate ketone 

bodies, is effective in pharmacoresistant epilepsies [52, 53]. The molecular underpinnings of 

this diet-induced glucose-to-ketone body fuel switch and the attendant changes in neuronal 

activity are not fully understood, but several mechanisms have been put forward. These 

include changes in energy charge, reactive oxygen species (ROS) detoxification capacity, 

increased synthesis of the inhibitory neurotransmitter GABA, and opening of ATP-sensitive 

potassium (KATP) channels [reviewed in 53]. Identification of cell-intrinsic molecular 

modulators that can induce a similar glucose-to-ketone body fuel switch in the brain without 

the complex systemic effects of dietary manipulation will greatly aid the molecular 

understanding of the link between metabolism and neuronal activity. Recent findings 

implicated BAD as such cell-intrinsic modulator of glucose versus ketone body utilization in 

the brain, independent of dietary treatment [45]. Specifically, BAD S155 phosphorylation in 

neurons and astrocytes not only stimulates mitochondrial metabolism of glucose but inhibits 

ketone body utilization, producing a glucose-to-ketone body fuel switch in these cells. An 

electrophysiologic consequence of this fuel preference is a marked increase in the open 

probability of the metabolically sensitive KATP channel in dentate granule neurons (DGNs) 

within the dentate gyrus [45] (Figure 4), an area that is believed to function as a “seizure 

gate” in the brain [54-56]. The link between BAD-dependent programming of neural 

metabolism and neuronal excitability involves reductions in electrographic and behavioral 

seizures in vivo [45] (Figure 4). Seizure resistance in this setting cannot be explained by 

changes in neural cell apoptosis following BAD modifications, but genetic evidence 

indicates that the opening of the KATP channel is a necessary downstream mediator of 

BAD's effect on neuronal excitation and seizure responses [45]. The precise mechanism of 

KATP channel activation by BAD-dependent metabolic changes is not fully known. Glucose 

deprivation or elevation of ketone body metabolism can each increase KATP channel activity 

[57, 58]. Additional data indicate that seizure resistance in BAD-deficient mice is likely 

related to changes in neural metabolism rather than systemic metabolic alterations. 

Consistent with this, the whole brain content of the ketone body species β-hydroxybutyrate 

(BHB) is significantly higher in Bad −/− mice, while its serum levels are not altered [45]. 

This suggests potential BAD-dependent local changes in ketone body generation and 
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handling such as ketogenesis by astrocytes. As ketone bodies can increase the activity of the 

KATP channel in central neurons [57, 58], their higher content in this setting may explain, at 

least in part, the observed increase in KATP channel activity. In addition, the contribution of 

other mechanisms beyond changes in KATP channel activity downstream of BAD cannot be 

ruled out. Characterization of the metabolite signature of the glucose-to-ketone-body fuel 

switch, which is directly and acutely associated with BAD modification, is an important goal 

of ongoing studies. This may pinpoint the potential mechanism by which BAD alters the 

fuel choice in the brain, and thereby modifies neuronal excitability. In addition, given that 

GK is not expressed in the dentate gyrus, the potential BAD-interacting partners that may 

influence the glucose-toketone-body fuel switch in this setting will be highly informative.

NOXA and the pentose phosphate pathway

NOXA is another BH3-only molecule that can regulate glucose metabolism through a 

phosphorylation-dependent mechanism [59]. Cyclin-dependent kinase 5 (CDK5) 

phosphorylates human NOXA on Ser13 upstream of its BH3 domain in a glucose-dependent 

manner, leading to re-routing of glucose-derived carbons from glycolysis to the pentose 

phosphate pathway (PPP) [59]. This might be especially relevant in T lymphocyte activation 

and the attendant increase in demand for energy and biosynthetic intermediates [60, 61]. 

Metabolic byproducts of PPP include ribose sugars for DNA synthesis and NADPH, which 

can support anti-oxidant mechanisms as well as fatty acids and cholesterol synthesis. As 

such, PPP activation may influence T cell proliferation as well as the synthesis of 

cholesterol-rich lipid rafts and T-cell receptor signaling. It is also possible that NOXA 

modulation of PPP may change protein glycosylation that can in turn modify T lymphocyte 

migration and homing. Which of these branch points are predominantly dependent on 

NOXA phosphorylation, is not known. Other studies reported increased expression of 

NOXA during T lymphocyte activation [62], which is consistent with findings that activated 

T cells have a glycolytic profile compared to resting or memory T cells, which display 

increased OXPHOS [60, 61, 63]. Similarly to BAD, phosphorylation inactivates the 

apoptotic function of NOXA and triggers its metabolic function [59]. Initial studies 

suggested that bifunctional activities of NOXA in apoptosis and glucose metabolism may be 

regulated through two distinct macromolecular complexes [59], the constituents of which 

have not been fully characterized. Interestingly, both complexes contain the long isoform of 

MCL-1 (MCL-1L), yet the mode of NOXA interaction with MCL-1L in these complexes 

appears to be distinct [59]. How these different interactions are precisely coordinated with 

metabolic or stress signals awaits future studies. It is also important to note that Ser13 

upstream of the human NOXA sequence is not present in the mouse or rat sequence of the 

protein [64]. Thus, if and how mouse NOXA has similar dual roles in apoptosis and glucose 

metabolism is not known. In addition, compared to human NOXA, the mouse NOXA 

sequence contains two BH3 domains, and whether serine residues upstream of the second 

mouse BH3 domain may play an equivalent role as Ser13 in human NOXA has not been 

determined. Studies in NOXA-deficient mice have revealed a potential role for this BH3-

only protein in regulating the size of distinct T cell lineages [65, 66]. However, given the 

differences between human and mouse NOXA, the potential contribution of a metabolic role 

for NOXA in this setting is not known.
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BCL-2 proteins and mitochondrial electron transport chain activity

Processing of carbon substrates in the TCA cycle generates reducing equivalents that feed 

electrons to the electron transport chain (ETC) and support OXPHOS. Failure in the ETC 

activity leads to bioenergetic deficiencies and excessive production of ROS [67-69]. The 

functional fidelity of ETC is controlled by several homeostatic mechanisms that ensure 

proper synthesis, assembly, and organization of ETC complexes in the inner membrane. 

Mechanisms that can directly or indirectly converge on regulation of ETC are complex and 

diverse, including dedicated chaperones, dynamic membrane architecture [70, 71], 

membrane lipid composition [72], and organization of supercomplexes composed of 

individual ETC complexes [73, 74]. Below, we highlight findings that link select BCL-2 

proteins to ETC activity and OXPHOS.

The anti-apoptotic protein MCL-1 affects mitochondrial respiration and ETC complex 

assembly separate and beyond its pro-survival function [75, 76]. Mcl-1 deletion results in 

loss of the tubular mitochondrial network and aberrations in mitochondrial ultrastructure, 

including abnormalities in cristae morphology [75, 76]. Genetic reconstitution studies 

revealed that these effects are mediated by a specific MCL-1 isoform that is produced by 

proteolytic processing and is selectively targeted to the mitochondrial matrix. In addition to 

a C terminal transmembrane domain that enables mitochondrial outer membrane 

localization/anchoring, MCL-1 has mitochondrial targeting and cleavage signals at the N-

terminus [77]. The matrix targeted isoform is produced following N terminal processing by 

a matrix processing protease during MCL-1 import into mitochondria [75, 77]. However, 

other studies indicated that the N terminus of MCL-1 can be cleaved to produce a shorter 

isoform that remains at the outer mitochondrial membrane [78]. The production of the 

shorter membrane-bound isoform depends on an intact mitochondrial membrane potential 

[78], but the protease in charge has not been characterized. While the precise molecular 

details of MCL-1 processing to these different isoforms remain to be worked out, evidence 

indicates that these isoforms do not share similar functions. Specifically both the full length 

and N terminally cleaved membrane-bound isoforms have anti-apoptotic activity, while the 

matrix targeted isoform does not [75, 77]. Rather, the matrix isoform of MCL-1 contributes 

to the assembly of large respiratory supercomplexes comprising complexes I, III and IV, as 

well as the oligomerization of ATP synthase (complex V) [75] (Figure 5A). This is 

consistent with changes in mitochondrial respiration in the absence of MCL-1 and is further 

in line with recent findings that the dynamic assembly of complexes I, III and IV into 

supercomplexes is tightly integrated with the pattern and kinetics of electron flow through 

the ETC, ultimately influencing the efficiency of substrate oxidation [79]. In addition, as the 

assembly of respiratory complexes into supercomplexes is highly dependent on the integrity 

of mitochondrial cristae ultrastructure [80], MCL-1-dependent morphological changes in 

mitochondria are likely associated with the observed alterations in ETC activity.

Other points of cross-talk between mitochondrial energy metabolism and BCL-2 family 

proteins have also been reported. For example, BCL-2 was found to stimulate mitochondrial 

respiration in tumor cells by increasing the cytochrome c oxidase (COX) activity of the 

respiratory complex IV [81]. This is proposed to be mediated by the physical interaction of 

BCL-2 and the COX Va subunit, leading to recruitment of the COX Vb subunit and 
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subsequent increase in mitochondrial respiration [82]. Other studies showed that a small 

pool of BCL-XL resides at the mitochondrial inner membrane, interacts with the β subunit of 

the F1F0 ATP synthase, and augments the coupling efficiency of mitochondria [83, 84] 

(Figure 5B). This interaction as well as the association between BCL-2 and COX Va suggest 

non-canonical localization of BCL-2 and BCL-XL to mitochondrial inner membrane, the 

underlying mechanism of which remains to be elucidated. BCL-XL may also have other 

effects on OXPHOS and mitochondrial bioenergetics by lowering acetyl-CoA levels [85]. 

These effects have been predominantly examined within the context of anti-apoptotic/

protective role of BCL-XL [85], and the potential regulation of acetyl-CoA pools by BCL-

XL under settings independent of cellular life/death decisions awaits further studies.

Changes in OXPHOS can affect cellular signaling through ROS, a byproduct of ETC 

activity [69]. Depending on their levels and cellular context, ROS can influence cellular 

signaling. By affecting mitochondrial ATP and ROS production through OXPHOS, select 

BCL-2 family members may alter redox signaling. For example, increased recruitment of 

BID to mitochondria is associated with elevated mitochondrial ROS production and cycling 

of hematopoietic stem cells (HSCs), which can exhaust the quiescent pool of HSCs [86]. 

This can in turn be regulated by ATM-mediated phosphorylation of BID as well as its 

interaction with the mitochondrial carrier homologue 2 (MTCH2) [14, 86]. BID 

phosphorylation reduces its mitochondrial recruitment and the attendant ROS production. A 

physiologic consequence of reduced mitochondrial ROS levels in this setting is down 

regulation of G1 cell cycle regulators and preservation of the quiescent state in HSCs [86]. 

When prevented from phosphorylation, higher levels of BID are found at the mitochondria, 

and mitochondrial ROS levels are increased. If and how the effect of BID in this setting 

occurs through its interaction with MTCH2, which is required for its mitochondrial 

recruitment [14], and how OXPHOS is precisely regulated by the ATM-BID-MTCH2 axis 

awaits future studies.

BCL-2 proteins and mitochondrial import of substrates and metabolites

Metabolite traffic across the mitochondrial membranes is tightly controlled to ensure proper 

oxidation of substrates, as well as regulated efflux or exchange of intermediary metabolites 

generated in mitochondria, which are subsequently diverted to other subcellular 

compartments and metabolic pathways. Additionally, selective permeability of the inner 

mitochondrial membrane is required to maintain the proton gradient for ATP generation by 

the ATP synthase complex. Breakdown in regulation of mitochondrial permeability can lead 

to bioenergetic decline and disruption of calcium homeostasis, with a range of pathologic 

consequences such as cell death [87]. Below, we highlight several examples of the 

functional partnership between certain BCL-2 family proteins and mitochondrial 

permeability to metabolites and substrate import.

The voltage-dependent anion channel (VDAC) in the mitochondrial outer membrane 

mediates metabolite and anion exchange between mitochondria and the cytosol, and together 

with the adenine nucleotide translocator (ANT), modulates ATP/ADP exchange between 

these compartments. As such, the opening state of VDAC can influence metabolic flux and 

the coupling of glycolysis with mitochondrial respiration [88, 89]. VDAC opening is 
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regulated by several mechanisms, including phosphorylation and interaction with multiple 

protein partners, metabolites, and mitochondrial membrane lipids [90]. The association of 

select BCL-2 family proteins with various VDAC isoforms has led to several models as to 

their potential involvement in cell death/survival, which has been the subject of intense 

debate [reviewed in 91, 92]. Other studies suggest that the interaction of select BCL-2 

family proteins and VDAC may modulate metabolic flux across the mitochondrial outer 

membrane and energy metabolism. For example, structural characterization of the binding 

site of BCL-XL on VDAC indicated shared common residues with those of NADH, 

suggesting NADH and BCL-XL may compete for VDAC binding [93, 94]. This parallels 

previous studies of NADH and BCL-XL antagonism on VDAC closure [93-95], and gives 

rise to testable predictions for potential physiologic effect of BCL-XL on VDAC. In 

particular, it has been suggested that triggering VDAC closure by glucose-derived NADH 

may mediate the inhibitory effects of glycolysis on mitochondrial respiration (the Crabtree 

effect) [96]. It is possible that by competing with NADH binding to VDAC, BCL-XL may 

interfere with inhibition of mitochondrial respiration by glycolysis. This possibility remains 

to be formally tested.

Whereas the exchange of small metabolites between mitochondria and cytosol is facilitated 

by VDAC and ANT, other mechanisms are in place for the import of larger molecules. For 

example, the import of long-chain fatty acids requires the mitochondrial outer membrane 

enzyme carnitine palmitoyl transferase-1 (CPT-1), which conjugates “activated” acyl-CoA 

with carnitine, and mediates the subsequent transfer of the acylcarnitine complex across the 

mitochondrial inner membrane to the matrix. Consistent with its rate-limiting role in 

oxidation of long-chain fatty acids, the activity of CPT-1 is tightly regulated [97]. BID may 

be one such regulator. Specifically, the caspase-cleaved form of BID, tBID, which is known 

to translocate to mitochondria to induce cell death in a variety of settings, can also inhibit 

CPT-1 activity [98]. This is likely through indirect effects as tBID and CPT-1 do not interact 

[98]. Such an indirect effect may be mediated by changes in the mitochondrial membrane 

composition, in particular cardiolipin [99, 100]. It is possible that tBID may distort the lipid 

composition and distribution of mitochondrial membrane, leading to inhibition of CPT-1, 

which normally relies on the presence of cardiolipin for proper function [98]. A connection 

between BCL-2 and CPT-1 may also exist. In particular, BCL-2 was shown to interact with 

CPT-1, however the functional consequences of this interaction have not been reported 

[101].

The above observations give rise to the question whether and how regulation of CPT-1 by 

tBID is related to tBID's capacity to induce apoptosis. It is possible that tBID regulation of 

CPT-1 influences the partitioning of fatty acids for mitochondrial oxidation versus ceramide 

synthesis. As such, inhibition of CPT-1 by tBID may lead to increased availability of fatty 

acid precursors for ceramide synthesis, which may facilitate apoptosis under certain 

conditions, while in other settings, it may play an important role in signaling [98, 102]. If 

tBID's modulation of CPT-1 is independent of its apoptotic function, this would imply the 

existence of a pool of BID in healthy cells that can be cleaved under physiological, non-

lethal conditions.
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Concluding remarks and future perspectives

Nutrient sensing and utilization pathways are not only fundamental to cell fate and function 

but profoundly influence adaptive responses to physiological and patho-physiological stress 

at the cellular and organismal level. The expanding roles of BCL-2 proteins in nutrient and 

energy metabolism provide insights into additional ways in which these molecules modulate 

cellular homeostasis beyond their well recognized role in regulation of apoptosis. The effect 

of certain BCL-2 family members on nutrient and energy metabolism ranges from fuel-

specific modulation to more general effects on ETC activity and OXPHOS, suggesting 

specialized metabolic roles for select individual BCL-2 family members. This specialization 

may stem from specific non- BCL-2 interaction partners that may or may not involve similar 

protein folds or binding pockets as those utilized for interactions among BCL-2 family 

members. Within this context, alternative function and protein targets for the BH3 helix 

derived from select family members has been reported. In addition, specific post 

translational modifications of select BCL-2 proteins may endow these proteins specialized 

functions beyond regulation of apoptosis. Understanding the precise molecular mechanisms 

mediating the diverse roles of BCL-2 proteins in nutrient and energy metabolism and how 

they can be independently manipulated is critical for effective targeting of these proteins in 

disease settings (Box 1).
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Box 1. Outstanding questions

• How is the sub-cellular and sub-mitochondrial localization of select BCL-2 

proteins regulated to allow their modulation of mitochondrial substrate and 

energy metabolism?

• How is the selective effect of distinct BCL-2 proteins on mitochondrial 

metabolism mediated at the molecular level? What are the interacting proteins 

and post translational modifications that are required for these effects?

• How are the metabolic effects of distinct BCL-2 proteins integrated with tissue-

specific physiology independent of their role in apoptosis?

• How is the cell death regulatory function of select BCL-2 proteins distinct from 

or related to their effects on normal mitochondrial physiology at the molecular 

level?
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HIGHLIGHTS

• Select BCL-2 family proteins control mitochondrial substrate and energy 

metabolism

• Metabolic functions of BCL-2 proteins can be independent of cell death 

regulation

• Metabolic effects of BCL-2 proteins can alter cellular and systemic physiology
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Figure 1. Structural and functional classification of BCL-2 proteins
Classifications of BCL-2 proteins according to conserved BCL-2 homology (BH) domains. 

C-terminal hydrophobic sequences function to target and/or anchor select BCL-2 family 

proteins to intracellular membranes. TM, transmembrane domain.
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Figure 2. BCL-2 family interactions and regulation of BAX/BAK oligomerization
BAX/BAK activation is directly triggered by activator BH3-only proteins (BIM, BID and 

PUMA) and is inhibited by anti-apoptotic BCL-2 family members. Sensitizer BH3-only 

proteins do not activate BAX and BAK directly, but lower the threshold for apoptosis by 

binding anti-apoptotic members and releasing activators to trigger BAX and BAK 

oligomerization. Anti-apoptotic BCL-2 proteins inhibit activator BH3-only proteins and 

BAX/BAK oligomerization.
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Figure 3. The BAD-GK axis and systemic glucose homeostasis
BAD modulates glucose metabolism in β-cells and liver by directly activating glucokinase 

(GK). This requires phosphorylation of the BAD BH3 domain on serine 155 (aa 

enumeration based on the murine sequence of BAD). In the β-cell, phosphorylated BAD 

enhances glucose-stimulation of insulin release through increased GK activity and 

mitochondrial oxidation of glucose. In addition, phospho-BAD imparts cell autonomous 

protective effects in β-cells that is GK-dependent. Simultaneous enhancement of insulin 

secretion and β-cell survival by phospho-BAD leads to improved functional β-cell mass. In 

the liver, GK activation by phospho-BAD increases glucose utilization, represses fatty acid 

oxidation and reduces gluconeogenesis. Hepatic BAD phosphorylation is a target of insulin 

and is required for insulin suppression of gluconeogenesis (hepatic insulin sensitivity). 

Accordingly, when BAD is dephosphorylated, glycolysis is diminished, FAO is disinhibited, 
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and gluconeogenesis is increased. Separate from these effects, dephosphorylated BAD can 

also sensitize cells to apoptosis under conditions of cellular damage. This is mediated by 

BH3 domain-dependent binding and neutralization of the pro-survival BCL-2, BCL-XL and 

BCL-w proteins by BAD. These interactions are blocked when S155 is phosphorylated. 

Dephosphorylated BAD per se is not sufficient to trigger apoptosis but plays a permissive 

role under conditions of irreversible cellular damage. In the absence of apoptotic stimuli, 

when cellular survival/death decisions are not at play, dephosphorylated BAD promotes 

FAO.
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Figure 4. BAD-dependent glucose-to-ketone body fuel switch and metabolic control of neuronal 
excitability
BAD phosphorylation sets the preference for carbon substrate utilization in the brain, 

favoring mitochondrial oxidation of glucose as the main source of energy over alternative 

fuels such as ketone bodies or fatty acids. BAD dephosphorylation triggers a glucose-to-

ketone body fuel switch that is associated with opening of the K+-ATP-sensitive (KATP) 

channels. While this has negligible impact in neuronal physiology under steady state 

conditions, the increase in KATP channel activity significantly buffers excessive neuronal 

firing under pathological conditions such as epilepsy. When BAD is ablated or S155 is 

dephosphorylated, increased consumption of ketone bodies over glucose in the brain and the 

attendant increase in KATP channel opening produce resistance to electrographic and 

behavioural seizures. These effects are independent of BAD's apoptotic activity. EEG, 

electroencephalography.
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Figure 5. The BCL-2 family and oxidative phosphorylation
A. The anti-apoptotic MCL-1 protein undergoes proteolytic cleavage to produce a 36 KDa 

isoform that is imported into mitochondria, where it is tethered to the inner mitochondrial 

membrane (IMM) and exposed to the mitochondrial matrix. Within the IMM, cleaved 

MCL-1 helps stabilize the assembly of large respiratory supercomplexes comprised of 

complexes I, III and IV that have higher functional efficiency. In addition, the matrix-

targeted cleaved form of MCL-1 promotes oligomerization of mitochondrial ATP-synthase 

and increased efficiency of ATP synthesis.

B. A small pool of BCL-XL resides in the IMM, where it interacts with the β-subunit of the 

ATP synthase complex. This may stabilize ATP synthase and increase the efficiency of 

coupling between proton gradient and ATP synthesis.
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