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A B S T R A C T

The present review is a sequel to the previous review on cancer metabolism published in this journal. This review
focuses on the selective antiproliferative and cytotoxic effects of mitochondria-targeted therapeutics (MTTs) in
cancer cells. Emerging research reveals a key role of mitochondrial respiration on tumor proliferation.
Previously, a mitochondria-targeted nitroxide was shown to selectively inhibit colon cancer cell proliferation at
submicromolar levels. This review is centered on the therapeutic use of MTTs and their bioenergetic profiling in
cancer cells. Triphenylphosphonium cation conjugated to a parent molecule (e.g., vitamin-E or chromanol,
ubiquinone, and metformin) via a linker alkyl chain is considered an MTT. MTTs selectively and potently inhibit
proliferation of cancer cells and, in some cases, induce cytotoxicity. MTTs inhibit mitochondrial complex I
activity and induce mitochondrial stress in cancer cells through generation of reactive oxygen species. MTTs in
combination with glycolytic inhibitors synergistically inhibit tumor cell proliferation. This review discusses how
signaling molecules traditionally linked to tumor cell proliferation affect tumor metabolism and bioenergetics
(glycolysis, TCA cycle, and glutaminolysis).

1. Introduction

Cancer cells demonstrate several distinct biologic hallmarks re-
sulting from genetic and epigenetic changes that transform normal cells
into tumor cells with unrestricted growth and movement capabilities
[1–3]. One of the key hallmarks recognized more than 60 years ago [4]
is cancer cells’ remarkable tendency to reprogram their metabolic
capability. Inhibition of oxidative phosphorylation (OXPHOS) leads to
elevated glycolytic metabolism [3]. Metabolic reprogramming is a di-
rect result of oncogene activation, notably KRAS, or inhibition of tumor
suppressors such as phosphatase and tensin homolog (PTEN) [5–8].
Also, inhibiting glycolysis using a pyruvate mimic (e.g., di-
chloroacetate) shifts cellular metabolism to OXPHOS [9]. Thus, a pru-
dent chemotherapeutic strategy is to combine both inhibitors of

glycolysis and mitochondrial metabolism.
Recent research implicates a key role for mitochondrial complex I

inhibition in the antitumor effects of drugs including metformin
[10,11]. Cancers with mutations in mitochondrial gene encoding for
the complex I protein in the electron transport chain (ETC) are more
susceptible to mitochondrial inhibition [12]. Cancer patients with de-
fects in oxidative phosphorylation are more likely to respond positively
to treatment with drugs that more selectively inhibit oxidative phos-
phorylation in tumors. Mitochondrial complex I and respiration play a
major role in cancer cell proliferation [1,13]. Mitochondria are now a
focal point of many targeted therapies in studies using cell culture and
preclinical xenograft models of various cancers [14,15]. However,
discovery of drugs selectively targeting oxidative phosphorylation in
cancer cells has remained a challenge, as classical inhibitors of cellular
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respiration such as cyanide are well known to poison normal cells too
[16]. In this context, the recent developments of delocalized and lipo-
philic compounds containing the triphenylphosphonium (TPP+) group
targeting mitochondria in cancer cells are highly significant from a
therapeutic point of view.

Delocalized lipophilic cationic agents such as rhodamine-123
fluorescent dye were shown to accumulate preferentially in tumor cells
(e.g., lung carcinoma cells) and inhibit mitochondrial respiration [17].
Many TPP+-containing compounds were shown to inhibit the pro-
liferation of cancer cells [18]. Key biophysical parameters that account
for enhanced cellular uptake of positively charged compounds are in-
creased negative plasma membrane potential and mitochondrial
membrane potential [19–21]. Compared with normal cells, tumor cells
exhibit a more negative mitochondrial transmembrane potential [22],
which serves as a major driving force for enhanced accumulation of
positively charged compounds or drugs (Fig. 1). However, factors
contributing to differences in the mitochondrial membrane potential
between tumor cells and the corresponding normal cells remain un-
clear. The positively charged compounds inhibit mitochondrial re-
spiration in cancer cells [1,14]. One of the strategies to “hypersensitize”
tumor cells involves the combined use of mitochondrial inhibitors
(oligomycin and antimycin) or delocalized cationic compounds with an
antiglycolytic agent, 2-deoxyglucose (2-DG) [23,24]. Therefore, dual
targeting of mitochondrial and glycolytic pathways was proposed as a
promising chemotherapeutic strategy [14]. In addition to tumor cells,
cardiac muscle cells exhibit the enhanced negative mitochondrial
transmembrane potential that contributes to enhanced accumulation
and sensitivity to positively charged compounds [20,25].

One of the most important factors is the increased toxicity of this
combination to normal cells. For example, mitochondrial inhibitors of
OXPHOS, such as oligomycin, in combination with 2-DG, can rapidly
eradicate tumor cells [26]. However, because these agents will also
affect the mitochondrial and glycolytic metabolism of normal, non-
transformed cells, they will lack the tumor cell selectivity that is crucial
for their use as chemotherapeutic agents.

2. Selective targeting of mitochondria

Lipophilic cations were used as carriers to target various biologi-
cally active molecules to the mitochondrial inner membrane and matrix
driven by mitochondrial membrane potential. An example of a lipo-
philic-cationic-linked mitochondria-targeted antioxidant is mitoqui-
none (Mito-Q) that is synthesized by combining the naturally occurring
coenzyme Q with a TPP+ moiety through a linker aliphatic chain
[27,28]. Murphy and coworkers developed the methodology to “fine-

tune” the chemical structure of Mito-Q by altering the aliphatic chain
length such that they are more effectively targeted to the mitochondrial
matrix and membranes [29]. We adapted this approach to investigate
the mitochondrial mechanism in tumor biology. The anatomy of a ty-
pical mito-targeted molecule with a different functional group con-
jugated to the TPP+ is shown in Fig. 2 [21]. The parent “untargeted”
molecule is shown in blue. Typically, the “untargeted” molecule is a
nitroxide that exhibits a superoxide dismutase mimetic activity, a
phenolic hydroxyl exhibiting a radical scavenging property, a radi-
olabeled technetium for use in metabolic imaging, or a hydroethidine
moiety that forms a diagnostic marker product (e.g., 2-hydro-
xyethidium) upon reaction with a superoxide radical anion [30,31].
The functional group is conjugated to a TPP+ cation (shown in red) via
an alkyl chain or other linker (shown in green). Depending on the
length of the linker alkyl chain (typically n = 2–10 carbons), the mi-
tochondrial uptake and antiproliferative potency in cancer cells may be
altered. A few examples of chemical structures of the compounds con-
jugated to the TPP+ group via an alkyl chain are shown in Fig. 3. This
technology also circumvents the poor solubility problems of the “un-
targeted” molecule such as coenzyme Q10 (CoQ10). Initially, we syn-
thesized mitochondria-targeted therapeutics (MTTs) by conjugating a
TPP+ cation to a quinone, nitroxide, or chromanol moiety.

The mitochondrial inner membrane contains ETC proteins that
regulate cell respiration or oxidative phosphorylation and also regulate
transport of metabolites between the mitochondrial matrix and the
cytosol. Mitochondrial drug targeting includes the ETC, mitochondrial
permeability transition, Bcl-2 family proteins, and mitochondrial DNA.

3. Monitoring cancer cell mitochondrial bioenergetics: oxygen
consumption rate and extracellular acidification rate

As discussed in previous publications [3,32], cancer cells change
and adapt depending on the metabolic or bioenergetic requirements
needed to sustain their unrestricted growth. To meet the needs of rapid
proliferation, cancer cells change their substrate preference, including
increased glucose, glutamine, and/or lipid metabolism. Thus, the me-
tabolic phenotypes (glycolytic, aerobic, or glutaminolytic) of cancer
cells vary, and measuring or monitoring the parameters linked to the
hallmarks of cancer (metabolic reprogramming, metabolic phenotype,
and substrate preference) will provide increased understanding of
tumor cells’ metabolic needs, which will help in the design of metabolic
therapies. Two key, readily measurable bioenergetics parameters that
link metabolic reprogramming, metabolic phenotype, and substrate
preference in cancer cells are glycolytic function or extracellular acid-
ification rate (ECAR) and mitochondrial respiration or oxygen

Fig. 1. Cellular uptake of TPP+-linked compounds driven by plasma membrane and
mitochondrial membrane potentials (Obtained and Reprinted with permission from
Ref. [21]. Copyright 2017 American Chemical Society.).

Fig. 2. Anatomy of TPP+-based mitochondria-targeted agents (Obtained and
Reprinted with permission from Ref. [21]. Copyright 2017 American Chemical Society.).
(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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consumption rate (OCR).
The Agilent Seahorse Extracellular Flux (XF) Analyzer is a tool used

to measure OCR in culture in real time and has facilitated the study of
cellular metabolism in a high throughput fashion. Typically, for de-
termination of mitochondrial function in intact cells, OCR is measured
in response to consecutive addition of (i) oligomycin, the inhibitor of
adenosine triphosphate (ATP) synthase, (ii) the mitochondrial un-
coupler carbonyl cyanide p-triflouromethoxyphenylhydrazone (FCCP),
and (iii) complex I and III inhibitors (rotenone and antimycin A, re-
spectively). The changes in both glycolytic and mitochondrial activity
in tumor cells in response to treatment can be measured in real time
[33,34].

The Seahorse XF Analyzer is a fully integrated 24- or 96-well in-
strument that simultaneously measures the cellular OCR due to
OXPHOS and ECAR associated with glycolytic metabolism. Each XF
assay kit contains a disposable sensor cartridge, embedded with pairs of
fluorescence biosensors for oxygen and pH that are coupled to a fiber
optic waveguide (532 nm/650 nm for oxygen sensors and 470 nm/
530 nm for pH sensors). Each well is equipped with four reagent de-
livery chambers for injecting substrates and inhibitors into wells during
assays. The red and blue dots at the tips of the sensor probes represent
the fluorescent sensors for either oxygen or protons. These measure-
ments can be made repeatedly over time in the same cell population
[33–35].

The measurement of mitochondrial respiration has been a reliable
assay for assessing mitochondrial function [35]. Using sequential in-
jection of ETC inhibitors (oligomycin, FCCP, and antimycin A), one can
measure and quantify multiple mitochondrial parameters such as basal
OCR, ATP-linked OCR, proton leak, maximal respiratory capacity, and
mitochondrial reserve respiratory capacity. Briefly, the measurement of
mitochondrial function in control and treated cells involves three steps.
In step 1, after basal OCR is measured, oligomycin (an inhibitor of
mitochondrial ATP synthase) is added. The decrease in OCR resulting
from this treatment is attributed to the oxygen consumption used to
generate ATP. In step 2, the proton ionophore FCCP is added. This
uncouples the electron transfer along ETC from the ATP synthesis in
complex V and allows for unrestricted electron flux through the ETC,
leading to an increase in OCR. The stimulated oxygen consumption is
attributed to the maximal mitochondrial respiration rate. In step 3, the
complex III inhibitor, antimycin A, is added to determine the oxygen
consumption via ETC-independent mechanisms.

Basal respiration is defined as mitochondrial OCR obtained by
subtracting the residual OCR after administering ETC inhibitors from

the total cellular oxygen consumption in the absence of modulators of
mitochondrial function. The residual (ETC-independent) OCR is typi-
cally referred to as non-mitochondrial oxygen consumption. Coupled
respiration is calculated by subtracting the residual respiration after
adding oligomycin from basal respiration. The calculation of the proton
leak is based on the difference between OCR measured after oligomycin
treatment and non-mitochondrial OCR. Maximal respiration is mea-
sured after the addition of FCCP, a potent protonophore that uncouples
mitochondrial ATP generation from oxygen consumption.

4. Synergistic effects of mitochondria-targeted drugs and
glycolytic inhibitor: cell proliferation and cytotoxicity

Both mitochondrial and antiglycolytic drugs have different mole-
cular targets; one would expect that combining both drugs would elicit
synergistic effects. To test the synergy between agents, the effect of
their combination on the extent of colony formation can be compared
with the dose response to single agents. The ability to form colonies is
one of the hallmarks of cancer cells [36]. Breast cancer cells (MCF-7,
MDA-MB-231) were treated with 2-DG at several concentrations and
colony formation was monitored [14]. No significant decrease in colony
formation was observed. In contrast, there was a decrease in colony
formation of breast cancer cells treated with mitochondria-targeted
carboxy-proxyl (Mito-CP) or Mito-Q. Both Mito-CP and Mito-Q potently
inhibited the survival fractions of breast cancer cells as compared with
MCF-10A (noncancerous) cells in the presence of 2-DG. Incubation with
the Dec-TPP+ and varying levels of 2-DG had only a minor effect on the
survival fraction in breast cancer cells.

5. Synergistic effects of mitochondria-targeted compounds and 2-
DG: ATP measurements and bioenergetic function

Intracellular ATP levels were measured in MCF-7 and MCF-10A cells
treated with 2-DG and Mito-CP, in combination and alone. Results show
that, in the presence of both 2-DG and Mito-CP, ATP levels decrease
more in MCF-7 cells than in MCF-10A cells [14]. Results also suggest
that the extent of ATP depletion in normal and breast cancer cells de-
pends on the MTT and cell type. In nearly all cases, the combined use of
both a mitochondria-targeted drug and 2-DG potentiated intracellular
ATP depletion. Untargeted compounds (i.e., parent compounds that are
not tethered to the TPP+ group) did not elicit the same effect in the
presence of 2-DG.

Mito-CP or Mito-Q and 2-DG dramatically decreased intracellular

Fig. 3. Examples of the TPP+-conjugated compounds for their mitochondrial delivery. Color coding represents the three parts of the mitochondria-targeted molecules: functional
moiety (blue), linker (green), and targeting moiety (red). (Obtained and Reprinted with permission from Ref. [21]. Copyright 2017 American Chemical Society.). (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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ATP levels in both MCF-7 and in MCF-10A cells, and the cell survival
(clonogenic analyses following several days after treatment of cells with
drugs) results showed that the extent of inhibition was greater in MCF-7
cells than in MCF-10A cells. This suggested that normal cells such as
MCF-10A cells recovered from the combinatorial treatment (mi-
tochondrial and glycolytic inhibition), whereas the breast cancer (MCF-
7 or MDA-MB-231) cells failed to recover during the same treatment
conditions.

To better relate bioenergetics changes with clonogenic survival, an
experimental protocol for bioenergetics function measurements had to
be devised that is similar to that used to measure clonogenic survival.
Both MCF-7 and MCF-10A cell lines were treated with Mito-CP, Mito-Q,
and 2-DG for 6 h followed by washout of treatments and addition of
fresh media. Mitochondrial bioenergetics parameters, OCR and ECAR,
were obtained in MCF-7 and MCF-10A cells using a Seahorse XF-24
Analyzer. Both Mito-CP and Mito-Q in the presence of 2-DG (after a
36 h treatment) inhibited basal OCR and OCR linked to ATP production
to a significantly greater extent in MCF-7 cells, as compared with MCF-
10A cells. Note that after a 6 h exposure, the same treatment (Mito-CP
or Mito-Q plus 2-DG) inhibited basal OCR in both MCF-7 and MCF-10A
cells. Clearly, the normal cells are more adept at recovering from in-
hibition of mitochondrial function than MCF-7 cells. Thus, it appears
that mitochondria-targeted drugs cause an irreversible inhibition of
mitochondrial function in cancer cells in contrast to normal cells. The
reversible inhibition of mitochondrial function induced by mitochon-
dria-targeted drugs (Mito-CP, Mito-chromanol) in normal cells differs
from the irreversible mitochondrial function induced by rotenone (a
potent complex I inhibitor) in both cancer and normal cells. Synergistic
exacerbation in cytotoxicity occurs in combination with inhibitors of
glycolysis and drugs targeting mitochondria [37].

6. Overcoming multidrug resistance using MTTs?

Recently, it was proposed that mitochondria-targeted drugs could
counteract ABCA1-dependent resistance of the lung carcinoma cells
[38]. Multi-drug resistance-1 (MDR-1) is a multidrug transporter p-
glycoprotein that pumps out positively charged chemotherapeutic
drugs from cancer cells resulting in chemotherapeutic causing drug
resistance of many tumors [19,39]. Consequently, the chemother-
apeutic drug loses its efficacy. However, ATP is required for the
pumping mechanism of MDR-1. Mitochondria-targeted drugs (Mito-CP,
Mito-chromanol, or metformin analogs) could hinder the pump activity
by depleting intracellular ATP levels [14]. Thus, one of the key ad-
vantages of using mitochondria-targeted drugs in combination with

conventional drugs (cis-platin or doxorubicin) that induce multidrug
resistance through elevated expression of MDR-1 is their ability to de-
crease or deplete intracellular ATP levels. Reports also indicate that
ATP regulates chemoresistance in colon cancer cells [40]. However, the
uptake of hydrophobic MTTs such as Mito-Q in the brain was shown to
be decreased compared with other organs because of the presence of the
p-glycoprotein in the blood brain barrier [41].

Solid tumors influence and are influenced by adjacent cells in the
oxygen- and nutrient-deprived microenvironment surrounding the
transformed cancer cells [42] because of an abnormal vascularization of
solid tumors and a lack of adequate blood supply to tumors. Cells re-
siding in such environments are slowly growing with altered pheno-
typic characteristics. These phenotypic alterations make them resistant
to chemotherapeutic agents that rely on DNA replication and cell di-
vision as an antitumor mechanism. Tumor cells in a metabolically
compromised microenvironment may respond differently to metabolic
inhibitor drugs targeting oxidative phosphorylation.

7. Differential susceptibility of pancreatic cancer cells to 2-DG

Six different pancreatic cancer cell lines of different genetic back-
grounds were treated with 2-DG, and intracellular ATP levels were mea-
sured using a luciferase-based assay. These cells were differentially sen-
sitive to 2-DG with respect to ATP depletion. MiaPaCa-2 cells and Capan-2
were the most and least sensitive cell lines, respectively. A three-dimen-
sional heat map representation of intracellular ATP levels as a function of
concentration and time of treatment with 2-DG in the most and least
sensitive cell lines is shown [43]. Similar heat map studies indicate that
different cell lines exhibit different sensitivities to 2-DG [43].

The measurement of the colony-forming ability (clonogenic assay)
under the same conditions showed that 2-DG caused a more-extensive
decrease in colony formation in MiaPaCa-2 cells than in Capan-2 cells. The
cell survival fraction indicates the extreme susceptibility of ASPC-1 and
MiaPaCa-2 cells to 2-DG and the resistance of Capan-2 cells to 2-DG.

8. Two-dimensional mapping of bioenergetics profiles:
chemotherapeutic predictive values

To better understand these results (differential sensitivity of cancer
cells to an anti-glycolytic such as 2-DG), we measured the metabolic
and energetic requirements. Both oxygen consumption and glycolytic
metabolism were measured. The OCR and ECAR values were measured
using a Seahorse XF Analyzer and a two-dimensional OCR/proton
production rate (PPR) bioenergetics map was constructed (Fig. 4). The

Fig. 4. Two-dimensional map of bioenergetics in pancreatic cancer cells. (left) Oxygen consumption (ΔO2) and proton production (ΔH+) traces in six pancreatic cancer cell lines as
monitored with a Seahorse XF-96 Analyzer. The changes in O2 and H+ concentrations were normalized to 1 µg of protein. (right) Two-dimensional map of OCR and PPR measured in six
pancreatic cancer cell lines. (Obtained from Ref. [43], Copyright © 2014, Rights Managed by Nature Publishing Group).
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PPR parameter is similar to ECAR but is directly related to changes in
proton (H+) concentration, while ECAR is related to changes in pH
(which is a logarithmic scale). The cell line Capan-2 was the least
glycolytic, whereas MiaPaCa-2 cells were the most glycolytic. OCR
values for Capan-2 and MiaPaCa-2 cells were nearly the same, but the
PPRs, which are a surrogate marker of glycolysis, differ by a factor of
five (Fig. 4). These results suggest that monitoring changes in bioe-
nergetic metabolism or bioenergetics profiling in pancreatic ductal
adenocarcinoma cells (PDACs) may provide new biomarkers and me-
chanistic insights into how targeted blockades of glycolytic and mi-
tochondrial metabolism pathways can be used effectively in cancer
treatment.

9. Dual targeting of mitochondrial and glycolytic pathways in
PDACs: the synergistic effect of metformin and 2-DG

Mitochondria-targeted drugs exhibit either cytostatic or cytotoxic ef-
fects in tumor cells. These effects are dependent on their ATP demands. If
cellular ATP demands exceed its production/supply in highly proliferating
tumor cells (high energy demand), these cells will die. However, in normal
cells with nonproliferation and low energy demand, ATP demand is lower
and the cells survive. These effects are dependent on the presence of
bioenergetic substrates, e.g., on glucose availability.

Metformin is a relatively safe antidiabetic drug, but its antitumor ef-
fects are only modest or, in some cases, negligible [44]. The bioavailability
of metformin in cancer patients is not robust, and this compromises its
antitumor effects. Thus, maximizing metformin's monotherapy will be
highly beneficial in cancer treatment. Combining metformin with 2-DG
synergistically depleted ATP levels in each of the PDAC cell lines, in-
cluding poorly glycolytic Capan-1 and Capan-2 cells (Fig. 5) [43]. The heat
maps of ATP depletion in response to 2-DG and metformin treatment of
MiaPaCa-2 cells show a strong synergy for the combined therapeutic effect
(Fig. 5) [43]. These results indicate that metformin treatment sensitizes
pancreatic cancer cells to 2-DG. Metformin/2-DG combined therapy is
more effective in pancreatic cancer cells that are more resistant to anti-
glycolytic monotherapy. In the tumor microenvironment, glucose levels
are decreased due to glucose's increased consumption from glycolytic
metabolism and/or inefficient blood delivery. This may account for met-
formin's enhanced in vivo antitumor efficacy in some cases. The che-
motherapeutic efficacy of several other standard-of-care drugs such as
gemcitabine, doxorubicin, and celecoxib was increased in PDACs when
used in combination with 2-DG [43].

10. Measurement of IC50 values to inhibit mitochondrial complex I
activity in normal and cancer cells

As discussed previously, the mechanism of metformin's anti-
proliferative effects involved inhibition of mitochondrial complex I. We
conjugated metformin to a TPP+ cation to improve its cellular uptake
and mitochondrial accumulation [45]. The resulting mitochondria-
targeted metformin analog (Mito-Met10) was significantly more potent
in inhibiting the proliferation of PDACs, which was later confirmed in
an independent study [46]. To directly compare the inhibitory effects of
metformin and Mito-Met10 on complex I, pancreatic cancer cells (Mia-
PaCa-2) were treated with metformin and Mito-Met10 at different
concentrations for 24 h, followed by membrane permeabilization and
OCR measurements in the presence of complex I substrates using a
Seahorse XF Analyzer [45]. Initially, the oxygen consumption traces
were obtained for pancreatic cancer cells treated with different con-
centrations of metformin or Mito-Met10. In order to derive the IC50

values, the mitochondrial complex I-mediated oxygen consumption
(last OCR reading prior to injecting succinate) was plotted against
metformin or Mito-Met10 concentrations [45]. Mito-Met10 was sig-
nificantly more potent in complex I inhibition than metformin, with an
IC50 value almost three orders of magnitude lower (0.8 mM and 2 µM
for metformin and Mito-Met10, respectively). Interestingly, Mito-Met10

seems to exhibit a better selectivity than metformin toward PDAC cells,
as much higher concentrations were required to inhibit complex I-
mediated oxygen consumption in normal, nontransformed cells, HPNE
and IEC-6. Thus, it is evident that mitochondria targeting selectively
inhibits complex I activity (as measured by OCR) in cancer cells such as
MiaPaCa-2. The close relationship between the IC50 value for complex I-
mediated OCR and the IC50 value for the antiproliferative effect
(measured from cell survival) in pancreatic cancer cells determined
under similar experimental conditions suggests that mitochondrial
complex I inhibition may be mechanistically linked to the anti-
proliferative effects of mitochondria-targeted drugs in cancer biology
[45].

11. Metabolic reprogramming in cancer cells

11.1. Glutaminolysis

Glutamine is the most abundant amino acid [47]. Glutamine cata-
bolism is another pathway by which cancer cells can derive nutrients
and energy. One of the compensatory responses in cancer cells treated
with mitochondrial inhibitors is enhanced uptake of glutamine. In
cancer cells, this pathway called glutaminolysis is presumably 10-fold
higher than that of any other amino acid. Survival of some cancer cells
(e.g., melanoma) is linked to glutamine utilization (glutamine addic-
tion) [48]. Glutaminolysis provides precursors for nucleotide, protein,
and amino acid (nitrogen source) biosynthesis and substrates for the
tricarboxylic acid (TCA) cycle in mitochondria [49]. Glutamine is
transported across the plasma membrane and the inner mitochondrial
membrane by glutamine transporters and converted to α-ketoglutarate
(α-KG) via glutamate. The α-KG, a substrate in the TCA cycle, can un-
dergo oxidative metabolism via succinate (Fig. 6, red arrows) or re-
ductive metabolism via isocitrate (Fig. 6, blue arrows). One of the key
aspects of metabolic reprogramming in tumor cells involves glutami-
nolysis. Recent developments in metabolomics studies have made it
possible to investigate the metabolic reprogramming that occurs in
tumor cells in response to drug treatments.

11.2. Stable isotope tracer studies

The Seahorse technology measures OCR and ECAR that give some
information on metabolic reprogramming related to glycolysis and
mitochondrial respiration. However, liquid chromatography–mass
spectrometry-based stable isotope tracer studies provide more defini-
tive and quantitative information on changes in glycolytic and TCA
intermediates in response to metabolic reprogramming. The basic
principles of stable isotope studies are described below (Fig. 7) [50–52].

Normal glucose contains six carbon-12 atoms (atomic weight, 12;
NMR silent, I = 0). Fully labeled 13C6-glucose (m+6) (Fig. 7, red cir-
cles) is used as a tracer (atomic weight, 13; NMR active, I = 1/2), and
glycolytic metabolism is assessed by measuring 13C3-lactate (three 13C
atoms [m+3]). The labeling patterns for Krebs cycle intermediates
(citrate, fumarate) from 13C6-glucose after a single-cycle oxidative
pathway are [m+2]citrate and [m+2]fumarate, respectively (Fig. 7A).
Inhibitors of mitochondrial respiration often induce a compensatory
increase in aerobic glycolysis. Thus, 13C6-glucose will be oxidized to [m
+3]pyruvate accompanied by an increase in [m+3]lactate in cancer
cells under conditions of decreased respiration.

Glutaminolysis is assessed using a fully labeled 13C5-glutamine (five
red circles, Fig. 7B). The extent of 13C-enrichment of α-KG [m+5] is used
to monitor total glutaminolysis activity. The labeling pattern of citrate
provides insight into the relative extent of oxidative and reductive α-KG
metabolism (red and blue arrows, Fig. 7B). The oxidative pathway yields
[m+4]citrate and the reductive pathway yields [m+5]citrate.

In summary, the labeling patterns of citrate, α-KG, succinate, and
fumarate using 13C6-glucose reveal the impact of inhibitors on glucose-
driven mitochondrial TCA cycle and OXPHOS, and the labeling patterns
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Fig. 5. Inhibition of cell proliferation by 2-DG and metformin, and synergistic depletion of ATP by 2-DG and metformin in MiaPaCa-2 cells. (A) Effects of 2-DG and metformin
alone and together, on cell proliferation. MiaPaCa-2 and Capan-2 cells were treated with 2-DG (0.5 mM in MiaPaCa-2, 1 mM in Capan-2 cells) or metformin (1 mM) alone and together.
Cell proliferation was monitored in real time with the continuous presence of indicated treatments until the end of each experiment. The changes in cell confluence are used as a surrogate
marker of cell proliferation. Data shown are the mean± SD. (n = 6). (B–D) MiaPaCa-2 cells were treated with 2-DG (0.3–3 mM) or metformin (0.3–30 mM) independently and together
for 6 h (B) or 24 h (D) and intracellular ATP levels were determined, normalized to total cellular protein amount, and expressed as percentage of untreated cells. A three-dimensional
representation showing the concentration-dependent effects of 2-DG or metformin alone and together on intracellular ATP levels in MiaPaCa-2 cells. The combination index-fraction
affected (CI-Fa) plots are shown (C,E). Fraction affected parameter is used as a measure of the drug(s) efficiency, with a value of zero indicating the lack of effect on intracellular ATP and
the value of 1 indicating total depletion of intracellular ATP. (Obtained from Ref. [43], Copyright © 2014, Rights Managed by Nature Publishing Group).
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of α-KG, succinate, fumarate, and citrate from 13C5-glutamine can be
used to assess the extent of glutaminolysis.

11.3. Metabolic flux profiling

Using the stable isotope tracer technique, it was shown that meta-
bolic reprogramming occurs in melanocytes such that the TCA cycle
was fully functional in melanoma cells, even under hypoxic conditions
[51,52]. In addition, measurement of 13C-labeled TCA cycle metabolites
in melanoma cells using 13C glucose revealed relatively little 13C-la-
beling [53]. This suggests that cancer cell metabolism under hypoxia is
not restricted to glycolysis. Because glutamine is a frequently used
carbon source for cancer cells, it was hypothesized that glutamine is a
likely nutrient contributing to TCA cycle function in melanocytes.

This hypothesis was tested using 13C-glutamine. Melanoma cells
under hypoxia and normoxia were treated with 13C-glutamine.
Formation of TCA cycle metabolites that were labeled with 13C atoms
suggests that glutamine is used as a substrate to drive the TCA cycle.
Hypoxia markedly increased the contribution from glutamine as in-
dicated by enhanced 13C-labeling of TCA cycle metabolites.

Fig. 7B shows the labeling of metabolites from 13C-glutamine. Ty-
pically, the TCA cycle pathways were considered to be oxidative and
unidirectional. However, 13C-labeling studies have provided new in-
sights into the reverse flux or the reductive carboxylation of glutamine-
derived α-KG. As mentioned previously, the blue arrows in Fig. 7B show
the reverse flux from glutamine, and the red arrows denote the oxida-
tive pathway. 13C-labeling of fatty acid proves a direct reverse meta-
bolic route between 13C-glutamine, citrate, and fatty acid synthesis. It
was also determined that 13C-glutamine did not affect citrate formed
from the oxidative pathway, because there was no 13C-labeling of
pyruvate or acetyl-CoA in those studies. The percentage of 13C-labeled
fatty acid was increased in melanoma cells treated with 13C-glutamine
under hypoxia compared with normoxia. In the presence of 13C-gluta-
mine, the citrate mass unit was increased by five. This was because the
reverse flux and hypoxia increased the citrate (m+5) by 38% as com-
pared with normoxia (12%) [51–53].

12. Intermediacy of an oncometabolite, 2-hydroxyglutarate,
formed in the TCA cycle: potential biomarker in precision
oncology?

Isocitrate dehydrogenase (IDH) enzymes play a critical role in tu-
morigenesis [54]. There are several isoforms of IDH, namely IDH1,
IDH2, and IDH3. IDH1 catalyzes the reversible conversion of isocitrate
to α-KG in the cytosol and peroxisomes, whereas IDH2 performs a si-
milar reaction in mitochondria [55]. IDH3 is responsible for the same
reaction within the TCA cycle. In certain types of cancers, for example
glioblastoma multiforme, mutations in IDH1 and IDH2 were identified.
The mutated enzymes catalyze the reduction of α-KG to D-2-hydro-
xyglutarate, which is dependent on Mg2+ and NADPH (Fig. 8). Mutated
IDH1 and IDH2 are proposed to activate oncoproteins, e.g., via

Fig. 6. Metabolic pathways of glucose and glutamine in cells. Red and blue arrows
indicate oxidative and reductive pathways of α-KG metabolism. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article)

Fig. 7. Measuring glucose and glutamine metabolism by LC-MS-based stable isotope tracing. The labeling patterns for Krebs cycle intermediates are shown for one cycle only. (A)
Pathways of 13C enrichment from 13C6-glucose. (B) Pathways of 13C enrichment from 13C5-glutamine in oxidative and reductive pathways. (For interpretation of the references to color in
this figure, the reader is referred to the web version of this article)

Fig. 8. Metabolism of α-KG in the presence of wild-type and mutated IDH enzymes.
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epigenetic mechanisms. Under hypoxic conditions, the other stereo-
isomer of 2-hydroxyglutarate, L-2HG, is formed and both isomers are
considered to act as oncometabolites [56,57]. 2-Hydroxyglutarate
competitively inhibits α-KG-dependent enzymes, including the TET
family of enzymes (e.g., 5-methylcytosine hydroxylases and histone
lysine demethylases) [58]. 2-hydroxyglutarate-mediated modulation of
histone and DNA methylation leads to hypermethylated phenotypes in
some cancers [59]. 2-hydroxyglutarate is not detectable in a normal
brain, and elevated levels of this oncometabolite were found in tumors
with mutant IDH1 compared with wild-type IDH1.

The presence of 2-hydroxyglutarate has been used as an in-
traoperative biomarker of IDH1 mutant brain tumors [60]. Using a
sophisticated mass spectrometry technique, investigators identified 2-
hydroxyglutarate in IDH1 mutant tumors, enabling clinical decision
making with regard to surgical resection of IDH1 tumors because re-
ports exist that aggressive surgical resection of IDH1 mutant tumors
result in an improved clinical outcome [61]. Emerging literature in-
dicates that development of targeted therapy against oncogenic IDH1
and IDH2 mutations is a potentially promising avenue of research [62].

13. Regulation and manipulation of signaling pathways and
metabolism as a potential anticancer therapy

Although tumor metabolism was discovered more than 100 years
ago by Otto Warburg, tumor metabolism research did not take off for
many decades. This was largely due to the discovery of oncogenes
(genes that have the potential to cause cancer) and tumor suppressor
genes (genes that encode proteins that prevent cancer) [63]. Emerging
research reveals a dramatic resurgence of interest in cancer metabolism
and metabolic reprogramming in cancer cells, providing new molecular
targets for cancer treatment [64]. Signaling molecules that are tradi-
tionally linked to cell proliferation, such as KRAS and PI3K, are now
considered to be important regulators of metabolic pathways. There is
newfound appreciation to understand how oncogenes and tumor sup-
pressors control tumor cell metabolism and reprogramming [65,66].
Recent studies indicate that a gain of function in oncogenes and/or
inactivation of tumor suppressor genes regulates the high glycolytic
metabolism in tumor cells [67].

14. Aerobic glycolysis in cancer cells: PI3K-Akt-mTOR pathway

It has been well known for more than 100 years that cancer cells ex-
hibit enhanced rates of aerobic glycolysis when compared with control
nontransformed cells [63]. However, the molecular basis for the metabolic
switch from oxidative phosphorylation to aerobic glycolysis (the Warburg
effect) in cancer cells was only revealed recently [63,66]. Upregulation of
glycolytic enzymes and glucose transporters through activation of Myc,
Ras, and Akt and inactivation of p53 is thought to be responsible for en-
hanced glycolysis in cancer cells (Fig. 9) [68]. The serine/threonine kinase
Akt oncogene that is frequently elevated in cancer cells was reported to
exert a direct stimulatory effect on glucose metabolism in cancer cells
[69]. Akt signaling is upregulated by activation of growth factor receptor
tyrosine kinase proteins. The Akt signal transduction pathway includes
activation of oncoproteins (shown in green) and inactivation of tumor
suppressors (shown in red) (Fig. 10). This is a unique finding in that an
oncogene could alter the metabolism of cancer cells.

A major pathway regulating nutrient uptake into cells is the mam-
malian target of the rapamycin (mTOR) pathway downstream from PI3K/
Akt signaling. mTOR is a serine/threonine protein kinase that, as part of
mTOR complex I (mTORC1), acts as an important molecular connection
between nutrient signals and the metabolic processes indispensable for cell
growth. Through a network of downstream signaling pathways, mTORC1
integrates signals from intracellular nutrients and energy with upstream
PI3K/Akt growth factor receptor mediated signaling to regulate a battery
of anabolic and catabolic processes. Through its control of cellular meta-
bolism, mTORC1 promotes the production of amino acids, fatty acids, and

nucleic acids that cumulatively support growth and proliferation of tumor
cells. A key response to mTOR signaling is an elevation in the machinery-
controlling protein synthesis and cell cycle progression through phos-
phorylation of translational regulators 4E-binding protein and S6 kinase
[3]. mTOR signaling also promotes mitochondrial biogenesis, in part
through promotion of PGC-1α [70]. Typically, mTOR, through regulation
by AMP-kinase (AMPK) and Akt, is minimally activated, but in cancer,
PI3K/Akt overactivation, in conjunction with decreased regulation by
AMPK, leads to overactivation of mTOR. Through this pathway, Akt ac-
tivates glucose uptake and enhanced glycolysis and lactate formation. Akt
also increases the mitochondria-bound hexokinase (HK-II) activity and
links glucose metabolism to oxidative phosphorylation via stimulation of
hexokinase-VDAC interaction at the outer mitochondrial membrane.

AMPK is composed of α, β, and γ subunits that function as master
regulators of cellular energy homeostasis [71]. AMPK is typically acti-
vated by elevation in cellular AMP or other energy stressors that induce
a conformational change in the α-subunit, which in turn exposes
threonine-172 (Thr-172) on the γ-subunit for phosphorylation by

Fig. 9. Glycolytic metabolism and activation of signaling pathways.

Fig. 10. Akt signaling and glycolysis. (Obtained from and Reprinted by permission
from Macmillan Publishers Ltd: Ref. [100], copyright 2005). (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article)
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calcium/calmodulin-dependent protein kinase-kinase 2, or liver kinase
B1 [72]. Alternatively, AMPK threonine-172 may be phosphorylated
independent from the allosteric changes induced by AMP binding to the
γ-subunit [71]. As a sensor of cellular energy, AMPK has an array of
effectors that influence cell proliferation and motility. In particular,
AMPK activation acts to inhibit mTOR signaling and activate p53, the
effects of which restore ATP production through fatty acid oxidation
mediated by acetyl-CoA carboxylase, lipogenesis, gluconeogenesis, and
in turn cell growth. The antitumor effects of metformin have been
linked to activation of AMPK, perhaps through altering levels of AMP,
and in turn inhibition of mTOR signaling [73,74]. Cancer cells also use
glucose-dependent metabolism to synthesize lipid precursors that are
essential to support membrane biosynthesis. The acetyl-CoA produced
from pyruvate is used in the biosynthesis of membrane phospholipids.
ATP-citrate lyase (ACL), one of the key Akt-regulated enzymes, is in-
volved in lipid biosynthesis. It was also shown that ACL activation is
critical to Akt-mediated tumorigenesis [75]. Thus, Akt regulates several
metabolic pathways related to glucose metabolism that are implicated
in tumorigenesis [76,77].

The activation of the Akt signaling pathway is a frequently occur-
ring molecular alteration in malignant tumors. Therefore, targeting the
Akt signaling pathway is a rational approach in cancer therapy.
However, because of the widespread involvement of Akt signaling in
the normal physiological processes (glucose metabolism, insulin sig-
naling, etc.) and the potential toxic side effects of Akt inhibition, tumor
cells should be sensitized more selectively than control cells in order to
mitigate normal cell toxicity.

15. HIF-1α and glycolysis

Although it is a less efficient form of metabolism, most cancer cells
are hypoxic and metabolize pyruvate to lactate for ATP generation
[78]. Activation of hypoxia-inducible factor 1 (HIF-1α), a hetero-
dimeric DNA-binding complex composed of two basic helix-loop-helix
proteins of the PAS (Per-ARNT-Sim) family, is frequently observed in
tumors [79]. HIF-1α is continuously synthesized and degraded, and in
normoxic conditions has a relatively short (6 min) half-life. Under hy-
poxia, or a decreasing oxygen concentration, the rate of HIF-1α de-
gradation is decreased, with prolyl hydroxylation suppressed and HIF-
1α proteosomal degradation prevented. Thus, HIF-1α accumulates in
hypoxia and translocates to the nucleus, resulting in the activation of
target genes responsible for increased glucose uptake and lactate pro-
duction, and decreased mitochondrial respiration in tumor cells.

HIF-1α regulates multiple enzymes responsible for anaerobic glycolysis
in tumor cells such as the upregulation of glucose transporters (Glut-1 and
Glut-3) and other glycolytic enzymes. HIF-1α also induces pyruvate de-
hydrogenase kinase-1 (PDK-1) that phosphorylates the pyruvate dehy-
drogenase enzyme, leading to its deactivation. Deactivation of pyruvate

dehydrogenase prevents pyruvate entry into the TCA cycle. Consequently,
the mitochondrial respiration is downregulated.

HIF-1α plays a critical role in mediating physiological and cellular re-
sponse mechanisms that are necessary for adaptation to hypoxia [80]. Thus,
any pharmacological manipulation of the HIF-1α pathway as a therapeutic
intervention in cancer treatment should be viewed with caution.

16. PGC1α, oxidative phosphorylation, and targeted inhibitors

Peroxisome proliferator-activated receptor gamma coactivator 1
alpha (PGC1α) is a key regulator of multiple biosynthetic pathways
including mitochondrial metabolism and lipogenesis [81]. Recent re-
ports suggest that a subset of human melanomas overexpress PGC1α to
support growth and survival through the activation of mitochondrial
oxidative metabolism and metabolic compensatory processes through
enhanced glutamine utilization [82]. PGC1α induces the expression of
mitochondrial OXPHOS and TCA cycle-specific genes, and genes pro-
moting de novo lipogenesis and the pentose phosphate pathway in-
creasing NADPH production for fatty acid synthesis [83]. Although the
role of PGC1α in altering the signal transduction pathways for fatty acid
synthesis in tumor cells is not yet fully understood, PGC1α remains an
attractive therapeutic target for cancer treatment. PGC1α highlights the
need to better understand the molecular mechanisms of lipogenesis and
its regulation in cancer. Acetyl-CoA generated from glucose is in the
mitochondria, whereas the fatty acid synthesis occurs in the cytosol.
PGC1α induces the genes responsible for converting the citrate back to
oxaloacetate and acetyl-CoA for enhancing fatty acid synthesis in the
cytosol (Fig. 11). In some melanoma phenotypes, PGC1α is responsible
for increased OXPHOS [84]. These PGC1α-positive cells are more sen-
sitive to inhibitors (e.g., metformin) targeting OXPHOS, as opposed to
PGC1α-negative melanoma cells that rely on glycolysis for energy.

17. Glutaminolysis, c-Myc, and Rag-mTORC1 signaling

Glutamine, the most abundant amino acid in the blood, is metabo-
lized through glutaminolysis in a two-step process to form α-KG, which
is critical for producing oxaloacetate and citrate in the TCA cycle [85].
The enzyme glutaminase, which hydrolyzes glutamine to glutamate and
whose activity correlates with tumor growth, is regulated by the on-
cogene c-Myc. Indeed, Myc-expressing tumor cells undergo apoptosis in
the absence of glutamine [86]. Glutamate dehydrogenase binds to
leucine and stimulates the conversion of glutamate to α-KG via oxida-
tive deamination. Glutamine also activates the mTOR mediated by
leucine and formation of GTP (via the TCA cycle) that is required for
activation of mTORC1. Thus, glutaminolysis and mTORC1 play a cru-
cial role in cancer cell metabolism. It was hypothesized that targeted
inhibition of both mTORC1 and glutaminolysis may synergistically in-
hibit tumor cell growth [87].

Fig. 11. PGC1α and oxidative phosphorylation.
(Obtained from Ref. [83], Copyright © 2012,
American Association for Cancer Research).
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18. KRAS and tumor cell metabolism

Oncogenic KRAS facilitates reprogramming of tumor cell metabo-
lism [88]. Human Ras proteins are small GTPases that facilitate cycling
between an active GTP-bound and an inactive GDP-bound state [89]. In
nontransformed cells, active KRAS is rapidly inactivated by guanine-
exchange factor proteins into its GDP-bound form, whereas in cancer
cells (e.g., PDAC cells), KRAS is predominantly GTP-bound, thereby
functioning as a dominant-active protein. KRAS signaling plays roles in
cancer cell morphology, proliferation, migration potential, and sur-
vival. Metabolically, KRAS mutations decrease mitochondrial OXPHOS
while simultaneously increasing glycolysis. Although KRAS mutation
occurs in several cancers, it appears with increasing frequency in PDAC,
colorectal cancer, and non-small cell lung cancer. As shown (Fig. 12),
the direction of signaling in PDAC cells is opposite of that observed
normal cells. Oncogenic KRAS promotes glucose uptake through en-
hanced expression of GLUT1 that accelerates the glycolytic activity
[90]. The KRAS oncogene also channels glucose in the pentose phos-
phate pathway. Signaling by GTP-bound KRAS results in the perpetual
signaling of PI3K/Akt/mTOR, which function to exacerbate cancer cell
proliferation. Recent work discovered that KRAS signaling in PDAC
elevates fluid-phase nutrient uptake through micropinocytosis, pro-
viding an alternative source of amino acids needed to sustain the
growing tumor [91]. Fig. 12 schematically outlines alterations in sig-
naling by oncogenic KRAS.

19. Immunotherapy, mitochondrial bioenergetics, and
metabolism

Immunotherapy is an emerging treatment avenue that, in some
malignancies, has shown long-lasting remission [92]. Immune cells
within the tumor microenvironment are susceptible to the same de-
mand for nutrients, essential metabolites, and oxygen imposed on

cancer cells. Moreover, metabolic reprogramming by actively pro-
liferating tumor cells yield by-products such as lactate and kynurenine,
which functionally suppress the antitumor immune response [93]. Im-
mune cells share several metabolic features of cancer cells. For ex-
ample, while memory T cells have quiescent metabolism, the activated
T cells switch energy production from OXPHOS to glycolysis [94–96].
Elevated T cell metabolic activity is necessary at the tumor site to
promote tumor killing. Whereas chemotherapy directly kills cancer
cells, immunotherapy indirectly kills cancer cells by turning on the
immune system. Abnormal glycolytic metabolism normally observed in
cancer cells can decrease the cytotoxic T cell activity responsible for
destroying cancer cells. Targeting mitochondrial and glycolytic bioe-
nergetics and metabolism in immune cells may be a viable therapeutic
strategy in cancer treatment. Both OXPHOS and glycolysis are required
for adaptive immune cells (T and B cells), and glycolysis is the pre-
dominant form of metabolism in innate immune cells. The goal of im-
munotherapy is to generate a lasting antitumor effect by inducing an-
titumor effector T cells that destroy tumor cells. However, the
antitumor potency of effector T cells is not maintained for long, so
creating long-lasting antitumor memory T cells is an emerging area of
research in tumor immune biology. Drugs used in immunotherapy (i.e.,
checkpoint inhibitors that prevent cancer cells from turning off the
immune system) in combination with mitochondria-targeted anti-
proliferative cationic drugs could have a greater overall antitumor ef-
ficacy. Recently, it was shown that mitochondria-targeted antioxidants
prevented T cell exhaustion [97].

20. Concluding remarks and future perspectives

In this review, we discussed the role of MTTs in the selective in-
hibition of cancer cell proliferation via targeting cancer cell metabo-
lism. These compounds constitute a unique class of drug therapeutics
that inhibit mitochondrial respiration, mitochondrial bioenergetics, and
redox metabolism in tumor cells at relatively nontoxic concentrations
[98]. We also discussed how these compounds may affect oncogenes
and tumor suppressor genes that, in turn, regulate metabolic pathways
in cancer cells. Bioenergetic mapping of cancer cells may provide new
insight into the ways in which blockades of glycolytic, glutaminolytic,
and mitochondrial metabolic pathways can enable the selection and use
of metabolic inhibitors in combination with conventional standard-of-
care drugs in cancer therapy. Based on emerging research, it is clear
that all of the aspects discussed here are connected (Fig. 13). Thus, new
therapeutics addressing tumor metabolism and bioenergetics, onco-
genic signaling, the immune system, and tumor hypoxia [99] are likely
to impact future development of anticancer therapy in combination
with conventional chemotherapy, radiation therapy, and im-
munotherapy.

Fig. 12. KRAS in normal and tumor cell metabo-
lism. (Obtained from Ref. [90]; Reprinted from
Trends in Biochemical Sciences, 39, Kristen L.
Bryant, Joseph D. Mancias, Alec C. Kimmelman,
Channing J. Der, KRAS: feeding pancreatic cancer
proliferation, Pages No. 91–100, Copyright 2014,
with permission from Elsevier).

Fig. 13. The central role of metabolism and bioenergetics.
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