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The bioenergetic landscape of cancer
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ABSTRACT

Background: Bioenergetic remodeling of core energy metabolism is essential to the initiation, survival, and progression of cancer cells through
exergonic supply of adenosine triphosphate (ATP) and metabolic intermediates, as well as control of redox homeostasis. Mitochondria are
evolutionarily conserved organelles that mediate cell survival by conferring energetic plasticity and adaptive potential. Mitochondrial ATP syn-
thesis is coupled to the oxidation of a variety of substrates generated through diverse metabolic pathways. As such, inhibition of the mitochondrial
bioenergetic system by restricting metabolite availability, direct inhibition of the respiratory Complexes, altering organelle structure, or coupling
efficiency may restrict carcinogenic potential and cancer progression.

Scope of Review: Here, we review the role of bioenergetics as the principal conductor of energetic functions and carcinogenesis while
highlighting the therapeutic potential of targeting mitochondrial functions.

Major Conclusions: Mitochondrial bioenergetics significantly contribute to cancer initiation and survival. As a result, therapies designed to limit

oxidative efficiency may reduce tumor burden and enhance the efficacy of currently available antineoplastic agents.
© 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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1. BACKGROUND

Cancer cells require energy to grow, perform work, transform, and
replicate. Like all eukaryotic cells, adenosine triphosphate (ATP) in
cancer cells serves as the principal form of chemical energy, which is
made available through a variety of energy transformation processes.
Over the past 100 years, multiple theories have emerged attempting to
explain how and why bioenergetic adaptation occurs in cancer.
However, it is now generally accepted that nutrient availability and
need influence cancer cell metabolism heterogeneity and that a dy-
namic interplay between cancer cells and the tumor microenvironment
(TME) enable metabolic flexibility to support tumor growth, cancer
progression, and evasion of death [1—3].

Mitochondria are essential to cancer survival and progression by
providing the energy and metabolites required to initiate and sustain
growth, as well as modulate signaling process to confer plasticity in
changing environments [4]. Bioenergetics govern the dynamic,
multifaceted biology of mitochondria and more broadly, the cell, and
are critical to cancer cell initiation, survival, and progression. A primary
mechanism whereby mitochondria aid in cell survival is through the
synthesis of ATP resulting from cellular respiration. However, the
specific influence of mitochondrial respiratory function to survival of
cancer cells or tumors remains incompletely understood.

Here, we review cancer cell metabolism with a specific focus on
mitochondrial bioenergetics as a principal conductor of carcinogenesis
and cancer progression. More specifically, we highlight how conserved
bioenergetic processes are hijacked and/or used to support neoplastic

formation, expansion, and cellular resilience. We discuss recent ad-
vances in the perturbation of energetic processes as it pertains to
carcinogenic potential and the development of targeted therapies for
cancer treatment.

2. BIOENERGETICS AS THE CONDUCTOR OF MITOCHONDRIAL
FUNCTIONS

2.1. Mitochondrial structure is critical for function

Mitochondria evolved to be highly conserved organelles of eukaryotic
cells due to their remarkable ability to enable energy transformation
and support biosynthetic demand [5,6]. In mammals, mitochondrial
bioenergetics encompasses the energy conversion processes that
occur on, within, and across the mitochondrial inner membrane
(mtIM) (Figure 1). The interweaving of the biophysical and structural
properties of a mitochondrion with core electrochemical functions is
elegantly demonstrated by the coupling of substrate oxidation to ATP
synthesis. Energetic coupling is achieved via a chemiosmotic
mechanism which utilizes electrochemical potential differences
across biological membranes. In this process, primary hydrogen ion
pumps of the electron transfer system generate a large protonmotive
force (pmA) across the mtlM, which then drives hydrogen ions (H™)
back through a secondary pump on the mtlM into the matrix to
synthesize ATP from adenosine diphosphate (ADP) and inorganic
phosphate (Pi) [7]. The pmF consists of two components: (1) a small
chemical potential difference resulting from the pH difference (ApH)
and (2) a dominant electric potential difference (Allf,,*) resulting from

"Integrated Physiology and Molecular Medicine Laboratory, Pennington Biomedical Research Center, Baton Rouge, LA, 70808, USA 2Department of Clinical Nutrition,
University of Texas Southwestern Medical Center, Dallas, TX, 75390, USA 30roboros Instruments, Innsbruck, Austria

*Corresponding author. Integrative Physiology and Molecular Medicine Laboratory, Pennington Biomedical Research Center, 6400 Perkins Road, Baton Rouge, LA, 70817,

USA. E-mail: john.kirman@pbrc.edu (J.P. Kirwan).

Received March 21, 2024 « Revision received June 8, 2024 « Accepted June 9, 2024 - Available online 12 June 2024

https://doi.org/10.1016/j.molmet.2024.101966

MOLECULAR METABOLISM 86 (2024) 101966 © 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/ 1

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc/4.0/
mailto:john.kirwan@pbrc.edu
https://doi.org/10.1016/j.molmet.2024.101966
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molmet.2024.101966&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://www.molecularmetabolism.com

Inner boundary membrane

Matrlc):("stae Cristal membrane

mth 7 Intracristal space

mtOM —‘ ' Peripheral space
Intercristal space
O
e TCA ‘
TC;A H‘y ' Contact site
VDAC—g 7" | O
MC's <~ .
N " mtDNA

Matrix mixture:
ions, molecules,
metabolites, proteins,
ribosomes

Respiratory
complexes

iMS mixture:
ions, molecules,
metabolites, proteins

Figure 1: Structural overview of the mitochondrion.

On an ultrastructural level, mitochondrion contain an outer membrane (mtOM), inner membrane (mtiM), intermembrane space (iMS) between the double membranes, and the
matrix within the mtlM. The mtIM contains numerous invaginations, referred to as cristae, and is further distinguished as 1) the membrane near the mtOM (the inner boundary
membrane) or 2) the membrane of the cristae (the crystal membrane). The cristae structure allows for increased surface area and a distinct microenvironment of the intracristal
space, separate from the remaining peripheral space of the IMS, and the intercristal space, separate from other parts of the matrix. Despite having distinct structures, contact sites
exist between the mtOM and the inner boundary membrane of the mtlM. The mtOM is decorated with numerous voltage-dependent anion channels (VDACs) that are relatively
nonspecific for small proteins (<10 kDa). The mtOM is permeable to ions and most metabolites but prevents the leaking of IMS proteins, such as cytochrome c. In contrast, the
mtlM is highly selective to ionic exchange and contains metabolite carriers (MC’s) and channels that regulate the passage of metabolites and ions between the IMS and the matrix.
Protons are pumped out of the matrix and into the IMS generating an ~0.5—0.7 pH difference between the sides, and thus the IMS carries a positive charge and the matrix a
negative charge. The mtiM area is roughly five times larger than the mtOM but the size, shape, and organization of the mtiM varies between mitochondria. The mtlM consists of two
types of proton pumps: the primary proton pumps of the respiratory Complexes and the secondary F,F; ATP synthase proton pump. The primary pumps catalyze the transfer of
electrons from reducing equivalents, driving protons from the matrix to the IMS, making the matrix relatively more negative than the IMS, and electrically polarizing the mtiM.
Polarization of the mtlM establishes the protonmotive force pmF. The respiratory Complexes, including the catalytic components of the ATP synthase, are anchored to the crystal
membrane of the mtlM. The matrix also contains discrete microenvironments concentrated with a milieu of proteins, including enzymes of the TCA cycle, metabolites, ribosomes,

granules, and mitochondrial DNA (mtDNA).

the distribution of all charged ions, including hydrogen ions, across
the mtIM. The electron transfer system enables mitochondria to
couple the oxidation of reduced fuel substrates with phosphorylation
of ADP to ATP mediated by the pmF.

2.2. Oxidative phosphorylation and electron transfer: energy
conversion process of the mitochondrial inner membrane

Forward reactions of electron transfer pathways are dictated by the
extramitochondrial ATP to ADP ratio (i.e., cellular energy charge) and
the chemical force of phosphorylation (ApFarp), affected by both Pi and
pH. Respiration relies on shuttling redox equivalents between the
tricarboxylic acid (TCA) cycle and the electron transfer system (ETS) to
drive oxidative phosphorylation (OXPHOS) (Figure 2). Various sub-
strates transported into the mitochondrial matrix enter the TCA cycle
and undergo stepwise carbon rearrangement, addition, or subtraction
to form metabolic intermediates. The TCA cycle is commonly visualized
as the progressive transformation of oxaloacetate into eight in-
termediates (citrate, cis-aconitate, p-isocitrate, o-ketoglutarate,
succinyl-CoA, succinate, fumarate, and malate) and the transfer of
electrons to produce reducing equivalents [8]. The TCA cycle is
regulated by product inhibition through allosteric regulation, with
critical redox nodes regulated by isocitrate, o-ketoglutarate, succinate,
and malate. The stoichiometry of substrates, nucleotides, and redox
cofactors determine where the TCA cycle initiates and progresses
[9,10]. For example, TCA cycle intermediates are believed to be
saturating at rest and during strenuous activity in skeletal muscle and
as such, efficiency is high [11]. Electron shuttles (nicotinamide adenine
dinucleotide, NAD, and flavin adenine dinucleotide) are reduced as they

accept the chemical energy released by the stepwise rearrangements
of the TCA cycle and small amounts of ATP are generated by substrate
phosphorylation.

In the mitochondria ATP are generated through the electron transfer-
linked OXPHOS of ADP. The mtIM-bound ETS is made up of carriers
and several distinct multi-protein Complexes (Figure 2) including but
not limited to: Complex | (Cl; NADH:ubiquinone oxidoreductase, Type 1
NADH dehydrogenase), Complex Il (Cll; succinate:ubiquinone oxido-
reductase, succinate dehydrogenase), Complex Il (Clll; coenzyme
Q:cytochrome c-oxidoreductase, cytochrome bc; Complex), and
Complex IV (CIV; cytochrome ¢ oxidase) [12]. Complex | is the largest
respiratory Complex, forming an ‘L’ shape with a molecular mass of
about 1 MDa and contains 44 subunits [13], seven of which are
encoded by mitochondrial DNA (mtDNA) [14]. Complex Ilis ~100 kDa
with four subunits, all encoded by the nuclear genome in mammalian
mitochondria [15]. Complex lll is a 496 kDa dimeric protein and each
monomer contains 11 subunits, one of which is encoded by mtDNA
[16]. Complex IV is a 204 kDa protein containing 14 subunits, three of
which are encoded by mtDNA [17]. Additional Complexes such as
glycerol-3-phosphate dehydrogenase (GPD2), electron-transferring
flavoprotein dehydrogenase (ETFDH), and proline dehydrogenase
(PRODH) also transfer electrons to coenzyme Q (Q). Electron transfer
from Complex Il to IV requires the carrier, cytochrome c. Electron
transfer through Complexes |, lll, and IV involve the translocation of
hydrogen ions from the matrix to the IMS, generating the protonmotive
force pmF. Overall, respiratory capacity is impacted by the activity of
the respiratory Complexes and the formation of mitochondrial
supercomplexes.
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Figure 2: Overview of the electron transfer system and pathways of oxidative phosphorylation.

The cristal membrane of the mitochondrial inner membrane (mtlM) is the primary site of oxidation and reduction reactions within both the electron transfer system (ETS) and
oxidative phosphorylation (OXPHOS). The respiratory sequence initiates with oxidation of 3 NADH molecules at Complex | and succinate at Complex Il. Of note, depending on the
substrate, complete oxidation can yield more than 1 full turn of the tricarboxylic acid (TCA) cycle. Depending on the anaplerotic/cataplerotic status of cycle intermediates, a
substrate may not undergo complete oxidation and thus a partial TCA cycle may occur. NADH oxidation to NAD™ +H™ transfers 2 electrons (e~) per NADH through the large
Complex resulting in the transfer of 4 protons (H™) from the matrix into the intermembrane space (iMS) through Complex 1. In contrast, Complex Il oxidizes succinate to fumarate,
transferring 2e~ to bound FAD, yielding FADH,, which subsequently transfers the electrons to the Q-junction without hydrogen ion pumping. The electrons are passed from
Complexes | and Il to Q, an electron carrier, which is reduced to QH,, utilizing protons from the matrix. Electrons are transferred through the nonpolar region of the phospholipid
mtlM bilayer to Complex Il and protons are released into the iMS. Other membrane-bound structures contribute to net electron transfer in a tissue and organism-specific manner,
including glycerol-3-phosphate dehydrogenase (GPD2), the electron transferring flavoprotein dehydrogenase (ETFDH), and proline dehydrogenase (PRODH). The complete transfer
of 2 e~ from Q through Complex Ill to cytochrome ¢ requires 2 QH, molecules and 2 cytochrome ¢ molecules in a two-step process. 4 H* from both QH, molecules are pumped
into the IMS and 2 H™ from the matrix are used to reform 1 QH,, resulting in a net proton gradient change of 6 H*. Each cytochrome ¢ then transports an electron to Complex IV
through the sequential reduction of a copper and heme group, requiring a total of 4 reduced cytochrome ¢ molecules and allowing an oxygen molecule to bind and receive a total of
4e~. Additionally, four H' from the matrix are pumped through Complex IV into the IMS and four H from the matrix are used to form two H0, resulting in a net proton gradient
change of eight H'. The established electrochemical proton gradient between the matrix and the IMS pushes protons through ATP synthase, down the gradient, back into the
matrix. With the proton movement, ATP synthase spins and phosphorylates ADP with inorganic phosphate (P;) to make ATP. However, with increased concentrations of ATP or if
respiration is compromised and the pmF falls, the ATP synthase reaction can reverse and hydrolyze ATP to pump protons back out of the matrix to re-establish the pmF. Ultimately

the efficiency of the OXPHOS system is influenced by electrochemical gradients, substrate and oxygen concentration, and the integrity of the respiratory Complexes.

2.3. Coupling efficiency

Mitochondrial respiration couples substrate oxidation to ATP pro-
duction, but the degree of coupling varies greatly and highly in-
fluences the bioenergetic capacity of the cell. In this regard,
bioenergetic efficiency is defined as the resulting fraction of useful
energy converted to work. Under physiological conditions, 50—80%
of substrate oxidation is coupled to ATP production. Thus, mito-
chondrial uncoupling is the disruption of the energy transducing
proton circuit, dissociating electron transfer from ATP synthesis.
Within a circuit, protons routinely flow from the IMS back into the
matrix. Basal leak is the routine physiological exchange of protons
that occurs along the respiratory system and accounts for up to
10% of oxygen consumption [18]. Proton leak may also be induced
by endogenous and/or synthetic disruption of the electrochemical
gradient to lower coupling efficiency. What mechanistically consti-
tutes a biologic and/or synthetic mitochondrial chemical uncoupler
remains discrepant and has evolved over time. In 1963, Edward
Slater defined uncouplers as agents that (1) stimulate non-
phosphorylating electron transfer (2), limit ATP synthesis without
inhibition of electron transfer (3), stimulate ATP hydrolysis, and (4)
inhibit exchange reactions catalyzed by the ATPase [19]. In 1979,
Peter Heytler refined this definition to include both “classic” or
“true” and “nonclassic” uncouplers [20]. Classic uncouplers were
defined as moderately weak lipophilic acids with a pKa from about
4 to 8 that freely exchange protons across the mtIM by cycling
between protonated and deprotonated forms of the acidic group on
the uncoupler [20]. In contrast, nonclassic uncouplers were more

loosely defined with variable mechanisms of action to dissipate the
AW, such as accumulation of a positive charge in the typically
negative matrix or compounds that disrupt the protein structure or
bind functional groups of membrane proteins [20]. Conversely,
disruption of the A¥,, may occur from dyscoupling activity, which
uncouples nutrient oxidation from ATP production without significant
reduction of the protonmotive force [21]. More recently, it was
proposed that prototype mitochondrial uncouplers induce proton
leak by activating UCP1 and ADP/ATP carriers rather than a pro-
tonophoric shuttling mechanism [22]. Importantly, uncoupling can
result in tissue-dependent responses, including differences in res-
piratory kinetics [23] or toxicity, based on how different cell types
can respond to the mitochondrial stress of uncoupling. ADP and
oxygen availability also impact phosphorylation efficiency. When
ADP is limited, the ADP/O, flux ratio diminishes, but when oxygen
is limited, the ADP/Oo flux ratio is maintained but noncoupled
respiration under ADP is reduced [24].

2.4. Diversity of energy transformation

All cells are intimately linked by their need to produce and consume
ATP, the molecular energy currency. Cells can produce upwards of 50
million molecules of ATP per cell per second [25] and contain over 6
billion ATP molecules at any given moment [26] to support biological
work including ion transport, protein synthesis, contractility, and
substrate phosphorylation. The dynamic utilization of energetic pre-
cursors such as lipids, carbohydrates, and proteins allows cells to
meet their energetic and metabolic needs in the face of fluctuating
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Figure 3: Overview of catabolic pathways leading to mitochondrial ATP production.

Multiple pathways of substrate oxidation and reduction support energy transfer. Lipids (yellow) are broken down into glycerol backbone and fatty acids; carbohydrates (teal) are
broken down into simple sugars and then glucose; and proteins (red) are broken down into monomeric amino acid units. Fatty acids, pyruvate, and many amino acids are
transported into the mitochondria and undergo oxidation to fuel the tricarboxylic acid (TCA) cycle. Various metabolic intermediates such glycerol-3-phosphate (G3P) or proline can
be transported into the mitochondria to fuel electron transport directly through the oxidative phosphorylation (OXPHOS) system independent of TCA cycle.

physical environments (Figure 3). The two primary systems of ATP
production are glycolysis and mitochondrial respiration. Notably,
macromolecules can contribute to various points of this system (1):
from lipids, the glycerol backbone can enter glycolysis and the fatty
acids can undergo oxidation to form acetyl-CoA (2); from carbohy-
drates, simple sugars are broken down into glucose which can enter
glycolysis; and (3) from proteins, almost every amino acid can be
converted into pyruvate, acetyl-CoA, or a TCA cycle intermediate.

Glycolysis occurs in the cytoplasm and contributes to some ATP pro-
duction while generating biosynthetic molecules for proteins, lipids,
and nucleic acids [27]. Glycolysis nets two ATP per molecule of glucose
in the stepwise conversion to two molecules of pyruvate and is divided
into three phases: 1) the energy investment phase which consists of
ATP hydrolysis to trap glucose in the cell by hexokinase-mediated
conversion of glucose to glucose-6-phosphate, followed by phospho-
fructokinase-1-mediated conversion of fructose-6 phosphate to fruc-
tose-1,6-bisphosphate; 2) the cleavage of 6-carbon fructose-1,6-
bisphosphate to form two 3-carbon molecules of glyceraldehyde-3-
phosphate, and 3) the pay-off phase by reduction of NAD™ to NADH

through glyceraldehyde-3-phosphate oxidation which confers high-
energy reducing equivalents for downstream production of ATP and
pyruvate [28]. In contrast, mitochondrial respiration produces ATP
through a series of highly interconnected exergonic reactions: 1) TCA
cycle regeneration of NADH and succinate [8] and 2) OXPHOS through
oxidation of NADH and succinate and phosphorylation of ADP [12].
OXPHOS is generally an efficient metabolic process, producing over 30
ATP per molecule of glucose or glycogen dependent on the prevailing
cellular milieu, bioenergetic status, and presence of oxygen molecules
in the mitochondria [29].

Glycolysis and mitochondrial respiration synergistically contribute to
cell survival, commonly depicted through their connection to pyruvate
and lactate. If molecular oxygen is available for OXPHOS, pyruvate from
glycolysis can enter the mitochondrial matrix to be oxidized to acetyl
CoA which reacts with oxaloacetate to generate citrate and CoA and
enter the TCA cycle to form reducing equivalents [8]. Conversely,
pyruvate can remain in the cytoplasm, undergo fermentation, and be
reduced to lactate by lactate dehydrogenase A [30]. Excess lactate is
excreted into the extracellular space through monocarboxylate
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transporters (MCTs) and is then available for use by lactate-consuming
cells that can further contribute to the pyruvate and coenzyme redox
buffering exchange [30]. Another common denominator of both
glycolysis and OXPHOS is the oxidizing coenzyme, NAD™ [31].
Glycolysis requires NAD™ for the pay-off phase, and fermentation of
pyruvate also serves to recycle NADH back to NAD™, sustaining
glycolysis [30]. 0XPHOS produces NAD™ in the oxidation of NADH, and
the conversions of three different TCA cycle intermediates also require
NAD™ to generate NADH which, in turn, provides electrons for OXPHOS
[12]. Thus, NAD™ is constantly synthesized, degraded, and recycled in
both the cytoplasm and within the mitochondria in discrete redox
cycles separated by compartmentalization. The cytoplasmic and
mitochondrial NAD™/NADH pools are distinct but connected through
redox shuttles and NAD biosynthetic pathways [32]. Notably, the
mitochondrial NAD pool is defended even upon extreme cytoplasmic
depletion, continuing to support cell viability and ATP until the mito-
chondrial membrane is compromised [32].

Mitochondria are central to metabolic flexibility by bestowing the en-
ergetic plasticity requisite to maintaining the cellular energy charge.
For example, mitochondria can use succinate amongst other sub-
strates as electron donors, while glycolysis does not have an alter-
native to NAD™ utilization. Glycolysis is fueled through glucose and
glycerol, while mitochondrial respiration can be fueled by pyruvate as
well as a variety of intermediates obtained through succinate, amino
acids, mitochondrial glycerol-3-phosphate (G3P) oxidation, and fatty
acid oxidation (FAO) [33,34]. Most amino acids can be converted into
TCA cycle intermediates and fuel OXPHOS while others are converted
into pyruvate, acetyl-CoA, or acetoacetate (which can be converted into
acetyl-CoA) and eventually contribute to the TCA cycle as well [35].
G3P is a metabolic intermediate linking glycolysis, lipogenesis, and
OXPHOS through the glycerophosphate shuttle [34]. GPD2 oxidizes
G3P to dihydroxyacetone phosphate while reducing FAD to FADH,,
enabling electron flow to coenzyme Q [34]. FAO occurs in the mito-
chondria and greatly contributes to energy transformation. Since fatty
acid chains have more electrons around the carbons compared to other
macronutrients, complete oxidation yields the most ATP per gram of
nutrient, resulting in over 100 ATP molecules depending on the fatty
acid length [36]. Once inside the cytoplasm, a fatty acid molecule is
activated to form fatty acyl-CoA, in a two-step process utilizing ATP.
Acyl-CoA is enzymatically shuttled into the mitochondrial matrix and
subsequently shortened in a recurring sequence that produces one
NADH, FADH,, and acetyl CoA molecule, per round of oxidation [36].
The resulting acetyl CoA molecules can then join with oxaloacetate to
enter the TCA cycle to form citrate and the reduced coenzymes are
available for OXPHOS, thus generating ATP. In summary, mitochondria
evolved to support cell survival and expansion by developing an
intricately regulated system of chemiosmosis coupled to the reduction
of molecular oxygen. The efficiency of this process is mediated by
intrinsic and extrinsic factors that ultimately dictate establishment of
the pmF and OXPHOS capacity.

3. MITOCHONDRIA ARE CENTRAL TO METABOLIC ADAPTATION
IN CANCER

3.1. The Warburg legacy and prevailing metabolic theories in
cancer

In the 1920’s, Otto Warburg observed that cancer cells use glucose
and secrete lactate, even in the presence of oxygen [37—40]. These
observations stood in stark contrast to the widely accepted Pasteur
Effect, in which glycolysis is observed to be inhibited by oxygen.
Shortly after Warburg’s findings, Carl and Gerty Cori published a three-
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part series corroborating Warburg’s finding, demonstrating that
glycolysis was increased in tumors compared to non-tumor tissue
[41—43]. In an effort to improve generalizability, Herbert Crabtree
characterized the respiration of eight types of mouse tumors and a total
of 56 different tumors [44]. Using Warburg’s manometric technique, he
observed that only ~33% of tumors displayed the Warburg effect
under all experimental conditions, and some displayed glucose-
induced suppression of OXPHOS [44]. Crabtree also observed respi-
ratory differences between tumor growth sites, hypothesizing that
metabolic status may vary based upon tumor stage and types, intro-
ducing the concept of metabolic heterogeneity and the influence of
nutrient availability [44]. Strikingly, Crabtree had previously measured
a short-term reversible metabolic shift from OXPHOS to glycolysis
induced by glucose or fructose independent of oxygen in Saccharo-
myces cerevisiae [45] and later coined the observations the “Crabtree
effect”. Crabtree supported Warburg’s theory but was critical of
generalized application.

In 1956, Warburg further postulated that “damaged respiration” was
responsible for the adaptive metabolism of cancer cells [46]. War-
burg’s hypothesis, though controversial and somewhat overstated,
shaped decades of research, yielding profound mechanistic insight into
cancer metabolism. In fact, Warburg’s observation of the presence of
aerobic glycolysis in tumors was later coined the “Warburg effect” in a
1972 publication by Efraim Racker [47]. In support of Warburg, high
rates of glucose utilization have been observed in some cancer cells,
where glycolysis contributes ~ 50% of ATP synthesis compared to the
~20% or less observed in most non-cancer cells [48]. In contrast,
numerous investigations have demonstrated variable contributions of
glycolysis to ATP, intact mitochondrial function independent of
glycolysis, as well as metabolic flexibility dependent on substrate
availability rather than pathway dependence [49,50]. In a meta-
analysis of 31 cancer cell lines of various origins and 16 non-
cancerous lines, OXPHOS contributed to ~83% of the ATP pool in
cancer cells and ~80% in the non-cancer cells [48]. There is now a
broad consensus that a high glycolytic rate in cancer is neither 1)
universally caused by mitochondrial dysfunction nor 2) essential for
cancer cell growth. Furthermore, the upwards of 50% of ATP synthesis
attributable to glycolysis indicates that mitochondrial bioenergetic
activity remains central to cancer cell energy metabolism.

Additional terminology and models have emerged to classify the pre-
sentation and origin of tumor energy metabolism. The cancer cell
symbiosis model outlines how cancer cells relying on aerobic glycol-
ysis are able to “feed” adjacent cancer cells or other cells in the TME
utilizing OXPHOS via nutrient transport [51]. This model can be
expanded beyond the energetic phenotypes of cells within the TME to
capture the intercellular communication that occurs to ultimately
promote tumor survival and growth. The TME is complex, consisting of
a mixture of infiltrating and resident cells such as stromal and matrix
cells, adaptive and myeloid immune cells, and vascular cells, that
support tumor development and aid in evasion of cell death [52]. The
Reverse Warburg Effect implicates tumor stroma as the primary source
of glycolysis rather than cancer cells per se, which has led to the
hypothesis that cancer cells induce aerobic glycolysis in cancer-
associated fibroblasts and produce lactate and pyruvate for the can-
cer cells [53]. This concept is currently under active investigation
across cancer types. In breast cancer, a hierarchy of TME cell-cell
interactions was driven by cancer-associated fibroblasts that estab-
lish dominant autocrine circuit loops as well as paracrine circuits with
tumor-associated macrophages [54]. Reflecting the diversity of the cell
types within the TME, tumor metabolism is vastly heterogenous and
may be highly influenced by non-cancer cells such as myeloid cells
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that are notably glycolytic compared to cancer cells which are known
to be very glutamine dependent [55]. Indeed, cancer cells frequently
violate assumptions of the Warburg effect. For example, cancer cells
often display high OXPHOS gene expression with or without high
glycolytic gene expression [56], and others demonstrate the ability to
upregulate OXPHOS to enhance plasticity in response to changing
environments [57], and to support metastasis [58]. Furthermore,
cancer cells that display increased glycolysis do not share a single
mechanism for the effect, and multiple control points have been
elucidated for both increased glycolysis and limited mitochondrial
metabolism. These include the overexpression of glucose transporters
and high activity of glycolytic enzymes, as well as the inhibition of
pyruvate dehydrogenase and TCA cycle enzymes, inhibition of sub-
strate transporters, and some defects in the OXPHOS machinery [59].
Apart from glucose utilization, other branches of substrate metabolism
also contribute to a cancer cell’s ability to adapt. The glutamine theory
postulates that increased glutamine uptake in cancer cells drives ATP
synthesis through the TCA cycle and OXPHOS [60]. Since this initial
observation, the influence of the glutamine pathway has been widely
investigated and glutamine transporters have been found to be upre-
gulated in many cancers, specifically SLC1A5, SLC7A5, and SLCA14
[61]. Furthermore, glutamine-driven OXPHOS was found to be the
major means of ATP production in both normoxic and hypoxic cancer
cells [62]. Energetic redundancy confers plasticity in non-cancerous
and cancerous cells alike, however, the rapidly proliferative environ-
ment of cancer cells facilitates unique bioenergetic adaptations to
further support survival. Originally, lactate was branded as a waste
product in cancer cells, something to dispose of to avoid toxicity. The
Cori’s investigation of tumor carbohydrate metabolism hinted other-
wise; they consistently noted considerable amounts of glycogen in
tumors that disappeared with glucose restriction [41]. Four years later,
the Cori’s moved away from cancer research and published their Nobel
Prize winning work demonstrating that lactic acid from muscle can be
taken up by the liver to form glycogen, which in turn, can be broken
down later to glucose for use in the muscle, termed the Cori Cycle [63].
It has since been demonstrated that cancer cells maintain the ability to
produce lactate which gets shuttled out of the cell as well as the ability
to take up extracellular lactate [64]. Additionally, intracellular lactate
can be used for energy transformation through conversion into pyru-
vate and then undergo gluconeogenesis or be utilized in the TCA cycle
[65]. The lactogenesis hypothesis posits that lactate is used both as a
fuel for cancer cells as well as for carcinogenic signaling [66]. It further
argues that lactate oncogenic signaling is required to achieve most
hallmarks of cancer, such as angiogenesis, immune escape, and
metastasis [66].

Additionally, some tumors grow in the absence of glucose, and have
increased phosphoenolpyruvate carboxykinase (PEPCK) expression
and abbreviated gluconeogenesis [67]. Other tumors display enhanced
glucose uptake shuttling through the pentose phosphate pathway
(PPP) [68] and/or upregulated FAO [69]. Furthermore, FAO in-
termediates and enzymes have been found to be upregulated in many
cancers, such as triple negative breast cancer (TNBC) [70] and lung
cancer [71]. FAO is associated with worse prognosis and exogenous
fatty acids are essential mediators of metastasis [72], with free fatty
acids from adipocytes enhancing invasiveness of pancreatic cancer
cells [73]. Furthermore, some cancer cells have increased expression
and unique isoform expression of mitochondrial fatty acid shuttle
proteins, required for import into the mitochondria, along with
increased FAO [74]. Key enzymes in fatty acid synthesis, such as fatty
acid synthase (FASN), are often elevated in cancer. To this end, the
FASN inhibitor, TVB-2640, demonstrated safety and potential as a

therapeutic in the first clinical trial for treatment of advanced cancer
[75]. Aside from fatty acid oxidation, fatty acids can be used to
generate other lipids, such as sphingolipids. Increased fatty acid 2-
hydroxylase (FA2H) and decreased ceramides promote pulmonary
metastases, whereas supplementation with ceramides decrease
cancer cell mitochondrial respiration and metastases [76]. Similarly,
the role of G3P oxidation is also gaining interest in cancer metabolism
research and GPD2 expression and activity is increased in multiple
cancer types [77]. Taken together, the past 100 years of research on
cancer metabolism has revealed that cancer is a heterogeneous dis-
ease and each cancer has a unique metabolic signature [78]. Even
within a single tumor, constituent cells vary with distinct metabolic
phenotypes from one cell to another. Furthermore, the energy pro-
ducing pathways have been shown to be altered in different cancer
subtypes and play distinct roles in the phases of cancer progression:
with proliferating cells demonstrating glycolytic phenotypes, differen-
tiating cells displaying increased OXPHOS, and metastatic cells
exhibiting metabolic flexibility [79,80].

3.2. Mitochondrial function and cancer: A perspective

The elucidation of the vast functions of mitochondria over the last
century has illuminated the complexity of Warburg’s theory that
aberrant glycolysis was attributable to mitochondrial “dysfunction”.
Notable adaptations in mitochondria from cancer cells that highly in-
fluence function include mutations in genes encoding mitochondrial
proteins [4], ultrastructural modifications [81], morphological changes
[82], elevated ROS generation [83], increased mitochondrial mem-
brane potential [84], and augmented energy metabolism [85,86].
Functional impairments are not necessarily reflective of overall
organelle health and viability. For example, a genetic mutation in
Complex | limits enzymatic activity and associated ATP production.
However, this limitation may be overcome through compensatory
utilization of other coupling pathways, such as Complex II, thus net ATP
production is sustained. In this case, the variety of the pathways to ATP
production ensures maintenance of energy homeostasis. Furthermore,
the assumption that upregulation of glycolysis indicates that mito-
chondrial respiration is null or not substantially contributing to ATP
production is presumptive, as very few cancer cells have been found to
have more than 50% of ATP generated through glycolysis [48]. Indeed,
the endergonic conversion of glucose to glucose-6-phosphate by
hexokinase, would likely require OXPHOS, the sole exergonic source of
ATP production, if it were ever limited. In the field of mitochondrial
cancer research there has been a focus on mitochondrial function
beyond ATP production and there is a need for more research on
cancer mitochondrial respiration across cancer types, over the cancer
continuum, and in response to therapies.

For cancer cells, the dynamic changes in mitochondrial function may be
an adaptive response to an upstream influence and thus physiologically
expected given the signaling stimuli. In fact, the mitochondrial plasticity
found in cancer cells also exists in non-cancer cells [87]. Several tumor-
related genes and proteins regulate metabolic and cell survival path-
ways that converge through mitochondria. For example, the P53 tumor
suppressor gene, the most frequently mutated gene in cancer, allows
for metabolic stress adaptation by enhancing the expression of mito-
chondrial proteins [88]. The constitutively expressed c-MYC transcrip-
tion factor targets hundreds of nuclear encoded mitochondrial genes
and thus heavily impacts the mitochondrial transcriptome [89]. Addi-
tionally, overexpression of hypoxia-inducible factor 1-alpha (HIF-1c)
upregulates glycolytic metabolism under low oxygen conditions and
suppresses mitochondrial respiration and biogenesis [90]. K-Ras,
which is constitutively active in many cancers can also downregulate
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mitochondrial respiration and upregulate mitochondrial fission [91].
Furthermore, dysregulation of the central energy sensor AMP-activated
protein kinase (AMPK), through gain or loss of AMPK activity, uncouples
proliferation from mitochondrial energy sensing and allows for unhin-
dered proliferation in the presence of oncogenic growth signaling [92]. A
major downstream effector of the PI3K/AKT pathway is the mammalian
target of rapamycin (mTOR), which supports tumor growth through
mTOR Complex 1 (mTORC1) and mTOR Complex 2 (mTORC2) signaling
to couple nutrient and growth factor sensing to cellular growth and
promotion of mitochondrial biogenesis [93].

Mitochondrial quality control is intricately linked to tumor metabolic
state, tumor heterogeneity, tissue type, microenvironment, and tumor
stage [94]. Dominant mtDNA mutations that become established in a
clonal cell population have been identified in many cancers. An
analysis of paired tumor vs non-tumor tissue using The Cancer
Genome Atlas (TCGA) data from 226 individuals demonstrated a wide
range in frequency (13—63%) of somatic mutations in mtDNA across
cancer type, with 65% of truncating mutations occurring in NADH
dehydrogenase 5 [95]. Interestingly, mtDNA show very similar muta-
tional signatures regardless of cancer tissue origin [96], likely due to
the impaired function of mitophagy to identify and remove damaged
and dysfunctional mitochondria resulting in turnover of fully functional
mitochondria. Another analysis of TCGA data revealed variation in
mtDNA copy number across 22 tumor types with decreases in mtDNA
content demonstrated in breast, bladder, kidney, esophageal, head/
neck, and liver cancer compared to control non-tumor tissue [97].
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(PGC1a) plays a crucial role in mitochondrial integrity as the master
regulator of mitochondrial biogenesis, responding to stress. PGC1a
expression largely corresponds to a cancer cell’s metabolic status,
with low expression indicating increased glycolysis and high expres-
sion indicating increased OXPHOS and potential for metabolic flexibility
aiding tumor metabolic plasticity [98]. Interestingly, PGC1a. expression
is required for metastasis in some cancers [99] while it inhibits
epithelial-to-mesenchymal transition (EMT) in others [100]. A recent
study demonstrated that mtDNA content dictated colorectal cancer
(CRC) cell survival and metastases with increases in the mtDNA copy
number that would be required for CRC progression [101].
Imbalanced mitochondrial dynamics leading to network fragmentation,
impaired OXPHOS activity, and release of metabolites and signaling
molecules exacerbate tumor growth [102]. Specifically, hyper-
fragmentation of mitochondrial networks mediates lung and breast
cancer [103]. Furthermore, dynamin related protein 1-mediated
mitochondrial fission promotes tumorigenesis in breast, gastric,
ovarian, non-small cell lung, and pancreatic cancer as well as hepa-
tocellular carcinoma and melanoma [104]. Metastatic breast cancer
cells are more fragmented than non-metastatic cells and fission was
found to be required for migration and invasion [105] and for survival of
TNBC [106]. An increased ratio of fission to fusion corresponds with
increased malignancy in ovarian cancer cells [107]. Interestingly,
increased rates of mitochondrial fission in TNBC cells suppresses
metastasis [108] and large, fused mitochondrial networks are found to
support drug resistance in lung cancer cells [109]. Thus, it appears
that hyper fission is required for some metastatic processes, but that
induced fusion can improve cancer cell survival and induced fission
can be detrimental to cancer cell survival. In addition to mitochondrial
morphology, mitochondrial dynamic proteins coordinate and maintain
mitochondrial bioenergetics. Mitochondrial Fission Factor (MFF) in-
teracts with Voltage-Dependent Anion Channel-1 (VDAC1) to protect
mitochondrial membrane integrity and support primary and metastatic
prostate cancer progression [110].
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Vulnerabilities may occur through rapidly dividing cells and mito-
chondria; thus, cancer cells can exploit mitophagy to evade cell death
and promote survival. Since mitophagy is a quality control mechanism,
it has been shown to have both anti- and pro-tumorigenic properties
based on cancer subtype, context, and tumor stage [111]. In non-
cancer cells, mitophagy clears damaged mitochondria that generate
tumor-promoting ROS or other tumorigenic mitochondrial signals.
Impairments in mitochondrial quality control, such as deficiencies in
PTEN-induced kinase 1 and parkin-mediated mitophagy, appear to
contribute to cancer development by causing genomic instability,
accumulation of dysfunctional mitochondria, and alteration of bio-
energetic processes [112]. Once a tumor is established, mitophagy can
be utilized for survival against therapy-induced toxicity; for example,
Pink1-mediated mitophagy contributes to survival of multi-drug
resistance cancer cells, which is suppressed by gene silencing of
Pink [113] or pharmacological inhibition of fission [114]. Like mito-
chondrial dynamics, for some tumors the impact of mitophagy de-
pends on the point of tumorigenesis. For example, limiting mitophagy
can promote tumorigenesis while enhancing mitophagy can drive a
tumor to progress to metastasis [115]. Conversely, a mitophagy defect
in mammary tumors has been shown to promote metastasis and
predict poor prognosis [116]. These data suggest that there is not a
singular pathway for disease progression, but that mitochondrial
regulation remains critical in the diversity of the disease.

Oncogenic pathways are impacted by mitochondrial signaling net-
works that regulate cell death and oxidative stress. Mitochondria play a
key role in the intrinsic apoptosis signaling cascade that regulates
cytochrome ¢ release through mitochondrial outer membrane per-
meabilization (MOMP) into the cytosol and activation of caspases
[117]. Cancer cells can evade apoptosis by inhibiting genes that
promote MOMP [118] and through mitochondrial hyper-fragmentation
cause resistance to apoptotic stimuli [119]. Indicators of mitochondrial
integrity, including A¥,, and MOMP, also function as important
signaling mechanisms. Increased A¥ ., is observed in many cancers
and may also be an indicator of mitochondrial health, as a decrease in
AW, increases apoptotic susceptibility [120]. Decreasing A% in
estrogen-receptor (ER) positive MCF-7 breast cancer cells, which
displayed increased A%, compared with a non-cancer control [84],
TNBC MDA-MB-231 cells [121], and adult granulosa tumor KGN cells
[122] has also been shown to promote apoptosis.

Mitochondria contribute to redox balance and oxidative stress regu-
lation and are a source of ROS including superoxide, hydroxyl, and
H,0, [123]. ROS may be elevated in cancer, but the extent of the
increase and the correlation with prognosis varies by tumor type. For
example, evaluation of ROS metabolism using transcriptomics
revealed eight distinct clusters depicting differences in ROS accumu-
lation, oxidative stress, scavenging, biosynthesis, and subcellular
sources (mitochondria vs cytoplasm) [124]. Cluster VII tumors are
strongly associated with mitochondrial-derived ROS and are mostly
hepatocellular carcinomas (97%) whereas cluster [V, majorly
composed of pancreatic adenocarcinomas (98%) are associated with
increased ROS scavenging [124]. Excess ROS production promotes
lipid peroxidation, protein unfolding, and DNA damage, ultimately
promoting carcinogenesis [125]. Localization of ROS production within
the mitochondria may alter carcinogenic potential. For example, Ho02
released into the IMS contributes to proliferation and survival of
colorectal cancer cells [126]. ROS can also function as signaling
molecules that regulate cell proliferation, cytosolic networks, cellular
metabolism, and many tumor promoting pathways [125]. Cancers with
heightened ROS also often display increased ROS scavenger activity
which mediates cancer cell survival [127]. The concomitant
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upregulation of antioxidant pathways prevents ROS-mediated cyto-
toxicity, thus the increased but tightly regulated ROS production allows
tumors to maintain tumor-promoting ROS levels, supporting prolifer-
ation, angiogenesis, and metastasis [128]. Furthermore, phospholipid
biosynthesis-mediated ROS production is purported to support tumor
growth of pancreatic ductal adenocarcinoma [129].

Mitochondria also produce over 300 distinct metabolites generated
through OXHPOS, TCA cycle, long-chain fatty acid -oxidation, amino
acid metabolism, and the urea, one-carbon cycle [130]. Mutations in
mitochondrial substrate transporters and enzymes can result in
accumulation of oncometabolites-metabolites that support cancer
progression through nuclear gene transcription via chromatin modifi-
cation as well as cytosolic signaling pathways [131]. Mitochondrial
metabolites such as 2-hydroxyglutarate, fumarate, and succinate
[132], have been shown to alter DNA or histones through methylation
and acetylation changes [133]. An untargeted metabolomics profiling
of human breast tumors led to the discovery of MYC-induced accu-
mulation of the oncometabolite 2-hydroxyglutarate (2HG), possibly
generated through glutamine utilization, in breast tumors which were
associated with poor clinical prognosis [134]. Importantly, this dis-
covery demonstrates the relevance of oncometabolite characterization
and the potential use for cancer biomarkers. Recently, lactate was also
identified as a potential oncometabolite, sustaining transcriptional
regulation in breast cancer cells [135].

Somatic alterations to mtDNA and Complex function are some of the
most common mutations across tumor types and specific patterns
have been linked to patient prognosis [96,136,137]. For example, over
50% of tumors carry some form of somatic mtDNA mutation [138].
Advances in single-cell sequencing has improved the sensitivity and
specificity of identifying mtDNA mutations, although the clonal re-
lationships of mtDNA mutations still remain limited due to low heter-
oplasmy [139,140]. Currently the functional impacts of mtDNA
mutations on the initiation and progression of cancer are still being
elucidated. Primary prostate cancer tumors were found to have
decreased NADH-linked respiratory capacity and increased succinate
oxidative capacity compared to benign tissue, which was associated
with mtDNA mutations in Complex | and worse prognosis [141].
Further, exogenous succinate was found to promote tumorigenesis in
prostate cancer cells [142]. In addition, intestinal mtDNA mutation
results in increased tumor proliferation and size, but not number in
mice [142]. Improvements in mitochondrial base editing have recently
arisen enabling the potential for more sophisticated mechanistic in-
vestigations of the roll of mtDNA mutations in cancer in the years to
come [143].

Rewiring of bioenergetic function occurs in a tumor-dependent manner
to support uncontrolled expansion. For example, Complex | impairment
drives ROS-dependent activation of AKT, increasing glycolytic flux, cell
survival, and carcinogenic potential in transformed human fibroblast
cells [144]. In melanomas, Complex Il, not Complex I, contributes to
tumorigenicity via succinate-mediated increases in tumor antigen
presentation [145]. In multiple cancer cell lines in vitro and in xenograft
models, GPD2 mediates ferroptosis defense to promote cancer growth
[146]. Conversely, GPD2 loss does not impact respiration but promotes
cell proliferation via upregulation of cytosolic glycerol-3-phosphate in
kidney cancer [147]. ETFDH expression is decreased in human he-
patocellular carcinomas and associated with poor survival [148].
PRODH is highly upregulated by p53 and mediates non-small cell lung
cancer progression, promoting epithelial to mesenchymal transition
[149]. In breast cancer, patients often exhibit deficiencies in coenzyme
Q10 (CoQ10), which blocks antioxidant defense and enhances prolif-
erative potential [150]. Additionally, mitochondrial supercomplex

formation and stabilization was recently found to promote breast and
endometrial tumorigenesis [151] as well as pancreatic cancer growth
[152]. Further study of mitochondrial Complex assembly and function
are warranted to better understand the impact across cancer types as
well as the mechanism for tolerating hypoxic conditions. Recently, it
was observed that primary solid tumors have decreased TCA cycle flux
compared with control tissue, whereas metastasis increased TCA flux
[153]. This heterogeneity in mitochondrial alterations requires
improved characterization of mitochondrial alterations with functional
ramifications. In summary, essential mitochondrial functions are
leveraged to sustain carcinogenesis and evade death in a tissue- and
cell-type specific manner. Thus, understanding the degree by which a
specific cancer type utilizes mitochondria for processes such as
macromolecule synthesis and energy transfer is required to ultimately
determine targetability and therapeutic potential.

Emerging concepts of cancer bioenergetics include spatial resolution
of mitochondrial heterogeneity within cells, tumors, and the TME, and
also in response to environmental changes. Mitochondria exist as
dynamic organelles that continuously undergo remodeling, turnover,
and networking. These dynamics have recently been illuminated with
new techniques that visualize mitochondrial form and function
[154,155]. For example, three-dimensional ultrastructural analysis
revealed that distinct compartments of mitochondrial networks within
tumors dictated the bioenergetic capacity of non-small cell lung cancer
tumors [156]. Strides have also been made in the field of volume
electron microscopy, where subcellular components, such as the
nucleus and mitochondria, of liver tumors are visualized within their
native 3-dimensional organization [157]. Mitochondrial mediated
spatial regulation of tumor metabolism has also been elucidated
through the lens of fluxomics. For example, cancer cells may rewire
subcellular metabolic fluxes to enable flexibility by driving glutamine
reduction under hypoxic conditions or by enabling pyrimidine biosyn-
thesis and reversing TCA activity oxalacetate [158]. Recently, methods
using computational deconvolution have improved resolution of spatial
fluxes within intact cancer cells removing the need to fractionate cells
[159]. Mitochondria transfer between cells, first observed via (ras
homolog family member T1) RHOT1 mediated tunneling nanotubes
(nano-scale channels between cells) over 10 years ago, is now an
emerging area of study for TME, metabolic rewiring, and therapy.
Recently, transfer of mtDNA via extracellular vesicles was identified as
a novel mechanism of lung cancer metastasis [160]. Similarly, cancer
cells appear to hijack and transfer nearby immune cell mitochondrion
to promote cell growth and proliferation [161]. These imaging tech-
niques combined with functional approaches to evaluate both the tu-
mor and environment hold the promise of revolutionizing the fields of
onco-anatomy and cancer bioenergetics.

4. PERTURBING MITOCHONDRIAL FUNCTIONS AS A CANCER
THERAPEUTIC STRATEGY

Cancer cells utilize evolutionarily conserved mitochondrial functions to
sustain carcinogenesis and evade death signals based upon the
fluctuating TME and subcellular metabolic landscape (Figure 4). Given
the numerous nodes of cancer initiation and support, mitochondria
serve as targets for a wide range of promising anti-cancer agents
(Table 1). Several key TCA cycle enzymes, such as pyruvate dehy-
drogenase (PDH), isocitrate dehydrogenase (IDH), and a-KG dehy-
drogenase (KGDHC) and metabolite transporters, such as the
mitochondrial pyruvate carrier (MPC), are being investigated for their
anti-cancer potential in clinical trials [162]. CPI-613, a potential PDH
and KGDHC inhibitor, which failed in a phase Il clinical trial of
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Figure 4: Mitochondrial bioenergetic regulation of cancer cell survival and death evasion.

Mitochondria confer cancer survival and death evasion through the leveraging of highly plastic, conserved, and interconnected biological processes orchestrated through a dynamic
bioenergetic system. Energy transformation through oxidative phosphorylation (OXPHOS) and electron transfer (ET) are dictated by coupling efficiency, the subcellular ADP/ATP
ratios, and the availability of reducing equivalents. Redox networks within the mitochondria provide reducing equivalents requisite for energy transformation as well as managing
mitochondrial reactive oxygen species (ROS) produced. The mitochondria require ion and molecule transport into the organelle to sustain mitochondrial morphology, driving forces,
and functions. Additionally, mitochondria provide molecules and ions to the cancer cell. These metabolic byproducts can highly influence cell fate through molecular signaling

cascades generated from the mitochondria.

pancreatic cancer [163] as well as acute myeloid leukemia in com-
bination with chemotherapy (NCT03504410) is now being tested in
combination therapies such as chemoradiation (NCT05325281).

Inhibiting specific mitochondrial functions such as OXPHOS, electron
transfer, biosynthesis, and/or metabolite signaling are being investi-
gated extensively for antineoplastic activity [164]. Some FDA-approved
anti-cancer therapies target mitochondrial function to inhibit cancer
progression, such as Sorafenib, a mitochondrial Complex I inhibitor
[165] and Tamoxifen, which inhibit Complex | and ATP synthase [166].
Metformin, a potential Complex | inhibitor, which is being tested in
clinical trials for colorectal, breast, and prostate cancer [162] recently
failed in a phase Il clinical trial in breast cancer [167]. The small-
molecule complex | inhibitor, IACS-010759, has a narrow therapeu-
tic index and dose limiting toxicities and recently failed in phase |
clinical trials in acute myeloid leukemia and sold tumors [168]. Anti-
oxidant agents targeting glutathione (GSH) and thioredoxin (Trx) also
demonstrate anti-cancer potential in current clinical trials [169].
Transfer of electron flow from Complex Il to Il with o-tocopherol
succinate restricts proliferation and induces apoptosis in cancer cells
[170]. Gamitrinib, a mitochondrially localized ATPase inhibitor of
HSP90, limits carcinogenic potential in multiple tumor and cancer cell
types [171,172], has displayed promising preclinical safety in dogs,
and has advanced to a Phase | clinical trial [173]. VLX600, an iron
chelator reported to inhibit Complexes |, Il, and IV, similarly compro-
mises tumor growth in models of colorectal cancer [171] was suc-
cessful in a Phase | trial in patients with advanced solid tumors [174].

Additionally, chemoresistant cells that rely on mitochondrial ATP for
transporter-mediated drug efflux are sensitized to chemotherapy using
a methylation-controlled J protein that negatively regulates complex |
and decreases respiration [175]. Inhibitors specifically targeting GPD2-
dependent ROS formation are also being investigated [176,177],
however, little is known about whether G3P oxidation alters cancer cell
function and/or survival and further investigation is required. Collec-
tively, these studies demonstrate that limiting mitochondrial function
favorably augments cancer cell growth, but that specific inhibition has
not yet yielded an efficacious anticancer therapeutic.

Dose limiting toxicity and lactic acidosis are major obstacles for
mitochondrial inhibitors [178]. Compensatory and coordinated upre-
gulation of other respiratory components or glycolysis to evade death
and ensure survival are another limitation of inhibiting a specific
component of the ETS. For example, pyruvate kinase interacts with
mitofusin 2 on the outer mitochondrial membrane to signal demand for
glycolytic flux [179]. Similarly, limiting the supply of NADH and FADH,
increases glycolytic ATP production [180]. Thus, the ideal mito-
chondrially targeted antineoplastic agent would sufficiently restrict ATP
production and limit cytosolic ATP content below what is required to
fuel hexokinase and phosphofructokinase, such that glycolysis could
no longer proceed. One means of achieving such effect is to use
combinatorial inhibition of upstream regulators of glycolysis and
electron transfer. To this end, inhibition of Complex | via metformin
synergizes with the prototype glycolysis inhibitor 2-deoxy-b-glucose to
drive tumor regression [181].
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Table 1 — Mitochondrial targets of anticancer agents.

Biological process Mitochondrial Target

Drug name

Level of evidence

TCA cycle enzymes PDH and KGDHC inhibitor CPI-613 (Devimistat)

IDH inhibitor AG-221and AG-881
IDH inhibitor AGI-5198
Metabolite transporters ~ MPC inhibitor UK-5099
HSP90 inhibitor Gamitrinib
OXPHOS/ET Complex Il inhibitor Sorafenib
Uncoupler
Complex | and ATP synthase Tamoxifen
Complex | inhibitor Metformin
Complex | inhibitor IACS-010759
Complex Il inhibitor a.-tocopherol succinate
Iron chelator that inhibits complexes ~ VLX600
I, I, and IV
Methylation-controlled J protein that ~ MCJ mimetics (MITOx20, MITOx30)
negatively regulates complex |
Uncoupler NEN
Uncoupler Nitazoxanide
Uncoupler Ellipticine and derivatives
DNA topoisomerase Il inhibitor
Uncoupler CRMP
Uncoupler BAM15
Uncoupler SR4
Uncoupler FR58P1a
Uncoupler Tyrphositn A9
Tyrosine kinase inhibitor
Uncoupler ESI-09
EAPC inhibitor
Antioxidants Blocks GSH synthesis Buthionine sulfoximine
Trx inhibitor PX-12
GPD2-dependent ROS formation KM04416
inhibitor

o Failed phase lll clinical trial in pancreatic cancer

e Failed acute clinical trial in myeloid leukemia in
combination with chemotherapy

e Current clinical trial in pancreatic cancer in combi-
nation with chemoradiation

e Current clinical trial in acute myelogenous leukemia
carrying IDH mutations

e Preclinical anti-cancer effects in vivo

e Current clinical trial

e Preclinical safety and anti-cancer effects in vivo

e Current phase | clinical trial

o FDA-approved anti-cancer therapy

e FDA-approved anti-cancer therapy

o Failed phase lll clinical trial in breast cancer

e Current clinical trials for colorectal, breast and
prostate ccancer

o Failed phase | clinical trials in acute myeloid leuke-
mia and solid tumors

o Anti-cancer effects in vitro

e Successful phase | trial in advanced solid tumors

o Anti-cancer effects in vitro

e Failed clinical trial in prostate cancer

e Terminated clinical trial in colon cancer due to low
accrual

e Current clinical trial in prostate cancer

e Reformulated compound, successful phase 1b trial

o Preclinical safety and anti-cancer effects in vivo

e Failed phase Il clinical trial

e Preclinical anti-cancer effects in vivo
e Preclinical anti-cancer effects in vivo
e Preclinical anti-cancer effects in vivo
o Anti-cancer effects in vitro
o Anti-cancer effects in vitro

o Anti-cancer effects in vitro

e Successful phase | clinical trial in neuroblastoma
o Terminated phase Il clinical trial in pancreatic cancer
o Anti-cancer effects in vitro

Conversely, manipulating bioenergetic efficiency has the advantage of
targeting the energy transformation process without the direct inhi-
bition that may be leveraged in a cancer-specific way. Several mito-
chondrial uncouplers have demonstrated clinical tolerability and
efficacy in the context of other metabolic diseases such as obesity and
steatotic liver disease [182]. The efficacy of mitochondrial uncouplers
as antineoplastic agents has been demonstrated preclinically across
cancer models, with several entering clinical trial evaluation [183].
Controlled-release mitochondrial protonophore (CRMP), a chemically
modified derivative of native DNP, was highly tolerable and reduced
tumor growth in multiple pre-clinical models of colon cancer [184].
F16, a mitochondrial-localized lipophilic cation, inhibits cell cycle
progression and induces cell death dependent upon on its uncoupling
activity [185]. ESI-09, an exchange protein directly activated by cCAMP

10

(EAPC) inhibitor, was identified as a novel uncoupler with anticancer
effects under low glucose conditions, specifically targeting quiescent
cells [186]. The newly identified uncoupler FR58P1a inhibits migration
of TNBC cells via Sirt1/AMPK/B1-integrin pathway [187]. Congruently,
BAM15, a highly potent mitochondrial uncoupler, limits proliferation
and initiates apoptosis in vitro and in vivo models of breast cancer by
inhibition of ATP production and sustained mitochondrial stress [121].
BAM15 has also been found to inhibit proliferation of acute myeloid
leukemia [188] and synergize with mitogen-activated protein kinase
inhibitors to induce cell death in melanoma cells [189].

A subset of FDA-approved drugs were discovered to have uncoupling
activity via untargeted library screens [190]. Sorafenib, a tyrosine ki-
nase inhibitor used in standard-of-care chemotherapy for hepatocel-
lular carcinoma, displays uncoupling activity at low-doses [191].
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Niclosamide ethanolamine (NEN), commonly used for the treatment of
parasitic infections, is a highly tolerable and potent uncoupler in
addition to its other mechanisms of action [192]. NEN has been clin-
ically investigated for its anticancer efficacy but was not sufficiently
enriched to exert a direct anti-proliferative effect, in prostate cancer
[193]. Reformulated nicolsamide successfully achieved target plasma
levels in a Phase 1b trial [153]. Additionally, there have been other
clinical trials using NEN for treatment, in prostate cancer one Phase I
trial is ongoing (NCT02807805), and the trial in colon cancer was
terminated due to low accrual (NCT02687009). Nitazoxanide, another
antiparasitic with uncoupling potency, was tolerable and efficacious in
combination with chemotherapy in chemotherapy-resistant nasopha-
ryngeal carcinoma [194]. Ellipticine, a DNA topoisomerase Il inhibitor,
and its derivatives have well documented antitumor activity mediated
by uncoupling but have not proceeded past Phase Il clinical trials in
cancer due to high incidence of toxicity [195]. Tyrphostin A9, a tyrosine
kinase inhibitor, is considered one of the most powerful uncouplers
discovered to date with potency in the nM range and the highest mtiM
cycling rates [196] and has displayed powerful potency and demon-
strated preliminary anticancer efficacy [197]. 1,3bis (dichlorophenyl)
urea (SR4) a chemical uncoupler, was also identified as a potential
anticancer therapeutic in a drug screen using leukemia HL-60 cells
[198] and has demonstrated preliminary efficacy in preclinical models
of obesity and leukemia, lung, melanoma, and hepatocellular carci-
noma cancer models [199]. Overall, there is experimental evidence
that uncoupling agents restrict proliferation and induce apoptosis in
models of cancer. However, in vitro proof-of-concept studies have
limited generalizability since tumors scavenge and self-sacrifice for
ATP, conferring a survival advantage beyond individual cells. Increased
preclinical and clinical investigation of uncoupling agents are needed to
identify compounds that are both tolerable and effective.

5. CONCLUSIONS

Mitochondria are essential to cancer cell survival and progression by
providing the energy and macromolecules required to initiate and
sustain growth. Limitations in uncovering the contribution of mito-
chondrial bioenergetics to cancer pathophysiology persist due to the
fact that tumors are heterogeneous tissues, housing a multiplicity of cell
types in a dynamic extracellular environment. Diagnostic probing of the
mitochondrial bioenergetic system within and around tumors will help to
elucidate metabolic vulnerabilities over the cancer continuum and in
response to primary therapies. Furthermore, therapies that limit the
efficiency of mitochondrial ATP production will likely play an important
role in primary treatment of cancer as well as in overcoming therapeutic
resistance.
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ABBREVIATIONS

ATP adenosine triphosphate

TME tumor microenvironment

Adpy, transmembrane chemical potential difference [kJ-moI“] or [mV]
H" hydrogen ion, hydron

P; inorganic phosphate

ADP adenosine diphosphate

Ap pmF, protonmotive force [kJ~moI*1] or [mV]

ApH transmembrane pH difference

AII/,,+ mt-transmembrane electric potential difference [mV] or [kJ~moI’1]
Redox reduction-oxidation

NAD" /NADH nicotinamide adenine dinucleotide reducing equivalents
FAD/FADH, flavin adenine dinucleotide reducing equivalents

ROS reactive oxygen species

TCA tricarboxylic acid

ETS electron transfer system
OXPHOS oxidative phosphorylation
miDNA mitochondrial DNA

MCTs monocarboxylate transporters
G3P glycerol-3-phosphate

FAO fatty acid oxidation

mtoM mitochondrial outer membrane
mtim mitochondrial inner membrane
iMs intermembrane space

VDACs  voltage-dependent anion channels
MCs metabolite carriers
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