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INTRODUCTION

In normal cells, growth and developmental signaling are finely regulated in response to
external and internal stimuli directing cells to survival ou death [1]. Deregulation of these signaling
pathways has been associated to several human diseases, including diabetes, neurodegenerative
disorders, developmental defects and cancer [2]. Cancer is a genetic disease caused by changes
in genes that control the way our cells work, especially how they grow and divide. During the
multistep development of human tumors, cancer cells acquire among other characteristics,
the capacity of sustaining proliferative signaling, replicative immortality, increased genome
instability followed by the accumulation mutations, induced angiogenesis, evasion from growth
suppressors, deregulation of cellular energetics and resistance to - cell death [2].

Mitochondria integrate and regulate many aspects of cellular metabolism and produce the
majority of cellular ATP. The “hydrogen hypothesis” for the first eukaryote cell predicts the
symbiosis between a hydrogen-dependent archaebacterium, as the host cell, and a hydrogenproducing eubacterium, ancestor of modern mitochondria [3,4]. Because of the interaction
between mitochondria and the host cell, the mitochondria lost control of some of their functions
by transferring part of genome to the nucleus [5]. Still however, mitochondria are crucial for the
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eukaryote cell´s viability through cell death regulation, production of reactive oxygen species
(ROS), and are involved in the modulation of calcium levels, and the trafficking of small metabolites
[6].
In this chapter, we will discuss how mitochondrial dysfunction can initiate a complex cellular
reprogramming that supports tumor formation and growth.

THE MITOCHONDRIAL METABOLISM IN CANCER

When Claude and Deduve developed the first techniques for mitochondria isolation, the
biochemical knowledge had a great advancement. Metabolic reprogramming is one recognized
hallmark of cancer [2]. As evidenced by Otto Warburg in 1956, cancer cells are characterized
by increased glycolytic metabolism, specially in hypoxia environments, as a consequence of
mitochondrial dysfunctions. Carcinogenesis is associated with decreased levels of mitochondrial
proteins and upregulation of glycolytic enzymes [7]. Lehninger and Kennedy started the
identification of enzymes involved on fatty acid oxidation (Krebs cycle), and afterwards many
other enzymes localized in the matrix or the inner mitochondrial membrane participate in several
important metabolic pathways are also known. The citric acid cycle or tricarboxylic acid (TCA
cycle) had already been postulated by Krebs in 1937 and takes place inside the mitochondria
(Lehninger and Kennedy) and together with the cytochromes identification led to the recognition
of mitochondria as the “powerhouse of the cell”. Besides that, the urea cycle, dolichol and
ubiquinone biosynthesis, heme biosynthesis, part of the reactions leading to steroids and the
synthesis of lipids also occur in this organelle. Defects in mitochondrial functions have been
associated to the development and possibly progression of cancer.

Defects in Tricarboxylic Acid Cycle Enzymes and Cancer

The enzymes of the TCA cycle, although encoded by nuclear DNA (nDNA), are located in the
mitochondrial matrix, with the exception of succinate dehydrogenase, which is located in the inner
mitochondrial membrane. Currently, several mutations are being identified in enzymes involved
on this pathway both in sporadic as in hereditary cancers. The energy production in melanoma
cells occur preferentially through the conversion of glucose to pyruvate that is imported into
mitochondria, converted to acetyl-CoA, and utilized by the TCA cycle to generate electron donors
and create the proton gradient across the mitochondrial membrane used by ATP synthase to
generate ATP [8] or by uncoupling proteins to produce heat [9]. Thus, in the following paragraphs
we will discuss some of these mutations and their effects on cancer.

Citrate synthase

The first step of the TCA cycle, the condensation of oxaloacetate and acetyl coenzyme A
(AcCoA) to generate citrate is catalyzed by the citrate synthase (CS), and its possible role in cancer
is controversial. Despite its increased expression in pancreatic ductal carcinoma [10] and renal
oncocytoma [11], cervical cancer cell lines showed reduced expression [12]. However, it is unclear
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the role of expression levels in the tumorigenic process. One hypothesis is that the increase in CS
activity, through higher levels of citrate, could be an advantage for cancer cells dependent on an
increase in fatty acid biosynthesis, such as pancreatic cancers [13], malignant ovarian tumors and
ovarian cancer cell lines [14]. On the other hand, the decreased activity / expression levels of CS
could induce mitochondrial dysfunctions that trigger tumor-supporting glycolytic switch, usually
found in cancer cells. Also the loss of CS in human cervical cancer cells induced morphological
changes in epithelial–mesenchymal transition (EMT), which accelerate cancer cell metastasis and
proliferation in vitro and in vivo [12].

Isocitrate dehydrogenase

Eukaryotic cells express three different isoforms of isocitrate dehydrogenases (IDHs): IDH1,
IDH2 and IDH3. They catalyze the NADP+-dependent oxidative decarboxylation of isocitrate into
α-ketoglutarate (α-KG) in the cytosol (IDH1) and mitochondria (IDH2 and IDH3). Somatic point
mutations of IDH1/2 have been identified in a spectrum of both solid tumors and hematologic
malignancies, as for example in colon cancer [15], glioblastoma [16], glioma [17], osteosarcoma
[18], prostate cancer [19], B-acute lymphoblastic leukemia [19], acute myeloid leukemia [20] and
intrahepatic cholangiocarcinoma [21].

Missense mutations found associated to cancer (IDH1R132, IDH2R140, and IDH2R172) confer a
novel gain-of-function to cancer cells, which results ultimately in the reduction of α-KG into the
oncometabolite 2- hydroxyglutarate (R-2HG) [22,23], that can promote cytokine independency
and thereby blocks differentiation in hematopoietic cells [24]. R-2HG acts as an antagonist on
enzymes that utilize α-KG as a cofactor, such as translocases (TETs), JmjC histone demethylases,
and prolyl-hydroxylases [25]. Therefore, this metabolite is considered the major contributor to
the oncogenic activity of mutated IDHs [6] and analysis of human leukemia and breast cancer
found a DNA hyper-methylation as a consequence of expression of mutated IDH and consequently
increased R-2HG levels [26,27]. It was also observed that R-2HG accumulation causes changes in
histone methylation [28], indicating the role of R-2HG in multiple epigenetic processes.

Succinate dehydrogenase

The SDH is a mitochondrial enzyme complex that participates in both the TCA cycle and
electron transport chain. In the TCA cycle, SDH catalyzes the oxydation of succinate to fumarate,
which is coupled to the reduction of ubiquinone to ubiquinol in the electron transport chain [29].
Inactivating mutations of SDH subunits have been associated to different types of hereditary
and sporadic cancers, including pheochromocytoma [30], renal carcinoma [31], breast cancer
[32] and Carney-Stratakis syndrome [33]. Carney-Stratakis syndrome is a familiar syndrome
characterized by Paragangliomas and gastrointestinal stromal tumors, and may be caused by
loss-of-function mutations in succinate dehydrogenase (SDH). Like described above for IDH
mutations the the SDH mutations are believed to promote epigenetics changes by inhibition of
both DNA [34,35] and histone demethylases [36] in many types of cancers. Therefore, SDH may
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acts as some kind of mitochondrial tumor suppressor and a thereby constitute a key player in
cancer cell differentiation.

Fumarate hydratase

In the TCA cycle the conversion of fumarate to malate is catalyzed by fumarate hydratase (FH).
Germline mutations of FH were observed in hereditary leiomyomatosis and renal cell cancer
characterized by multiple cutaneous benign smooth muscle tumors of the uterus [37], aggressive
renal cell carcinomas [38], and testicular cancer [39]. FH deletion in sub-types of neuroblastoma
[40] and downregulated in glioblastoma [38] or sporadic clear cell carcinoma [41], again like
above for SDH, suggest a possible role as a tumor suppressor. Similarly to IDH and SDH mutants,
FH-deficient cancer cells accumulate fumarate, which can inhibit several OG-dependent enzymes
[42], and histone and DNA demethylases [35]. In addition to its epigenetic role, fumarate in excess
can covalently bind to cysteine residues of proteins, in a process called succination [43,44]. Several
proteins are succinated in FH-deficient cells, including aconitase [45], Kelch-like ECH-associated
protein 1 (Keap1) [46] and GSH [44] and this phenomenon is linked to increased oxidative stress
in FH-deficient cancer cells.

Malic enzyme

Malic enzyme (ME) links the glycolytic and citric acid cycle that is important for NADPH
production and glutamine metabolism. ME catalyze the conversion of malate into pyruvate and
CO2, accompanied by the production of NADH or NADPH. Three isoforms have been identified:
the cytosolic ME1 and the mitochondrial ME2 and ME3. The relation between ME expression and
cancer is recently. The knockdown of ME2 in K562 cells led to erythroid differentiation in the
model of chronic myelogenous leucemia [47]. The expression of ME2 increases during melanoma
progression and its knockout attenuated melanoma cell proliferation, anchorage-independent
growth in vitro and tumor cell growth in vivo [48]. In lung cells the knockdown of ME2 suppresses
tumor growth and induces differentiation [49].

Defects in Oxidative Phosphorylation and Cancer

Cancer cells are metabolically adapted for rapid growth and proliferation under hypoxic
conditions [50]. The observed differences in the mitochondria of transformed versus nontransformed cells are: 1. the ultrastructure of mitochondria [51,52], 2. the decrease of cellular
mitochondrial numbers and 3. changes in the enzyme expression levels or enzyme activity status
reported above [7]. Oxidative phosphorylation (OXPHOS), that takes place in mitochondria, is
the process of electron transfer from NADH or FADH2 to O2 by a series of electron carriers that
culminates in the major source of ATP in aerobic organisms. The OXPHOS system is composed by
five subunit complexes embedded in the mitochondria inner membrane — NADH: ubiquinone
oxidoreductase (complex I), succinate: ubiquinone oxidoreductase (complex II), ubiquinol:
cytochrome c oxidoreductase (complex III), cytochrome c oxidase (complex IV) and F0 F1-ATPsynthase (complex V) [53]. The activity of enzymes involved in this process is decreased in several
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cancer cells [7]. Decreased content or functions of OXPHOS complexes have been associated with
renal cell carcinoma [11] and can lead to enhanced ROS production.

Studies have shown a decreased activity of cytochrome oxidase in colon tumors [54], colonic
adenocarcinoma [54,55], hepatoma [56] and especially at the COX III protein. Thus, a defect
in cytochrome-c oxidase can cause enhanced ROS levels and a subsequent increase in mtDNA
damage. In contrast, increased expression levels of the poly(A)-rich m-RNA of COX IV, I and II
have been observed in rat hepatoma [57].

Significant reduction in the expression of beta-F1-ATPase has also been observed in breast
and gastric adenocarcinomas, as well as in squamous esophageal and lung carcinomas [58]. The
alpha subunit of mitochondrial F(1)F(0)-ATP synthase has been shown to be downregulated in
colorectal carcinomas [59,60]. Studies have also revealed reduced expression of the beta 1-subunit
of Na-K-ATPase in carcinoma cell lines derived from colon, breast, kidney and pancreas [61].
For space restriction the fatty acid metabolism, urea cycle, lipid biosynthesis/metabolism,
biosynthesis of ubiquinol and Fe–S Centers processes and their relation with cancer will not be
discussed in this chapter and are exceptionally discussed in recently reviews [62,63].

The Warburg Effect and Energy Homeostasis

Otto Warburg in 1956 hypothesized that metabolism was specific adapted for cancer cells
through mitochondrial defects that inhibited their ability to effectively oxidize glucose carbon to
CO2 [64]. In normal cells under aerobic condition pyruvate is transported to the mitochondria and
oxidized, but in anaerobic condition pyruvate is converted to lactate in the cytosol. As hypothesized
by Warburg, cancer cells undergo metabolic reprogramming to perform anerobic glycolysis
through metabolic changes in the relative balance of glycolysis/fermentation and respiration [65].
Despite the fact that tumors exhibit relatively normal levels of oxidative phosphorylation [66],
some studies showed that the glucose uptake is increased, and the relative levels of fermentation
and lactic acid production increase as well [32,66]. Cancer cells are very well adapted to promote
tumor growth and survival, once the balance between aerobic and anaerobic conditions is variable
and may be altered in response to environmental conditions such as hypoxia or low extracellular
glucose. In melanoma cells the glutamine is used as a source for the TCA cycle intermediates
under hypoxic conditions [66]. Although glucose is typically the principal source of energy in
melanoma cells, mitochondria also utilize glutamine as an alternative anaplerotic substrate for
the TCA cycle [66]. Glutamine is also required for rapid growth and serves as a source of ATP and
biosynthetic intermediates in different types of cancers [67].

MITOPHAGY AND TUMOR SUPPRESSION

The autophagy process is a non-selective degradation to recycle obsolete cytoplasmic
materials such as organelles, proteins, lipid droplets and pathogens [68]. Its pro-survival function
may enable cancer cells to adapt to hostile environments and resist cancer therapy [69-71].
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The process for specific removal of damaged or superfluous mitochondria is known as
mitophagy [72]. Due to the critical role of mitochondria in energy metabolism, Ca2+ signaling,
redox control and cell death, deregulated mitophagy can potentially impact a variety of diseases,
including neurodegeneration and cancer. In early stages of tumorigenesis, autophagy works as a
“tumor suppressor process” by limiting ROS-driven genomic instability and preventing necrosisassociated inflammation [73-75]. Moreover, by removing damaged mitochondria in conditions of
stress, mitophagy prevents the accumulation of toxic ROS, which may propagate damage to other
macromolecules and contribute to tumor initiation [76-78]. In addition, given that mitochondrial
DNA mutations are also incited by mitochondrial ROS production, mitophagy may be a mechanism
to decrease the rate of mtDNA mutations, which would be passed to daughter cells and could
therefore contribute to cancer progression [79].
Many proteins that impact the mitophagy process are downregulated in different types of
tumors. Through protein-protein interactions BNIP3 promotes cell death, regulate mitochondrial
fragmentation and mitophagy [80,81]. Despite the fact that BNIP3 is silenced in pancreatic cancer,
in normal cells BNIP3 protects against tumorigenesis by controlling intracellular levels of ROS
and in pancreatic cancer cells its expression is lost thereby leading to the accumulation of ROS
and increased DNA damage [82]. In hepatocellular carcinomas, BNIP3 silencing has been linked
to a poor prognosis [83]. Another example is PARKIN, which works as a tumor suppressor and
is mutated or down-regulated in glioblastoma, breast, ovarian, colorectal, hepatocellular and
pancreatic tumors [84-88].

THE CONNECTION BETWEEN METABOLISM AND APOPTOSIS

Mitochondria are not only the major hubs for metabolic pathways, but also are central to
programmed cell death pathways. Cell renewal is counterbalanced by apoptosis of functionally
inactive cells as a strategy to remove mutated, infected or damaged cells [89]. After apoptotic
stimulus cytochrome-C is released to the cytoplasm, through membrane permeabilization and
thereby triggers downstream apoptotic pathways. This process occurs via activation of the proapoptotic members of the BCL-2 family: Bax and Bak [90]. Therefore, in cancer cells, in general,
the expression of anti-apoptotic protein is increased [91], and such amplification plays a major
a role in resistance development to traditional cytotoxic chemotherapy [92]. The regulation of
BCL-2 members occurs on genomic, translational, and post-translational levels. For example, BAD
phosphorylation on serines 112 and 136 is exacerbated in glioblastomas, prostate cancers, and
melanomas due to a combination of increased oncogenic MAPK signaling and PTEN mutation or
activity downregulation [93].

p53, the “guardian of the genome”, is a transcription factor that regulates cellular responses
to multiple stress factors, including DNA damage, oncogene activation, cell cycle and metabolic
defects [94]. During chronic stress or in response to deficient DNA repair, pro-apoptotic signaling,
mediated by p53 acts to promote cell death [95]. This occurs mainly through the transcriptional
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induction of pro-apoptotic members of BCL-2 family members, BAX, Noxa, and PUMA (96-98] as
well as through inhibitory physical interaction with the anti-apoptotic proteins BCL-xL and BCL-2
[99,100].

PTEN is a tumor suppressor and one of the most frequently inactivated proteins in cancer
[101]. PTEN inactivation results in an increased phosphorylation and activation of AKT, resulting
in decreased apoptosis and increased cell cycle progression and survival [102-104]. The effects
of PTEN inactivation in apoptosis occur indirectly (AKT pathway) through the pro-apoptotic
proteins Bad, caspase 9 and Foxo1 which are inactivated by phosphorylation [105,106].

Post-transcriptionally, several cancer-associated miRNAs are involved in the control of the
BCL-2 family. For example, expression of miR-15a and miR-16-1 is reduced in about two thirds
of B-cell chronic lymphocytic leukemia (CLL) cases, resulting in overexpression of the antiapoptotic protein BCL-2, and therefore contributes to the establishment of disease [107]. Other
miRNAs in CLL, such as miR-181a/b, attenuate BCL-2 and BCL-xL expression and are markers of
chemotherapeutic success [35].

One of the major metabolic adaptations of cancer cells has been associated to resistance to
apoptosis and deprivation of the utilization of glucose [108], glutamine [109] and fatty acids [110].
One link between metabolism, apoptosis, and mitochondria involves the interaction of hexokinase
(HK) with voltage-dependent anion channel 1 (VDAC1) proteins, which helps to prevent apoptosis
[111] and the increase in the enzymatic capacity of HK, due to high local concentrations of ATP
released by the mitochondria [112]. The elevated formation of the HK/VDAC complex has been
observed in many forms of cancer [113]. In summary, mitochondrial or mitochondrial-associated
protein expression and activity are regulated at the genomic, translational, and post-translational
levels in signaling pathways altered in cancer cells.

MITOCHONDRIAL DNA MUTATION, AGING AND CANCER

Mitochondrial DNA (MtDNA) has been completely sequenced and is a 16.6 kb circular doublestranded DNA molecule, which is present at a high copy number per cell and coding for 37 genes
[114]. Somatic mtDNA mutations in both coding and non-coding regions have been found in
several human cancers including colon, breast, lung, prostate, liver, pancreas, kidney, thyroid
and brain as well as in gastric carcinoma or ovarian cancer [115] and are usually associated
with bioenergetics defects and aging [116]. The generation of mutations is probably due to the
oxidation of DNA bases by free radicals, especially during cellular energy production [117]. In
normal tissues, the mutations have been associated with advancing age. The A189G and T408A
mutations were found in skeletal muscle from aged individuals [118,119]. The substantia nigra
of normal human brains also revealed mitochondrial somatic mutations in both neurons and glia
[120].
Tan and colleagues (2012) demonstrated, by sequencing mitochondrial DNA from of breast
cancer and normal tissues of the same patient, that the occurrence of somatic mutations in 74% of
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the patients, with the majority of the mutations locating to the control regions (D-loop) of mtDNA.
Transcriptional promoters are located in the D-loop, which is the major control site for mtDNA
expression, [121]. Mutations in the D-loop were also identified in colorectal [122,123], ovarian
[124], hepatocellular [125], pancreatic [126], gastric carcinoma [127,128], prostate [129], lung
[130], brain [131] and other types of cancers. Petros and colleagues [132] used cybrid transfer to
generate a PC3 prostate cancer cell line with the ATPase 6 gene mutated (T8993G). The T8993G
mutation causes impaired mitochondrial ATPase synthesis and therefore increases ROS levels,
which may lead to an increased DNA damage. Additionally, the mutant T8993G cybrids generated
tumors seven times larger than the wild-type cells (T8993T). Thus, this ATP6 mutation actively
contributes to tumor progression.
Additionally, the increase of mtDNA copy number is a self-protective mechanism of tumor
cells to prevent apoptosis, since a reduced mtDNA copy number tends to increases ROS levels
in tumor cells as well as the tumor cells’ sensitivity to chemotherapeutic drugs and the rate of
apoptosis [133]. In conclusion, mtDNA has an important role in the development of cancer and
further work is required to identify the most frequent types of mutations and understand their
functional consequences in cancer as well as the aging process.

MITOCHONDRIA AND RADICAL OXYGEN SPECIES

Mitochondria represent an important source for intracellular ROS production [134]. The
electrochemical proton (H+) gradient across the inner mitochondrial membrane, that drives
ATP production, is indirectly involved in ROS formation in response to the build-up of reduced
intermediaries along the respiratory chain, such as FMNH2, FADH2, CoQH2, NADH or cytochrome
c Fe2+. These compounds are formed predominantly at complexes I and III of the ETC, where
electrons react with oxygen to produce superoxide anions [135]. The ROS levels increase after
respiratory chain arrest as the result of: a) inhibition of OxPhos, b) inhibition of respiratory chain
complexes, c) excess of oxidizable substrate, d) saturation of the respiratory complexes, or e)
defects in the oxidant scavenging systems. The inhibition of the complexes I to IV either by use
of specific inhibitors, or through introduction of specific mutations, resulted in the production of
significantly higher levels of superoxides [136,137].
ROS are involved in mitochondria redox signaling and under pathological conditions, the
increase of ROS levels contributes to the initiation of cancer and to progression of the tumor
phenotype. Excessive ROS can impair cellular functions through the oxidation of lipids, proteins
or DNA [138]. Low levels of oxidants act as signal transduction messengers in redox signaling
pathways, which have important roles in the regulation of cell function, including proliferation.
In the leukemic stem cell population of acute myeloid leukemia (AML) patients low ROS levels
were observed and a low glycolytic activity [139]. However in the blast AML cells there was a
significant increase in ROS formation and a constant oxidative stress [140].
The phosphoinositide 3-kinase (PI3K) pathway that is involved in proliferation, survival, and
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cellular mobility is hyper-activated in many cancers [141]. Intracellular level of ROS can affect
the PI3K pathway by Akt activation [142] or by inactivation of the PI3K negative regulator PTEN
(phosphatase and tensin homolog deleted on chromosome 10 protein). PTEN is oxidized in the
active site cysteine resulting in the inactivation of PTEN´s phosphatase activity [143,144].
Protein phosphatase 2A (PP2A) and protein tyrosine phosphatase 1B (PTP1B) are also involved
in Akt dephosphorylation and / inactivation [145]. ROS have been shown to also inhibit PTP1B
and PP2A activity [146]. Thereby, PTP1B and PP2A inhibition increases Akt activity, resulting
in increased anchorage-independent growth and cell survival and inhibition of apoptosis [102104,147,148].

Several oncogenes have been associated to increased ROS levels. In murine embryonic
fibroblasts (MEFs) immortalized by a dominant negative p53 and transformed ectopically with
Myr-Akt, HRasV12 conferred increased mROS-dependent soft-agar colony formation through
regulation of the ERK/MAPK signaling pathway [149]. The levels of ROS may vary according
to cell type, mutation status, and oncogene expression levels. Deregulated expression of c-Myc
increases ROS production, thereby leading either to transformation in some cells types or ROSinduced apoptosis in others [150,151].

In solid tumors the O2 levels fluctuates spatially and temporarily from normoxic to hypoxic
due to the lack of an efficient tumor vascularization, which causes a diminished local supply of
O2. During malignancy, the increased mitochondrial ROS production in cancer cells is mainly due
to hypoxia which leads to the expression and activation of hypoxia inducible factors (HIFs), that
allow tumor cells to better adapt to their oxygen depleted microenvironment. The levels of ROS
increase tumor-initiating or cancer stem cell (CSC) numbers through expression of HIF-2α and its
upregualtion of this transcription factors targets, which include Oct-4, c-Myc and Nanog in many
types of cancers [152].

Figure 1: Modulation of mitochondrial reactive oxygen species levels. Mitochondrial reactive
oxygen species (ROS) have been shown to be regulated by hypoxia, respiratory chain defects,
oncogenic stress, mitochondrial DNA mutations and tumor suppressor gene inactivation.
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MITOCHONDRIAL PATHWAYS AS EMERGING PHARMACOLOGICAL
TARGETS IN CANCER THERAPY
It has been suggested that during tumorigenesis cancer cells energy metabolism suffers several
alterations that in turn contribute to the further progression of the transformation process.
Furthermore, mutations or the depletion of the entire mitochondrial genome can contribute
to the development of chemotherapy resistance in malignant tumors [153]. Another form of
contribution to tumorigenesis is the mitochondria´s loss of function of apoptosis, the major form
of programmed cell death in mammals. Evasion from apoptosis is required for both neoplastic
transformation and sustained growth of tumor cells [2] and also contributes to the cancer cells
resistance to cytotoxic cancer therapies [154].
Glucose and glutamine are the major fuels to facilitate tumor progression in glioblastoma
multiforme (GBM) [155]. Current chemotherapy agents, high-dose radiation treatments and
cytomegalovirus infection can create a tumor microenvironment rich in glucose and glutamine
([156-159]. In this context, metabolic therapies designed to target aerobic fermentation present
a promising strategy to kill cancer cells while enhancing the health of normal brain and body cells.
A calorie restricted ketogenic diet has been reported to reduce fermentable fuels in the tumor

microenvironment and to promote anti-angiogenic, anti-inflammatory and pro-apoptotic effects
[160]. Furthermore, glycolysis inhibitors have recently been tested as potential anti-cancer drugs.
2-Deoxyglucose and 3-bromopyruvate are inactive glucose analogs that promote cell death of
cancer cells through hexokinase II inhibition, thereby leading to mitochondrial defects [108,161163]).

Spontaneous healthy mitochondrial transfer to cells without mtDNA (p0 cells) can be promoted
in vitro and can rescue the respiration deficiency [164]. The replacement of mitochondria using
microinjection has been shown to improve embryo maturation and to minimize injury in rabbit
hearts submitted to ischemic-reperfusion. Mitochondria purified from untransformed mammary
epithelial MCF-12A cells, were successfully injected into human breast cancer cell lines and
suppressed cancer cell proliferation accompanied by increased sensitivity to doxorubicin,
abraxane, or carboplatin chemotherapy [165]. Therefore, mitochondrial manipulation in cells
creates the possibility of new cancer treatments that envision cancer cell apoptosis and increased
drug sensitivity.
The voltage gated potassium channel Kv1.3 and the big-potassium (BK) channel are
mitochondrial proteins involved on potassium transport and are associated with cell death by

serving as targets for pro-apoptotic Bax and Bak proteins. MitoKv1.3 expression was observed
in different mitochondria of cancer cells including human lymphoma [166], pancreas [167],
glioma [168], breast [169], melanoma [170], prostate [171], gastric [172] and colon cancers
[173]. mitoKv1.3 is inhibited by Bax and Bak, which bind directly to the pore of the channel,
thereby resulting in the hyperpolarization of the inner mitochondrial membrane, ROS formation
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and release of cytochrome c to the cytoplasm, ultimately causing apoptotic cell death [174]. As
mitoKv1.3 acts downstream of Bax and Bak, drugs that directly inhibit mitoKv1.3 (charybdotoxin
and margatoxin) may serve as a new class of drugs for the treatment of tumors, as demonstrated
by in vivo treatment of mouse melanoma and ex vivo human chronic leukemia B cells [175].

Chemotherapy is able to cure many patients with malignancies, but, ever so often fails. Therefore
the demand for novel therapeutic approaches and the quest to identify new cancer drug targets is
a ongoing, long-term challenge. In this context, the fact that mitochondrial dysfunctions provide
survival advantages to cancer cells, raise the tempting opportunity to explore mitochondrial
pathways as new and promising targets for innovative therapeutic interventions.
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