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The development of multifunctional agents that could be used for simultaneous tumor targeting,
imaging and treatment is a major goal in cancer research and is expected to contribute significantly to
the realization of personalized oncology. Mitochondria are involved in diverse physiological activities
and confer vital roles in cancer development and progression. Increasing efforts are being made to
develop cancer treatment strategies based on various mitochondrial targets and novel mitochondrial
drug delivery systems. Multifunctional nanostructures or multifunctional chemical compounds further
broaden the current concept of tumor targeting and provide alternative solutions for mitochondrially

targeted cancer therapy.

Introduction

As important cellular organelles, mitochondria exert both vital
and lethal functions in diverse physiological and pathological
conditions associated with cell survival and death. Cancer cell
mitochondria are structurally and functionally different from
their normal counterparts [1,2]. Mitochondrial dysfunctions cause
many disorders and confer important roles in the entire process of
cancer development and progression [3].

On the one hand, several vital functions of mitochondria are
deregulated in cancer cells. Cancer cells take on different meta-
bolic choices for energy production for their survival and these
metabolic alterations affect the capacity of cancer cells to engage
in catabolic processes, including apoptosis, necrosis and autop-
hagy [4]. Increased reactive oxygen species (ROS) stress has long
been observed in cancer cells, which contain more antioxidant
compounds than do normal cells [5,6]. Modifications in the levels
of ROS have recently been linked to multiple reactions in cancer
cells, including the increase in cell proliferation, DNA damage and
genetic instability, resistance to antitumor agents, promotion of
carcinogenesis and metastasis [5-8]. Frequent mutations of the
mitochondrial DNA (mtDNA) that affect the synthesis of respira-
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tory chain proteins and lead to increased electron leakage and ROS
overproduction have been characterized in a variety of cancer
types and favor the chromosomal instability and carcinogenesis
[9]. mtDNA mutations can also contribute to neoplasm metastasis
[10] and tolerance against anticancer drugs [11].

On the other hand, the lethal functions of mitochondria are
also deregulated in cancer cells. Mitochondria control the intrinsic
pathway of apoptosis by regulating the translocation of proapop-
totic proteins from the mitochondrial intermembrane space to the
cytosol and also have a role in some forms of nonapoptotic cell
death, such as necrosis [12]. Proapoptotic factors in cancer cells are
reduced, which, combined with the overexpression of antiapop-
totic proteins, enable cancer cells to be more resistant to death
induction compared with normal cells [13]. Components of the
permeability transition pore complex (PTPC), which controls the
exchange of metabolites between the cytosol and the mitochon-
drial matrix and also mediates the mitochondrial permeability
transition to trigger the release of cytochrome ¢, express significant
alterations in malignant lesions [2,11].

According to mitochondrial dysfunctions that have been linked
to multiple aspects of tumorigenesis and tumor progression, mito-
chondrially targeted compounds represent a promising approach
to target tumors selectively [14]. Recently, the development of
multifunctional agents that could be used for simultaneous tumor
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targeting, imaging and treatment has become a major goal in
cancer research and is expected to contribute significantly to
the realization of personalized oncology. Here, we summarize
recently developed mitochondria-targeted therapeutic strategies
and discuss the perspectives and future directions of developing
multifunctional nanostructures and chemical compounds that
can target, image and Kkill tumors to advance current mitochond-
rially targeted cancer therapy.

Mitochondria-targeted agents under preclinical and
clinical evaluation for anticancer therapy

By targeting the differences between mitochondria from normal
cells and from cancer cells, a variety of mitochondrially targeted
compounds have been developed for anticancer therapy. Many of
these compounds are currently under preclinical and clinical
evaluation.

Agents targeting the transition of cell metabolism
Several chemical compounds that inhibit glycolysis, such as 2-
deoxyglucose, a nonmetabolically active glucose analog under
Phase I/II clinical trials [15], and 3-bromopyruvate, an analog of
lactic acid under preclinical testing, have shown therapeutic
effects on tumor growth [16]. Lonidamine (LND), derived from
indazole-3-carboxylic acid, inhibits glycolysis and enhances the
cytotoxicity of the regular chemotherapeutic agents doxorubicin
and cisplatin. Multiple Phase III clinical trials of LND have been
carried out in nonsmall-cell lung cancer and breast cancer [17]. In
addition, phloretin, a glucose transporter inhibitor under precli-
nical testing, can sensitize cancer cells to daunorubicin for its
anticancer activity and apoptosis to overcome drug resistance
only under hypoxia [18]. Another agent, dichloroacetate, which
can reverse the Warburg effect by inhibiting the key enzyme
pyruvate dehydrogenase kinase in cancer cells, is currently under
Phase II clinical trials in brain tumor and some solid tumors [11].
However, with regard to the role of glycolysis and use of
glycolytic inhibitors to treat cancers, the dependence of cancer
cells on glycolysis has been disputed. Some unsuccessful clinical
trials have shown that the application of glycolytic inhibitors is
limited to atypical cancers with low aerobic capacity, and is not
applicable to most tumors. Recent work by Moreno-Sanchez et al.
has shown that some tumors, such as those located in lung,
mammary gland, skin and uterine cervix, depend on oxidative
phosphorylation (OXPHOS) instead of glycolysis, suggesting that
these tumors do not depend on glycolysis, but instead have a
dependency on mitochondrial function [4].

Agents targeting cellular damage caused by abnormal ROS
production

Several agents have been developed to increase ROS generation
for cancer therapy. Arsenic trioxide, a clinically used drug, can
cause an increase in electron leakage by interfering with the
OXPHOS, therefore promoting ROS generation, leading to cancer
cell apoptosis [19]. Alpha-tocopheryl succinate, a redox-inactive
vitamin E analog under Phase II study in melanoma, prostate
cancer, colorectal cancer, mesothelioma and breast cancer, also
exhibits strong proapoptotic and anticancer activities. It causes
rapid production of ROS through its role as a competitive inhi-
bitor of the ubiquinone binding sites in Complex II to inhibit

succinate dehydrogenase activity in the mitochondrial electron
transport chain [20].

Other agents have also been observed to exert anticancer activ-
ity through the inhibition of antioxidant enzymes or the reduc-
tion of cellular oxidant-buffering capacity. 2-Methoxyoestradiol,
an estrogen derivative, selectively kills human leukemia cells (but
not normal lymphocytes) by inhibiting superoxide dismutase [21].
The Phase I/II studies have demonstrated that 2-methoxyoestra-
diol is well tolerated and causes disease stabilization in patients
with solid malignancies or with multiple myeloma [22,23]. Addi-
tionally, buthionine sulphoximine, which elevates ROS levels by
inhibiting the synthesis of reduced glutathione (GSH) [24], and
imexon, which depletes the GSH pool owing to its thiol-binding
activity [25], are both in Phase I clinical trials [25,26].

However, the ‘double-face’ of ROS might also need some con-
sideration. Given that ROS can be an important factor in cancer
initiation and progression, some researchers have proposed that
the reduction of ROS by chemical compounds might represent a
different strategy for cancer treatment [5].

Agents targeting the disabled apoptosis pathway

Correcting the altered apoptosis pathway and promoting the
normal apoptotic pathway could also be used to treat tumors.
Cancer cell apoptosis can be induced directly through the
enhancement of proapoptotic processes or the attenuation of
the antiapoptotic pathway [27,28]. Antiapoptotic protein Bcl-2
is a promising target molecule in cancer therapy. Antisense oli-
gonucleotides specific for Bcl-2 RNA sequences (such as G3139)
suppress specifically the proliferation of cancer cells or to enhance
their sensitivity to chemotherapeutic drugs. G3139 has now
entered Phase III clinical trails in combination with chemother-
apeutic agents in a variety of tumors, such as leukemia, small-cell
lung cancer, multiple myeloma and prostate cancer [29]. The
mimetics of Bcl-2 homology domain 3 (BH3) can act as Bcl-2
inhibitors and some BH3 mimetics are currently being evaluated
as anticancer agents in clinical settings [30]. Gossypol, a BH3
mimetic, has been introduced into Phase III clinical trials in
chronic lymphatic leukemia, hormone refractory prostate cancer
and advanced breast cancer [29]. Furthermore, the peripheral
benzodiazepine receptor (PBR), which interacts with the PTPC
through voltage-dependent anion channels (a component of
PTPC), correlates with the aggressive phenotype in breast, color-
ectal and prostate cancer. PBR ligands, such as PK11195, RO5-4864
and diazepam, have demonstrated antitumor effects both in vitro
and in vivo, either as single agents or combined with chemother-
apeutic agents, such as etoposide. PK11195 and RO5-4864 have
entered clinical trials and promising results have been obtained in
patients with recurrent glioblastoma treated with diazepam plus
lonidamine [31].

Agents targeting mutated mtDNA

Many compounds that target mtDNA or enzymes related to its
replication hold promise for potential clinical applications [17].
Among them, cisplatin, a classic anticancer drug in clinical use, is
found to bind preferentially to mtDNA more than to nuclear DNA
and shows higher cisplatin-mtDNA adduction levels, resulting in
the inhibition of NADH-ubiquinone reductase and the decrease of
ATP generation [32]. Ditercalinium, a bis-intercalating agent that
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accumulates mainly in the mitochondria, can cause specific elim-
ination of mtDNA and inhibit its replication [33]. This compound
exhibits in vivo antitumor activity in animal models and ultra-
structural studies have shown a complete loss of mitochondrial
cristae and depletion of mtDNA after ditercalinium treatment [34].
Vitamin K3 exhibits specific inhibitory affect on DNA polymerase
v, the mitochondrial enzyme responsible for mtDNA replication.
In vitro studies have shown that vitamin K3 exhibits anticancer
activity in breast and pancreatic cancer cells, but its use as a
potential anticancer agent remains to be evaluated [17].

Current strategies for the selective delivery of
anticancer agents to the mitochondria of tumor cells
Although mitochondria are emerging as promising cancer thera-
peutic targets, there are potential concerns and challenges related to
the clinical use of current mitochondrially targeted drugs owing to
their low cancer selectivity and specificity. It is known that certain
normal tissues, including brain, retina and testis, also use glucose as
their main energy source; therefore, inhibition of glycolysis could be
toxic to these tissues. Some mitochondrially targeted agents might
bind specifically to normal cellular components, which is expected
to be a problem for in vivo application. A further concern is that
possible intrinsic drug-resistant mechanisms, such as the interven-
tion of multidrug resistance pumps, might exclude these potential
drugs from cancer cells [35]. Although promising, their use might
face difficulties posed by the known systemic toxicity. A challenge to
improving the therapeutic efficacy of mitochondrially targeted
drugs is to deliver these agents selectively and in high enough
concentrations at the tumor sites to increase their efficacy and
decrease their side effects. Efficient mitochondria-specific delivery
systems are urgently needed and several transport pathways have
been described (Table 1).

Delocalized lipophilic cations as mitochondrial transporters
Delocalized lipophilic cations (DLCs) are small membrane-perme-

able cationic molecules with delocalized positive charge. Driven by

TABLE 1

higher mitochondrial membrane potential (A¥,,) and plasma mem-
brane potential (A¥},) in cancer cells [36,37], DLCs, such as rhoda-
mine 123 (Rh123), can selectively accumulate in the mitochondria
of cancer cells with a longer retention time compared with normal
epithelial cells [38-40]. The A¥, of -60 mV and AV, of —180 mV
can result in tenfold and 10,000-fold concentrations of the DLCs in
the cytoplasm and mitochondria, respectively [41]. With their
selective localization, they can act as mitochondrial transporters
[42]. A complex called platinum-Rh123, comprising Rh123 and
platinum, has been reported to display some degree of selectivity
toward transformed cells [43]. Recently, a series of antioxidants has
also been conjugated to DLC molecules and further support the
potential of DLCs as mitochondrial transporters. However, because
some normal cells, such as myocardial cells, also have a similar
mechanism for drug retention, these DLCs could cause cardiac
toxicity [40]. As small-molecule compounds, DLC-mediated deliv-
ery of large molecules could influence their targeting activity [44].

Mitochondrial targeting sequences as mitochondrial
transporters

Most mitochondrial proteins are encoded by nuclear DNA and
then synthesized as precursors in the cytoplasm; they are then
transported to the mitochondria post-translationally with mod-
ified mitochondrial targeting signal peptide sequences via the
protein import machinery. Typically, mitochondrial matrix pro-
teins, as well as several proteins of the inner membrane and
intermembrane space, carry amino-terminal mitochondrial target-
ing sequences (N-MTSs) that contain approximately 20-40 amino
acids without sequence identity. By contrast, outer and polytypic
inner membrane proteins are mostly synthesized without an N-
MTS, but contain an internal MTS (INT-MTS) [45]. The mitochon-
drial membranes contain specific machineries (translocases) for
the recognition, translocation and membrane insertion of precur-
sor proteins. According to this unique transporting process, the
MTS has the potential to become a useful device for the selective
delivery of therapeutic agents to the mitochondria of cancer cells.

Mitochondria-based drug delivery systems in cancer cells®.

Strategies Targeting mechanisms Agents Advantages Limitations Refs
DLCs Higher A¥, and AW, relatively Rh123, MKT-077, EDKC, Biocompatible, high efficiency, Potential toxicity; [36-44]
lipid soluble DECA and TPP straightforward conjugation to size and polarity
various types of small molecules limitations, and ineffective
transport for large polar
molecules
MTSs Structural motifs comprising Bacterial signal peptides, Endogenous system, Limited by the size and [45-49]
approximately 20-40 N-MTS, INT-MTS and biocompatible; able to structural properties of
amino acids and recognized mitochondrial leader transport various biomolecules, poor aqueous
by the mitochondrial protein sequence peptides biomolecular species solubility and cellular permeability
import machinery
MPPs Higher AW, and ¥, (different from  Engineered CPPs, Biocompatibility, versatility and ~ Requires necessary balance [49-53]
DLCs with point charges), constructs with generality in the delivery of positive charge and
PTDs for improving guanidinium groups of molecules with diverse crucial lipophilicity
transmembrane transportation physicochemical properties
Vesicles  Macropinocytosis, endosomal escape DQAsome and Sufficient for transport Low efficiency of cellular [54,55]

and membrane fusion MITO-Porter

of macromolecules,
negatively charged and
impermeable agents

internalization

@ Abbreviations: CPP, cell-penetrating peptide; MPP, mitochondria-penetrating peptide.
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It has been reported that a bacterial signal peptide from Toho-1
and the N-MTS of human 3-oxoacyl-CoA thiolase can carry pro-
teins into cell mitochondria [46,47]. However, mitochondrial
delivery using MTS is limited by the size of the agents [48].
Macromolecules cannot be transported by this pathway and their
aqueous solubility and cellular permeability is another limiting
factor for exogenous delivery [49].

Mitochondria-penetrating peptides as mitochondrial
transporters

Recent studies have described a variety of amino acid- and peptide-
based mitochondrial transporters that are designed to exploit
charge-driven uptake into the organelle. These peptides appear to
enter cells via a direct mode of uptake, bypassing endocytic uptake
and thereby avoiding endosomal and/or lysosomal sequestration
that would prohibit their ability to accumulate in mitochondria. It
has been reported that peptide transduction domains (PTDs), such
as the human immunodeficiency virus-1 TAT protein, can improve
the delivery of various biologically active molecules [49,50]. TAT has
been fused to a peptide derived from the VHL tumor suppressor and
intraperitoneal administration of the TAT-VHL peptide slows the
growth of subcutaneous renal cell carcinoma tumors in nude mice
[51]. Ellerby et al. developed synthesized targeted proapoptotic
peptides composed of two functional domains. The targeting
domain is designed to guide the ‘homing’ proapoptotic peptides
to targeted cell mitochondria and enable their internalization. The
proapoptotic domain is designed to be nontoxic outside of cells, but
toxic when internalized into targeted cells by the disruption of
mitochondrial membranes [52]. On the basis of this work, a variety
of amino acid- and peptide-based mitochondrial transporters are
under investigation [49,53]. Although the use of these fused pep-
tides as transporters is only now being investigated, they hold great
promise as changeable and versatile mitochondrial delivery agents
owing to their advantages of straightforward synthesis, facile deri-
vitization and biocompatibility [53].

Vesicle-based mitochondrial transporters

Active molecules or agents can also be delivered using mitochond-
rially targeted liposomes as potential mitochondrial transporters.
Mitochondriotropic liposomes made of positively charged amphi-
philic molecules have been developed. The most intensively
investigated examples are the ‘DQAsomes’ (dequalinium-based
liposome vesicles), dicationic mitochondriotropic compounds
that self-assemble and form vesicle-like aggregates that can be
internalized actively by cells for drug delivery [54]. A novel lipo-
some-based carrier called MITO-Porter, which introduces agents
into mitochondria via a membrane fusion mechanism, is also
currently receiving more research attention. With the octa-argi-
nine moieties at high density, this transporter is internalized by
macropinocytosis and escapes from endosomal phagocytosis. The
MITO-Porter then binds to the mitochondria membrane via elec-
trostatic interactions and fuses with the outer mitochondrial
membrane, releasing the drugs [55].

Multifunctional agents for mitochondria-based cancer
therapy

Currently, multifunctional agents for simultaneous tumor target-
ing, imaging and treatment are under intensive development for

Mitochondrial abnormalities in cancer cells

' !

Mitochondria-based
therapeutic targets

(metabolism, ROS,
apoptosis, mtDNA)

Mitochondria-based
drug delivery systems

(DLCs, MTSs, MPPs,
vesicle transporters)

| |

Mitochondria-targeted multifunctional agents

| | |

Multifunctional
chemical

Therapeutic agents
conjugated with nanostructures
targeted systems, compounds

| | |

Novel mitochondria-based cancer therapeutics

Multifunctional
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FIG. 1
Strategies for the development of multifunctional agents in mitochondria-
based cancer therapy.

personalized oncology. The most common and general tumor-
targeting approach is to conjugate the imaging or therapeutic
agents to specific drug delivery systems to develop multifunctional
agents. As described above, the growth of mitochondria-based
targeting strategies through direct chemical conjugation of ther-
apeutic agents and targeting transporters has demonstrated some
promising efficacy, but there is still debate about their selectivity
and specificity. Thus, there is an urgent need to study these
problems further and to develop innovative or alternative strate-
gies for overcoming them. The relatively new field of cancer
nanomedicine investigates the application of such multifunc-
tional agents in cancer detection and therapy. Significant
advances have been made in the delivery of targeting, imaging
and therapeutic components on nanometer-sized particles (such
as quantum dots, colloidal gold and polymeric nanomicelles) to
create multiple modalities that are unavailable from individual
components [56]. Recently, multifunctional mitochondria-tar-
geted compounds have also been identified and could shed light
on cancer-targeted imaging and therapy. Current strategies for the
development of multifunctional mitochondria-targeted agents are
summarized in Fig. 1.

Multifunctional nanoparticles

Nanomaterials have been demonstrated to be excellent tools for
molecular imaging, diagnosis and targeted therapy. Nanotechnol-
ogy has been applied to target cancer cells, especially the mito-
chondria of cancer cells, through various strategies. It has been
reported that zinc oxide (ZnO) nanoparticles induce mitochon-
drial cytotoxicity in human colon carcinoma LoVo cells through
alteration of the electron transport chain, triggering the apoptotic
pathways of the cell [57]. Currently, multiple functionalities,
including targeting, imaging and therapeutics, can be integrated
into one nanoparticle. Through mitochondrial targeting of cancer
cells, nucleic acids, proteins, antioxidants and anticancer agents
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Chemical, optical properties and preferential tumor retention of an active NIR heptamethine dye, IR-780 iodide. (a) Chemical structure of IR 780 iodide. (b)
Emission fluorescence wavelength scan of 1 um IR-780 iodide in methanol (black), phosphate-buffered saline (blue) and 100% fetal bovine serum (red). (c) NIR
imaging of human Hela tumor xenografts in an athymic nude mouse. The animal was subjected to NIR fluorescence and X-ray imaging with the Kodak In-Vivo
Imaging System FX Pro after 48 hours administration of IR-780 iodide at a single dose of 0.2 mg kg™2. The images are merged to show tumor localization.

can be delivered in nanostructures and act as targeted therapeutic
agents.

In addition to many nanoparticles with single functions, some
multifunctional nanoparticles are now under investigation to
provide a promising method for mitochondria-targeted cancer
treatment. The multifunctional envelope-type nano-device
(MEND), which is based on the new packaging concept ‘pro-
grammed packaging’, is one such example [45]. MEND, which is
similar to envelope-type viruses, comprises a condensed core, such
as plasmid DNA, and a lipid envelope equipped with various
functional devices, which keep their original properties and exist
as separate structures in the compound. Condensation of these
therapeutic molecules has many advantages, including protection
from enzymes, size control, improved packaging efficiency and
release over a short period of time. To locate these nanoparticle
selectively in the mitochondria of cancer cells, different functional
devices, which contain ligands for specific receptors, peptides for
endosomal escape and mitochondrial targeting drugs, could be
easily incorporated into the core and onto the surface of particles.
These unique characteristics make this design a promising agent
for drug delivery [58,59]. Several multifunctional mitochondrial
nanoparticles have been successfully used for cancer therapy. For
example, dendrimer phthalocyanine-encapsulated polymeric
micelles have the ability to photodamage the mitochondria upon
photoirradation and doxorubicin (DOX)-conjugated micelles can

increase DOX mitochondrial accumulation through an avf3
integrin-targeting ligand on the micellar surface [60,61].

Multifunctional chemical compounds

To achieve simultaneous tumor targeting, imaging and therapy,
an ideal strategy is to develop agents that are natively multifunc-
tional. Recently, a class of multifunctional heptamethine indo-
cyanine dyes was developed for tumor targeting, imaging and even
killing without the need for chemical conjugation to target ligands
[62]. These multifunctional dyes are lipophilic cationic molecules
that preferentially accumulate in the mitochondria of tumor cells
with unique near-infrared (NIR) imaging properties. For instance,
a prototypical dye, IR-780 iodide (Fig. 2a), can reach a NIR region at
780 nm and can be detected conveniently by a NIR fluorescent
detection system without significant autofluorescence interfer-
ence [63]. Furthermore, this dye has a fluorescence enhancement
effect in serum (Fig. 2b). More interestingly, this multifunctional
dye preferentially accumulates in the mitochondria of a variety of
human tumor xenografts to achieve good signal:noise ratios with
minimal background autofluorescence (Fig. 2c). The signal:noise
ratio can reach up to 20, whereas in other studies, a ratio of more
than 2.5 is considered as substantial accumulation [64]. Addition-
ally, the fluorescence signal is relatively stable and is able to persist
in tumors for at least 20 days, enabling repeated imaging. These
multifunctional compounds raise the possibility of developing
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new and sensitive approaches for tumor growth detection and the
evaluation of the effectiveness of anticancer drug treatments.
Furthermore, these dyes can also be used to detect small lesions,
such as metastatic tumors or even tumor cells in circulation. For
instance, after mixing human prostate cancer cells with human
blood cells, cancer cells could be visualized by NIR dye imaging;
the dye was sufficiently sensitive to detect as few as ten cancer cells
per milliliter in whole blood [65]. These results demonstrate the
high cancer specificity of these dyes and make in vivo tumor
targeting by NIR dyes more attractive as an imaging tool.

In addition to cancer targeting and imaging properties, these
dyes also have potential tumoricidal activities. Similar to most
DLCs, these dyes are toxic to cell mitochondria at high concen-
trations [42]. This cytotoxicity might be related to the direct or
indirect inhibition of mitochondrial ATP synthesis. Some cyanine
dyes and DLCs have also been studied extensively as potential
photosensitizers, suggesting that some of these multifunctional
dyes could also be used for cancer photodynamic therapy [66]. For
clinical use, the agents must be biocompatible and safe. These
multifunctional dyes have shown superior pharmacokinetic and
safety properties without any apparent acute toxicity at the ima-
ging dose. The metabolic pathway of IR-780 was similar to that of
most cyanine dyes, such as indocyanine green, excreted by liver
and exclusively into the bile. However, although they can be
cleared from the host at the imaging dose in a couple of days,
their long-term toxicity needs to be carefully assessed. Taken
together, for future cancer treatment purpose, these dyes can be
used in at least three ways: (i) they can be native anticancer drugs
after accumulation in cancer cells owing to their intrinsic anti-
tumor activities; (ii) they can be converted to potent inhibitors of
oxidative phosphorylation by photothermal therapy; and (iii) they
can be cancer-specific delivery platforms that preferentially target
and deliver anticancer drugs to the cytoplasm of cancer cells,
which could open a desirable area for cancer therapeutic design.

Concluding remarks

The success in using synthesized compounds to gain access to
mitochondria of cancer cells has inspired the development of a
variety of systems that use artificial structures and sequences to
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