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Abstract

Mitochondria have long been controversial organelles in cancer. Early discoveries in cancer 

metabolism placed much emphasis on cytosolic contributions. Initial debate focused on if 

mitochondria had a role in cancer formation and progression at all. More recently the contributions 

of mitochondria to cancer development and progression have become firmly established. This has 

led to the identification of novel targets and inhibitors being studied as new therapeutic 

approaches. This review will summarize the role of mitochondria in cancer and highlight several 

agents under development.

1. Mitochondria, passenger or key player in tumor metabolism?

Several billion years ago eukaryotic cells acquired an intracellular symbiont that allowed for 

much more efficient generation of cellular energy and biomolecules. These endosymbionts 

thought to be derived from an engulfed contemporaneous prokaryotic organism [1] allowed 

for the evolution of multicellular organisms and are now an essential subcellular organelle, 

the mitochondria. This name was first coined in 1898 by Dr. Carl Benda. The name was 

derived from the Greek “mito” meaning thread and “chondria” meaning granule after their 

appearance in spermatogenesis [2]. Mitochondria are dynamic subcellular organelles that 

can move within the cytoplasm, contain an independent genome, protein translational 

system and reproduce independently of the host cell [1]. Mitochondrial homeostasis results 

from a complex interplay of bidirectional signals between the nucleus and the mitochondria. 

Most essential mitochondrial genes are encoded in the nuclear genome requiring careful 

coordination of nuclear and mitochondrial gene expression. This need for careful 
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coordination may have provided the selective pressure that resulted in the epigenetic effects 

of the mitochondrial derived metabolites like acetyl-CoA, α-ketoglutarate and NAD+/

NADH on nuclear gene expression in one direction [3] and the effects of nuclear encoded 

proteins and growth factor signaling on mitochondrial function in the other [4]. Given the 

growth and energetic advantages provided by mitochondria it would be intuitive to assume 

that cancer cells would utilize them to maximize growth and survival. However, early work 

in cancer metabolism suggested mitochondria function was not only non-contributory but 

might actually be detrimental.

Initial observations by Otto Warburg revealed that most tumors contained cells that were 

highly glycolytic even in the presence of oxygen in contrast to normal cells. Normal cells 

will take up glucose and completely oxidize it to CO2 and water in the presence of oxygen 

and only rely on glycolytic energy generation when oxygen levels are insufficient. This 

behavior mimics what Pasteur described in fermenting yeasts in the 1890s. In contrast, the 

tumor slices that Dr. Warburg studied in vitro and in vivo took up excess glucose and 

converted it primarily to lactate with minimal levels of oxygen consumption regardless of 

the amount of oxygen present [5]. This phenomenon was so pervasive in cancer that Dr. 

Warburg put forth the hypothesis that mitochondrial dysfunction was a fundamental aspect 

of cancer development [5]. The wide differences in metabolism between normal tissues and 

cancer made this an attractive target to develop cancer therapeutics. Indeed, some of the 

earliest chemotherapies developed targeted folate metabolism [6]. However, glycolytic 

inhibitors like 2-deoxyglucose demonstrated unimpressive responses and issues with toxicity 

[7]. Recently, with the development of powerful new tools a new paradigm of mitochondrial 

metabolism in cancer has emerged and with it a new interest in the development of agents 

that can target it.

1.1. Warburg metabolism is the metabolism of proliferation

At first pass the high glucose uptake and conversion to lactate exhibited by cancer cells 

seems counter-intuitive. Why would highly dividing cells rely on such an inefficient means 

of generating ATP? The answer lays in the fact that tumor cells are not in the business of 

making ATP but rather the business of making the next tumor cell. Carbon in the form of 

glucose or glutamine must be converted to the necessary lipids, amino acids and nucleotides 

that will be the building blocks of the next cell. While oxidative metabolism is the most 

efficient means of generating high energy electrons and ATP its final products are CO2 and 

water, materials not sufficient to the generation of the next tumor cell. It is analogous to 

someone trying to construct a house but using all the lumber to build a fire. Instead, highly 

glycolytic tumors divert multiple glycolytic intermediates into parallel metabolic pathways 

like the pentose phosphate pathway to generate needed ribose and NADPH for nucleotide 

synthesis [8]. Those carbons that are metabolized further to trioses can be removed from the 

pathway and converted to glycerol for phospholipid synthesis and serine for protein or 

nucleotide synthesis [8]. Finally, those carbons that are fully catabolized via glycolysis and 

converted to pyruvate can be shunted into the mitochondria and converted to acetyl-CoA for 

entry into the TCA cycle [9]. TCA cycle intermediates are then either oxidized for catabolic 

purposes or converted to amino acids or citrate for export back to the cytoplasm [9]. When 

viewed as a means for re-organizing carbon skeletons into needed biomolecules the adaptive 

Anderson et al. Page 2

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



advantages of a highly glycolytic state come into focus. The conversion of pyruvate to 

lactate is needed to maintain an adequate NAD+/NADH ratio to allow for the continued 

conversion of hexoses to trioses. Additionally, the utilization of the kinetically slower 

isoform of pyruvate kinase (PKM2) allows for the maximal levels of glycolytic 

intermediates to be shunted into other pathways. This initially “wasteful” system ultimately 

reveals itself to be the most efficient utilization of precious nutrients once one understands 

the ultimate goal is cellular reproduction. Warburg’s conclusion that tumors must lack of 

functional mitochondria did not consider the fact that oxidative catabolism via the electron 

transport chain is but one of many functions carried out by the mitochondria. His 

experiments did not examine the conversion of TCA cycle intermediates into amino acid, 

lipid and nucleic acid precursors in reactions that do not consume oxygen. This metabolism 

of proliferation is not unique to tumor cells as normal cells like lymphocytes will adapt 

similar metabolic phenotypes when stimulated to proliferate [10]. The differences lie in the 

fact that normal cells will make these adaptations only in the presence of the appropriate 

growth signals and adequate nutrients. Tumor cells in contrast are driven by constant 

oncogenic signaling that drives these metabolic changes independent of growth factor 

signaling and nutrient conditions. This difference underlies a possible therapeutic window 

for the treatment of cancer with metabolic inhibitors.

1.2. The mitochondria strike back

Otto Warburg was the unquestioned master of tumor metabolism of his time and reportedly 

wrote a one sentence grant application “I will require 10,000 marks” that was ultimately 

funded by the German government [11]. Given the data at the time his conclusion that 

mitochondrial dysfunction was needed for tumor development was understandable. This 

initially led the field to disregard the contributions of mitochondrial metabolism to tumor 

formation and growth. More recently a reemergence of interest in mitochondria in cancer 

has been fueled by experiments that have cast doubt on the previously held dogma. For 

example, experiments were done to show that cancer cells grown in ethidium bromide, 

which depletes mitochondrial DNA, grow slower and are less capable of making tumors in 

animals suggesting a mitochondrial contribution to tumor growth and aggressiveness 

[12,13]. As the field matured more elegant systems to show this contribution were 

employed. One example utilized a TFAM knockout model. TFAM is a nuclear encoded 

transcription factor needed for maintenance and transcription of the mitochondrial genome. 

In a genetically engineered mouse model of lung cancer driven by mutant Kras expression 

mice with floxed TFAM alleles who were exposed to an inhaled Cre recombinase developed 

significantly smaller and less proliferative tumors [14]. The role of mitochondrial 

metabolism was further established when the role IDH2 mutations in tumorigenesis was 

uncovered. IDH2 is a mitochondrial enzyme that catalyzes the oxidative decarboxylation of 

isocitrate to α-ketoglutarate. IDH2 mutations are found to occur recurrently in acute 

myeloid leukemia (AML), gliomas, astrocytomas and chondromas. The mutations result in a 

neomorphic enzyme that will catalyze the conversion of α-ketoglutarate to D-2-

hydroxyglutarate (2HG). This results in an excess of 2HG that is a competitive inhibitor of 

the ten eleven translocation (TET) family of enzymes needed for the demethylation of 

cytosine nucleotides in DNA. Additionally, the Jumonji-C domain histone Nε-lysine 

demethylases (KDMs) responsible for histone demethylation are also inhibited by 2HG. 
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This results in changes in DNA and histone methylation leading to aberrant transcription and 

ultimately to transformation [15]. The transforming potential of IDH2 mutations was 

confirmed in a study that showed the R140Q mutation could cooperate with FLT3 mutations 

in the generation of AML and importantly the loss of this mutation in an established AML 

resulted in severe growth inhibition validating it as a bona fide oncogene and potential 

therapeutic target [16]. These studies and others like have demonstrated the key role 

mitochondrial metabolism plays in tumorigenesis and tumor progression.

1.3. Warburg strikes back, some tumors really do require mitochondrial dysfunction

Despite the fact that the vast majority of cancers have intact mitochondrial function there are 

several types of rare tumors that actually do require mitochondrial dysfunction. Succinate 

dehydrogenase (SDH) and fumarate hydratase (FH) have been found to be recurrently 

mutated in hereditary paraganglioma and pheochromocytoma for the former and hereditary 

leiomyomatosis and renal cell cancer in the latter. In addition, mutations in genes encoding 

SDH subunits have also been identified in gastrointestinal stromal tumors, renal tumors and 

testicular seminomas among others. In the hereditary syndromes one copy of the 

nonfunctional allele is passed on in the germline and the tumor subsequently inactivates the 

remaining copy by mutation or chromosomal loss. These tumors accumulate an excess of 

either succinate for SDH inactivated or fumarate for FH inactivated tumors. These TCA 

cycle metabolites are also capable of inhibiting the TET and KDM families of demethylases 

much like 2HG resulting in an altered epigenome [17,18]. In addition to inhibiting these 

enzymes succinate and fumarate can also inhibit the prolyl hydroxylases (PHDs) resulting in 

elevated levels of HIF [19]. These tumors can circumvent the need for an intact TCA cycle 

via the reductive carboxylation of α-ketoglutarate to isocitrate by the IDH1/2 enzymes [20]. 

Interestingly, it is the fact that these enzymes utilize the higher energy electron carrier 

NADP+ that allows the reverse reaction to occur as opposed to IDH3 which utilizes NAD+ 

in an irreversible manner. It is the reversible nature of the IDH1/2 reactions that allows for 

the neomorphic activity of the mutated forms of these enzymes as discussed above. These 

data taken together suggest that even in tumors where mitochondrial function is impaired the 

metabolic flow through the mitochondria is nevertheless critical.

1.4. Mitochondria more than just a power house

In addition to generating ATP and biosynthetic precursors mitochondria are also responsible 

for the production of cellular reactive oxygen species (ROS). Mitochondrial derived ROS 

from activity of the electron transport chain can be converted to H2O2 by the action of super 

oxide dismutase (SOD2). H2O2 then serves as a diffusible signaling molecule that can 

modulate the activity of ROS sensitive proteins like the FOS–JUN transcription factors [21]. 

Finally, perhaps one of the most important mitochondrial functions in cancer is the initiation 

of the apoptotic response by the release of cytochrome C into the cytoplasm [22]. 

Mitochondria have the ability to undergo an outer membrane permeability transition 

allowing for the release of cytochrome C into the cytoplasm. The released cytochrome C 

initiates formation of the apoptosome that culminates in the activation of the final effector 

caspases 3 and 7. This transition is controlled by the relative abundance and function of the 

anti-apoptotic BCL-2 family members and the proapoptotic BH3 only family members [23]. 
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Several tumor types are known to overexpress BCL-2 and its family members in order to 

suppress apoptosis [24,25] revealing another role of mitochondria in cancer development.

1.5. Taking the war on cancer to the mitochondria

Having derived considerable insights from the above studies as to the essential nature of 

mitochondrial function in cancer the question then becomes can this be targeted in a 

therapeutic manner? A large number of mitochondrial metabolism inhibitors are under 

clinical development and several have achieved FDA approval. An overview of some of 

these molecules is detailed below.

2. Targeting the TCA cycle

2.1. Enasidinib

Enasidinib is a small molecule inhibitor of the mutant IDH2 protein that catalyzes the 

conversion of α-ketoglutarate to the oncometabolite 2HG as discussed above (Fig. 1). 

Enasidinib has been shown to inhibit the production of 2HG in IDH2 mutated AML in 

preclinical systems [26,27]. Interestingly, instead of inducing an apoptotic cell death this 

seems to remove the differentiation arrest imposed on the cells by the production of 2HG 

and leads to the maturation of the leukemia blasts into mature blood cells. In early phase 

clinical trials enasidinib treatment in patients with relapsed or refractory IDH2 mutated 

AML resulted in a 24% complete remission rate (with and without complete count recovery) 

and an overall response rate of 40%. Evidence of maturation of blasts was seen in samples 

taken from responding patients corroborating the earlier preclinical studies [28]. On the 

basis of the clinical efficacy the FDA granted enasidinib an accelerated approval for the 

treatment of IDH2 mutated AML patients with relapsed or refractory disease. Additional 

clinical trials are ongoing in the relapsed setting compared to conventional care regimens 

(ClinicalTrials.gov Identifier: NCT02577406) and in the upfront setting in combination with 

chemotherapy (ClinicalTrials.gov Identifier: NCT03013998).

2.2. CPI-613

CPI-613 is a novel lipoate derivative that has shown to inhibit pyruvate dehydrogenase 

(PDH) and α-ketoglutarate dehydrogenase (KGDH, Fig. 1). It inhibits PDH by activating 

pyruvate dehydrogenase kinase that phosphorylates and inactivates PDH [29]. CPI-613 

inhibits KDGH by creating a burst of reactive oxygen species and activating a redox-sensing 

mechanism that results in the glutathionylation of the enzyme blocking its activity [30]. This 

inhibition of both PDH and KGDH effectively inhibits the points of entry for carbons 

derived from either glucose or glutamine into the TCA cycle. This prevents mitochondrial 

carbon metabolism and oxidative phosphorylation derived from the oxidation of TCA cycle 

intermediates. In preclinical studies CPI-613 has shown extensive anticancer effects. In a 

phase one study, CPI-613 has shown to be well tolerated and active in several patients with 

advanced myeloid malignancies [31]. In combination with chemotherapy it had encouraging 

activity in patients with relapsed or refractory AML especially in patients 60 years of age or 

older (Pardee et al. in press). CPI-613 in combination with chemotherapy roughly doubled 

the objective response rate for patients with metastatic pancreatic cancer and showed 

encouraging median survival [32]. CPI-613 is currently being evaluated in several additional 
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clinical trials (ClinicalTrials.gov Identifiers: NCT02168140, NCT02232152, 

NCT02484391).

2.3. Dichloroacetate

Dichloroacetate (DCA) activates the TCA cycle by shifting cell metabolism from glycolysis 

to mitochondrial glucose oxidation. It does this primarily by inhibiting PDK1 (Fig. 1) which 

in turn leads to the activation of PDH and overall conversion of cytosolic pyruvate to 

mitochondrial acetyl-CoA [33]. One study showed that DCA sensitized metformin-

cytotoxicity by reprogramming glucose metabolism from glycolysis to mitochondrial 

oxidation [34]. Another study demonstrated that DCA affects the proliferation of human 

colorectal cancer cells without affecting survival [35]. Additionally, DCA has been used in 

clinical trials including one study in glioblastoma that showed some indication of efficacy 

[36]. However other studies in advanced solid tumor patients demonstrated limited responses 

and concern for toxicity [37]. A more recent study (NCT01029925) for patients with 

previously treated metastatic breast or non-small cell lung cancer was terminated at the 

recommendation of the study safety monitoring board secondary to unexpected toxicity. 

Currently, there are no open cancer studies with DCA listed on clinicaltrials.gov.

3. Targeting the electron transport chain (ETC)

3.1. Metformin/Phenformin

Metformin is currently used to treat diabetes however it has also shown some activity in 

preclinical and clinical trials settings. Metformin is a complex I inhibitor of the electron 

transport chain (Fig. 2). As a result it increases AMP and decreases ATP. This causes an 

increase in the AMP/ATP ratio leading to the activation of adenosine monophosphate 

activated protein kinase (AMPK) which promotes catabolism and inhibits anabolic pathways 

like fatty acid synthesis [38]. In pre-clinical studies it sensitized leukemia stem cells to 

apoptosis [39]. Metformin is currently being tested in several clinical trials. A precursor 

molecule Phenformin, was taken off the market for diabetes due to its increased risk of lactic 

acidosis but has efficacy in against multiple cancer cell lines and preclinical models [40–44]. 

Phenformin is not reliant on transporters for cell entry and has increased potency for the 

mitochondrial membrane compared to metformin [45]. It also has a 10-fold higher potency 

than metformin in sensitizing leukemia cells Bcl-2 inhibiton [39]. It is also being explored in 

clinical trials as the toxicity previously observed was in patients with diabetes where the risk 

benefit ratio is significantly different from those suffering with a fatal malignancy. There is 

currently one clinical trial looking at adding phenformin to the tyrosine kinase inhibitors 

dabrafenib and tremetinib for patients with metastatic BRAFV600E/K mutated melanoma 

(ClinicalTrials.gov Identifier: NCT03026517).

3.2. IACS-010759

IACS-010759 works in a similar manner as metformin (Fig. 2). It is a complex I inhibitor of 

the electron transport chain [46]. In preclinical studies it has promising activity against AML 

cells [47]. This is currently being tested in patients with advanced solid tumors 

(ClinicalTrials.gov Identifier: NCT03291938) as well as in acute myeloid leukemia 

(ClinicalTrials.gov Identifier: NCT02882321) in phase I trials.
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3.3. Arsenic trioxide

Arsenic trioxide has been widely used in Chinese medicine. Arsenic trioxide is a complex 

IV inhibitor (Fig. 2); it ultimately suppresses mitochondrial function by inhibiting 

cytochrome c oxidase, a main component of complex IV [48]. This inhibition leads to 

subsequent electron leakage which ultimately leads to the formation of superoxide. With the 

formation of reactive oxygen species this drug is able to effectively decrease the 

mitochondrial membrane potential thus ultimately leading to apoptosis [49,50]. It is 

currently FDA approved for the treatment of acute promyelocytic leukemia (APL) in the 

upfront and relapsed settings. In APL it stimulates the degradation of the fusion protein 

PML-RARα resulting in the terminal differentiation of the malignant cells. It is unclear if 

this mechanism involves the ETC. It has been tested in the clinic in a wide range of solid 

tumors and hematologic malignancies at various stages of clinical trials. To date its role 

outside of the treatment of APL has not been firmly established.

4. Targeting mitochondrial translation and fission

4.1. Tigecycline

Tigecycline inhibits mitochondrial translation (Fig. 3). It binds to the 30S ribosomal subunit 

and blocks the interaction of aminoacyl-tRNA with the A site of the ribosome [51]. 

Currently it is used to treat a number of bacterial infections. Preclinically, tigecycline has 

shown to inhibit mitochondrial translation in AML and was more efficacious than other 

small molecules that were tested [52]. Tigecycline in combination with imatinib decreased 

the CML stem cell population dramatically in vitro and in vivo [53]. Since the toxicology 

and pharmacology is already known in humans this can lead to rapid advancement into 

clinical trials. A phase I trial in relapsed or refractory acute myeloid leukemia was 

conducted and the MTD in this population was established [54]. Unfortunately, no clinical 

responses were observed in this trial. A recent preclinical study showed promising activity 

of tigecycline in combination with venetoclax (discussed below) against double hit 

lymphomas indicating that a combination treatments may be more effective [55].

4.2. MDIVI-1

Mitochondria are mobile and dynamic organelles that can fuse with (fusion) or break off 

from (fission) other mitochondria [56]. MDIVI-1 is a mitochondrial fission inhibitor. It is 

suggested that it works in mammalian cells by inhibiting Drp1 activity [57] resulting in 

hyperfused mitochondria and a decrease in mitophagy. There are currently no clinical trials 

that use this drug but it is showing promise pre-clinically. It was shown to increase the 

response of ovarian cancer cells to death receptor mediated apoptosis while sparing normal 

cells [58]. In combination with cisplatin, MDIVI-1 induces mitochondrial uncoupling and 

swelling and promotes apoptosis in drug resistant breast cancer cells [59]. Interestingly, 

MDIVI-1 has shown to attenuate the cardiotoxicity of doxorubicin treatment by inhibiting 

the fragmentation of the mitochondria that is proposed to play a major role in increasing 

heart failure [60]. The role of mitochondrial fission in cancer cell growth and survival is an 

area of intense research interest.
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5. Targeting mitochondrial apoptotic pathway

5.1. Venetoclax

Ventoclax is a small molecule BH3 only mimetic that binds and inhibits BCL-2 allowing the 

oligomerization of BAX and BAK resulting in the formation of the mitochondrial outer 

membrane pore complex and the cytosolic release of cytochrome C triggering apoptosis 

(Fig. 3). It is active in multiple cancers including lymphomas, chronic lymphocytic 

leukemia, small cell lung cancer and AML among others [61–63]. In clinical trials it has 

shown activity in relapsed and refractory chronic lymphocytic leukemia [64]. Interestingly it 

also shows excellent activity in CLL patients with p53 deletions [65] suggesting that loss of 

p53 function does not protect from venetoclax in this setting. These trial results have led to 

the approval of venetoclax for the treatment of CLL. More recent studies have shown 

activity of this agent in AML [63] and intriguingly there was a suggestion that patients 

harboring an IDH mutation might be particularly responsive. In a more recent study 

presented as an abstract venetoclax was combined with the hypomethylating agent 

azacytidine for elderly patients with AML. This small study revealed very encouraging 

response rates with an 85% remission rate [66]. The final results of this study are pending at 

this time.

5.2. Curcumin

Curcumin is derived from the turmeric spice. It is believed that curcumin is able to induce 

apoptosis by specifically targeting the mitochondria [38]. One study suggested that it works 

by inducing Apaf-1 dependent caspase activation [67]. Cancer cells that were treated with 

curcumin were able to activate caspase 3 which is further enhanced by Apaf-1 silencing. 

Additionally, cytochrome c release and caspase activation were inhibited with the absence of 

p21. The upregulation of Bax, Bak, Bid, and Bim was observed. Another study looked at a 

combination treatment between curcumin and tamoxifen. Tamoxifen is an estrogen receptor 

inhibitor. Both curcumin and tamoxifen worked synergistically and induced apoptosis in 

chemoresistant melanoma A375 cells and G361 cells [68]. This combination treatment also 

had an increase in reactive oxygen species formation and shift in mitochondrial membrane 

potential. Currently, curcumin is being tested in combination with standard 

chemotherapeutics in a variety of solid tumors, specifically cancers of the colon, breast, 

pancreas, prostate, and rectum, as well as chronic lymphocytic leukemia.

6. Targeting mitochondrial HSP90

6.1. Gamitrinib

Gamitrinib is a highly selective small molecule that is able to inhibit mitochondrial HSP90 

[69]. HSP90 in the mitochondrial matrix serves as a chaperone protein and is increased in 

cancer. Inhibition of mitochondrial HSP90 causes mitochondrial collapse and selective 

tumor cell death [70]. It synergized with doxorubicin in preclinical xenograft models of 

breast and prostate cancer with no increase in cardiotoxicity [71]. When used in combination 

with bromodomain inhibitors gamitrinib caused synergistic cell death in glioblastoma 

models [72]. Gamitrinib also enhanced the activity of MAPK inhibition in BRAF mutated 

melanoma cell lines [73].
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7. Conclusions/future directions

The mitochondria have gone from being considered superfluous to cancer metabolism to 

becoming one of the main centers of focus of the field. Several promising new agents are 

currently in the clinic and several have already changed the way cancer patients are treated. 

One emerging theme is the power of mitochondrial targeted attacks to sensitize cancer cells 

to chemotherapy, kinase inhibitors or even other metabolic inhibitors. Most agents examined 

clinically to date have limited single agent activity pointing to metabolic flexibility of cancer 

cells that allows for resistance. This should not be surprising or discouraging and lack of 

single agent activity should not determine the fate of a promising agent. As the 

understanding of the mechanisms of metabolic flexibility utilized by tumors is increasingly 

understood new targets and strategies will be developed and a completely metabolically 

targeted approach to cancer treatment will be possible. The metabolic requirements of the 

immune system and its manipulation in the tumor microenvironment open up additional 

future avenues of attack. Specifically impairing the tumor’s ability to utilize 

immunosuppressive metabolic pathways will allow increased opportunities to harness the 

power of the immune system to help more patients. Collaboration between metabolic 

inhibitors, chemotherapy, tyrosine kinase inhibitors and immune therapies is the future of 

cancer care. If the pharmaceutical, clinical and scientific communities are to develop these 

strategies, close collaboration will be needed there as well.
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Fig. 1. 
Overview of the TCA cycle and therapeutics that target it. DCA, dichloroacetate; GLS, 

Glutaminase; GLUD, glutamine dehydrogenase; IDH, isocitrate dehydrogenase; KGDH, α-

ketoglutarate dehydrogenase; MPC, mitochondrial pyruvate carrier complex; PDH, pyruvate 

dehydrogenase complex; PDK, pyruvate dehydrogenase kinase.
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Fig. 2. 
Overview of the electron transport chain and therapies that target these complexes. Complex 

I – NADH dehydrogenase; Complex II-succinate dehydrogenase; Complex III-cytochrome 

bc1 complex; complex IV-cytochrome c oxidase; ETC – electron transport chain, Cyt C – 

cytochrome C; Q – quinone.
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Fig. 3. 
Overview of other specific mitochondrial functions that are targeted by cancer therapies. 

Apaf-1/BAD/BAK/BID, pro-apoptotic proteins; XIAP, anti-apoptotic protein; Mfn1/Mfn2, 

mitofusin; OPA1, mitochondrial dynamin like 120 kDa protein; Drp1, dynamin related 

protein 1; Hsp90, heat shock protein 90.
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