Dong and Neuzil Cancer Commun (2019) 39:63
https://doi.org/10.1186/540880-019-0412-6

Cancer Communications

RESEARCH HIGHLIGHT Open Access

Targeting mitochondria as an anticancer

strategy

Lanfeng Dong” and Jiri Neuzil

Mitochondrial metabolism and cancer
development

Mitochondria are organelles controlling adenosine
triphosphate (ATP) generation, redox homeostasis, met-
abolic signaling, and apoptotic pathways. Although gly-
colysis was traditionally considered as the major source
of energy in cancer cells, in-line with the so-called
“Warburg effect’, mitochondria have been recognized to
play a key role in oncogenesis [1]. Cancer cells uniquely
reprogram their cellular activities to support their rapid
proliferation and migration, as well as to counteract met-
abolic and genotoxic stress during cancer progression [2].
Further, mitochondria can switch their metabolic phe-
notypes to meet the challenges of high energy demand
and macromolecular synthesis [3]. Thus, cancer mito-
chondria have the ability to flexibly switching between
glycolysis and oxidative phosphorylation (OXPHOS) for
their survival. The electron transport chain (ETC) func-
tion is pivotal for mitochondrial respiration, which is also
needed for dihydroorotate dehydrogenase (DHODH)
activity that is essential for de novo pyrimidine synthe-
sis [4]. Recent researches have demonstrated that cancer
cells devoid of mitochondrial DNA (mtDNA) lack their
tumorigenic potential, and they re-gain this ability by
acquiring healthy mtDNA from the host stromal cells
via horizontal transfer of whole mitochondria [5, 6] for
recovery of the respiratory function. Functionally, respi-
ration propels DHODH activity for pyrimidine biosyn-
thesis [7]. Therefore, targeting mitochondria holds great
potential for anticancer strategy with high therapeutic
opportunities.
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Targeting mitochondria as a therapeutic anticancer
approach

Multiple strategies have been developed to target mito-
chondria for cancer therapies including agents that tar-
get electron transport chain and the OXPHOS function,
glycolysis, the tricarboxylic acid (TCA) cycle, apoptotic
pathways, reactive oxygen species (ROS) homeostasis,
the permeability transition pore complex, mitochondrial
DNA as well as DHODH-linked pyrimidine synthesis
[8, 9]. In this research highlights, we demonstrate some
of the most relevant mitochondrial targets in cancer
therapy.

Targeting mitochondrial metabolism

(i) Targeting ETC

Functional ETC supports OXPHOS activity and adeno-
sine triphosphate (ATP) generation that is essential
for tumorigenesis. Many ETC inhibitors, such as met-
formin, tamoxifen, a-tocopheryl succinate (a-TOS) and
3-bromopyruvate (3BP), act via disrupting the function
of respiratory complexes of the ETC and inducing high
levels of ROS to kill cancer cells [8, 9]. A novel approach
of selective targeting of cancer mitochondria by tagging a
cationic triphenylphosphonium (TPP™) group to antican-
cer compounds (e.g., a-TOS, tamoxifen and metformin)
is considered as a mitochondrial-targeted therapy, deliv-
ering drugs preferentially into cancer cell mitochondria
based on their higher transmembrane potential to trigger
mitochondria-dependent apoptosis via rapid generation
of ROS [9, 10]. Both MitoVES (mitochondrially targeted
vitamin E succinate targeting complex II) and MitoTAM
(mitochondrially targeted tamoxifen targeting complex
I) have been prepared by tagging TPP*to parental com-
pounds efficiently kills colorectal, lung and breast cancer
cells and inhibits tumor growth by interfering with com-
plex I-/complex II-dependent respiration without sys-
temic toxicity [11, 12].
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(ii) Targeting glycolysis and OXPHOS

The glycolysis metabolic pathway directly affects mito-
chondrial function by providing key metabolic interme-
diates, such as pyruvate, for mitochondrial metabolism.
Moreover, the ability of malignant cells to flexibly switch-
ing between glycolysis and oxidative phosphorylation
appears to play a major role in multiple modes of resist-
ance to oncogenic inhibition [1, 8]. Therefore, agents
that target both glycolysis and OXPHOS function hold
promise as an ideal anticancer therapeutic approach.
Mitochondria-targeted therapeutics in combination with
glycolytic inhibitors synergistically suppress tumor cell
proliferation [9]. Hexokinase II (HKII) is a major isoform
of the enzyme overexpressed in cancer cells and plays an
important role in maintaining glycolytic activity. It also
binds to the voltage-dependent anion channel (VDAC)
on the mitochondrial outer membrane. As such, inhibi-
tion of HKII will not only inhibit glycolysis but also sup-
presses the anti-apoptotic effects of the HKII-VDAC
interaction. Several hexokinase inhibitors have been
found to suppress cancer growth. FV-429 is a synthetic
flavone with potent activity to induce apoptosis in cancer
cells by inhibition of glycolysis via suppression of HKII
and impairing mitochondrial function via interfering
with the HKII-VDAC interaction, leading to activation
of mitochondrial-mediated apoptosis. Metformin, a drug
commonly used to treat diabetes, can suppress multiple
types of cancers [13, 14]. Recent report showed that met-
formin inhibits HKII in lung carcinoma cells to decrease
glucose uptake and phosphorylation. Combining met-
formin with 2-deoxyglucose (2-DG), a glycolysis inhibi-
tor, depleted ATP in a synergistic manner and showed
a strong synergy for the combined therapeutic effect in
pancreatic cancer cells. The mitochondria-targeted drug,
mitochondria-targeted carboxy-proxyl (Mito-CP) in
combination with 2-DG led to significant tumor regres-
sion, suggesting that dual targeting of mitochondrial bio-
energetic metabolism and glycolytic inhibitors may offer
a promising chemotherapeutic strategy [15].

(iii) Targeting the TCA cycle

The TCA cycle is a source of electrons that feed into
the ETC to drive the electrochemical proton gradient
required for ATP generation. Isocitrate dehydrogenases 1
and 2 (IDH1, IDH2) catalyzes the conversion of isocitrate
to a- ketoglutarate, playing a critical role in tumorigen-
esis [9]. Mutations in IDH1 and IDH2 have been found in
different human cancers [16] that render them as prom-
ising targets for anticancer therapy. Inhibitors of IDHs
such as AGI-5198, AGI-6780, AG-120, AG-221, 3BP, and
dichloroacetate possess high anticancer potential in a
broad range of cancer types [8, 17].
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Targeting apoptotic pathways and ROS
homeostasis

(i) Targeting Bcl-2 family proteins

Bcl-2, Bcl-xL, Bax, and Bak are important in the intrin-
sic apoptotic pathway. Venetoclax, currently approved for
use in patients with chronic lymphocytic leukemia [18],
navitoclax, TW-37, GX15-070 and BM-1197, are Bcl-2
or Bcl-xL inhibitors with anticancer activity in a broad
range of cancer types [8]. Compounds such as Gossypol,
Navitoclax, ABT-737 and a-TOS act as mimetics of the
Bcl-2 homology-3 domains to kill cancer cells through
the activation of post-mitochondrial apoptotic signaling
[17].

(i) Targeting redox-regulating enzymes and ROS
production

Electron transport chain is the major site of ROS produc-
tion, and high level of ROS released due to interference
with the ECT complexes cause cellular damage. Oxy-
matrine was reported to efficiently kill human melanoma
cells by generating high levels of ROS. Capsaicin, casticin,
and myricetin display anticancer activity by increasing
ROS generation, leading to the disruption of mitochon-
drial transmembrane potential in cancer cells [8]. Pro-
moting mitochondrial ROS production to induce cancer
cell death may enhance the activity of chemotherapy [15].
By coupling triphenylamine (TPA) with the fluorophore
BODIPY, a novel mitochondrial-targeted fluorescent
probe BODIPY-TPA was shown to induce apoptosis in
gastric cancer via disruption of the mitochondrial redox
balance and ROS accumulation [19].

In summary, mitochondria play a key role in cell sur-
vival and apoptosis. Mitochondrial respiration supports
ATP production and is also essential for tumorigenesis.
Targeting mitochondrial metabolism presents a new con-
cept to effective cancer therapeutics.

Abbreviations

ATP: adenosine triphosphate; OXPHOS: oxidative phosphorylation; ETC:
electron transport chain; DHODH: dihydroorotate dehydrogenase; TCA cycle:
tricarboxylic acid cycle; ROS: reactive oxygen species; a-TOS: a-tocopheryl
succinate; 3BP: 3-bromopyruvate; TPPT: cationic triphenylphosphonium;
MitoVES: mitochondrially targeted vitamin E succinate; MitoTAM: mitochondri-
ally targeted tamoxifen; HKII: hexokinase II; VDAC: voltage-dependent anion
channel; 2-DG: 2-deoxyglucose; IDH1/IDH2: isocitrate dehydrogenases1/2;
TPA: triphenylamine.

Acknowledgements
Not applicable.

Authors’ contributions
LD wrote the manuscript. Both authors read and approved the final
manuscript.

Funding
Not applicable.



Dong and Neuzil Cancer Commun (2019) 39:63

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 3 October 2019 Accepted: 16 October 2019
Published online: 25 October 2019

References

1. Porporato PE, Filigheddu N, Pedro JMB, Kroemer G, Galluzzi L. Mitochon-
drial metabolism and cancer. Cell Res. 2018;28(3):265-80. https://doi.
org/10.1038/cr.2017.155.

2. Wang,XiaY, Lu Z. Metabolic features of cancer cells. Cancer Commun.
2018;38(1):65. https://doi.org/10.1186/540880-018-0335-7.

3. Roth KG, Mambetsariev |, Kulkarni P, Salgia R. The mitochondrion as an
emerging therapeutic target in cancer. Trends Mol Med. 2019. https://doi.
0rg/10.1016/j.molmed.2019.06.009.

4. Khutornenko AA, Roudko VV, Chernyak BV, Vartapetian AB, Chumakov
PM, Evstafieva AG. Pyrimidine biosynthesis links mitochondrial respiration
to the p53 pathway. Proc Natl Acad Sci USA. 2010;107(29):12828-33.
https://doi.org/10.1073/pnas.0910885107.

5. Dong LF, Kovarova J, Bajzikova M, Bezawork-Geleta A, Svec D, Endaya B,
et al. Horizontal transfer of whole mitochondria restores tumorigenic
potential in mitochondrial DNA-deficient cancer cells. Elife. 2017. https://
doi.org/10.7554/elife.22187.

6. Tan AS, Baty JW, Dong LF, Bezawork-Geleta A, Endaya B, Goodwin J, et al.
Mitochondrial genome acquisition restores respiratory function and
tumorigenic potential of cancer cells without mitochondrial DNA. Cell
Metab. 2015;21(1):81-94. https://doi.org/10.1016/j.cmet.2014.12.003.

7. Bajzikova M, Kovarova J, Coelho AR, Boukalova S, Oh S, Rohlenova K,
et al. Reactivation of dihydroorotate dehydrogenase-driven pyrimidine
biosynthesis restores tumor growth of respiration-deficient cancer
cells. Cell Metab. 2019;29(2):399-416.e10. https://doi.org/10.1016/].
cmet.2018.10.014.

8. CuiQ Wen S, Huang P. Targeting cancer cell mitochondria as a therapeu-
tic approach: recent updates. Future Med Chem. 2017;9(9):929-49. https
://doi.org/10.4155/fmc-2017-0011.

Page 3 of 3

Kalyanaraman B, Cheng G, Hardy M, Ouari O, Lopez M, Joseph J, et al.

A review of the basics of mitochondrial bioenergetics, metabolism,

and related signaling pathways in cancer cells: therapeutic targeting of
tumor mitochondria with lipophilic cationic compounds. Redox Biol.
2018;14:316-27. https://doi.org/10.1016/j.redox.2017.09.020.

Murphy MP, Smith RA. Targeting antioxidants to mitochondria by conju-
gation to lipophilic cations. Annu Rev Pharmacol Toxicol. 2007,47:629-56.
https://doi.org/10.1146/annurev.pharmtox.47.120505.105110.

. Dong LF, Jameson VJ, Tilly D, Prochazka L, Rohlena J, Valis K, et al.

Mitochondrial targeting of alpha-tocopheryl succinate enhances its
pro-apoptotic efficacy: a new paradigm for effective cancer therapy. Free
Radic Biol Med. 2011;50(11):1546-55. https://doi.org/10.1016/j freeradbio
med.2011.02.032.

Rohlenova K, Sachaphibulkij K, Stursa J, Bezawork-Geleta A, Blecha J,
Endaya B, et al. Selective disruption of respiratory supercomplexes as a
new strategy to suppress Her2(high) breast cancer. Antioxid Redox Signal.
2017;26(2):84-103. https://doi.org/10.1089/ars.2016.6677.

LeiY,YiY, LiuY, Liu X, Keller ET, Qian CN, et al. Metformin targets multiple
signaling pathways in cancer. Chin J Cancer. 2017;36(1):17. https://doi.
org/10.1186/540880-017-0184-9.

Cancer C.The 150 most important questions in cancer research and
clinical oncology series: questions 94-101: edited by Cancer Communi-
cations. Cancer Commun. 2018;38(1):69. https://doi.org/10.1186/54088
0-018-0341-9.

. Cheng G, Zielonka J, Dranka BP, McAllister D, Mackinnon AC Jr, Joseph

J, et al. Mitochondria-targeted drugs synergize with 2-deoxyglucose to
trigger breast cancer cell death. Cancer Res. 2012;72(10):2634-44. https://
doi.org/10.1158/0008-5472.CAN-11-3928.

Zong WX, Rabinowitz JD, White E. Mitochondria and cancer. Mol Cell.
2016;61(5):667-76. https://doi.org/10.1016/jmolcel.2016.02.011.

Neuzil J, Dong LF, Rohlena J, Truksa J, Ralph SJ. Classification of

mitocans, anti-cancer drugs acting on mitochondria. Mitochondrion.
2013;13(3):199-208. https://doi.org/10.1016/j.mit0.2012.07.112.
Ashkenazi A, Fairbrother WJ, Leverson JD, Souers AJ. From basic apoptosis
discoveries to advanced selective BCL-2 family inhibitors. Nat Rev Drug
Discov. 2017;16(4):273-84. https://doi.org/10.1038/nrd.2016.253.

Du X, Zhang P, Fu H, Ahsan HM, Gao J, Chen Q. Smart mitochondrial-
targeted cancer therapy: subcellular distribution, selective TrxR2
inhibition accompany with declined antioxidant capacity. Int J Pharm.
2019;555:346-55. https://doi.org/10.1016/j.ijpharm.2018.11.057.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

B BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1038/cr.2017.155
https://doi.org/10.1038/cr.2017.155
https://doi.org/10.1186/s40880-018-0335-7
https://doi.org/10.1016/j.molmed.2019.06.009
https://doi.org/10.1016/j.molmed.2019.06.009
https://doi.org/10.1073/pnas.0910885107
https://doi.org/10.7554/elife.22187
https://doi.org/10.7554/elife.22187
https://doi.org/10.1016/j.cmet.2014.12.003
https://doi.org/10.1016/j.cmet.2018.10.014
https://doi.org/10.1016/j.cmet.2018.10.014
https://doi.org/10.4155/fmc-2017-0011
https://doi.org/10.4155/fmc-2017-0011
https://doi.org/10.1016/j.redox.2017.09.020
https://doi.org/10.1146/annurev.pharmtox.47.120505.105110
https://doi.org/10.1016/j.freeradbiomed.2011.02.032
https://doi.org/10.1016/j.freeradbiomed.2011.02.032
https://doi.org/10.1089/ars.2016.6677
https://doi.org/10.1186/s40880-017-0184-9
https://doi.org/10.1186/s40880-017-0184-9
https://doi.org/10.1186/s40880-018-0341-9
https://doi.org/10.1186/s40880-018-0341-9
https://doi.org/10.1158/0008-5472.CAN-11-3928
https://doi.org/10.1158/0008-5472.CAN-11-3928
https://doi.org/10.1016/j.molcel.2016.02.011
https://doi.org/10.1016/j.mito.2012.07.112
https://doi.org/10.1038/nrd.2016.253
https://doi.org/10.1016/j.ijpharm.2018.11.057

	Targeting mitochondria as an anticancer strategy
	Mitochondrial metabolism and cancer development
	Targeting mitochondria as a therapeutic anticancer approach
	Targeting mitochondrial metabolism
	(i) Targeting ETC
	(ii) Targeting glycolysis and OXPHOS
	(iii) Targeting the TCA cycle

	Targeting apoptotic pathways and ROS homeostasis
	(i) Targeting Bcl-2 family proteins
	(ii) Targeting redox-regulating enzymes and ROS production

	Acknowledgements
	References




