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Abstract
Mitochondria play essential roles in cellular metabolism, redox homeostasis, and regulation of cell
death. Emerging evidences suggest that cancer cells exhibit various degrees of mitochondrial
dysfunctions and metabolic alterations, which may serve as a basis to develop therapeutic
strategies to preferentially kill the malignant cells. Mitochondria as a therapeutic target for cancer
treatment is gaining much attention in the recent years, and agents that impact mitochondria with
anticancer activity have been identified and tested in vitro and in vivo using various experimental
systems. Anticancer agents that directly target mitochondria or indirectly affect mitochondrial
functions are collectively classified as mitocans. This review article focuses on several natural
compounds that preferentially kill cancer cells with mitochondrial dysfunction, and discusses the
possible underlying mechanisms and their therapeutic implications in cancer treatment. Mitocans
that have been comprehensively reviewed recently are not included in this article. Important issues
such as therapeutic selectivity and the relevant biochemical basis are discussed in the context of
future perspectives.
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1. Introduction
Mitochondria are double membrane-enclosed organelles that play essential roles in the
complex network of cellular metabolism, redox signaling, calcium homeostasis, and
regulation of cell proliferation and cell death. These cellular organelles are the only ones that
have their own genetic material (mtDNA) and replication system independent of the nuclear
DNA replication system. Under physiological conditions, mitochondria keep dynamic
processes of fusion and fission upon exo-stimulus. The replication (reproduction) of these
organelles is not synchronous with the cell cycle events, and thus mitochondrial biogenesis
may occur without cell division. Due to their multiple roles in production of ATP,
generation of reactive oxygen species (ROS), and regulation of apoptosis, mitochondria are
involved in many pathological processes including neurodegenerative diseases, cancer,
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ischemia/reperfusion injury, aging, diabetes, obesity, and other disease conditions. The
complex regulatory mechanisms involved in mitochondrial energetics, epigenetics, and
genetics have been comprehensively reviewed recently (Wallace and Fan, 2010).

Due to their ability to effectively generate ATP to meet the energy requirements for cellular
metabolism and proliferation, mitochondria are considered as the cellular power plant.
Generation of ATP in the mitochondria is accomplished by a series of biochemical processes
known as oxidative phosphorylaion. The mitochondrial electron transport complexes (I–V)
are the key molecular machineries that execute the biochemical processes of mitochondria
respiration and ATP synthesis. The mitochondrial respiratory chain accepts electrons from
NADH and succinate via complex I and complex II, respectively, and delivers them to the
terminal electron acceptor oxygen, forming water. This process generates a proton gradient
cross the mitochondrial inner-membrane, and the energy potential stored in this
transmembrane electrochemical gradient can be used for the ATP synthesis at complex V
(ATP synthase). Under physiological condition, mitochondria supply the majority of the
ATP needed to maintain normal cellular functions. Associated with the electron transport
process during oxidative phosphorylation, some of the electrons may leak or “escape” from
complex I or III, and be captured by molecular oxygen to form superoxide radical, which
can then be converted to other forms of reactive oxygen species such as hydrogen peroxide
or react with nitric oxide to form other reactive nitrogen species (RNS) such as peroxyl
nitride. It is estimated that about 1–2% O2 consumed by cells may be converted to
superoxide radicals. ROS/RNS play important roles in regulation of physiological functions.
At moderate levels, ROS/RNS may affect many cell biological processes by transcriptional
regulation through certain redox-sensitive transcription factors including NF-κB, P53, Nrf-2,
and HIF, or by directly modifying protein/enzyme molecules such as TRX, AKt, PTEN,
Bcl-2 involved in cell proliferation, transformation or survival (Trachootham et al., 2008a).
At highly elevated levels, ROS/RNS can cause severe oxidative damage to biolipid
membranes, DNA, and protein, leading to cell injury and cell death (Trachootham et al.,
2009).

In addition to their essential role in cellular energy metabolism, mitochondria also function
as a hub of the cell death signaling pathways including apoptosis, necrosis and autophagy.
Cell death is the evolutionary conserved and genetically regulated process to maintain the
normal homeostasis in mammal cells. In the intrinsic apoptotic pathway, the death signals
directly or indirectly act on mitochondria through the Bcl-2 family or permeability pore to
release the apoptosis factors such as cytochrome c, AIF, and Smac/DIABLO leading to
activation of the caspase cascades, nuclear DNA cleavage, and cell death. In the extrinsic
apoptotic pathway, the death signal/ligands bind to the death receptors, which trigger the
activation of caspase-8, followed by activation of caspase-3 and other downstream
proteases. The activated proteases can then cause destruction of cellular proteins leading to
cell death. This cell death process can be further amplified by caspase-mediated cleavage of
Bid, which is then translocated to mitochondria to induce the release of apoptosis factors
such as cytochrome c, AIF, and Smac/DIABLO from mitochondria into cytosol. Severe
oxidative stress may cause acute damage to the mitochondrial membranes and other
biomembranes, leading to acute cell death. During autophagy, inclusion of mitochondria
within the lysosomal structure is a characteristic change. Considering the important roles of
mitochondria in various cell death pathways, it is not surprising that compounds that target
mitochondria may significantly affect cell viability by inducing apoptosis, necrosis, or
autophagy.
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2. Mitochondrial dysfunction in cancer cells
Mitochondrial dysfunction has been observed in cancer cells. Several factors, including
mitochondrial DNA mutations, oncogenic stress, loss of p53 tumor suppressor, and aberrant
expression of metabolic enzymes, are thought to contribute to mitochondrial abnormalities.
Since mitochondria play major roles in energy metabolism, ROS generation and redox
signaling, and regulation of cell death, dysfunction of these cellular organelles would cause
alterations in these important cellular processes, which may provide a biochemical basis for
preferentially impacting cancer cells. The following sections describe important alterations
as a consequence of mitochondrial dysfunction in cancer cells and their relevance to cancer
therapeutics.

2.1. Mitochondrial dysfunction and alterations in energy metabolism
A prominent alteration in energy metabolism in cancer cells is the increase in aerobic
glycolysis, a phenomenon known as the Warburg effect, first observed by Otto Warburg in
the 1920s and subsequently demonstrated in various types of cancer cells including
leukemia cells in the presence of abundant oxygen (Warburg, 1956). Although the exact
mechanisms responsible for the elevated glycolysis in cancer cells still remain elusive,
recent genomic and metabolic studies have provided substantial new supporting evidence
(Flier et al., 1987; Shim et al., 1997; Altenberg and Greulich, 2004). Warburg attributed
such metabolic alterations to “respiration injury,” and considered this as the origin of cancer
(Warburg, 1956). The glycolytic pathway produces only two ATP molecules per glucose,
while 36 ATP can be generated per glucose in the mitochondria through oxidative
phosphorylation. Thus, a small loss in mitochondrial respiration due to mitochondrial
dysfunction would require a substantial increase in glycolysis to compensate the energy
production. Importantly, active glycolytic activity may also provide essential metabolic
intermediates as a source of essential biosynthesis for cancer cell growth and proliferation.
This might in part explain why most cancer cells exhibit highly active glucose uptake and
utilization. Indeed, the development of positron emission tomography (PET), a highly
sensitive and non-invasive imaging technology for cancer diagnosis and monitoring of
therapeutic responses, is largely based on high glucose uptake by cancer cells in patients
(Gambhir, 2002).

The reasons why cancer cells are addicted to aerobic glycolysis and the underlying
molecular mechanisms still remain controversial. Mitochondrial dysfunction caused by
mitochondrial DNA mutations, oncogenic signals, and ROS stress may be an important
event that forces cancer cells to be more rely on the glycolytic pathway for energy
production and for generation of metabolic intermediates for biogenesis. Glycolysis may be
still highly active even in cancer cells with competent mitochondria function and activate
oxidative phosphorylation, and thus blocking a single energy metabolic pathway might not
be effect in killing cancer cells (Moreno-Sanchez et al., 2010). Although glycolysis has a
lower yield of ATP production, the higher rate of glycolytic activity in cancer cells may gain
certain selective advantage over normal cells, which are more vulnerable to the lack of
nutrition and oxygen (Pfeiffer et al., 2001). In addition, metabolic intermediates from
glycolysis provide cells with an important source of precursors for ribose, glycerol, citrate,
NADPH, and amino acids which are needed for biosynthesis of nucleotides and lipids
(DeBerardinis et al., 2008). Therefore, the persistent increase in aerobic glycolysis in cancer
cells may confer cell survival and proliferation advantage. In addition, the acidification of
microenvironment due to lactate production during glycolysis may facilitate tumor invasion
and metastasis (Gatenby and Gillies, 2004; Weinberg and Chandel, 2009).

It has been found that certain mitochondrial proteins encoded by nuclear genes can be tumor
suppressors and their abnormalities are involved in tumor development (Gottlieb and
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Tomlinson, 2005; Weinberg and Chandel, 2009). Succinate dehydrogenase (SDH) and
fumarate hyratase (FH) are involved in the tricarboxylic acid (TCA) cycle that metabolically
connects glycolysis in the cytosol to oxidative phosphorylation in the mitochondria (Gottlieb
and Tomlinson, 2005). Mutations in those genes are linked to phaeochromocytoma,
paraganglioma or leiomyoma. Interestingly, tumors such as paraganglioma that contain this
type of mutations are relatively benign.

Recent studies suggest that upregulation of glucose transporters and hexokinases may be
involved in promoting the Warburg effect. Elevated expression of glucose transporters
(GLUTs) especially GLUT1, which has been correlated with tumor invasiveness and
metastasis, is induced by oncogenic transformation caused by c-Myc (Osthus et al., 2000),
ras or scr (Flier et al., 1987). C-Myc also activates lactate dehydrogenase A (LDH-A)
overexpression, which seems required for c-Myc-mediated transformation (Shim et al.,
1997). Another key regulator that controls glycolysis and mediates cellular adaptation to
hypoxia is the transcription factor HIF-1α (hypoxia inducible factor 1 alpha). Activation of
HIF-1α seems able to induce the “Warburg effect” and promote aggressiveness of the
malignant cells (Robey et al., 2005). HIF-1α deregulation or sustained stability under
normoxia condition has been related to many cancer types (Semenza, 2007). The HIF-1α
level is high in RCC4 renal carcinoma cell line due to a mutation in von Hippel-Lindau
(VHL) ubiqutin ligase. By reintroducing VHL into RCC4 cells, HIF-1α is destabilized,
which leads to a substantial decrease in aerobic glucose consumption (Robey et al., 2005). In
addition to its role in the aerobic glycolysis, HIF-1α can also be stabilized by the
accumulation of lactate and pyruvate, and in turn promote the expression of several genes
including GLUT3, vascular endothelial growth factor (VEGF), and erythropoietin (Lu et al.,
2002). Therefore, HIF-1α may contribute to a vicious cycle of up-regulated glycolysis
leading to the accumulation of lactate and pyruvate, which further stimulate HIF-1α and
promote further increases in glycolytic enzymes expression (Ristow and Schulz, 2009).

The tumor suppressor p53 has been shown to be an important molecule that affects glucose
metabolism, and loss of p53 function in cancer cells may contribute to the glycolytic
phenotype. Wild-type p53 represses GLUT1 and GLUT4 gene transcription, while
mutations within the DNA binding domain of p53 impair the repressive effect on GLUT
transcription, leading to increased glucose metabolism (Schwartzenberg-Bar-Yoseph et al.,
2004). In hepatoma cells, over-expression of mutant p53 protein binds to the p53 response
elements on the type II hexokinase promoter region and activates its expression (Mathupala
et al., 1997). P53 also indirectly regulates glycolysis through the IKK-NF-κB pathway
(Kawauchi et al., 2008). Recently, TP53-induced glycolysis and apoptosis regulator
(TIGAR) was identified as an important molecule that attenuates glycolysis (Bensaad et al.,
2006). When p53 is mutated, glycolysis is increased due to a lack of TIGAR. Importantly,
the wild-type p53 function seems required to maintain the normal mitochondrial respiratory
function via its transcriptional regulation of SCO2, which is important for the proper
assembly of the respiratory chain complex IV (Matoba et al., 2006). A loss of p53 function
leads to decrease of mitochondrial respiration and increased glycolysis. In addition, a role of
Akt in promoting glycolysis has been observed. Activation of Akt seems sufficient to
stimulate a switch to aerobic glycolysis without affecting the rate of oxidative
phosphorylation in transformed cells (Elstrom et al., 2004). Glioblastoma cells with high
Akt activity displayed an increased rate of glycolysis, while those cells lacking Akt show
low glycolytic activity. Consistently, Akt-expressing cells are more susceptible to glucose
withdrawal than the control cells.

The Warburg effect has been used as a biochemical basis for developing therapeutic strategy
to preferentially target cancer cells. It has been shown that in glioblastoma cells which
mainly rely on glycolysis for ATP generation, glucose withdrawal induced extensive
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apoptosis, whereas normal astrocytes seemed able to shift to other sources for energy
metabolism (Jelluma et al., 2006). Several agents inhibiting glycolytic enzymes have been in
various stages of preclinical and clinical studies (Pelicano et al., 2006; Pathania et al., 2009;
Wang et al., 2010). These compounds inhibit different steps in the glycolysis pathway and
appear able to preferentially kill cancer cells with high glycolysis. For example, a glucose
analog 2-deoxy-D-glucose (2DG) and a hexokinase inhibitor 3-bromopyruvate (3BrPA) can
cause ATP depletion and death in cancer cells, which is even effective in multi drug
resistant cells (Ko et al., 2001; Xu et al., 2005). As mentioned above, HIF-1α promotes
glycolysis and cancer cell survival, and has been regarded as a target for cancer therapy.
Agents have been designed to target the HIF-1α regulatory mechanisms, its interactions with
DNA, or its activity (Pathania et al., 2009). Likewise, attenuation of LDH-A expression has
been shown to compromise glycolysis, increase mitochondrial respiration, and diminish
tumorigenicity (Fantin et al., 2006). Taken together, the metabolism difference between
normal cells and cancer cells associated with mitochondrial respiration may provide a
biological basis for developing novel and effective therapeutic approaches to cancer
treatment.

2.2. Mitochondrial dysfunction and redox alterations in cancer
Compelling evidence suggests that cancer cells tend to have elevated levels of ROS,
compared to the normal cells of the same tissue origins (Szatrowski and Nathan, 1991).
Although the exact causes of the ROS stress in cancer are still not entirely clear,
mitochondrial dysfunction has been proposed as one of the possible reasons (Brandon et al.,
2006; Pani et al., 2009). Several lines of evidences support this hypothesis. For example,
deficiency in functional p53 resulting in instability of mitochondrial genome was associated
with the increased cellular ROS stress (Achanta et al., 2005). Mitochondrial DNA (mtDNA)
mutations have also been shown to be correlated with increased ROS levels in several types
of cancer cells both in solid tumors and leukemia (Carew et al., 2003; Indo et al., 2007;
Ishikawa et al., 2008). Interestingly, in ρ0 cells, whose mitochondrial DNA is depleted and
mitochondrial respiration is defective, ROS alterations seem to follow a more complex
pattern (Pelicano et al., 2003). The association between mitochondrial DNA defect and
redox alteration is likely due to alterations in the mitochondrial DNA-encoded protein
components of the electron transport chain complexes (Brandon et al., 2006). Mutation of
mitochondrial DNA could result in malformation of electron transport chain and thus
compromise the electron transporting process, leading to an increased leakage of electrons
and superoxide formation (Adam-Vizi and Chinopoulos, 2006; Brandon et al., 2006). On the
other hand, a total depletion of mtDNA would lead to a lack of mitochondrial respiration,
and thus a decrease in superoxide generation in the mitochondria. In additional, increased
mitochondrial transmembrane potential in cancer cells is another potential mechanism that
can enhances ROS production from the electron transport chain.

It has been recognized that the increased ROS stress in cancer cells is correlated with the
aggressiveness of tumors and poor prognosis (Patel et al., 2007; Kumar et al., 2008). It
seems that oxidative stress may play a significant role in the acquisition of the hallmarks of
cancer (Hanahan and Weinberg, 2000), immortalization and transformation (Behrend et al.,
2003), cancer cell proliferation (Achanta et al., 2005), mitogenic signaling (Irani et al.,
1997), cell survival and disruption of cell death signaling (Pervaiz and Clement, 2004;
Clerkin et al., 2008; Trachootham et al., 2008a), epithelial–mesenchymal transition and
metastasis (Radisky et al., 2005; Wu, 2006; Nishikawa, 2008), angiogenesis (Komatsu et al.,
2008; Ushio-Fukai and Nakamura, 2008), and chemoresistance (Pervaiz and Clement, 2004;
Achanta et al., 2005; Sullivan and Graham, 2008). Nevertheless, ROS is a double-edged
sword and may impose different effects on the cells, depending on the degree and duration
of the ROS elevation. When the increase of ROS reaches a certain threshold level that
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exceeds the cellular antioxidant capacity, ROS may exert a cytotoxic effect leading to
oxidative damage and the death of tumor cells and thus suppress cancer progression
(Fruehauf and Meyskens, 2007). To maintain cell viability and proliferation under intrinsic
ROS stress, cancer cells must acquire adaptive mechanisms to adequately counteract the
potential toxic effects of the elevated ROS and to promote cell survival pathways (Irmak et
al., 2003). These adaptive mechanisms may include stimulating the redox-sensitive
transcriptional factors and upregulating the expression of antioxidant molecules (Sullivan
and Graham, 2008). This redox adaptation which confers cell survival advantage may play
important roles not only in cancer development but also in drug resistance (Pervaiz and
Clement, 2004; Tiligada, 2006; Sullivan and Graham, 2008).

Redox alterations associated with mitochondrial dysfunction in cancer cells may be
exploited for therapeutic purpose. As cancer cells have elevated ROS generation and are
under increased intrinsic oxidative stress, it is conceivable that these malignant cells would
be more dependent on the cellular antioxidant systems and the redox-sensitive pro-survival
signal to maintain viability, and therefore more vulnerable to further oxidative insults
induced by ROS-generating agents or by compounds that abrogate the key antioxidant
systems in the cells. As such, manipulating ROS levels by redox modulation seems to be a
feasible way to selectively kill cancer cells with less toxicity to normal cells (Schumacker,
2006). Indeed, several ROS-modulating agents seem to exhibit promising therapeutic
activity in preclinical and clinical studies (Trachootham et al., 2009). For example, Arsenic
trioxide, which is capable of impairing the respiratory chain function and promote
superoxide generation, has been shown to effectively kill leukemia cells (Pelicano et al.,
2003). However, some cancer cells, especially those in advanced disease stages, have
become highly adapted to intrinsic oxidative stress with up-regulated antioxidant capacity.
This redox adaptation not only enables the cancer cells to survive under increased ROS
stress, but also provides a mechanism of resistance to many anticancer agents due to the
increased ability to tolerate exogenous stress, an upregulation of survival molecules, and
high capacity for drug inactivation. For example, resistance to arsenic trioxide was found to
be associated with an upregulation of hemoxygenase I, SOD1 and glutathione (Hour et al.,
2004; Zhou et al., 2005a). To achieve both therapeutic selectivity and overcome drug
resistance associated with redox adaptation, it is important to design new strategies that
exploit the redox difference between normal and cancer cells and also disable the redox
adaptation mechanism in cancer cells (Trachootham et al., 2009). One such approach is to
target the key redox regulatory mechanisms that control both the level of ROS and the
function of redox-sensitive survival proteins (Trachootham et al., 2009). The thiol-based
antioxidants, including glutathione, thioredoxin, and peroxiredoxin, can be considered as
potential targets for such a redox intervention. The natural compound PEITC is one of such
agents that kill cancer cells by disabling the glutathione antioxidant system, which will be
described in detail under Section 3.

2.3. Mitochondrial dysfunction and resistance to apoptosis
Proper balance between cell proliferation and cell death is essential to maintain tissue
homeostasis, and the failure to eliminate cells by apoptosis may play an important role in
carcinogenesis. Abnormal decrease in apoptosis has been considered as a mechanism
responsible for the accumulation of cancer cells, especially in certain malignancies such as
chronic lymphocytic leukemia (Reed, 1998). Mitochondria play a pivotal role in regulating
apoptosis. Among the important molecules that affect the intrinsic apoptotic pathway
through mitochondria, the Bcl-2 family proteins play a major role in cell survival and drug
sensitivity. Dysregulation of Bcl-2 family is often observed in various types of human
cancer, including renal, ovarian, stomach, and brain tumors and leukemia (Sharief et al.,
2003; Heiser et al., 2004; Takeuchi et al., 2005). Over expression of the anti-apoptotic Bcl-2
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family members seems to correlate with poor prognosis and therapeutic responses.
Interestingly, certain oncogenes and tumor suppressor genes implicated in the regulation of
apoptosis are known to affect the expression of Bcl-2 (Hemann et al., 2005; Herbst et al.,
2005; Mestre-Escorihuela et al., 2007). For instance, c-Myc may affect apoptosis by altering
the ratio of anti-apoptotic factors (Bcl-2, Bcl-xl) and pro-apoptotic factors (Bax, Bak). The
tumor suppressor p53 induces apoptosis in part through regulating Bax or the BH3-only
protein Bim, NOXA and PUMA. In the extrinsic apoptotic pathway, the CD95/TRAIL death
receptors trigger the cell death process through activation of caspase-8 upon ligand binding,
leading to activation of the downstream caspases and cleavage of the pro-apoptotic molecule
Bid to the active form tBid, which then amplifies the cell death signal by initiating the
mitochondrial apoptotic pathway (Stegehuis et al., 2010).

The detail molecular mechanisms that govern the mitochondrial apoptotic events still remain
to be elucidated. The opening of the mitochondrial permeability transition pore (PTP) is
considered as a major even that can lead to mitochondrial depolarization and the release of
apoptotic factors. PTP is thought to be a multi-protein complex, although its exact
composition is still a matter of debate. It has been proposed that PTP contains certain core
molecules including voltage-dependent anion channel (VDAC, outer-membrane), adenine
nucleotide translocase (ANT, inner-membrane), and cyclophilin D (CypD, inner-membrane)
with other regulatory proteins such as peripheral benzodiazepine receptor (PBR), creatine
kinase (CK), and hexokinase (HK) (Halestrap, 2009), and may play important roles in the
regulation of mitochondrial homeostasis and apoptosis. Under physiological conditions, PTP
allows the proper passage of small molecules in and out of the mitochondria. Under
apoptotic stimuli, the opening of PTP may lead to the loss of cytochrome c, malfunction of
the mitochondrial respiratory chain, depletion of ATP, and possibly the inflow of p53
(Berridge et al., 2009). As such, the opening of PTP seems to integrate multiple death
signals. The outflow of apoptotic factors such as cytochrome c, AIF, endoG, and Smac can
trigger the downstream cell death processes. Abnormalities in PTP have been implicated in
pathological conditions such as cancer, neurodegeneration, ischemia/reperfusion and aging
(Corsi et al., 2008; Cavalieri et al., 2009). Over expression of PBR has been observed in a
number of neoplastic tissues such as breast cancer, hepatoma, ovarian and colon carcinomas
(Corsi et al., 2008). HKII and CK are upregulated in various tumors (Meffert et al., 2005;
Palmieri et al., 2009). VDAC, ANT and CypD are also reported to increase in tumor tissues
and seem to suppress apoptosis (Kim et al., 2006b; Pedersen, 2008; Chen et al., 2009a).

Many Bcl-2 family proteins, including pro-apoptotic and anti-apoptotic members have
transmembrane domains, which insert into the outer-membrane of the mitochondria. The
pro-apoptotic factors Bax and Bak induce the mitochondria outer-membrane
permeabilization by forming oligomers, leading to the release of cytochrome c into the
cytosol to initiate the activation of caspases cascades. The anti-apoptotic Bcl-2 members
seem to protect mitochondrial membrane integrity by blocking the action of Bax and Bak. It
seems that most of the Bcl-2 family members can affect the mitochondria membrane
integrity either by inducing pore formation or by sequestering the pore-forming molecules
(Knudson and Brown, 2008). Depending on the strength and duration of the apoptosis
signal, mitochondria may either exhibit transient/reversible alterations in transmembrane
potential, or reach a “point of no return” with a massive opening of the permeability
transition pore, collapse of membrane integrity, and release of apoptotic factors (Kroemer et
al., 2007; Jourdain and Martinou, 2009). The important role of PTP in apoptosis suggests
that it may be a potential therapeutic target. In fact, many anticancer agents may affect PTP
directly or indirectly.
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3. Natural compounds that preferentially kill cancer cells with
mitochondrial dysfunction

Several natural compounds have been shown to be able to selectively kill cancer cells with
mitochondrial dysfunction. Some of these compounds directly target mitochondria and
affect the mitochondrial metabolism or apoptotic process, while other compounds do not
exert their impact directly on mitochondria but preferentially interfere with the metabolic
alterations as the consequence of mitochondrial dysfunction in cancer cells. Table 1 shows
examples of such compounds, their modes of action, and their current status in drug
development.

3.1. β-Phenylethyl isothiocyanate (PEITC)
As described above, mitochondrial respiratory chain is a major site of ROS generation, and
mitochondrial dysfunction may lead to a significant elevation of ROS production due to
increased leak of electrons from the respiratory chain. The intrinsic increase of ROS
generation in cancer cells with mitochondrial dysfunction may render them more vulnerable
to further oxidative insult, compared to the normal cells with lower ROS output. Thus, the
redox difference between normal and cancer cells may serve as a biochemical basis for
selective killing of cancer cells by exogenous ROS-generating agents (Huang et al., 2000;
Achanta et al., 2005; Schumacker, 2006). However, cancer cells under intrinsic stress may
activate the stress adaptive mechanisms by upregulation of the cellular antioxidant capacity,
which counteract the harmful effect of ROS (Kim et al., 2006a; Ogasawara and Zhang,
2008). As such, these cancer cells may become resistant to exogenous agents such as H2O2
and arsenic trioxide which enhance intracellular ROS (Lenehan et al., 1995; Zhou et al.,
2005a). One way to overcome such drug resistance is to use compounds capable of disabling
the up-regulated antioxidant system (Trachootham et al., 2009). β-Phenylethyl
isothiocyanate (PEITC) is one such compound that shows promising anticancer activity
through a ROS-modulating mechanism.

PEITC is a natural product found in commonly consumed cruciferous vegetables such as
watercress, cabbage, and broccoli in the form of glucosinotes as its precursors. The
endogenous mirosinase enzyme in the vegetables cleaves glucosinolates, yielding multiple
metabolites including PEITC. This compound has been considered as a chemopreventive
agent in part due to its ability to stimulate or activate phase II detoxification enzymes
(Hecht, 1999; Zhang et al., 2005). In the recent years, studies from different groups suggest
that this compound has potent anticancer activity with low toxicity to normal cells, and that
the mode of action seems to involve a ROS-mediated mechanism (Xu and Thornalley, 2001;
Hu et al., 2003; Rose et al., 2003; Zhang et al., 2003, 2008a; Wu et al., 2005; Satyan et al.,
2006; Trachootham et al., 2006, 2008b, 2009). Furthermore, PEITC effectively kills cancer
cells resistant to standard chemotherapeutic agents such as fludarabine, cisplatin and
gleevec. The potent anticancer activity of PEITC was demonstrated in vitro, in tumor
xenograft models, and in primary cancer cells from leukemia patients (Trachootham et al.,
2006, 2008b; Zhang et al., 2008a; Matoba et al., 2006).

The biochemical basis for the anticancer activity and selectivity of PEITC may be attributed
to its ability to disable the glutathione (GSH) antioxidant system, and to the dependency of
cancer cells on GSH to maintain redox balance. Since GSH system is a key redox regulator
of both the cellular ROS levels and the function of redox-sensitive proteins (Estrela et al.,
2006), this system plays a major role in neutralizing the toxic effect of ROS and in redox
adaptation. The increased GSH levels promote cancer cell survival and resistance to certain
anticancer agents due to the increased ability to scavenge ROS and to stabilize survival
molecules through thiol modifications (Trachootham et al., 2009). Importantly, the increase
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in basal ROS generation renders cancer cells highly dependent on GSH antioxidant system
and thus vulnerable to agents that abrogate this antioxidant system. PEITC effectively
disables the GSH antioxidant system by depletion of cellular GSH and inhibition of the
redox-modulating enzyme glutathione peroxidase (Xu and Thornalley, 2001; Trachootham
et al., 2009). Inhibition of the GSH antioxidant system by PEITC in cancer cells may cause a
severe accumulation of ROS due to the high basal ROS output in these cells, especially in
those cells with mitochondrial dysfunction, and trigger massive cell death either by c-jun
kinase-induced apoptosis and/or by direct damage to cellular components, such as
membranes, proteins and DNA (Xu and Thornalley, 2001; Hu et al., 2003; Trachootham et
al., 2006). As GSH also has a crucial role in regulating the function of proteins through thiol
modifications (Hurd et al., 2005; Trachootham et al., 2008a), the abrogation of the GSH
system can also inactivate the pro-survival signals, such as nuclear factor κB (NF-κB) and
MCL-1, and thus further facilitate cell death (Trachootham et al., 2006, 2008b). Inhibition of
ROS-scavenging systems and inactivation of pro-survival pathways can together effectively
kill cancer cells. In contrast, normal cells which have lower levels of basal ROS output and
are less dependent on the GSH system, may tolerate suppression of the GSH system by
PEITC at the concentrations that effectively kill cancer cells (Trachooootham et al., 2009).

Abrogation of glutathione system seems to be a key mechanism of action of PEITC. It is
important to understand how PEITC disrupts the glutathione system and why it requires a
relatively lower concentration and shorter time to exert its selective cytotoxic effect against
cancer cells compared to the common glutathione-depleting agent buthionine sulfoximine
(BSO) (Trachootham et al., 2009). A previous study showed that PEITC can conjugate with
glutathione and cause its export from the cells, thus leading to a depletion of intracellular
glutathione pool (Xu and Thornalley, 2001). A study by Zhang et al. suggested that the
conjugation between GSH and PEITC as an electrophilic–nucleophilic interaction owing to
the fact that the central carbon in the isothiocyanate group (N=C=S) of PEITC is highly
electrophilic (Zhang and Talalay, 1994). Further studies showed that the phenyl ring and the
short alkyl chain of PEITC may also be important for its cytotoxic effect since the other
derivatives lacking the ring or the alkyl chain exhibited less anticancer activity (Zhang et al.,
2005).

The chemical properties of PEITC and its mechanisms of action may explain why this
compound seems to have more potent and rapid action against cancer cells compared to
BSO. BSO inhibits the glutathione synthesis enzyme (Meister, 1991), while PEITC directly
removes the existing GSH pool by direct conjugation and export (Xu and Thornalley, 2001).
Since GSH could be replenished by either the de novo synthesis, the recycling of the
oxidized glutathione (GSSG) through reduction by glutathione reductase, or by
deglutathionylation of thiol proteins (Estrela et al., 2006), cells whose glutathione synthesis
enzyme is inhibited by BSO can still utilize the recycling mechanism to generate GSH. In
contrast, cells treated with PEITC will have a net loss of glutathione due to the export of
GSH-PEITC conjugate. Thus, PEITC can cause a rapid depletion of GSH through the export
mechanism while glutathione depletion by BSO is a slow process due to the presence of the
GSSG–GSH recycling system. In addition, the ability of PEITC to inhibit glutathione
peroxidase (GPX) enzyme activity further makes this compound a potent agent that can
effectively disable the glutathione antioxidant system (Fig. 1). As such, when cells are
exposed to PEITC, they may not have sufficient time to activate the adaptive response
pathways to counteract ROS stress, while the slow action of BSO might allow time for the
cancer cells upregulate various antioxidant mechanisms to survive.

The keap-1/Nrf-2 system is a major pathway that mediates cellular defensive responses to
oxidative stress by promoting the expression of numerous detoxifying and antioxidant (Itoh
et al., 2004). Nrf2 is sequestered by keap-1, but such sequestration can be abrogated by
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electrophiles leading to release of Nrf2 as an active transcriptional factor to enhance the
expression of antioxidant molecules (Itoh et al., 2004). Because PEITC is an electrophile, it
may stimulate the cellular stress response through the keap-1/Nrf-2 system at low
concentrations tolerable by the cells. This may explain why PEITC can enhance detoxifying
capacity as a chmoprevention agent (Xu et al., 2006). However, when cancer cells are
exposed to a sufficient concentration of PEITC, the rapid depletion of GSH and severe ROS
accumulation induced by this compound will cause cancer cell death. Induction of cancer
cell death is thought to contribute to the cancer preventive effect of PEITC (Cheung et al.,
2010).

Recent studies suggest that PEITC may also directly target certain thiol proteins such as
peroxiredoxin 3 (Prx3) and tubulin. Analysis of proteins from cells treated with PEITC
showed that this compound may cause irreversible modifications of Prx3 and tubulin, and
that such protein modification may be important for the cytotoxic action of PEITC (Mi et al.,
2007; Brown et al., 2008). Due to its lipophilicity, PEITC can readily penetrate cell
membrane and be accumulated intracellularly to a high concentration. HPLC analysis of cell
extracts from cancer cells incubated with 10 μM PEITC showed that this compound could
be accumulated inside the cells up to 250–500 fold greater than that in the culture medium,
yielding the intracellular concentration of PEITC in the range of mM (Xu and Thornalley,
2001; Trachootham et al., 2009). This may explain why the use of PEITC at the μM
concentration in the culture medium can effectively deplete cellular GSH, which is in the
mM range. It is worth noting that that in human the plasma concentration of PEITC could
reach the micromolar range 2–8 h after oral ingestion (Liebes et al., 2001; Ji and Morris,
2003). PEITC is metabolized in liver and excreted in urine within 24 h, and there was no
accumulative effect after multiple doses of this compound. These pharmacokinetic data
suggest that effective plasma concentrations of PEITC can be achieved in human, and that
multiple doses at proper intervals may be required to maintain the therapeutic concentrations
in vivo.

3.2. Honokiol
Honokiol is a natural product that exhibits anticancer effects in experimental models with
various types of cancer cells, including esophageal, ovarian, breast, and lung cancer, as well
as myeloma and leukemia. It is speculated that this compound causes cancer cell death in
part through targeting mitochondria (Munroe et al., 2007; Chen et al., 2009a; Fried and
Arbiser, 2009). Honokiol is thought to be a key active component of the Chinese herb
medicine known as houpo, which is from the bark of Magnolia officinalis and has been used
clinically in traditional oriental medicine for treatment of various indications. Although
honokiol was originally considered as an antioxidant, its antioxidant role still remains
controversial. For instance, this compound has been reported to act as scavengers of
hydroxyl radicals and lipid peroxides, and seems to have suppressive effect on NADPH
oxidase (Sheu et al., 2008). Paradoxically, other studies suggested that honokiol could
induce an increase in ROS levels in various cell lines (Li et al., 2007; Chen et al., 2009a).
Since honokiol is a polyphenolic compound, it may function as an antioxidant or as a pro-
oxidant depending on the redox environment. The anticancer activity of honokiol as a single
agent or in combination with other chemotherapy agents has been consistently demonstrated
in experimental cancer models (Liu et al., 2008) (for review, see Fried and Arbiser, 2009).
Several mechanisms of action have been suggested, including induction of apoptosis by
causing mitochondrial dysfunction and endoplasmic reticulum stress (Chen et al., 2009b),
arrest of cell cycle by interfering Rb function and inhibition of the E2F1 transcriptional
activity (Hahm and Singh, 2007), down-regulation of Ras and Akt/mTOR pathways (Garcia
et al., 2008; Crane et al., 2009), and inhibition of angiogenesis and tumor invasion through
modulating NF-κB pathway (Tse et al., 2005; Deng et al., 2008). Among these possible
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mechanisms, the impact on mitochondria and induction of the intrinsic apoptotic pathway
through mitochondria are important for the cytotoxic action of honokiol.

It has been reported that honokiol may overcome drug resistance in human multiple
myeloma by caspase-dependent and -independent apoptosis (Ishitsuka et al., 2005).
Although caspase 3, 7, 8, 9 activation is triggered by honokiol, the pan-caspase inhibitor z-
VAD-fmk could not block the cell death process. In different cell lines, however, low
expression of caspase-3 conferred resistance to honokiol. In the same study, the authors
observed that honokiol treatment triggered the cleavage of the anti-apoptotic protein Mcl-1
and upregulation of the pro-apoptotic protein Bad, leading to the release of AIF from
mitochondria to initiate apoptosis. In another study using lung cancer cells, honokiol was
shown to upregulate Bad and downregulate Bcl-xl, leading to cytochrome c release into
cytosol and activation of the caspase cascade. Similar effect of honokiol was also observed
in breast and ovarian cancers (Yang et al., 2002). Thus, it seems that effect of honokiol on
mitochondria is mediated, at least in part, through the Bcl-2 family proteins.

Recently, it was reported that the mitochondrial permeability transition pore (PTP) might be
an important target of HNK in various cancer cells. In particular, cyclophilin D (CypD), a
component of the VDAC/ANT/CypD complex involved in PTP, seems to play a pivotal role
in mediating honokiol-induced apoptosis (Chen et al., 2009a). Upon incubation of human
esophageal carcinoma cells with honokiol, the mitochondrial membrane potential dropped
dramatically, followed by apoptotic cell death. Interestingly, the cytotoxic effect of honokiol
could not be blocked by z-VAD-fmk, but could be partially prevented by pre-treatment with
cyclosporine A (CsA), an inhibitor of CypD that can attenuate the opening of PTP.
Consistently, siRNA knockdown of CypD also reduced the sensitivity to honokiol (Chen et
al., 2009a,b). Associated with the opening of PTP induced by honokiol, cellular ROS and
cytosolic cytochorome c increase was observed. However, the ROS scavengers N-
acetylcysteine and catalase could not block cytochrome c release and apoptosis, although
cellular ROS level was reduced. These observations suggest that the ROS increase in
honokiol-treated cells was a downstream event following PTP opening (Li et al., 2007; Chen
et al., 2009a). Interestingly, the expression of CypD seems elevated in certain cancer cells
such as esophageal carcinoma. This may in part contribute to their higher sensitivity to
honokiol, which seems to have low toxicity to non-malignant esophageal epithelial cells
(Chen et al., 2009a,b).

Chemically, honokiol is a biphenolic compound (C18H18O2) with the molecular weight of
266.33. This compound is found in the cones, bark, and leaves of Magnolia grandifloris, and
exists naturally with its structural isomer magnolol. Honokiol can be purified from the
natural sources by extraction and chromatographic methods such as HPLC, or chemically
synthesized via the Muara–Suzuki coupling procedures (Fried and Arbiser, 2009). This
compound has poor solubility in water, but is soluble in ethanol and seems to have good
bioavailability with a sustained plasma drug concentration in mice and a two-compartment
pharmacokinetics in rats (Chen et al., 2004; Tsai et al., 1994). Derivatives of honokiol have
recently been synthesized as potential anticancer compounds (Amblard et al., 2007; Luo et
al., 2008).

3.3. Vitamin E analogs
α-Tocopheryl succinate (α-TOS) is representative of the vitamin E analogs capable of
targeting mitochondria and preferentially inhibiting cancer cells (Zhao et al., 2009). Recent
studies showed that this compound induce cell death by targeting the ubiquinone-binding
site of the mitochondrial respiratory complex II (Dong et al., 2008, 2009). In experimental
systems using various cancer types, this compound exhibits promising anticancer activity
both in vitro and in vivo. Several other vitamin E analogs and novel liposome-based
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formulations are currently under active development, aiming at improving therapeutic
activity (Koudelka et al., 2009; Turanek et al., 2009; Zhao et al., 2009). The mechanisms of
action of this class of compounds and their anticancer activity have been comprehensively
reviewed recently (Neuzil et al., 2007a; Ralph and Neuzil, 2009; Zhao et al., 2009).

3.4. Epigallocatechin-3-gallate (EGCG)
Green tea has been recognized for a long time for its potential ability to reduce cancer risk.
People in Asian countries who drank green tea daily showed lower cancer incidence, later
onset age, and lower recurrence rates of various types of cancer (Imai et al., 1997; Nakachi
et al., 1998; Jian et al., 2004). Epigallocatechin-3-gallate (EGCG) is an abundant polyphenol
in green tea and considered to be a key component of green tea that contributes to its
anticancer property. It has been shown that EGCG was able to rapidly cause apoptotic cell
death in various malignant B-cell lines by triggering the mitochondria-related cell death
events including loss of mitochondrial transmembrane potential (Δψm); release of various
mitochondrial apoptogenic proteins (cytochrome c, Smac/DIABLO, and AIF), activation of
caspases, and ROS generation (Nakazato et al., 2005). Apoptosis induced by EGCG could
be reduced by antioxidant compounds, catalase and SOD2, suggesting that ROS may play a
key role in mediating the cell death process. Similar results were found in pancreatic cancer,
colon cancer and melanoma cell lines as well as breast cancer xenograft animal models
(Chen et al., 2003; Baliga et al., 2005; Nihal et al., 2005; Qanungo et al., 2005). In addition,
tumor cells lacking caspase-3 expression could escape apoptosis when treated by EGCG
(Hsu et al., 2003). Interestingly, EGCG selectively killed melanoma cells without exerting
toxic effect to normal melanocytes (Nihal et al., 2005). High concentration of EGCG
treatment caused a severe ROS increase in oral malignant cells but led to a ROS decrease in
normal epithelial cells (Yamamoto et al., 2003). Further analysis of cellular antioxidants in
both cells showed that normal cells had a higher level of catalase than cancer cells, which
might explain why EGCG caused an increase of ROS only in cancer cells (Yamamoto et al.,
2003). When combined with chemotherapy drugs like arsenic acid and erlotinib, EGCG
showed synergetic effect in killing cancer cells (Nakazato et al., 2005; Zhang et al., 2008b).

The precise mechanisms responsible for the preferential cytotoxic effect of EGCG against
cancer cells remain to be investigated. Interestingly, a recent study showed that the vast
majority of this compound (over 90%) is accumulated in the mitochondria after incubation
of neurons with EGCG in culture, and that such accumulation seemed to confer a protective
effect on normal neurons under oxidative stress conditions (Schroeder et al., 2009). In
contrast, in vitro incubation of multiple brain tumor cells with EGCG resulted in significant
growth inhibition (Pilorget et al., 2003). It is possible that the differences between normal
and cancer cells in their mitochondrial function might be responsible for such different
responses, and that mitochondrial dysfunction in cancer cells might render them vulnerable
to EGCG. Currently, it is unclear if EGCG could directly bind to a specific target molecule
in the mitochondria.

EGCG has entered clinical trials in cancer prevention and cancer treatment. A preliminary
clinical study showed that three out of four patients with low grade B-cell malignancies had
partial response after oral ingestion of EGCG (Shanafelt et al., 2006). Phase I clinical trial in
chronic lymphocytic leukemia patients also yielded encouraging results (Shanafelt et al.,
2009).

3.5. Curcumin
Curcumin (1,7-bis-(4-Hydroxy-3-methoxyphenyl)-1,6 hepta-diene-3,5-dione or diferuloyl
methane) is a major constituent of turmeric powder from the plan Curcuma longa, has been
widely used as a spice. Although turmeric has been used as a traditional herbal medicine in
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South Asia for thousands of years, it attracted much attention for its use in cancer treatment
only in the recent years when its potential anticancer activity was reported in 1980s. The
study by Kuttan et al. (1985) showed that curcumin inhibited cell growth in Chinese
Hamster Ovary cells and was cytotoxic to lymphocytes and lymphoma cells. Soon
afterward, they tested an ethanol extract of turmeric and an ointment of curcumin in patients
with external cancerous lesions and obtained promising results (Kuttan et al., 1987). Further
studies found that curcumin induced apoptosis in many cancer cell lines including gastric,
cervical, and non-small cell lung cancers by upregulating pro-apoptotic molecule Bax,
downregulating anti-apoptotic Bcl-2 and Bcl-XL, and causing the release of AIF and
cytochrome c leading to activation of caspase-9 and caspase-3 (Koo et al., 2004; Sen et al.,
2005; Madden et al., 2009). It has also been reported that curcumin exhibited synergistic
effects with many cytotoxic drugs including fluorouracil, vinorelbine, and gemcitabine (Koo
et al., 2004; Sen et al., 2005; Kunnumakkara et al., 2007). Due to its ability to inhibit cancer
cell growth and suppress carcinogenesis, curcumin is also considered as a chempreventive
agent (Amin et al., 2009). Among the mechanisms proposed, inhibition of the NF-κB
survival pathway has been considered as a molecular basis for the drug action (Divya and
Pillai, 2006; Singh and Khar, 2006). The effect of curcumin on cellular ROS and redox
states is rather complex, since this compound has been shown to have antioxidant and pro-
oxidant functions (Thayyullathil et al., 2008; Manikandan et al., 2009; Ortiz-Ortiz et al.,
2009; Pinlaor et al., 2009). Interestingly, although curcumin could induced apoptosis in
human skin cancer cells, its toxicity was significantly diminished in their respiration
deficient (ρ0) clones, suggesting that mitochondrial respiration and redox status may be
important in apoptosis signaling induced by curcumin (Subudhi et al., 2008). As such,
mitochondrial dysfunction and increased ROS generation in cancer cells may render them
more sensitive to curcumin.

3.6. Pancratistatin
Pancratistatin (PST) is a natural compound isolated from the spider lily Pancratium littorale
(Pettit et al., 1984; Luduena et al., 1992). It seems to preferentially target mitochondria in
cancer cells and induce apoptosis in multiple cancer cell lines while exhibiting little harmful
effect to their non-cancerous counterparts (McLachlan et al., 2005; Pandey et al., 2005;
Siedlakowski et al., 2008). A study using human breast cancer cells found that PST caused
an increase in ROS levels and a decrease in cellular ATP and mitochondrial transmembrane
potential (Siedlakowski et al., 2008). Another study revealed that caspase-3 activation and
exposure of phophatidyl serine on the outer leaflet of the plasma membrane occurred 1 h
after human lymphoma cells were treated with PST, and this was much earlier than ROS
generation and DNA fragmentation (Kekre et al., 2005). PST exhibited synergistic effect
with tamoxifen on breast cancer cells (Ray, 2008; Siedlakowski et al., 2008). Its derivative
is also highly effective in a human colon cancer model (Shnyder et al., 2008).

3.7. OSW-1
OSW-1 (3β,16β,17α-trihydroxycholest-5-en-22-one16-O-{O-(2-O-(4-methoxybenzoyl)-β-D-
xylopyranosyl)-(1 → 3)-2-O-acetyl-α-arabinopyranoside) is a steroidal glycoside found in
the bulbs of Ornithogalum saudersiae and has been chemically synthesized (Deng et al.,
1999). It has extremely potent cytotoxic activity against a broad spectrum of malignant cell
lines in vitro at the concentrations in the sub-nanomolar range, and exhibits less toxicity to
normal cells (Guo et al., 1999; Ma et al., 2000, 2001; Zhou et al., 2005b). A study using
Chinese hamster ovary cells showed that OSW-1 induced apoptosis involving a caspase-8-
dependent cleavage of Bcl-2 (Zhu et al., 2005). Further study revealed that OSW-1 caused
significant damage to mitochondrial membranes and cristae, likely due to calcium overload,
and this led to a loss of mitochondrial membrane integrity and activation of calcium-
dependent apoptosis in human leukemia and pancreatic cancer cell lines (Zhou et al.,
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2005b). The same study also showed that OSW-1 effectively killed primary leukemia cells
from patients with chronic lymphocytic leukemia that were refractory to fludarabine.
Interestingly, clones of leukemia cells lacking mitochondrial DNA and defective in
respiration (ρ0 cells) were resistant to OSW-1 (Zhou et al., 2005b), suggesting that
mitochondria play an important role in mediating the cytotoxic action of this compound.
Subsequent studies using OSW-1 and its analogues further confirm their potent anticancer
activity (Kasai et al., 2007; Peng et al., 2007; Tang et al., 2007; Wojtkielewicz et al., 2007;
Xue et al., 2008), although the molecular target of OSW-1 has not been identified.

3.8. Resveratrol
Resveratrol is a natural compound found in the skin of red grapes and blueberries. It has
been shown to prevent skin cancer development in mice treated with a carcinogen (Jang et
al., 1997) and induce apoptosis in various cancer cells (Filomeni et al., 2007; Juan et al.,
2008). The mechanisms of action responsible for the cancer preventive effect and anticancer
activity of resveratrol still remain elusive. An early study showed that this compound
inhibited mitochondrial respiratory chain function and lowered ROS generation by
competing with coenzyme Q thus decreasing complex III activity (Zini et al., 1999). A
recent study found that resveratrol induce apoptosis in colon cancer cells seems to require
nitric oxide production and caspase activation, and that colon cancer cell lacking p53 were
not sensitive to this compound (Kim et al., 2009). In addition, resveratrol seems to induce
apoptosis by interfering with the signaling pathways involving PI3K/AKT, JAK/STAT and
MAPK (Filomeni et al., 2007; Juan et al., 2008; Madan et al., 2008; Roy et al., 2009).

3.9. Vitamin K3
Vitamin K3 (2-methyl-1,4-naphthoquinone; menadione) is a synthetic compound, which can
function as a precursor of various types of vitamin K in the body. The anticancer activity of
vitamin K3 has been shown in various cancer cells in vitro and in vivo (Prasad et al., 1981;
Chlebowski et al., 1985; Gold, 1986; Ngo et al., 1991; Nutter et al., 1991). This compound
is able to perturb calcium homeostasis and caused a dose-dependent decrease of intracellular
glutathione (GSH), mainly through inducing its oxidation to glutathione disulfide GSSG (Di
Monte et al., 1984). In cancer cells, vitamin K3 specifically inhibited DNA polymerase
(pol)γ, caused impairment of mitochondrial DNA replication, and promoted ROS generation
leading to apoptosis (Sasaki et al., 2008). A recent study also found that vitamin K3 could
bind at the colchicines binding site of tubulin and inhibit microtubule polymerization
(Acharya et al., 2009). This compound has been evaluated in clinical trials in patients with
advanced malignancies. A phase I clinical trial showed that intravenous infusion of vitamin
K3 starting at 40 mg/m2 every 3 weeks with escalation to 1360 mg/m2 produced no
objective partial or complete responses (Lim et al., 2005). High dose vitamin K3 daily
infusion has been evaluated in patients with advanced liver cancer, and produced objective
response in 17.4% patients with improved survival in the responsive patients but did not
affect the overall survival (Sarin et al., 2006).

4. Summary and future perspectives
Owing to their essential roles in energy metabolism and regulation of redox homeostasis and
apoptosis, mitochondria are considered as an attractive target for cancer therapy (Ralph and
Neuzil, 2009) Recent studies have identified agents that target mitochondria by directly
interacting with the key molecules in the mitochondria or indirectly impacting the metabolic
alterations as the consequence of mitochondrial dysfunction in cancer cells. Such anticancer
agents that directly or indirectly impacting mitochondria are collectively classified as
“mitocans” (Neuzil et al., 2006, 2007b; Ralph et al., 2010). Among the mitocans identified,
several natural compounds, including vitamin E analogs, PEITC, and hohokiol, have been

Chen et al. Page 14

Mitochondrion. Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



evaluated extensively in recent studies, and exhibit promising anticancer activity in vitro and
in vivo. One common feature of these compounds is their preferential killing of cancer cells
with low cytotoxicity to normal cells. These compounds are important in that they provide a
new possibility to improve cancer therapeutic outcomes, and that the investigation of the
underlying mechanisms may gain new insights into cancer biology in term of mitochondrial
alterations and their interactions with therapeutic agents.

One important consideration in targeting mitochondria for cancer treatment is the issue of
therapeutic selectivity. Since many of the mitochondrial functions are essential for the
viability of the normal cells, a compound that directly and completely inhibits one of these
essential functions may be detrimental to the normal cells and would likely to have a
significant toxic side effect. Thus, a good mitocan should be a agent that is able to
preferentially target the mitochondrial abnormalities in cancer cells, not a compound that has
potent and general inhibitory effect on mitochondria without discrimination between normal
and cancer cells. For instance, certain metabolic changes in cancer cells might render the
mitochondrial complex II more vulnerable to inhibition by the vitamin E analog α-
tocopheryl succinate (α-TOS), which exhibits promising anticancer activity with low
toxicity to normal cells. Similarly, the increased ROS generation from the dysfunctional
mitochondria in cancer cells may make them highly dependent on the GSH antioxidant
system to maintain redox balance, and thus more vulnerable to PEITC that abrogates the
glutathione system. Therefore, it is extremely important to investigate the differences
between normal and cancer cells in their mitochondrial structure and functions, the
downstream metabolic alterations, and the underlying mechanisms, and to exploit these
differences for therapeutic purpose. Such mechanistic studies and the identification and
testing of new agents capable of preferentially targeting the aberrant mitochondria in cancer
cells and/or their metabolic alterations are important tasks in future research.
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Fig. 1.
Schematic illustration of the possible mechanisms of action of PEITC in preferential killing
of cancer cells with mitochondrial dysfunction. Multiple factors including mitochondrial
mutations, oncogenic signals, and metabolic stress may cause dysfunction of the
mitochondrial respiratory chain (MRC), leading to increased leakage of electrons, which
promote formation of reactive oxygen species (ROS). Such increased oxidative stress
renders the cancer cells more dependent on the cellular antioxidant systems such as
glutathione (GSH) and glutathione peroxidase (GPX) to keep redox balance. PEITC
(chemical structure shown in red) potently disables the glutathione antioxidant system by
causing depletion of GSH and inhibition of GPX activity (see text for detail), and thus
induces severe ROS accumulation in the cancer cells due to their high ROS output, leading
to oxidative damage and cell death. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Table 1

Natural compounds and analogues that preferentially impact cancer cells with mitochondrial dysfunction.

Compound Source Mode of action Cancer type Drug
status

β-phenylethyl
 isothiocyanate
 (PEITC)

Cruciferous
vegetables

Depleting GSH;
inhibiting GPX;
modifying Prx3
and tubulin.

Leukemia,
breast, prostate,
lung, ovarian,
bladder, hepatic
cancer

Phase II
cancer
prevention
trial

Honokiol Magnolia
grandifloris

Targeting CypD
and inducing
mitochondrial
apoptosis.

Esophagus,
ovarian, breast,
lung cancer,
myeloma,
leukemia

Preclinical

α-Tocopheryl
 succinate
 (α-TOS)

Synthetic
vitamin E
analog

Targeting
ubiquinone-
binding site of
complex II

Melanoma,
prostate,
colorectal,
breast cancer,
mesothelioma

Preclinical

Epigallocatechin-
 3-gallate
 (EGCG)

Green tea Accumulation
in
mitochondria,
inducting
apoptosis

Lymphoma,
myeloma,
melanoma,
pancreatic,
colon, breast
cancer

Phase II
clinical
trial

Curcumin Turmeric
(Curcuma
longa)

Inducing
apoptotic via
multiple
mechanisms

Lymphoma,
Gastric, skin,
cervical,
pancreatic non-
small cell lung
cancer

Phase II
clinical
trial

Pancratistatin
 (PST)

Spider lily
Pancratium
littorale

Inducing ROS
stress, loss of
mitochondrial
potential,
apoptosis

Lymphoma,
breast, colon
cancer

Preclinical

OSW-1 Ornithogalum
saudersiae

Damaging
mitochondrial
membranes and
cristae; Ca2+-
dependent
apoptosis.

Leukemia,
malignant brain
tumor,
pancreatic,
ovarian cancer

Preclinical

Resveratrol Red grapes,
blueberries,
mulberries,
etc.

Competing with
coenzyme Q,
inhibiting
complex III
activity.

Colon rectal,
breast, liver,
lung, gastric
cancer,
myeloma,
follicular
lymphoma

Phase II
clinical
trial

Vitamin K3 Synthetic
vitamin K
precursor

Inhibiting
mitochondrial
pol γ; causing
ROS stress

Leukemia and
various solid
tumors

Phase II
clinical
trial
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