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Abstract

Significance: Mitochondria are emerging as highly intriguing organelles showing promise but that are yet to be
fully exploited as targets for anticancer drugs. Recent Advances: A group of compounds that induce mitochondrial
destabilization, thereby affecting the physiology of cancer cells, has been defined and termed ‘mitocans.” Based on
their mode of action of targeting in and around mitochondria, we have placed these agents into several groups
including hexokinase inhibitors, compounds targeting Bcl-2 family proteins, thiol redox inhibitors, VDAC/ANT
targeting drugs, electron transport chain-targeting drugs, lipophilic cations targeting the inner membrane, agents
affecting the tricarboxylic acid cycle, drugs targeting mtDNA, and agents targeting other presently unknown sites.
Critical Issues: Mitocans have a potential to prove highly efficient in suppressing various malignant diseases in a
selective manner. They include compounds that are currently in clinical trial and offer substantial promise to
become clinically applied drugs. Here we update and redefine the individual classes of mitocans, providing
examples of the various members of these groups with a particular focus on agents targeting the electron transport
chain, and indicate their potential application in clinical practice. Future Directions: Even though reactive oxygen
species induction is important for the anticancer activity of many mitocans, the precise sequence of events
preceding and following this pivotal event are not yet fully clarified, and warrant further investigation. This is

imperative for effective deployment of these compounds in the clinic. Antioxid. Redox Signal. 15, 2951-2974.

Introduction

DESPITE CONSIDERABLE ADVANCES IN PREVENTION, diag-
nosis, and treatment, the incidence of cancer remains high.
Cancer has surpassed the cardiovascular diseases as the leading
cause of death in the US population under the age of 85 (96, 200),
and it has the dubious privilege of being the leading cause of
death in the developed world overall. Also in the developing
world, the incidence of cancer is dramatically increasing as a
result of growing population and lifestyle changes (95). The
difficulties associated with cancer treatment can be ascribed to a
number of reasons, including the extreme heterogeneity of
mutations even within one cancer type (100, 164). This hetero-
geneity makes it unlikely that cancer could be controlled by
targeting a single gene or signaling pathway (34). We can
therefore either chose to interfere with a specific pathway by
tailor-made therapeutics based on individual histological or
genetic analysis of a patient, or search for therapeutics directed
at processes invariantly occurring in most cancers irrespec-
tive of the underlying genetic defect, yet absent or sufficiently
different in normal somatic cells. This includes such diverse
phenomena as angiogenesis and mitochondria-controlled
metabolic and apoptosis pathways.

With respect to mitochondria and cancer, initial observa-
tions were made at the beginning of the third decade of the
twentieth century by Otto Warburg, who noticed that cancer
cells consume more glucose and produce more lactate than
normal cells (a comprehensive review on the life and work of
Otto Warburg in the context of modern knowledge can be
found in Ref. 108). Confusingly, this was later misinterpreted
by Warburg and others, contending that all cancer cells must
have damaged respiration, when in fact the changes in most
types of cancer may be more accurately explained in terms of
regulation of both glycolysis and respiration (206). It should be
noted, however, that in a certain (probably minor) subset of
cancers, this envisaged damage to mitochondria or respira-
tion actually occurs in a form of relatively rare mutations in
nuclear genes encoding essential components of oxidative
phosphorylation, such as complex II (CII) in paraganglioma
and pheochromocytoma (83), or other metabolic pathways,
exemplified by the enzyme isocitrate dehydrogenase in glio-
mas (46). In addition, mutations directly in mitochondrial
DNA occur in up to 60% of cancers (116). Even though most of
these mitochondrial mutations are silent, about one quarter of
them have a potential to alter mitochondrial function, which
may contribute to the phenomenon described by Warburg.
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Mitochondria are central to the phenotype characteristic of
cancer cells, as mitochondria from cancer cells increase the
glycolytic rate in the cytosol of nonmalignant cells, whereas
mitochondria from nonmalignant cells decrease the rate of
glycolysis in the cytosol of malignant cells (28). It therefore
appears that cancer cell mitochondria are different from the
mitochondria in normal cells. The characteristic alterations of
cancer cell mitochondria include the association of upregulated
hexokine II with the porin-like voltage-dependent anionic
channel (VDAC) in the mitochondrial outer membrane (MOM)
(130), attenuated entry of pyruvate into the tricarboxylic acid
cycle (TCA) in response to hypoxia-inducible factor 1 (HIF1),
and Myc upregulation and corresponding increase in gluta-
mine metabolism (45, 108, 206), downregulation of complex V
(CV) function (43), elevated mitochondrial membrane potential
(11, 49, 84, 138, 190), and increased propensity to generate re-
active oxygen species (ROS) (196).

Considering the mitochondrial characteristics listed above
that are typical of many different cancer types, the possibility of
selective targeting of cancer cell mitochondria represents an
enticing option for anticancer therapy (79, 170). Mitochondria,
responsible not only for the maintenance and regulation of
cellular metabolism but also for the execution of apoptosis
(109), may be effectively coerced by pharmacological inter-
ventions into expediting the demise of cancer cells using an
array of compounds we proposed to name ‘mitocans’ (a word
derived from ‘mitochondria” and ‘cancer’) (149, 153). Mitocans
induce cancer cell death by directly targeting various sites in
and around the mitochondrion, thereby bypassing the frequent
defects in apoptotic machinery upstream of mitochondria. In
the present review, we will provide an overview of the mito-
cans (some of them are well known whereas others are quite
novel) and divide them into classes based on their mitochon-
drial target. We will highlight the role of mitocans targeting the
electron transport chain (ETC), which comprise a number of
intriguing compounds often highly selective for cancer cells.
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Mitocan Classes

In this section we divide the mitocans into eight distinct
classes of compounds with defined modes of action, stem-
ming from their molecular targets around or inside the mi-
tochondria (149, 153). The individual classes of mitocans are
listed in Table 1, graphically depicted in Figure 1, and are
numbered based on the location of their respective targets
from outside of MOM to inside the mitochondrial matrix.
Each of the classes is represented by a number of compounds,
some of which are covered in the next paragraphs.

Class 1: Hexokinase inhibitors

Hexokinase (HK) is an enzyme, whose main role is to
phosphorylate glucose, converting it to glucose-6-phosphate
(G6P), which is a substrate for metabolic pathways ultimately
coupled with ATP generation. HK has a very important func-
tion in cancer. Besides converting glucose to G6P, which can
then enter the metabolic machinery to, ultimately, yield ATP,
HK is associated with the cytosolic side of VDAC, a trans-
membrane protein in the MOM. The isotype HK-II is over-
expressed in cancer cells in response to hypoxia, being
transcriptionally regulated by HIF1. A channel is formed by
VDAC and the adenine nucleotide transporter (ANT) extending
across the MOM and the mitochondrial inner membrane
(MIM), respectively, interconnecting the mitochondrial matrix
to the cytosol. The function of the channel is to transport outside
mitochondria the ATP made by the electron transport chain
(ETC) of the MIM. When expressed at higher levels, as in cancer
cells, HK-II binds both ATP and glucose, resulting in the pro-
duction of G6P. A direct correlation has been established be-
tween the growth of carcinomas and the levels of HK activity
(28). According to Koobs (107), mitochondrial-bound HK limits
respiration when tumor cells are utilizing glucose (known as the
Crabtree effect), even though large amounts of ADP continue to
be produced. The continuous phosphorylation of glucose by

TABLE 1. CLASSIFICATION OF MITOCANS

Class number Type Examples References
1 Hexokinase inhibitors 3-Bromopyruvate (36, 106, 130)
2-Deoxyglucose (13, 184)
2 Compounds targeting Bcl-2 Gossypol (102)
family proteins
ABT-737 (205)
Antimycin A (201)
o-Tocopheryl succinate (181)
3 Thiol redox inhibitors Isothiocyanates (198, 217)
Arsenic trioxide (134, 166)
4 VDAC/ANT targeting drugs Lonidamine, arsenites, steroid (12)
analogues like CD437
5 See Table 2 for detail
6 Lipophilic cations targeting Rhodamine-123 (15, 98, 114)
inner membrane
Fl6 (66)
(KLAKKLAK), peptide (64)
7 Drugs targeting the tricarboxylic DCA (22)
acid cycle
8 Drugs targeting mtDNA Vitamin K3, fialuridine, (123, 177)
1-methyl-4-phenylpyridinium, (137, 203)
MitoVES Neuzil et al., unpublished
9 Drugs targeting other (unknown) sites Betulinic acid (73)
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FIG. 1. Schematic illustra-
tion of the molecular targets
of individual classes of mito-
cans. The classes of mitocans
comprise the following, as
enumerated from the outside
of the mitochondria towards
the matrix. Class 1: hexokinase
inhibitors; Class 2: BH3 mi-
metics and related agents that
impair the function of the anti-
apoptotic Bcl-2 family proteins;
Class 3: thiol redox inhibi-
tors; Class 4: agents targeting
VDAC and ANT; Class 5:
compounds targeting the mi-
tochondrial electron transport
chain; Class 6: hydrophobic
cations targeting the MIM;
Class 7: compounds that affect
the TCA; Class 8: agents that
interfere with mtDNA; and
Class 9, compounds acting on
mitochondria whose molecular
target is currently unknown
(not shown). (To see this illus-
tration in color the reader is
referred to the web version of
this article at www liebertonline
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ATP (proceeding by the mitochondrial-bound HK) reduces the
level of phosphate available for oxidative phosphorylation, and
thereby prevents attaining maximal rates for state 3 respiration
(8). Hence, HKII via its mitochondrial localization also helps to
stabilize mitochondria, suppressing apoptotic death of cancer
cells and promoting their survival (130).

Several hexokinase inhibitors have been found to inhibit
cancer growth and of these, considerable focus has been on 2-
deoxyglucose (2DG) and 3-bromopyruvate (3BP). The basis
for the action of 2DG is to inhibit HK activity and hence,
glycolysis, with the result that the binding of HK to VDAC is
prevented. By this mechanism, 2DG promotes the suscepti-
bility of malignant cells to other forms of treatment (184). This
finding, as well as recent reports that 2DG promotes cancer
cell apoptosis when used in combination with another mito-
can, the anti-diabetic drug, metformin, provides the basis for
testing these compounds in the clinical setting (13). 3BP is an
alkylating agent that inhibits both HK activity and the mito-
chondrial complex II (CII) and consequently is included in the
mitocan class 2 and 5 (Fig. 1). Recent data indicate that 3BP
acts by binding covalently to HKII, causing its dissociation
from VDAC (36). 3BP causes cancer cell death due to the rapid
depletion of ATP and suppresses tumor growth considerably
in animal models. For these reasons, 3BP is another candidate
for cancer clinical trials (106, 130).

Class 2: Compounds targeting Bcl-2 family proteins

Bcl-2 family proteins comprise a class of polypeptides whose
state of relative balance in levels of the family members decides
the cell’s ‘fate’. When the levels of expression of the pro-
apoptotic members are greater, then it will result in the demise

of the cell, whereas greater levels of expression of the anti-
apoptotic Bcl-2 family proteins will provide a pro-survival
‘environment’. Although recent findings revealed novel func-
tions for the Bcl-2 family members, including a role in the
biogenesis of mitochondria (189), we will only briefly discuss
these proteins as targets for class 2 mitocans, resulting in pro-
moting apoptosis of cancer cells. The basis for the action of this
mitocan class stems from the finding that the anti-apoptotic
and pro-apoptotic Bcl-2 family proteins interact via their Bcl-2
homology-3 (BH3) domains, thereby preventing the BH3 do-
mains from forming large channels or pores in the MOM, a
prerequisite for apoptotic signaling downstream of mitochon-
dria (221). Since the MOM channel is made of oligomers of the
pro-apoptotic Bax or Bak protein BH3 domains increased ex-
pression of the anti-apoptotic BH3 interacting proteins Bcl-2, Bel-
x, or Mcl-1 will protect cancer cells from apoptosis. Moreover,
the anti-apoptotic Bcl-2 family proteins are often overexpressed
in cancer cells (122). Therefore, small molecules or BH3 mimet-
ics, targeting the interaction between the anti- and pro-apoptotic
Bcl-2 protein members is of clinical importance (102, 224).

The BH3 mimetics include the natural polyphenolic com-
pound gossypol. This agent has been shown to interact with
BH3 binding domains, thereby interfering with the interaction
between Bcl-2, Bel-xL, or Mcl-1 and the pro-apoptotic proteins,
Bax or Bad. The result is the oligomerization of Bax or Bad to
form channels and activation of the post-mitochondrial apo-
ptotic signaling (160). Gossypol has served as a structure for
developing more efficient BH3 mimetics, such as the highly
intriguing compound, ABT-737 (Abbot Laboratories, ref. 205).
ABT-737, as well as an oral version, ABT-263 (199), are now
being tested in clinical trials. The apoptogenic compound o-
tocopheryl succinate («-TOS) has been reported to interact with
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the BH3 binding domain of Bcl-2 and Bcl-x;, which suppressed
their binding interaction with the pro-apoptotic protein Bak,
arresting proliferation of prostate cancer cells and inducing
their death by apoptosis (181). This activity of «-TOS is inter-
esting in that it complements a second apoptogenic activity due
to its ability to also interact directly with the ubiquinone sites of
the mitochondrial CII (see below for details). In addition, the
mitochondrial complex III (CIII) Q; site inhibitor, antimycin A,
also acts as a BH3 mimetic (201), suggesting that on a more
general level, compounds that interact with ubiquinone bind-
ing sites in the mitochondrial electron transport chain may have
a tendency to be BH3 mimetics as well, consistent with the
possibility that the BH3 binding site in Bcl2 family members
might also be a ubiquinone binding site (153).

Class 3 and 4: Thiol redox inhibitors and VDAC/ANT
targeting drugs

The redox environment of cancer cells is distinctly different
from that of normal cells in that cancer cells show much higher
intrinsic levels of ROS and also, as a result, appear more
vulnerable to agents that induce further elevations in oxida-
tive stress, since their antioxidant capacity is relatively inferior
(93, 193). Therefore, compounds that oxidize thiol group and/
or deplete the mitochondrial glutathione pool will cause
substantial apoptosis of cancer cells (72, 196). Agents like ar-
senic trioxide (134, 166) or isothiocyanates, represented by
phenylethyl isothiocyanate (PEITC) (198, 217) have been
shown to possess relative selectivity in killing cancer cells by
upsetting the normal homeostasis in the cellular redox envi-
ronment. Intriguingly, PEITC has been reported to efficiently
kill resistant leukemia cells (197).

The permeability transition pore complex (PTPC) forms as a
super channel comprising the VDAC/ANT system of proteins
embedded in the MOM and MIM, respectively, interconnecting
the mitochondrial matrix with the cytosol, and serves as a mode
of transport for a variety of solutes and small molecules in-
cluding ATP and ADP (228). Deregulation of the VDAC/ANT
complex results in apoptosis induction in cancer cells. Com-
pounds that modulate the PTPC include lonidamine, arsenites,
and steroid analogues (represented by CD437) (12). Interest-
ingly, an arsenite analogue 4-(N-(S-glutathionylacetyl)amino)
phenylarsineoxide (GSAO) was shown to inhibit the function of
ANT by crosslinking its cysteine residues. This was followed by
generation of oxidative stress and induction of apoptosis, which
was selective for proliferating, angiogenic endothelial cells
while being nontoxic to growth-arrested endothelial cells (54).
These results indicate that GSAO can selectively kill endothelial
cells in the context of a growing tumor, acting in an anti-
angiogenic manner. Similar findings were reported for the
mitocan, o-TOS (see more on its molecular mechanism below).

Class 5: Electron transport chain targeting drugs

Members of this class are discussed in more detail in a
separate section below.

Class 6: Lipophilic cations targeting the inner
mitochondrial membrane

The molecular target of this group of compounds is given by
the relatively high transmembrane potential that exists across
the MIM (Ay/,,1)- In fact, it has been documented that cancer
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cells have a considerably higher Ay, ; than that in nonmalig-
nant cells due to altered mitochondrial bioenergetics (138). This
feature will dictate the intracellular targeting of lipophilic cat-
ions which, as a result of the increased Ay, ; in cancer cells, will
make these mitocans relatively more selective for cancer cells,
since the Nernst law defines that with each increase of Ay, ;
by —60mV, a corresponding 10-fold increase occurs in the
accumulation of cationic compounds in the MIM (139, 207).

A prime example of this mitocan class targeting the inner
membrane is thodamine-123, which was reported to accu-
mulate in mitochondria of src-transformed cells as early as in
the 1980s (98), showing selectivity for cancer cells (114). Fol-
lowing from this, the selective toxicity of a number of delo-
calized lipophilic cationic agents, including the peptide
(KLAKKLAK), towards cancer cells was found (64). A com-
pound termed F16, with a delocalized positive charge, was
identified by high-throughput screening and was found to be
selective and effective against breast carcinomas with high
levels of HER2 expression (66).

Class 7: Drugs targeting the tricarboxylic acid cycle

The TCA cycle, also referred to as the citric acid cycle or
Krebs cycle, is a source of electrons that are fed into the ETC
that are used to drive the electrochemical proton gradient
required for the generation of ATP. The TCA cycle is based on
the addition of acetyl-CoA (formed in the mitochondrial
matrix by conversion of pyruvate, catalyzed by pyruvate
dehydrogenase) to oxaloacetate to form citrate. Citric acid is
then, in a series of reactions, converted to oxaloacetate, which
then again adds a molecule of acetyl-CoA. During this process,
electrons are released to drive the proton gradient that is coupled
to the generation of ATP. An interesting step in the TCA cycle
involves succinyl dehydrogenase (SDH), also known as the mi-
tochondrial respiratory complex II, which converts succinate to
fumarate, releasing two electrons that are used to reduce ubi-
quinone (UbQ) to ubiquinol (UbQH2), which is then carried to
CIII of the ETC.

A number of compounds exist that target the TCA cycle as
well as the reaction converting pyruvate to acetyl-CoA, a
prerequisite for pyruvate to enter the mitochondria and the
TCA cycle. The enzyme pyruvate dehydrogenase, catalyzing
the reaction, is negatively regulated by phosphorylation via
the pyruvate dehydrogenase kinase (PDK), which is often
upregulated in cancer by HIF1 and Myc transcription factors
(45). This skews the balance towards the predominantly gly-
colytic phenotype typical of cancer cells. Dichloroacetate
(DCA), a relatively basic compound, is selective for killing
cancer cells by suppressing the activity of PDK (22), thereby
promoting the activity of its target, pyruvate dehydrogenase.
In this way, DCA increases the supply of pyruvate into the
TCA cycle and causes a shift from anaerobic glycolysis to
oxidative glycolytic metabolism accompanied by dissipation
of Ay i, generation of ROS, and activation of the K* channel,
events that typify cancer cells (22). DCA is already in clinical
use to treat patients with mitochondrial deficiencies, and
therefore, its development as an anticancer drug should be
less complicated than with a completely novel agent.

Class 8: Drugs targeting mtDNA

Mitochondria are unique organelles because they carry
their own genetic information encoded on a small circular
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genome, referred to as mitochondrial DNA (mtDNA). The
mammalian mitochondrial genome has a size of over 16 kB,
and encodes 13 subunits of the mitochondrial complexes I, I1I,
IV, and V, 24 tRNAs, 125, and 16S rRNA, and also contains a
region called the D-loop sequence, which is important in the
regulation of mtDNA replication (5).

To date, several compounds have been reported that in-
terfere with the function and stability of mtDNA and other
drugs that affect the activity of the mitochondrial DNA
polymerase-y. For example, vitamin K3 (menadione) targets
mtDNA by inhibiting the activity of DNA polymerase y that is
specific for replication of mtDNA, with ensuing induction of
apoptosis (177). Similar effects were reported for fialuridine
which induces mitochondrial structural defects (123). The
Parkinsonian toxin 1-methyl-4-phenylpyridinium causes a
reduction in the copy number of mtDNA by destabilizing the
structure of the mitochondrial D-loop (137,203).

We have been studying vitamin E analogues as anticancer
drugs, epitomized by the redox-silent a-TOS (see Chapters 3.2
and 4 for details on the apoptogenic signaling induced by o-
TOS and similar agents). To enhance the toxicity of this drug,
we modified it by adding a triphenylphosphonium (TPP")
group onto it, targeting the drug to the mitochondrial inner
membrane (MIM) (57, 58), as has been done previously for a
variety of antioxidants (103, 145). This mitochondrially tar-
geted vitamin E succinate (MitoVES) was found to be superior
to the untargeted «-TOS in its apoptogenic activity. Interest-
ingly, we found that MitoVES modulates mtDNA and more
specifically, at subapoptotic doses, suppressed the D-loop
derived transcript levels in a range of cancer cells, a phe-
nomenon that was not observed for «-TOS. This was accom-
panied by inhibition of cancer cell proliferation (Neuzil et al.,
unpublished). It is not clear at this stage, whether modulation
of mtDNA by MitoVES is a direct effect on the mitochondrial
genome or whether it is mediated by ROS generated in the
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MitoVES-treated cells (see Chapter 4 for details). Never-
theless, MitoVES provides an intriguing possibility for inter-
fering with tumour progression by means of suppressing the
proliferation of cancer cells without necessarily inducing
apoptosis.

Class 9: Drugs targeting other sites

This group comprises a number of agents that affect mi-
tochondria but their targets have not yet been fully elucidated.
While effects on specific components of mitochondria or mi-
tochondrial function have been reported for many such
compounds, in these cases the molecular target has not yet
been defined. A prime example of such compounds as is be-
tulinic acid (73) of potential clinical relevance.

Anticancer Drugs That Target the Electron
Transport Chain

Mitocans comprise a large group of different compounds,
many of which were discussed above and in recent reviews
(72, 75, 80, 169, 207). The following sections focus in more
detail on the class 5 of mitocans, which target the mitochon-
drial ETC, the central system of mitochondrial energy pro-
duction and the process of oxidative phosphorylation
(176, 178).

The production of energy is achieved by transporting
electrons in a coordinated manner from NADH or FADH,
(generated from substrates in the TCA cycle) to the final ac-
ceptor, molecular oxygen, to produce water (Fig. 2). The four
protein complexes of the mitochondrial ETC are embedded in
the mitochondrial inner membrane, and, by passing electrons
from complexes I and II via complex III to complex IV (ab-
breviated as CI etc.) with the help of electron carriers, UbQ
and cytochrome ¢, generate energy that is maintained as an
electrochemical proton gradient across the mitochondrial

FIG. 2. The structure of the
electron transport chain (ETO),
the target of Class 5 of mitocans.
The ETC, localized on the inter-

Inter-membrane
space

©00 000 ©

face of the MIM and the matrix,
comprises complex I (CI; NAD-
H:UbQ oxidoreductase), complex
I (CII; cytochrome be; complex
or ubiquinone-cytochrome c oxi-
doreductase), and complex IV
(CIV; cytochrome c oxidase) that
facilitate movement of protons
across the MIM, from the matrix
to the IMS. Electrons are transferred
to CIV to give rise to molecular
water and the proton extrusion
provides an electrochemical poten-
tial gradient formed across the
MIM with negative potential on the
matrix face. This proton gradient
powers the generation of ATP via

Mitochondrial
matrix

7" ELECTRON TRANSPORT CHAIN 4

complex V (CV; the FOF1ATP syn-

thase). Complex II (CII; succinate dehydrogenase, SDH), converts succinate to fumarate as a part of the TCA cycle, and the
liberated electrons are then fed into the ETC, whereby CII provides a link between the TCA cycle and the ETC. The subunits ND1,
ND2, ND3, ND4, ND4L, ND5, and ND6 of CI, CYTB of CIII, COX1, COX2, and COX3 of CIV, and ATP6 and ATP8 of CV
are encoded by the mtDNA, whereas the other subunits of these complexes plus all complexes of CII are encoded by the
nuclear DNA. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
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inner membrane (MIM). CV, the F,Fy-ATPase, then uses the
energy from the proton gradient to generate ATP from ADP
and inorganic phosphate, which provides the cell with its
fundamental energy substrate. ETC, due to the large electron
flow, is the major source of mitochondrial ROS, with CI and
CIII identified as prime superoxide-generating sites (1, 144).
In addition, recent evidence also points to a role CII in ROS
formation (120, 121). The superoxide by-product is not
harmful when ROS production is controlled within the con-
straints of the cellular redox system, as the cell must maintain
moderate ROS levels necessary to sustain the cellular signal-
ing processes. However, deregulation leading to permanently
higher levels of ROS may predispose, over time, to carcino-
genesis (70). By contrast, an acute and substantial increase in
ROS levels may have a much more immediate effect and
commit the cell to undergo apoptosis (76, 128).

Cancer cells often show higher levels of oxidative stress and
higher saturation of their antioxidant defenses, and conse-
quently may be more sensitive to apoptosis induction by
compounds disrupting the cellular redox balance (196). In
addition, the ETC itself plays a role in apoptosis, because
defects in the ETC are associated with abnormalities in apo-
ptosis induction (112, 120). Furthermore, inhibition of ETC
complexes results in increased ROS production, such that
targeting the ETC complexes with compounds from the class
5 of mitocans provides a possible strategy for eliminating
cancer cells with relatively high specificity. The next section
provides an overview of the apoptosis-inducing class 5 mi-
tocans (Table 2) targeted to the individual macromolecular
complexes of the mitochondrial ETC and their anticancer
potential. The list is not exhaustive, and further research will
very likely identify additional candidates.

Complex |

The first and largest complex of the ETC, NADH:UbQ ox-
idoreductase or CI, functions by transferring electrons from
NADH derived from the TCA cycle to UbQ, which passes them
on to CIII. CI contributes to the maintenance of the proton
gradient on the MIM, pumping four protons into the inter-
membrane space for each NADH oxidized. In most mamma-
lian cells, CI comprises 45 subunits, including seven that are
coded by the mitochondrial genome, and has a total molecular
mass of about 1,000 kDa (178). The crystal structure of CI pro-
vided insight into the mechanism of proton pumping and
electron transfer revealing that the electrons are removed from
NADH by a flavin group, relayed to a series of iron—sulfur
clusters, and finally donated to UbQ bound within CI (17, 62).

Cl is proposed as one of the sites for superoxide formation
within the ETC. It is not known precisely how the superoxide
is formed, but the flavin group, the N2 iron sulfur cluster and
the UbQ binding sites have each been suggested to participate
in the process (17, 68, 86, 110, 111, 113). The basal level of
superoxide production from CI is dramatically increased ei-
ther due to retrograde electron transport or inhibition of CI.
With regard to inhibition, more then 60 classes of compounds
are known to inhibit the function of CI (50). Most of these
inhibitors are specific for overlapping binding sites within the
UbQ-binding region (159, 195), but despite this, substantial
differences were seen with respect to the ability of individual
compounds to induce superoxide production (67, 113). Some
well-known CI inhibitors are considered neurotoxic and are
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often used as pesticides, and as such, have been implicated in
the development of neurological disorders such as Parkin-
son’s disease, inducing similar symptoms in experimental
animals (18, 53, 60, 162). Recent observation suggests that the
neurotoxicity of rotenone and-methyl-4-phenylpyridinium
(MPP™") is unrelated to the inhibition of CI, and instead results
from their ability to destabilize microtubules (37). The equally
potent CI inhibitor piericidin, which does not disrupt micro-
tubules, is not neurotoxic. For this reason, rotenone, even
though it efficiently induces apoptosis in cancer cells (124, 166,
214), is not considered for cancer treatment and piericidin
could be a better candidate.

In the context of anticancer applications, a well-studied
analogue of rotenone is deguelin, an inhibitor of the Akt and
nuclear factor-xB (NF-xB) signaling pathways. Deguelin
shows chemopreventive anti-tumor activity in experimental
cancer and xenograph models without major toxic effects and
also inhibits angiogenesis (39, 51, 117, 147, 156, 202). This anti-
tumor activity is at least in part related to its interaction with
heat shock protein HSP90, but direct inhibition of CI also
plays a role, because cells with defective respiration are in-
sensitive to deguelin-induced apoptosis (87, 104, 157). The
lower affinity for CI (60 times lower for deguelin compared to
rotenone) and the lack of the microtubule-related side effects
may possibly contribute to the more favorable toxicity profile
of deguelin (30,50).

Interestingly, the anti-breast cancer drug, tamoxifen, rou-
tinely used in the clinic as an antagonist of the estrogen re-
ceptor in the treatment of hormone-dependent breast cancer
was also reported to inhibit CI at the flavin site. This inhibition
was accompanied by increased cellular hydrogen peroxide
production, which was synergistically enhanced by estradiol
(142). This observation could potentially extend the use of ta-
moxifen to other cancer types besides hormone-dependent
breast cancers, and its prior history as a drug already clinically
approved may make its application to other cancers more
straightforward. Indeed, some anti-proliferative effects of ta-
moxifen against cells lacking the estrogen receptor, as well as
against prostate cancer have been observed and the combina-
tion of tamoxifen with estradiol can induce apoptosis of ta-
moxifen-resistant breast cancer (14, 41, 161). Targeting the ETC
may therefore be an important additional component of ta-
moxifen’s anticancer activity, despite some doubt remaining as
to whether CI is the only target of tamoxifen in the ETC (146).

Finally, the biguanidine, metformin, an AMP-activated
protein kinase (AMPK) activator used in the clinic to treat
type-2 diabetes also inhibits CI and blocks mitochondrial
respiration, readily inducing apoptosis in p53 deficient cancer
cells, and prevents the growth of p53-deficient xenographs
(29). It also displays anti-tumor effects in vivo in pancreatic
cancer and kills breast cancer cells as well as breast cancer
stem-like cells; patients given metformin show a reduced in-
cidence of cancer and increased effectiveness of chemother-
apy to treat their tumors (reviewed in Ref. 38). Thus,
metformin may be a promising option for cancer treatment
when used either alone or in combination with other anti-
cancer drugs (13).

Complex Il

CII or succinate dehydrogenase (SDH), is the smallest of
the respiratory complexes, and in mammals, all four of its
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MITOCANS AS ANTICANCER AGENTS

subunits are encoded by nuclear genes (178). Unlike Complex
I, I1I, and IV, CII does not directly participate in the mainte-
nance of the proton gradient. It is also unique in that it forms a
direct link between the TCA cycle, where it catalyzes the ox-
idation of succinate to fumarate, and the mitochondrial ETC.
CII transfers two electrons removed from succinate to oxidized
UbQ to form reduced UbQH,, which then transports the elec-
trons onto CIII, before UbQ is recycled. In this way, CII can feed
electrons into the UbQ pool, contributing to the electron flow
that exists between CI and CIII, thereby indirectly helping to
maintain mitochondrial membrane potential by proton
pumping from respiratory complexes, CIII and CIV.

Unlike CI, the complete crystal structures of both prokaryotic
and eukaryotic CII have been solved, providing insight into its
architecture and the association of the four subunits, SDHA,
SDHB, SDHC, and SDHD, helping to explain its mechanism of
action (191, 219). The SDHA subunit, exposed to the mito-
chondrial matrix, comprises the active site of the SDH enzyme
for converting succinate to fumarate. Electrons generated dur-
ing this process are channeled via the iron—sulfur (Fe:S) clusters
of the SDHB subunit to the UbQ-binding sites within subunits
SDHC and SDHD embedded in the MIM. Of the two UbQ-
binding sites suggested by the crystallographic studies, the
proximal one (Qp; closer to the matrix) is probably fully func-
tional, whereas the distal site (Qp) may be a nonfunctional
‘pseudo-site’ (129). Although CII has often not been considered
a major source of mitochondrial superoxide generation, block-
ing the UbQ-binding sites with specific inhibitors nevertheless
induces substantial ROS generation (see below).

One compound that triggers high levels of ROS generation
from CII is the emerging anticancer drug, o-TOS (56, 57, 59),
which belongs to a group of ‘redox-silent” analogues of vitamin
E (a-tocopherol). o-TOS has shown significant anticancer po-
tential in various preclinical cancer models, including the dif-
ficult-to-treat mesotheliomas and HER2-positive breast
carcinomas, without adverse effects or toxicity (154, 155, 187,
208). The UbQ-binding sites on CII appear necessary for the
mechanisms of o-TOS anticancer activity, involving superoxide
production, increased calcium levels, and the induction of ap-
optosis and its anticancer activity can be inhibited by pre-
treating with antioxidants, supporting a-TOS working as a pro-
oxidant (59, 78). a-TOS treatment of cancer cells sets in motion a
number of intracellular processes, but the precise sequence and
mutual relationship of each step have yet to be fully elucidated.

o-TOS treatment of cancer cells results in upregulation of the
pro-apoptotic protein NOXA, in a p53-independent manner, an
event that is regulated by the Mst1-FoxO1 axis (204) (Fig. 3).
NOXA induction suppresses the anti-apoptotic function of
Mcl-1, thereby promoting Bak/Bax polymerization and mito-
chondrial permeabilization (167, 211). At the same time, a-TOS
promotes mitochondrial apoptosis by acting as a BH3 mimetic
(181). These processes are depicted in Figure 4, which also in-
dicates that the ROS generated in cells from targeting of CII by
o-TOS may also cause dimerization of Bax and its ensuing
mitochondrial translocation (44). Furthermore, «-TOS activates
sphingomyelinase, resulting in the formation of the pro-apop-
togenic product, ceramide (211). Ceramide production is an
early event detectable within the first 15-20 min following o-
TOS addition, well before the other drug-induced effects are
observed. Another pro-apoptotic effect of o-TOS and the related
compound, a-tocopheryloxybutyric acid (2) is to inhibit the Akt
pro-survival signaling pathway. The mechanism of Akt inhi-

2961

Stress
=

Noxa

FIG. 3. Transcriptional regulation in apoptosis induced
by VE analogues. Stress, presented by ROS and induced by
agents such as the vitamin E analogue,s causes phosphory-
lation of Mstl/Hippo kinase. Consequently, the activated
pMstl phosphorylates the cytosolic transcription factor
FoxO1, which then translocates into the nucleus. In resting
cells, the DAF-16 binding element (DBE) of the NOXA pro-
moter is occupied by RNA polymerase II (RPII). Under
stressful conditions, pFoxO1 binds to the DBE due to its in-
creased affinity for this site. As a consequence, RPII trans-
locates to the transition start site (TSS), resulting in
transcription of the NOXA gene. (To see this illustration in
color the reader is referred to the web version of this article at
www liebertonline.com/ars).

bition has not yet been fully clarified, but downregulation of
Ras signaling and inhibition/downregulation of epidermal
growth factor receptors have been implicated (55, 182). Finally,
0-TOS can also inhibit cell cycle progression by reducing ex-
pression of the transcription factor E2F1 (4).

a-TOS has other indirect anticancer effects by attenuating
angiogenesis as a result of the direct elimination of prolifer-
ating endothelial cells and by disrupting autocrine as well as
paracrine signaling via the FGF2 pathway (151, 187). In this
way, o-TOS eliminates tumor cells not only directly by in-
ducing apoptosis but also indirectly by inhibiting angiogen-
esis. Furthermore, the relative specificity of o-TOS for
targeting cancer cells is enhanced by the higher esterase
activity in normal cells cleaving it to form vitamin E («-
tocopherol), which has antioxidant properties. This has been
clearly shown in rat hepatocytes, where o-TOS protects
against oxidative stress (150, 152, 225).

The knowledge that «-TOS targeted CII's UbQ-binding
sites led us to design a more specific mitochondrially targeted
analogue, MitoVES. The structure of this compound (Fig. 5A)
causes it to compartmentalize to mitochondria (Fig. 5B),
particularly to the surface of the MIM facing the matrix (57,
58). Consequently, cells treated with MitoVES respond rap-
idly by generating ROS within several minutes (Fig. 5C)
which translates into much greater apoptogenic activity in
cancer cells and superior anticancer efficacy in animal models
(Fig. 6). MitoVES features physicochemical features endow-
ing it with intriguing properties, as depicted in Figure 7. Thus,
MitoVES selectively targets the Qp site of CII such that the
1C5p value for electron transfer from CII to CIII was found to
be 1.5 uM, whereas the ICs, value for conversion of succinate
to fumarate was much greater at 70 uM.


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2011.3990&iName=master.img-032.jpg&w=237&h=154
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FIG. 4. Model of formation of the MOM channel during
apoptosis induced by ROS. A number of anticancer agents
induce apoptosis by generating ROS. These signaling molecules
then give rise to a channel in the MOM, a requirement for the
activation of the apoptosis signaling cascade downstream of
mitochondria. There are two possibilities for how the channel
can be formed, one being transcriptionally independent, the
other dependent on transcription. These two possibilities are
illustrated in this cartoon for the mitocan, «-TOS, a VE analogue
that has the propensity to interact with the BH3 domains of the
anti-apoptotic members of the Bcl-2 family members, such as
Bcl-2 or Bel-x;.. Once these domains become saturated, «-TOS is
now free to diffuse across the MOM to CII in the MIM, where it
jeopardizes the function of UbQ binding to CII, generating ROS,
which then initiates the process of apoptosis by at least two
different pathways. The transcription-independent (or direct)
mechanism likely involves generation of a Bax-dependent
channel in the MOM, based on the dimerization of Bax mono-
mers in the cytosol due to formation of disulfide bridges be-
tween two monomeric Bax polypeptides. The dimeric Bax
molecule changes its conformation, exposing the mitochondria-
docking terminus, which results in the insertion of the dimers
into the MOM, followed by Bax oligomerization and formation
of the channel. The ROS generated from CII also activates
transcriptional mechanisms yielding increased levels of BH3-
only proteins like Noxa which divert the anti-apoptotic Bcl-3
family protein, Mcl-1, away from the pro-apoptotic protein,
Bak, liberating Bak to form MOM channels. ROS also activate
the oxidase activity of cytochrome c (Cyt c), resulting in per-
oxidation and altered conformation of the MIM phospholipid,
cardiolipin (CL). The oxidized CL has a decreased affinity for
Cyt ¢, which is released from the membrane anchoring, free to
move into the cytosol via the Bax and/or Bak channel to activate
the apoptotic cascade downstream of mitochondria. (To see this
illustration in color the reader is referred to the web version of
this article at www liebertonline.com/ars).

Thenoyltrifluoroacetone (TTFA), the archetypal inhibitor of
the UbQ binding sites of CII, also induces an increase in oxi-
dative stress and calcium levels (133). However, in contrast to
a-TOS, its practical application as an anticancer agent is re-
stricted, as it is also very toxic to noncancerous cells, such as
hepatocytes (226). Interestingly, the anti-diabetic and anti-
inflammatory drug, troglitazone, which contains the o-
tocopheryl moiety similar to «-TOS, also interferes with CII

ROHLENA ET AL.

activity (186). The drug was registered, but was subsequently
withdrawn from the clinic due to liver toxicity (85). Another
group of compounds targeting the UbQ site(s) of CII are at-
penins, natural products isolated from bacteria, structurally
similar to UbQ (136). The potential use of these agents as
anticancer drugs has yet to be established.

Other compounds, including malonate and 3-nitropropionic
acid (3NP), that specifically inhibit the succinyl dehydrogenase
activity in the SDHA subunit of CII are also able to stimulate
ROS production and induce cell death. Nevertheless, their use
for cancer treatment may be problematic, because they exhibit
neurotoxic properties, and in experimental animals they pro-
duce symptoms similar to Huntington disease, a severe human
neurodegenerative disorder (23, 81, 92, 125). Hence, with re-
gard to future anticancer drug development, the UbQ-binding
sites in subunits SDHC and SDHD may prove to be more ideal
targets than sites in the SDHA catalytic domain, given the as-
sociated problem of neurotoxicity. Inhibiting SDH activity also
blocks the TCA cycle as well as the transfer of electrons to the
ubiquinone pool and hence, the metabolic TCA cycle arrest
could have much more serious consequences for the cell than
the selective inhibition of electron transfer at the UbQ sites. In
the latter case, the TCA cycle would not become fully inhibited,
but the disruption of the electron flow at the UbQ sites would
still allow for efficient superoxide formation.

The eligibility of CII as a target for anticancer drugs is not
compromised by the occurrence of mutations in subunits
SDHB, SDHC, and SDHD in cancer. These mutations are as-
sociated only with relatively infrequent and nonaggressive
familiar paragangliomas and pheochromocytomas, and in
most common cancers such as breast cancer, only one in a
million patients carries a mutation in CII (165, 179). Therefore,
CII represents an invariant target in most cancers.

Complex Il

The electron flows from CI and CII are integrated at CIII,
also known as the cytochrome bec; complex or ubiquinone-
cytochrome c oxidoreductase, which mediates transfer of
electrons to another electron carrier, cytochrome c. CIII, sim-
ilarly to CI, pumps protons across the MIM, contributing to
the proton gradient that forms the mitochondrial membrane
potential. Along with CI, CIII is considered to be a major
source of superoxide radicals due to electron leakage, which is
further increased either by the inhibition of the UbQ-binding
sites or by an increase in the mitochondrial membrane po-
tential (35, 61). The crystal structure of mammalian CIII con-
taining 11 protein subunits (including one mitochondrially
encoded) has been solved (94, 215) and the mechanisms for
proton pumping and electron transfer have been determined.
CIII contains two binding sites for UbQ involved in the
‘Q cycle” in which two molecules of UbQH, are oxidized at
the Q, site per one molecule of UbQ reduced at the Q; site,
allowing CIII to transfer protons across the MIM (40). Specific
inhibitors of the Q; site such as antimycin A induce superoxide
production at the Q, site, but Q, site inhibitors themselves do
not have this effect (61). Antimycin A effectively eliminates
cancer cells by apoptosis (214), although antimycin A is also
a BH3 mimetic (201). Interference with the anti-apoptotic
proteins of the Bcl-2 family could make antimycin A an in-
teresting option for targeting cancers resistant to apoptosis
due to upregulation of Bel-2/Bcl-x;..


http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2011.3990&iName=master.img-033.jpg&w=238&h=203
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FIG. 5. Targeting of vitamin
E succinate to MIM causes
fast generation of ROS. (A)

Structure of the ‘full-length” mi-
tochondrially targeted vitamin E
succinate (MitoVES) with 11-C
aliphatic chain spanning the to-
copheryl head-group and the
TPP* moiety. (B) MitoVES asso-
ciates primarily with mitochon-
dria. This has been documented
by confocal microscopy of mouse
breast cancer cells NeuTL incu-
bated with MitoTracker Red (top
image) and FITC-modified Mi-
toVES (middle image). The bottom
image shows the overlay of the
two upper images, indicating
that the majority of MitoVES-
dependent, green fluorescence
overlays with red fluorescence,
indicating mitochondria. (C)
Human neuroblastoma cells,
Tet2IN, were transiently trans-
fected with the pHyPer-dMito
plasmid and their green fluores-
cence evaluated using time-lapse
imaging confocal microscopy of
live cells. The data document ra-
pid generation of ROS (hydrogen

peroxide) appearing after adding
MitoVES. (To see this illustration
in color the reader is referred to
the web version of this article at
www liebertonline.com/ars).

Another compound, adaphostin, similarly to antimycin A,
also targets the Q; site of CIII to induce oxidative stress and
apoptosis in cancer cells (115). Originally, adaphostin, a di-
hydroquinone derivative, was identified as an inhibitor of the
Bcer-Abl kinase in chronic myeloid leukemia, but turned out to
be also highly effective against Ber-Abl-negative cancer cells
as well as against cells with a mutated Bcr-Ab], resistant to the
Ber-Abl kinase inhibitor drug, imatinib mesylate. The action
of adaphostin depends on stimulating superoxide production
and appears to be relatively cancer cell-specific (31, 32, 47).
Caspase-independent inhibition of the Rafl/MEK/ERK, Akt
pathways and activation of the JNK and p38 MAP kinases
have commonly been shown to occur during adaphostin-
induced apoptosis (222) and the activation of p38 MAP kinase

Plant-derived polyphenols, represented by resveratrol
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FIG. 6. Comparison of targeted and untargeted vitamin E
analogs for their anti-tumor effects. The transgenic FVB/N202
c-neu mice with spontaneous formation of HER2-high breast
carcinomas (left) and nude mice with human colorectal HCT116
cell line derived xenografts (right) were treated with «-TOS at 15
or MitoVES at 1-2 umol per animal per injection every 3—4 days.
The tumors were regularly visualized and their volume quan-
tified using an ultrasound imaging instrument (Vevo 770, Vi-
sualSonics) equipped with a 30-um resolution scan head.

(trans-3,4’,5-trihydroxystilbene), are also efficient respiratory
chain inhibitors of several ETC complexes, especially CIII, and
induce mitochondria-mediated apoptosis (194, 229). The di-
chotomy of cytoprotective and cytotoxic effects associated
with resveratrol (also linked with the beneficial health effects
of red wine) may be concentration dependent and related to
the widespread action on multiple cellular processes. In
any case, the chemoprotective activities of resveratrol have
been observed in various preclinical cancer models (7, 88,
229), and the anticancer potential of resveratrol is currently
being investigated in several ongoing clinical trials, primar-
ily in colorectal cancer (e.g., NCT00256334, NCT00920803,
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FIG.7. Molecular mechanism for the generation of ROS by vitamin E analogues involving targeting of CII. (A) In the absence
of a VE analogue, the electrons generated during conversion of succinate to fumarate by SDH at the SDHA (or F,) subunit are
relayed to the Fe-S clusters in the SDHB (or I,) subunit, which direct the electrons to the Q,, (and/or, possibly, Q) site made up by
residues from the SDHC (or CybL) and SDHD (or CybS) subunits. This results in a two-electron reduction of the oxidized form of
UbQ to UbQH2, which has low affinity for its binding site(s) in CII. UbQH?2 is then released from CII to bind to CIII, where it gives
up the two electrons to CIII at the Qi site to be transferred to UbQ at the Qo site. Hence, the incoming UbQH?2 is reoxidized and
released to return as UbQ to CII. (B) This “electron shuttle’ activity of UbQ becomes disrupted in the presence of agents such as the
VE analogues, epitomized in this cartoon by MitoVES. In this case, agents like MitoVES interfere with the function of UbQ, most
likely by displacing it. Therefore, the electrons generated during conversion of succinate to fumarate cannot be intercepted by their
natural acceptor. As a consequence, they interact with molecular oxygen to yield superoxide, which then triggers a cascade of
reactions culminating in the execution of apoptotic cell death. The ICs, values for inhibition of the SDH activity and the CII— CII
electron transfer, i.e. ~70and ~ 1.5 uM, respectively, determined using isolated beef heart mitochondria are also indicated. (To see

this illustration in color the reader is referred to the web version of this article at www liebertonline.com/ars).

NCTO00433576). Another representative from the pholyphenol
group is xanthohumol, derived from hops, which also effec-
tively induces mitochondrial superoxide generation and ap-
optosis by CI and CIII inhibition associated with cytochrome c
release from mitochondria (188). Xanthohumol shows other
activities as well, including inhibiting the NFxB and Akt path-
ways, stimulating the apoptotic arm of the unfolded protein
response, suppressing angiogenesis, and repressing tumor
growth in experimental cancer models (3, 89, 127, 135, 141).
Isothiocyanates are natural compounds found in crucifer-
ous vegetables such as broccoli, watercress, or cabbage, and
like the polyphenols, they provide beneficial effects for pre-
venting cancer. For example, benzyl isothiocyanate (BITC)
inhibits CIII in cancer cells, initiating ROS-mediated apo-
ptosis followed by translocation of Bax into the mitochondria
in a JNK and p38 MAP kinase-dependent manner (148, 173,
216). These effects were specific for cancer cells with minimal
effects on normal cells (216), a beneficial and advantageous
property for any anticancer drug. BITC suppressed angio-
genesis and xenograft tumor growth in vivo in experimental
cancer models and was shown to be an efficient chemo-
preventative (209, 210, 218). Interestingly, phenethyl iso-
thiocyanate (PEITC), a related compound, also selectively
induced apoptosis in cancer cells by ROS accumulation, even
though this drug mainly appeared to deplete the glutathione
pool by inhibiting glutathione peroxidase (198). Given the
similarity between both compounds, it is likely that PEITC will

also directly induce the production of ROS from the mito-
chondrial ETC (26).

Finally, CIII is also inhibited by lamellarin D, a hexacyclic
pyrrol alkaloid derived from marine invertebrates and has
been shown to act as a topoisomerase I inhibitor (48, 65).
Mitochondrial respiration was disrupted at the level of CIII by
lamellarin D treatment, which was accompanied by the loss of
the transmembrane potential, calcium release, and induction
of mitochondria-dependent apoptosis, all of which were rel-
atively specific for cancer cells (9, 10, 105). Surprisingly,
mitochondrial ROS generation was not stimulated by la-
mellarin D, suggesting a mechanism different from that of the
ClII-targeting compounds discussed above. Interestingly,
treating cancer cells with a modified lamellarin D derivative,
PM031379, induced mitochondrial ROS generation and suc-
cessfully induced apoptosis in a non-small cell lung carci-
noma cell line, U1810, that was chemoresistant to the parental
compound, lamellarin D (74). The difference between these
two compounds was that whereas both induced the initial
mitochondrial-specific apoptotic steps, only PM031379 in-
duced the nuclear translocation of the apoptosis-inducing
factor (AIF) in a ROS-dependent manner.

Complex IV

The final step in electron transport via the ETC is performed
by CIV, also known as cytochrome c oxidase. This complex
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removes electrons from cytochrome ¢ and donates them to
molecular oxygen, producing water while, at the same time,
transporting protons across the MIM. Along with CI and CIII,
CIV directly contributes to the maintenance of the proton
gradient and the mitochondrial membrane potential. Of the 13
subunits that form CIV in mammals, three are encoded by the
mitochondrial genome and 10 by the nuclear DNA (178). As
the final element in the ETC, CIV has a physiologically im-
portant role in regulating ETC activity. For example, CIV is
regulated by the HIF1 transcription factor in hypoxia, which
results in an isoform switch increasing CIV activity (71).
Furthermore, CIV is also regulated by nitric oxide, which
competes for oxygen binding and inhibits mitochondrial
respiration (140).

Surprisingly, there are not many anticancer agents that
directly target CIV, in spite of the important role of this
complex in regulating ETC activity. In fact, many of the
compounds mentioned in connection with CIV actually
modulate the expression of its various subunits at the level of
mRNA expression and thereby indirectly modulate CIV me-
diated apoptosis. For example, N-(4-hydroxyphenyl) re-
tinamide (4HPR), also known as fenretinide, downregulates
CIV by destabilizing the mRNA transcript for subunit IIT of
ClV, inducing ROS-mediated apoptosis in cancer cells (220).
A number of clinical trials are currently underway to evaluate
the merits of this compound for treating different types of
cancer. Anticancer drugs from the anthracycline family, such
as doxorubicin, also downregulate the expression of CIV
subunits IT and V at the level of mRNA. However, in this case,
the CIV downregulation was associated with cardiotoxic side
effects of these drugs and did not appear to relate to their
anticancer activity (33). Interestingly, direct interaction with
CIV and inhibition of its activity by doxorubicin and dauno-
mycin has also been reported (163).

Induction of apoptosis in a leukemic cell line with the an-
tioxidant and lipoxygenase inhibitor 3-tert-butyl-4-hydro-
xyanisole (BHA) was shown to also target and inhibit CIV
directly at relatively high concentrations (185) but these ef-
fects could not be replicated with mitochondria derived from
murine skeletal muscle (69, 158). Similarly, inhibition of CIV
activity and apoptosis induction was also observed for the
lipophilic cationic compound N-retinyl-N-retinylidene etha-
nolamine (A2E) in mammalian retinal pigment epithelia, as
well as in other cells. However, A2E is associated with age-
related macular degeneration and its potential use in cancer
has not been explored (180, 192). With respect to CIV function
in cancer cells, perhaps the most relevant compounds for
current cancer therapy could be the porphyrin photosensi-
tizers, such as Photofrin II, which in photodynamic therapy
inhibit CIV, resulting in ROS production required for suc-
cessful treatment (91). Similarly to the antioxidant MitoQ
(103), the mitocan MitoVES (57, 58), polyphenols (19, 132),
and manganese porphyrin superoxide dismutase mimics (6),
photosensitizers were successfully delivered into mitochon-
dria using cationic tags or peptide conjugates, resulting in
increased phototoxicity (42, 118, 183).

Complex V

The proton gradient maintained by complexes I-IV drives
the conversion of ATP by CV—the ATP synthase (F,Fo-AT-
Pase), which attaches inorganic phosphate to ADP and
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thereby supplies the cell with essential energy in a form uti-
lized in many cellular processes. CV functions as a miniature
molecular engine with two parts. Controlled dissipation of the
proton gradient by the transmembrane Fo portion provides
torque that drives the rotational movement of the F; portion of
the enzyme, resulting in the synthesis of three ATP molecules
per one 360° turn of the enzyme (52, 101).

Inhibiting the Fo portion of CV with oligomyecin or its de-
rivatives can induce apoptosis, but its selectivity for cancer-
derived cell lines is limited, indicating that targeting CV in
this manner may not be a very effective intervention for
cancer (174, 175). Interestingly, oligomycin treatment can re-
duce the availability of ATP for caspase activation or changes
in intracellular pH which will under certain conditions pre-
vent apoptosis and/or switch to necrotic cell death. (63, 119,
126, 223).

CV is also a molecular target of resveratrol and related
compounds such as piceatannol. Crystal structures of the F;
subcomplex bound to resveratrol and piceatannol have been
solved (77, 227) and this adds CV to the growing number of
intracellular targets for resveratrol, providing the basis for the
complexity of effects associated with this polyphenol. Re-
sveratrol binding to CV may partly explain how this drug can
promote the induction of apoptosis in cancer cells (194).

CV can also be inhibited by the metabolite 3,30-diindo-
lylmethane (DIM) derived from the compound indole-3-
carbinol (I3C) found in cruciferous vegetables. DIM stimulates
ROS formation and induces apoptosis in a JNK and p38 kinase-
dependent manner, as well as inhibiting the cell cycle by
upregulating the p21 cell division kinase inhibitor (82). In ad-
dition, DIM modulates the aryl hydrocarbon receptor and
displays anti-proliferative, pro-apoptotic, and anti-angiogenic
activities in a number of cancer cell lines and experimental
tumor models (172). Clinical testing of DIM verified its safety
in human subjects, and it is used for treatment of recurrent
respiratory papillomatosis, a benign noninvasive neoplasia
caused by infection with the human papilloma virus (171, 212).
Clinical trials in cancer patients are ongoing, including trial
numbers NCT00212381 in cervical dysplasia and NCT00888654
in prostate cancer.

Bz-423, a 1,4-benzodiazepine derivative, is another inhibi-
tor of CV activity which acts in a noncompetitive manner to
induce superoxide production, albeit associated with less ATP
depletion than for oligomycin (97). Bz-423 is effective against
a number of cancer cell lines, inducing cell cycle arrest and
apoptosis in a Bax- and Bak-dependent manner, associated
with superoxide-dependent apoptosis signal-regulating ki-
nase (ASK1) release from thioredoxin and JNK activation (20,
21). It is also currently being considered for the treatment of
psoriasis. Last but not least, CV is targeted by lipophilic cat-
ionic dyes such as thodamine 123 (27, 138) with advantages
that they are more readily accumulated by cancer cell com-
pared to normal cell mitochondria (49, 138, 190), which
should provide greater anticancer specificity. Indeed, selec-
tive elimination of cancer cells and prevention of tumor
growth has been observed for rhodamine 123 (15, 16, 90)
which in phase I clinical trials of patients with hormone-
refractory prostate cancer showed good retention in the
prostatic tissue. However, rthodamine 123 did not show
therapeutic benefits because its effects were not statistically
significant at the maximum tolerated dose (99). A rhodamine
analogue, MK-077, has entered into phase I clinical trials, but
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its administration was associated with hypomagnesaemia
and renal toxicity (25, 168).

Mechanism of Action and General Consideration
for ETC Targeting Mitocans

Mitocans, compounds targeting cancer cell mitochondria
and in particular, the mitochondrial ETC, constitute a prom-
ising group of cancer therapeutics. The advantage of the ETC
in this context is that it is still fully or partially active in most
tumors and that the mutation rate in the ETC complexes is
relatively low. The only ETC complex that shows nuclear-
coded mutations with links to cancer is CII, giving rise to
relatively benign and/or infrequent neoplasias such as
pheochromocytomas and paragangliomas (83). Certain sub-
sets of cancers (about 15%) will also harbor nonsilent mito-
chondrial DNA mutations (116), and these mutations may
compromise the induction of apoptosis due to nonfunctional
ETC complexes that contain mitochondrially encoded sub-
units (112, 120). Even in this situation, the targeting of unaf-
fected complexes (such as CII, with all subunits coded by the
nucleus) may be plausible, as demonstrated by efficient kill-
ing of cells without functional CI by the CII inhibitor «-TOS
(56, 59). It should be noted, however, that the efficiency of
apoptosis induction by Cll-interfering agents in cells with
ETC compromised downstream of CII (e.g., in CIII, CIV) or in
CV has not yet been examined. It can be anticipated, though,
that targeting CII will induce apoptosis in cancer cells re-
gardless of the potential mutation in the downstream com-
ponents of the ETC, since targeting CII causes generation of
ROS that, in turn, induce apoptosis (56, 57, 59, 197, 204).

One of the pivotal events in apoptosis induction by
ETC-targeting mitocans is the induction of ROS. This is par-
ticularly apparent for mitocans directed at CI-CIII, and is
exemplified by numerous studies that show the inhibition of
apoptosis induction by antioxidants. The mechanism of ROS
generation (mostly in the form of superoxide) from the ETC
complexes is highly complex and is not yet fully clarified for
isolated mitochondria, and only vaguely inferred for mito-
chondria in cells (24). Similar lack of clarity persists concern-
ing the exact sequence of events after the initiation of ROS
formation. An attractive option is that ROS trigger general
mechanisms common to many mitocans targeting the ETC
complexes. One of these mechanisms could be direct opening
of the permeability transition pore, followed by apoptosis
(128). Besides this direct effect, ROS may also diffuse into the
cytoplasm in the form of hydrogen peroxide and activate
signaling processes via the ASKI1- and or MST1/Hippo-
controlled pathways. While the ASK1 pathway, activated in
response to ROS by the release of the ASK1 kinase
from thioredoxin, has been known for some time (131), ROS-
mediated apoptosis induction via the Mstl/Hippo-FoxO1-
NOXA signaling pathway has only recently been described
for the CII inhibitor «-TOS (204). This pathway is conserved
in higher organisms and is activated by the addition of
hydrogen peroxide. It may thus represent, similarly to the
ASK1 pathway, a general mechanism of cellular response
to sudden increase of intracellular oxidative stress with
Mstl/Hippo auto-activation in the presence of ROS. How-
ever, the involvement of this pathway in apoptosis induction
has as yet not been replicated for other compounds targeting
the ETC.
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Despite the possible common mechanism, a number of
mitocans discussed here also possess other activities unre-
lated to the ETC. For example, antimycin A and o-TOS func-
tion as BH3 ‘mimetics’(181, 201), deguelin inhibits HSP90
(104, 157), tamoxifen is an estrogen receptor modulator (213),
metformin stimulates AMPK (29), and resveratrol exerts a
variety of effects (88). Even though some of these activities
may result in apoptosis induction, others may be harmful, as
demonstrated for the CI inhibitors rotenone and MPP™,
which also disrupt microtubules. This interference with mi-
crotubules results in undesirable neurotoxicity and Parkin-
son’s-like syndromes (37). Targeting of mitocans directly to
mitochondria using lipophilic cations or other methods, as
recently demonstrated for vitamin E analogues (57, 58),
polyphenols (19, 132), and porphyrins (42, 118, 183), may be a
route to avoid some of the unwanted side-effects unrelated to
mitochondrial activity of the compounds. This represents an
important development in the field, a paradigm shift in cancer
therapy.

Conclusions

Mitochondria represent, due to their distinctive nature in a
number of cancers, intriguing therapeutic targets across the
landscape of cancers, and mitocans may thus provide a
valuable therapeutic option for the future. Although some
mitocans, in particular those targeting CI or CII, exert unde-
sirable neurotoxic side effects, a number of these compounds
are selective for malignant cells. The selectivity can be further
improved by mitochondrial targeting, as exemplified, for ex-
ample, by MitoVES. Moreover, the availability of invariant
targets combined with the preference most mitocans show for
cancer cells provides an incentive for further development of
these exciting compounds, which may become an essential
component of our anticancer ‘tool box’ of the 21% century.
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Abbreviations Used

2DG = 2-deoxyglucose
3BP = 3-bromopyruvate
3NP = nitropropionic acid
4HPR = N-(4-hydroxyphenyl) retinamide
o-TEA = a-tocopherylacetic acid ether
o-TOS = a-tocopheryl succinate
AV i =mitochondrial inner trans-membrane
potential
A2E = N-retinyl-N-retinylidene ethanolamine
AMPK = AMP-activated protein kinase
ANT = adenine nucleotide transporter
ASK1 = apoptosis signal-regulating kinase 1
BH3 =benzyl isothiocyanate
BHA = 3-tert-butyl-4-hydroxyanisole
CI=complex I
CII = complex II
CIII = complex III
CIV = complex IV
CV =complex V
DCA = dichloroacetate
DIM = 3,30-diindolylmethane
ETC = electron transport chain
FGF2 = fibroblast growth factor 2
G6P = glucose-6-phosphate
GSAO =4-(N-(S-glutathionylacetyl)amino)
phenylarsineoxide
HIF = hypoxia-inducible factor
HK = hexokinase
I3C =indole-3-carbinol
IMS = intermembrane space
MIM = mitochondrial inner membrane
MitoQ = mitochondrially targetted ubiquinone
MitoVES = mitochondrially targeted vitamin E
succinate
MOM = mitochondrial outer membrane
MPP* = 1-methyl-4-phenylpyridinium
mtDNA = mitochondrial DNA
NF-«xB = nuclear factor-«xB
PD = pyruvate dehydrogenase kinase
PEITC = phenethyl isothiocyanate
PTPC = permeability transition pore complex
Qp =distal UbQ-binding site
Qp = proximal UbQ-binding site
ROS =reactive oxygen species
SDH = succinate dehydrogenase
SDHA = succinate dehydrogenase subunit A
SDHB = succinate dehydrogenase subunit B
SDHC = succinate dehydrogenase subunit C
SDHD = succinate dehydrogenase subunit D
TCA = tricarboxylic acid cycle
TPP* = triphenylphosphonium
TTFA = thenoyltrifluoroacetone
UbQ = ubiquinone
UbQH; = ubiquinol
VDAC = voltage-dependent anionic channel
VK3 = vitamin K3
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