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Exploring the therapeutic potential of
mitochondrial uncouplers in cancer
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ABSTRACT

Background: Mitochondrial uncouplers are well-known for their ability to treat a myriad of metabolic diseases, including obesity and fatty liver
diseases. However, for many years now, mitochondrial uncouplers have also been evaluated in diverse models of cancer in vitro and in vivo.
Furthermore, some mitochondrial uncouplers are now in clinical trials for cancer, although none have yet been approved for the treatment of
cancer.

Scope of Review: In this review we summarise published studies in which mitochondrial uncouplers have been investigated as an anti-cancer
therapy in preclinical models. In many cases, mitochondrial uncouplers show strong anti-cancer effects both as single agents, and in combination
therapies, and some are more toxic to cancer cells than normal cells. Furthermore, the mitochondrial uncoupling mechanism of action in cancer
cells has been described in detail, with consistencies and inconsistencies between different structural classes of uncouplers. For example, many
mitochondrial uncouplers decrease ATP levels and disrupt key metabolic signalling pathways such as AMPK/mTOR but have different effects on
reactive oxygen species (ROS) production. Many of these effects oppose aberrant phenotypes common in cancer cells that ultimately result in cell
death. We also highlight several gaps in knowledge that need to be addressed before we have a clear direction and strategy for applying
mitochondrial uncouplers as anti-cancer agents.

Major conclusions: There is a large body of evidence supporting the therapeutic use of mitochondrial uncouplers to treat cancer. However, the
long-term safety of some uncouplers remains in question and it will be critical to identify which patients and cancer types would benefit most from

these agents.

© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Cancer poses severe health, economic, and societal burdens on the
world, being the second leading cause of death globally and a rec-
ognised public health priority [1]. In 2018, an estimated 18.1 million
people globally received a cancer diagnosis, with a further 9.6 million
people succumbing to the disease [2]. Lung (2,093,876 new cases)
and breast cancers (2,088,849 new cases) were the most commonly
diagnosed malignancies, and lung (1,761,007 deaths), stomach
(782,685 deaths), and liver cancers (781,631 deaths) were the
deadliest [2]. These staggering numbers demonstrate the importance
of identifying new ways to eradicate cancer cells and increase treat-
ment options that improve survival rates of cancer patients.

Cancer is delineated as a cellular disease whereby healthy cells un-
dergo genetic damage that enables their spread and growth in different
parts of the body. Cancer cells continually divide and evade pro-
grammed death and other mechanisms such as immunosurveillance
that ensure cellular stability and homeostasis within the body. Indeed,
each neoplasm is genetically different, rendering cancer a heteroge-
neous disease that is difficult to treat [4]. However, despite the nearly
unlimited possibilities of genetic changes, there is a much smaller set
of potential phenotypic changes that occur in cancer. In the 1920s,

Otto Warburg made the seminal discovery that tumour tissues have
increased rates of glycolysis compared to non-malignant tissues
despite sufficient oxygen availability, which is now called “aerobic
glycolysis” or the Warburg effect (as reviewed in [5]). Warburg initially
postulated that this may be caused by dysfunctional mitochondria in
tumour cells. However, we now know that most cancer cells have
functional mitochondria and readily use aerabic glycolysis and OXPHOS
to support the production of ATP, macromolecules, ROS-regulators (for
example, GSH and NADPH), and oncometabolites depending on the
microenvironment, nutrient and oxygen availability, and disease stage
[5,6]. The role that mitochondrial metabolism plays in cancer devel-
opment, including metastatic lung cancer [7], and opportunities to
target mitochondria for cancer therapy [6] has been highlighted.
However, the therapeutic potential of mitochondrial uncouplers as anti-
cancer agents has not yet been discussed and is therefore the focus of
this review.

2. OXIDATIVE PHOSPHORYLATION AND MITOCHONDRIAL
UNCOUPLING

The mitochondrial oxidative phosphorylation (OXPHOS) process is
governed by the chemiosmotic theory whereby nutrient oxidation is
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Abbreviations

A, mitochondrial membrane potential

AMPK 5’ adenosine monophosphate-activated protein kinase
ANT adenine nucleotide translocase

ATP adenosine triphosphate

CSCs cancer stem cells

CDK cyclin-dependent kinase
DNP 2,4-dinitrophenol

ECAR extracellular acidification rate

ETC electron transport chain
GSH reduced glutathione
HCC hepatocellular carcinoma

IMM inner mitochondrial membrane

mitoROS  mitochondrial reactive oxygen species

mPTP mitochondrial permeability transition pore
mTOR mammalian target of rapamycin

NADPH nicotinamide adenine dinucleotide phosphate

NTZ nitazoxanide

0OCR oxygen consumption rate
OXPHOS  oxidative phosphorylation
PMF proton motive force

ROS reactive oxygen species
TNBC triple negative breast cancer
ucpP uncoupling protein

uM micromolar

coupled to ATP production via a series of redox reactions in the
electron transport chain (ETC) complex that ultimately results in the
reduction of molecular oxygen to water at complex IV (outlined in
Figure 1). Electron transfer through complexes I, lll, and IV provides
energy to pump protons (H™) from the mitochondrial matrix into the
intermembrane space (IMS) to create a proton concentration gradient
(ApH) and membrane potential (A¢,) that collectively form the proton
motive force (PMF) (Ap). The electrochemical proton gradient of the
PMF drives H along the concentration gradient from the intermem-
brane space (low pH and high protons) through complex V (ATP syn-
thase) in the inner mitochondrial membrane (IMM) into the
mitochondrial matrix (high pH and low protons) [8]. ATP is produced as
protons re-enter the matrix via the ATP synthase enzyme complex
(Figure 1). However, protons can re-enter the mitochondrial matrix
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independent of ATP synthase via a process that is “uncoupled” from
ATP production [9,10] (Figure 1). Mitochondrial uncoupling is a normal
metabolic process, and approximately 35% of basal respiration in
perfused rat muscle is uncoupled [11]. It is estimated that up to 25% of
the whole-body basal metabolic rate in rats is due to mitochondrial
uncoupling [11]. Examination of the oxygen consumption rate (OCR) in
mitochondrial stress tests shows that uncoupling (“proton leak”) ac-
counts for ~13—25% of basal respiration in different cancer cell lines
in vitro [7,12—15]. However, few studies have directly assessed
uncoupled respiration between cancer cells and their non-cancerous
cells of origin. One example is a study that showed that ~50% of
basal respiration was uncoupled in mouse-derived Myc-dependent
osteosarcoma cells, whereas ~40% of basal respiration was
uncoupled in differentiated mouse osteocytes [16].
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Figure 1: Mitochondrial uncouplers increase mitochondrial respiration. Mitochondrial uncouplers mediate proton (H™) transport into the mitochondrial matrix via a pathway in-
dependent of ATP synthase [9,10]. Uncouplers bind to protons in the intermembrane space proceeding to cross the inner mitochondrial membrane (IMM). Mitochondrial pro-
tonophore uncouplers are typically lipophilic weak acids that can penetrate membranes [18]. Once an uncoupler has crossed the IMM, it is deprotonated and cycles out of the
mitochondrial matrix, where it becomes protonated again to continue the uncoupling cycle. This figure was created with BioRender.com and adapted from Demine et al. [17].
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Protons cannot freely penetrate the mitochondrial inner membrane, so
intermediate proteins and lipids are required including uncoupling
proteins (UCPs), fatty acids, and other protein-dependent processes, as
reported [17]. Apart from endogenous mitochondrial uncoupling
mechanisms, pharmacological mitochondrial uncoupling can be
mediated by natural products and small molecules that become
deprotonated when they enter the alkaline pH of the mitochondrial
matrix. The mitochondrial uncoupling process is illustrated in Figure 1.

2.1. Endogenous uncoupling

Endogenous mitochondrial uncoupling mechanisms are mediated in
part by proteins present in the IMM [19]. Uncoupling proteins, a
transmembrane group of 5 homologues (UCP1-5) in the IMM, ca-
talyse the transport of protons across the mitochondrial membrane
[20]. Each UCP is found in different regions in the body and has
various roles in thermogenesis [21], fatty acid metabolism,
macrophage activation [22], anti-oxidant effects, and calcium
regulation [23]. There are wide variations in the expression levels
and effects UCPs have on cancer phenotypes. UCPs are generally
upregulated in many cancers including leukaemia, breast, ovarian,
bladder, oesophageal, pancreatic, kidney, testicles, lung, prostate,
and skin cancers, and their expression is associated with tumori-
genicity, metastasis, and chemoresistance [3,5]. UCP2 is the most
broadly upregulated UCP in a range of cancer types. UCP2 is best
known for its role in decreasing reactive oxygen species (ROS) and
is overexpressed or more “active” (deglutathionylated) in drug-
resistant cancer cells [24]. Knocking down UCP2 in cancer cells
(or inhibiting glutathionylation of UCP2) restores sensitivity to
chemotherapy agents [24], reverses the Warburg effect [25], and
increases ROS, ROS-dependent nuclear translocation of GAPDH, and
autophagy [26]. In contrast, overexpression of UCP2 increased
tumour growth and blocked the anti-tumour effects of camptothecin
(a topoisomerase inhibitor) in colon cancer xenografts [27]. In hu-
man lung cancers, a high expression of UCP3 was observed in large
cell carcinomas that was associated with a poor prognosis in
squamous cell carcinomas [28]. However, overexpression of UCP3
in the basal epidermis of mice inhibited Akt activation and prevented
carcinogen-induced skin tumour formation in v-Ha-Ras transgenic
mice [29]. Interestingly, histological staining of prostate tissues
showed stronger UCP1 expression in androgen receptor (AR)-posi-
tive and AR-negative tumours and metastases compared with
normal/benign prostate tissue [30] despite UCP1 being considered a
marker of brown and beige adipocytes. These studies demonstrated
that UCPs are deregulated in different types of cancer and may have
pro- or anti-tumorigenic roles that are likely linked to their ability to
regulate oxidative stress.

The anion carrier complex adenosine nucleoside translocase (ANT) has
4 isoforms and is responsible for ADP/ATP exchange across the IMM
and regulation of the mitochondrial permeability transition pore and
mitochondrial apoptosis pathways through an undetermined method
[31]. Both UCP and ANT complexes require free fatty acids for proton
leak. The “fatty acid cycling” hypothesis suggests both complexes act
as a carrier translocating the anionic form of fatty acid (FA) into the
IMM. The fatty acid carboxylate group becomes deprotonated to form a
carboxylic acid group in the matrix [32]. Endogenous uncoupling is
activated by ROS [33], alkylsulfonate [34], adrenaline and noradren-
aline [35], leptin [36], thyroid hormone [37], and peroxisome
proliferator-activated receptor o (PPAR-¢) agonist [38] and inhibited by
purine nucleotides such as guanosine diphosphate (UDP), guanosine
triphosphate (GTP), and ATP [39]. UCPs and ANTs can also be induced
by oxidised lipid products (for example, 4-hydroxy-2-nonenal (HNE))
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[40] and upregulated by high-fat diets [41], ketogenic diets [42,43], or
fasting [44,45] as a potential mechanism to combat oxidative stress.

2.2. Exogenous uncoupling

Exogenous uncoupling mechanisms are modulated by chemically
synthesised or naturally derived small molecules and divided into two
broad categories: protonophores or non-protonophores. Protonophores
have a molecular structure consisting of a bulky lipophilic moiety to
binds to mitochondria and resides within the bilipid layer of the IMM, a
weak acidic group with a pKa value between 3 and 8 to translocate
protons [46], and a strong electron-withdrawing group for expulsion of
the proton using negative charge delocalisation [47]. Protonophores
exert uncoupling via H™ translocation across the IMM [47]; some
common protonophores are 2,4-dinitrophenol (DNP), carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP), carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), and BAM15. Non-protonophore un-
couplers exhibit uncoupling properties through other mechanisms
such as formononetin as a PPARy agonist [48] and UCP1 activator
[49], aspartate-glutamate carrier (AGC)-mediated uncoupling of
arylamino-NBD analogues [50], and ATPase modification by 2,6-
diisopropylphenol [51].

The first pharmacological application of exogenous uncouplers in
humans was 2,4-dinitrophenol (DNP) in the 1930s [52]. While DNP
treatment proved beneficial as a weight loss treatment, it had a
narrow therapeutic index between efficacy and toxicity, non-specific
membrane uncoupling, and off-target side effects that resulted in it
being banned by the FDA in 1938 [52]. Since then, there has been a
large number of DNP derivatives [53—57] and structurally unrelated
uncouplers [58—61] developed with the goal of attaining a better
therapeutic window than DNP. Prodrugs of DNP include DNPME [55]
and MP201 [56], and controlled-release formulations of DNP include
CRMP [62]. Structurally unrelated molecules include BAM15 [58],
0PC-163493 [60] CZ5 [63], niclosamide ethanolamine [64], nem-
orosone [65], and others are listed in Table 1. Many of these un-
couplers have been evaluated for treating metabolic diseases
(obesity/diabetes), hepatic steatosis, ischemia-reperfusion injury,
and neurodegenerative diseases such as Alzheimer’s and Hun-
tington’s disease [63]. A broad range of mitochondrial uncouplers
has been evaluated for their efficacy in diverse cancer models
in vitro and in vivo (Table 1).

3. MITOCHONDRIAL UNCOUPLERS IN CANCER

3.1. 2,4-DNP

2,4-DNP (DNP) is one of the earliest known protonophoric mitochon-
drial uncouplers. It was first introduced in the US in 1933 as a weight-
reducing agent. However, it was removed from the market by the FDA
in 1938 due to significant adverse effects, such as severe hyper-
thermia, hyperlactacidaemia, hepatotoxicity, possible acute cataract,
and agranulocytosis resulting in several fatalities [66,67]. These fa-
talities were exacerbated by negligent self-medication, rapid oral/
dermal absorption, a narrow therapeutic window, steep dose re-
sponses, and variable interpatient sensitivity. Current therapeutic uses
of DNP are being reconsidered for cancer therapy and neurodegen-
erative and metabolic diseases either in conjunction with other agents
that can modify its toxicity profile [67], after physicochemical modifi-
cation for mitochondrial targeting [54,68], or as a prodrug [56,69].
Studies have shown that DNP induces apoptosis in diverse human
cancer cell lines in a dose-dependent manner, although the inhibitory
concentration which that 50% of cells died (ICsg) was shown to be as
high as 200 pM in lung cancer cells (Table 1). DNP’s mechanism of
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Table 1 — The anti-cancer efficacy of mitochondrial uncouplers in cancer models.

Uncoupler name, logP, and structure

Cancer cell types/cell lines

Mechanisms associated with cytostatic/
cytotoxic effects in cancer cells

IC5 concentrations (assay type)

Other comments

Classical uncouplers

2,4-DNP
LogP = 1.7
OH o
N024~ ~ N02“’
— |
NO, NO

2,4-Dinitrophenol

FCCP
LogP = 3.7

NC,

Nc>7':\r~1—<_\>—o’(}3

Carbonyl cyanide p-(trifluoromethoxy)
phenylhydrazone

cl NN %
‘ Z
Carbonyl cyanide m-chlorophenyl hydrazone

Repurposed drugs
Niclosamide
LogP = 4

5-Chloro-N-(2-chloro-4-nitrophenyl)-2-
hydroxybenzamide

In vitro:

Human T-cell leukaemia (Jurkat), human lymphoblastic
leukaemia (CEM), and human cervical cancer (HeLa) cells
[71], CEM and CEM-Crma cells [70], human pulmonary
adenocarcinoma (Calu-6) [72], and mouse juxtaglomerular
carcinoma cells (As4.1) [73]

In vitro:
Human pulmonary adenocarcinoma (Calu-6 cells) [76,77]
and mouse juxtaglomerular carcinoma cells (As4.1 cells)
[74,75]

In vitro:

Burkitt’s lymphoma (ST486) [166], Human promyelocytic
leukaemia (HL-60) [167], human adenocarcinoma (HeLa
cells) [168], human neuroblastoma (SH-SY5Y) [80], human
osteosarcoma (143B TK™) [78], human breast
adenocarcinoma (MCF-7) [79], lymphoblastic leukaemia
cells (CEM and CEM-Crma cells) [70], human B-
lymphoblastoid (SKW6) [71], and murine pro-B lymphoid
(FL5.12) cells [169]

In vitro:

Human glioblastoma (pGBM, LN229, T98G, U87(MG),U138,
and U373(MG)) [85], adrenocortical carcinoma [91]
(BD140A, SW-13, and NCI-H295R) [90], human colon
carcinoma (HCT116) [92], human colon cancer (LoVo,
SW620, HCT116, HT29, LS174T, SW480, and DLD-1)
[86,170,171], human breast cancer (MDA-MB-468, MCF-
7) [87,88,172], human ovarian cancer (A2780ip2,
A2780cp20, and SKOV3Trip2) [89], human head and neck
squamous cell carcinoma (WSU-HN6 and CNE-22) [173],
human oesophageal cancer (ES026, FLO-1, KYAE-1,
OE33, SK-GT-4, and OE19) [94], human liver carcinoma
(HepG2, QGY7701, QGY-7703, and SMMC-7721)
[64,174,175] cells

In vivo:

Activation of Fas surface receptor (CD95/AP0-1)
in CEM, CEM-Crma, HeLa, Jurkat, and CEM cells
Downregulation of cyclin D1 and cyclin E,
induction of p27 or p53 levels, elevation of the
Bax to Bcl-2 ratio, loss of Ay, activation of
caspase-3 or -9, increment in intracellular ROS
production, and reduction in GSH levels in Jurkat
and As4.1 cells

Dissipation of A, activation of caspase-3,
induction of PARP-1 cleavage, increment in ROS
production, and reduction in GSH levels in As4.1
cells

Upregulation of CDKI and p27, activation of
caspase-3, -8, and -9, downregulation of CDK2,
CDK4, CDK®, cyclin D1, cyclin E, and
phosphorylated forms of Rb, reduction in GSH
levels, increase in ROS levels, decreased GSH
levels, and dissipation of A,

Reduction in A, and ATP levels, induction of
PGAMS5 expression, induction of PINK1/Parkin-
mediated mitophagy, and inhibition of DRP1
translocation to mitochondria in SH-SY5Y cells
Generation of ROS and Bax translocation to
mitochondria in a dose-dependent manner;
mitochondrial permeability transition (MPT) and
mitochondrial membrane depolarisation without
cytochrome c release in CCCP-treated
osteosarcoma cells (as determined by confocal
microscopy)

Caspase-3 activation is responsible (but not
solely) for CCCP-induced apoptosis (fluorometric
assay)

Inhibition of intracellular Wnt/(3-catenin, NOTCH-,
mTOR-, and NF-kB signalling cascades in
glioblastoma cells

Activation of caspase-dependent apoptosis and
G1 cell-cycle arrest and decreases in cellular
migration by silencing the Wnt/B-catenin pathway
in adrenocortical carcinoma cells

Inhibition of Wnt/B-catenin, mTOR, and STAT3
signalling in ovarian cancer

Induction of apoptosis via upregulation of ATF3
and activation of PERK in HCC cells
Downregulation of anti-apoptotic protein Mcl-1
and survivin by inhibiting phosphorylation of
STAT3 at Y705 in HCC cells

Inhibition of S100A4-induced migration, invasion,

1C5p (M) = 200 in Calu-6 cells with
72 h of treatment (MTT assay)

IC5p (1tM) = 6.6 in Calu-6 cells with
72 h of treatment, 10 in As4.1 cells
with 48 h of treatment (MTT assay)

1C5p (UM) = 31.91 in HepG2 cells,
10.24 in QGY-7703 cells, and 13.46
in SMMC-7721 cells after 48h
treatment (MTT assay).

ICs0 (LM) = 120 in BD140A cells,
150 in SW-13 cells, and 530 in NCI-
H295R cells (qQHTS screening).

Off-target depolarisation of plasma
membrane

Sensitivity toward normal, healthy
peripheral blood lymphocytes

CCCP alone did not induce apoptosis in
143B TK~, SKW6, MCF-7, Jurkat, and
CEM cells but induced apoptosis in
FL5.12 and Jurkat cells following longer
treatment

Poor water solubility 0.23 pg/mL and
oral bioavailability (~10%) [177]
Synergistic anti-cancer activity with
temozolomide for glioblastoma, cisplatin
for hepatocellular carcinoma, erlotinib in
colon cancer, and reversal of paclitaxel
resistance in oesophageal cancer cells
mainly through inhibiting Wnt/B-catenin
Treatment for 26 days reduced liver
metastasis [mean metastasis score:
34.9% (control 100%); median survival:
46.5 days (control 24 days)] in mice
bearing HCT116 tumour xenografts

(in vivo luminescence imaging)
Reversal of adipocyte-induced epithelial
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Nitazoxanide (NTZ)
LogP = 1.58

S Ao
N

o8
2-(Acetyloxy)-N-(5-nitro-2-thiazolyl)
benzamide

s

Oxyclozanide
LogP = 4.4

Cl

2,3,5-Trichloro-N-(3,5-dichloro-2-

hydroxyphenyl)-6-hydroxybenzamide
Chemical library
BAM15
LogP = 3.7
Q—NH HN@

F NHN F

I

N__N

N,

o
(2-Fluorophenyl) 6-[(2-fluorophenyl)

amino](1,2,5-oxadiazolo[3,4-€]pyrazin-5-

yl) amine
SR4
LogP = 5.53

m\Q,NjHCrC.

1
1, 3-Bis(3,5-dichlorophenyl) urea

Human glioblastoma (pGBMs) xenografts [85],
oesophageal cancer xenografts (ES026 and ES026-PAC)
[176], adrenocortical carcinoma xenografts (NCI-H295R)
[90,91], non-small lung cancer xenografts (CL1-5) [93],
breast cancer C57BL/6 model (E00771) [95], B16FO
mouse melanoma syngeneic model [96], MC38 allografts
in NSG mice [92], and WSU-HN6 xenografts [173]

In vitro:

3D cultures of human epithelial colon carcinoma cells
(HCT116 and HT-29) [106]

Human breast adenocarcinoma cells (SKBR3),
osteosarcoma-derived cells 1325 [107], colorectal cancer
(Caco2, LS174T, SW403, SW480, DLD-1, and HT-29)
[178], human glioblastoma cells (LN229, A172, U87), and
human umbilical vein endothelial cells (HUVEC) [108]

In vivo:

Human colon cancer HCT116 xenografts [106], SKBR3
adenocarcinoma xenografts [107], and glioma LN229
xenografts [108]

In vitro:

Mouse colon adenocarcinoma (MC38) and human
colorectal carcinoma (HCT116) cells [92]

In vivo:

Human colon adenocarcinoma (MC38) xenografts [92]

In vitro:

Human breast cancer (MCF-7) [113], and human
melanoma (A375, SK-Mel28, MeWo) [114] and normal
murine liver (NmulLi), rat myoblasts (L6), mouse myoblasts
(C2C12), and primary rat left ventricular cardiomyocytes
(NRVC) cells [58]

In vitro:

Human amyloid leukaemia (HL-60) [118], human lung
cancer (H1417, H1618, H520, and H358) [123], human
hepatocellular carcinoma (HepG2), human lung cancer
(H358), human melanoma cell (A2058) [122], human
breast cancer (MCF-7 and MDA-MB-23) [118], and human/
mouse melanoma cells (B16-F0, A2058, Hs600T A101D,
A375, A2058, MeWo, SK-MEL-2, SK-MEL-5, and SK-MEL-
28) [119,120]

In vivo:

B16-FO mouse melanoma syngeneic model, human
melanoma A2058 xenografts [120], human lung cancer
H358 xenografts [123], and vemurafenib-sensitive and
-resistant human A375 melanoma xenograft mouse
models [119]

tumorigenesis, and proliferation in colon cancer
Inhibition of mTORC1 via acidification of
cytoplasm due to an influx of protons through the
plasma membrane and dissipation of proton
gradients in lysosomes in breast cancer cells

Activation of AMPK pathway and inhibition of c-
Myc, mTOR, and Wnt signalling in HCT116
spheroids resulting in energetic stress
Inhibition of ¢c-Myc (ICsq of protein

inhibition = 100 nM) in SKBR3 cells

Induction of AMPK activation and downregulation
of mTOR activity, decreased phosphorylation of
p70S6K, and upregulation of AMPK

Induced OCR and mitochondrial fragmentation
and decreased A, but did not alter ERK
phosphorylation in melanoma cell lines

Activation of AMPK and inhibition of mTORC1
signalling pathway in HepG2 cells

Induction of GO/G1 cell cycle arrest through
reduction in cyclin D1, cyclin E2, and cyclin-
dependent kinases (CDK 2 and CDK 4) and
upregulation of CDK inhibitors p21WAF/CPT ang
p27%®" in HL-60 cells

DNA fragmentation, activation of caspase 3, 7,
and 9, release of cytochrome c to cytosol, PARP
cleavage, and reduction in Ay, in HL-60 cells

IC5p (1tM) = 3 in HCT116 spheroids
with hypoxic core vs 10—20 in
HCT116 cells cultured in 2D
(fluorometric microculture
cytotoxicity assay and GFP
fluorescence imaging)

ICsp (M) = 1 in SKBR3 cells after
24 h of treatment (MTS assay)

*ICs0 (M) => 50 in NmuLi cells,
26.6 in L6 cells, 17.8 in C2C12
cells, and 29.1 in NRVC cells after
48 h of treatment (crystal violet or
MTT assays)

*1Csq values were not calculated for
any cancer cell lines

ICs0 (1tM) = 3.5 in HepG2 cells after
48 h of treatment (MTT assay)

IC5p (M) = > 20 in non-cancerous
primary mouse hepatocytes after
48 h of treatment (MTT assay)

mesenchymal transition (EMT) through
inhibition of IL-6/STAT3 activation and
downregulation of EMT-TFs TWIST and
SNAIL in breast cancer

NTZ more cytotoxic toward HCT116 cells
grown in 3D vs 2D

NTZ-induced cytotoxicity was reversible
and required continuous high plasma
concentrations in vivo

Combination with Irinotecan
(topoisomerase | inhibitor) had a greater
effect on tumour growth than NTZ or
irinotecan alone

NTZ did not induce weight loss,
diarrhoea, or skin rash in xenografted
mice, whereas irinotecan caused weight
loss

Less potent than niclosamide; minimal
efficacious concentration: 20—40 puM
but is more stable in animals

Reduced hepatic formation and
metastases in vivo in NSG mice with
colon adenocarcinoma (MC38) allografts

No off-target depolarisation of plasma
membrane and no change in colony
formation of melanoma cells at a 10 pM
dose

Apoptosis enhanced and colony
formation inhibited in melanoma cells
treated with BAM15 combined with
PLX4032 (BRAF6%E inhibitor) or
GSK1120212 (MEK inhibitor) and
ABT737 (Bcl-2 and Bcl-xL inhibitor)

In vitro cytotoxicity assay results suggest
that SR4 may be more toxic to liver
cancer cells (lower ICsq values) than
normal hepatocytes

(continued on next page)
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Table 1 — (continued)

FR58P1a
OH ©
o
LogP = 5.8 7 < (9,10-
J L
0)\/\/\/3'

Dihydroxy-4,8,8-trimethyl-5-oxo0-1,4,5,8-

tetrahydroanthracene-1-yl)methyl 6-
bromohexanoate

FH535

LogP = 5.83

cl o H
AN

(b )

v e

Cl
2,5-Dichloro-N-(2-methyl-4-nitrophenyl)
benzenesulfonamide

F16 and 5BMF

LogP = 3.6
Ry I A
S
| N
R, H
F16: R;=H, R;=H

SBMF: R;=Br, R;=-CHj

F16: 3-[2-(1-Methylpyridin-1-ium-4-yl)
ethenyl]-1H-indole

5BMF: 5-Bromo-7-methyl-3-[(E)-2-(1-
methylpyridin-1-ium-4-yl)ethenyl]-1H-
indole

Polycyclic polyprenylated acylphloroglucinol

Nemorosone
LogP = 8.3

(1R,5R,7S)-1-Benzoyl-4-hydroxy-8,8-
dimethyl-3,5,7-tris(3-methyl-2-buten-1-
yl)bicyclo[3.3.1]non-3-ene-2,9-dione

Guttiferone A

LogP = 10.4

In vitro:
Human (triple negative) breast cancer cells (MDA-MB-231)
[124]

In vitro:

Human pancreatic cancer (PANC-1 and BxPC-3) [126],
human breast cancer (VDA-MB-231, HCC38) [128],
human hepatocellular carcinoma cells (LCSC, Huh7,
Hep3B, and PLC) [133], human colorectal cancer (HT29
and SW480) [130], and human osteosarcoma cells (143b,
143b-DxR, U20S, Sa0S-2, HOS, and K7M2) [131].

In vivo:

Pancreatic PANC-1 xenografts [126], hepatocarcinoma
HuH7 xenografts [134], and colon cancer HT29 xenografts
[130]

In vitro:

Human gastric carcinoma (SGC-7901), human breast
adenocarcinoma (MCF-7) [137], human bladder cancer
(T24), human non-small cell lung cancer cells (H838,
HCC4006, HCC827, H1693, H2030, H2228, A549, H1437,
and H1944) [136], human breast cancer (MD-MBA-231),
human glioblastoma (U87MG), and mouse embryonic
fibroblast cells (NIH/3T3) [140]

In vivo:

Glioblastoma U87MG cell xenografts [140] and non-small
cell lung cancer (HCC827) xenografts [136]

In vitro:

Human hepatocellular carcinoma (HepG2) [65], human
pancreatic cancer (MIA-PaCa-2, AsPC-1, and Capan-1)
[141], human neuroblastoma (LAN-1 and NB69) [142],
human breast adenocarcinoma (MCF-7) [144], human
prostate cancer (PC-3), and human metastatic colorectal
carcinoma cells (LoVo WT) [146]

In vitro:
Human hepatocellular carcinoma (HepG2) [147] and breast
adenocarcinoma cells (MCF-7) [148]

Upregulation of AMPK via sirtuin 1 (Sirt1)
activation, upregulation of glucose transporter 4
(GLUT4) and mitochondrial ADP/ATP transport
genes (ANT3), downregulation of oxidative
phosphorylation-related genes (COX-IV isoform 1,
Cyt ¢, and ATP5FA1), and reduced expression of
respiratory complexes (I, IV, and V) in MDA-MB-
231 cells

Inhibition of Wnt/B-catenin signalling pathway,
inhibition of PPARS and PPARY receptors, and
activation of AMPK (independent of the Wnt
pathway)

Inhibition of erb-2/neu protooncogene, selective
accumulation in mitochondria leading to its
swelling, increased ROS production, and outer
membrane rupturing; elevation in mitochondrial
inner membrane permeabilization to H+-/K+,
alteration in mitochondrial membrane fluidity,
OCR increase, reduction in ATP levels, and A,
release of cytochrome ¢ causing mitochondrial
permeability transition mPTP-mediated
cytotoxicity

Dissipation of Ay, depletion of ATP, release of
mitochondrial Ca?*, and reduction in Ca?* uptake
leading to Ca®*-induced mPTP opening in HepG2,
MIA-PaCa-2, AsPC-1, and Capan-1 cells

Dissipation of Ay, depletion of ATP and increase
in intracellular ATP levels in HepG2 cells
Induction of Ca2+ release, prevention of Ca2+

ICs0 (WM) = 13.8 in LCSC cells,
10.9 in HuH7 cells, 9.25 in Hep3B
cells, and 6.6 in PLC cells after 72 h
of treatment (*H-thymidine
incorporation assay)

F16 ICs0 (M) = 18.88 in T24 cells
and 46.6 in H838 cells after 4 days
of treatment

5BMF ICsq (M) = 0.82 in T24 cells,
0.36 in H838 cells, 0.11 in
HCC4006 cells, 1.99 in HCC827
cells, 1.18 in H1693 cells, 0.05 in
H2228 cells, 0.73 in A549 cells,
1.43 in H1437 cells, 0.26 in H1944
cells, and 11 in NIH-3T3 cells after
96 h of treatment (direct cell
counting)

5BMF IC5o = 4.15 uM in MD-MBA-
231 cells, 0.36 uM in U87MG cells,
and 10.23 pM in NIH/3T3 cells after
72 h of treatment (direct cell
counting).

ICs0 (M) = 16 (24 h) and 4.5 (72 h)
in MIA-PaCa-2 cells, 16 (24 h) and 5
(72 h) in AsPC-1 cells, 25 (24 h) and
5 (72 h) in Capan-1 cells, 80 (24 h)
and 43 (72 h) in human dermal
fibroblasts (HDF), and 73 (24 h) and
35 (72 h) in human foreskin
fibroblast (HFF) cells (resazurin cell
viability assay)

ICs0 (M) = 15 in MCF-7 cells after
48 h of incubation (MTT assay)

No off-target depolarisation of the
plasma membrane

FR58P1a is mild uncoupler that
promotes survival and proliferation in
MDA-MB-231 cells but inhibits their
fibronectin-dependent migratory ability

In vivo, FH535 (15—25 mg/kg) inhibits
the growth of pancreatic (PANC-1), colon
(HT29), and hepatocellular (HuH7)
cancer cell xenograft tumours

FH535 also suppresses metastasis of
pancreatic cancer cells by inhibiting
migration, invasion, and adhesion of
detached cells and inhibits angiogenesis

F16 preferentially accumulates in cancer
cell mitochondrial matrix with >100-fold
selectivity over normal cell mitochondria
In vitro cytotoxicity assay results suggest
that 5BMF may be more toxic to cancer
cells (lower ICsq values) than normal
mouse embryonic fibroblasts

In vivo, 5BMF (and 5BMF complexed
with serum albumin) inhibits the growth
of U87MG subcutaneous xenograft
tumours without effecting mouse body
weights

In vitro results suggest that nemorosone
is more cytotoxic to cancer cells than
normal cells
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(1R,5R,7R,8S)-3-(3,4-Dihydroxybenzoyl)-4-
hydroxy-8-methyl-1,5,7-tris(3-methyl-2-
buten-1-yl)-8-(4-methyl-3-penten-1-yl)
bicyclo[3.3.1]non-3-en-2,9-dione

TPP-linked polyhydroxybenzoates

N

o 0— ‘
TPP'Cygt R »di Z
HO™ Y "OH o
OH R\/V"‘@
00— s
SAIPP G R=_L_OH (L\

s N

ozo—
GATPP'C, R“ﬁ/QH

HO’

TPP * Cyq: Triphenyl(10-((3,4,5-
trihydroxybenzoyl)oxy) decyl)phosphonium
bromide

SA-TPP * C1q: (10-((2-Hydroxybenzoyl)oxy)
decyl)triphenylphosphonium bromide

GA-TPP * Cy: (10-((2,5-Dihydroxybenzoyl)
oxy) decyljtriphenylphosphonium bromide

CTU
° J//rJ[CI
no\‘/MI‘AuAu S~er,

o
16-(([4-Chloro-3-(trifluoromethyl) phenyl]
carbamoyl)amino)hexadecanoic acid
VE-3N
0N~
O
LogP = 3.1 cec._|_croFthyl 6-chioro-5-
-l
A

]
I

formyl-2-methyl-4-(3-nitrophenyl)-1,4-
dihydrpyridine-3-carboxylate

In vitro:

TPP * Cyo: Mouse mammary adenocarcinoma (TA3/Ha
cells), lab-generated multi-resistant variant of TA3/Ha cells
(TA3-MTX-R), and human acute lymphoblastic leukaemia
cells (CCRF-CEM) [153]

TPP C10, GA-TPP * C10, and SA-TPP © C1[)I human
breast cancer cells (MCF7, AU565, BT549, MDA-MB-361,
and MDA-MB-231 cells) [156], and human colon cancer
cells (HCT-15 and COLO 205) [157]

GA-TPP * C4o: human breast cancer cells (MCF7, ZR-75-1,
BT-474, BT-549, MDA-MB-231, AU565, and MDA-MB-
361) [154]

In vivo:

TPP * Cyo: TA3/Ha mouse mammary adenocarcinoma
syngeneic CAF1-Jax mouse model [153]

TPP * Cyq: TA3/Ha syngeneic AJ mouse model [155]

In vitro:

Human breast cancer cells (MDA-MB-231, T47D, MDA-
MB-468, and MCF-7) [161]

In vivo:

Human breast cancer MDA-MB-231 xenografts [161]

In vitro:
Human hepatocellular carcinoma cells (HepG2) [165]

uptake, induction of membrane permeabilization,
induction of ROS levels, and depletion of NADPH
in HepG2 mitochondria

Dissipation of A4y, induction of OCR, reduction in
ATP levels, promotion of NAD(P)H oxidation,
reduction in the NAD(P)H/NAD(P)-+ ratio, and
mitochondrial swelling indicating mPTP opening
in TA3/Ha cells and their isolated mitochondria

Dimeric self-assembly of CTU induced
depolarisation of mitochondrial membrane,
decreased mitochondrial cardiolipin and its
precursor phosphatidylglycerol, increased
caspase-3/7 activity, and depleted ATP levels

Dissipation of Ay, and ATP production,
suppression of respiration rate, reduction in ATP
levels and Ca®" uptake, induction of Ca®*
release, and increase in mitochondrial membrane
fluidity and mitochondrial swelling in HepG2 cells

TPP ™ Cyq ICs0 (uM) = 0.4 in TA3/
Ha cells, 0.38 in TA3-MTX-R cells,
1.65 in CEM cells, and 7.1 in non-
tumoral mammary gland cells
(MM3MG) after 48 h of treatment
(neutral red assay)

TPP * C1¢ ICs50 (uM) = 6.17 in MCF-
7, 5.01 in AU565, 5.04 in BT549,
and 11.99 in MDA-MB-231 cells
after 48 h of treatment (MTT assay)
SA-TPP + Cyq ICsp (UM) = 2.33 in
MCF-7 cells, 2.88 in AU565 cells,
1.67 in BT549 cells, and 8.34 in
MDA-MB-231 cells after 48 h of
treatment (MTT assay)

GA-TPP —+ Cqq ICs0 (UM) = = 5.69
in MDA-MB-361 cells, 2.35 in MCF7
cells, 3.44 in AU565 cells, 1.2 in
BT549 cells, and 8 in MDA-MB-231
cells after 48 h of treatment (MTT
assay)

No ICsq values, although the viability
of HepG2 cells at 10 uM was 43%
(flow cytometry)

In vitro results suggest that TPP * Cyq is
more cytotoxic to cancer cells than
normal cells

GA-TPP + C4q is more cytotoxic than
SA-TPP + Cqo and SA-TPP + Cyq is
more cytotoxic than TPP * Cyq in cancer
cells

This is the chemically distinct and only
protonophoric uncoupler that acts by
forming lipophilic dimeric head-to-tail
complex

40 and 50 pM VE-3N prevented Ca"
uptake and enhanced Ca>" release from
mitochondria while lower concentrations
did not affect calcium homeostasis
(spectrophotometry)

Abbreviations (not covered at the start of the review): inhibitory concentration (concentration that inhibits cell viability by 50%): ICso, RNA-dependent protein kinase-like kinase: PERK, activating transcription factor 3: ATF3, adenine nucleotide
translocase 3: ANT3, NOD-scid gamma: NSG, calcium ion: ca’t.
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cytotoxicity has been linked to activation of CD95/AP0-1/Fas receptors
[70,71], G1 cell cycle arrest, downregulation of cell cycle proteins,
increased p27 expression, elevated Bax:Bcl-2 ratios, activation of
caspase-3 and -9, dissipated mitochondrial membrane potential
(Am), decreased GSH levels, and increased intracellular ROS pro-
duction [72,73]. However, DNP also induced cytotoxicity in peripheral
blood lymphocytes (PBL), suggesting that it may not have selective
toxicity toward cancer cells [72] (Table 1).

3.2. FCCP

FCCP, a fluorinated hydrazonomalononitrile, is a classical ionophoric
mitochondrial uncoupler used as a model compound for studying
uncoupling effects in vitro. FCCP reduced cell growth in mouse jux-
taglomerular carcinoma cells (As4.1) and human lung cancer cells
(Calu-6) in a dose- and time-dependent manner, with ICsg values less
than 10 uM in both cell lines (Table 1). In As4.1 cells, FCCP-induced
cell death (apoptosis) was associated with dissipated A¢p, activa-
tion of caspase-3, PARP-1 cleavage, and increased ROS coupled with
decreased GSH levels [74,75]. In Calu-6 cells, FCCP inhibited cell
growth via upregulation of CDKI and p27, activation of caspase-3, -8,
and -9, and downregulation of CDK2, CDK4, CDK®, cyclin D1, cyclin E,
and phosphorylated forms of Rb, increasing ROS/decreasing GSH
levels and altering A, [76,77] (Table 1).

3.3. CCCP

CCCP, a chlorinated hydrazonomalononitrile, is another classical
protonophore. Similar to FCCP, CCCP is lipophilic weak acid that is
widely used to investigate mitochondrial functions in cells. The
cytotoxicity of CCCP has been reported in many cancer cells (Table 1).
Lim et al. reported that CCCP induced reversible mPTP opening and
mitochondrial swelling in human osteosarcoma cells (143B TK-)
without cytochrome c release or significant cell death [78]. Chaudhari
et al. reported that CCCP enhanced TRAIL-induced apoptosis in hu-
man breast adenocarcinoma cells (MCF-7) in dose-dependent
manner via ROS generation and dissipation of Ay, [79]. Similar to
DNP, it induced Fas-triggered cell death in Jurkat, CEM, and CEM-
Crma cells in a dose-dependent manner [70]. In human neuroblas-
toma cells (SH-SY5Y), CCCP induced cell death by reducing AWm
and ATP levels, increasing PGAM5 expression, inducing PINK1/
Parkin-mediated mitophagy, and inhibiting DRP1 translocation to
mitochondria [80].

3.4. Niclosamide

Niclosamide is a mitochondrial uncoupler that has been approved by
the FDA to treat tapeworms for over 50 years [81]. Studies have shown
that niclosamide has anti-neoplastic activity against leukaemia, renal,
ovarian, colon, melanoma, non-small cell lung, prostate, and breast
cancers [82]. Niclosamide has been demonstrated to alter Wnt/f3-
catenin [83—85], Notch [86], mTOR [87,88], NF-kB [85], and STAT3
signalling pathways [89]. Niclosamide has also been shown to
decrease cell proliferation in a dose-dependent manner and induce G1
cell cycle arrest and apoptosis [90]. In vivo studies showed no toxicity
at doses as high as 200 mg/kg/day [90], with reductions in the growth
of tumours from adrenocortical carcinoma [90,91], colon adenocar-
cinoma [92], non-small lung cancer [93], oesophageal cancer [94],
breast cancer [95], and melanoma [96] (Table 1). Some potential
drawbacks that may limit the use of this uncoupler include both poor
water solubility [97] and oral bioavailability [98]. Indeed, the maximum
plasma concentration in humans following oral dosing with 500 mg 3
times per day (maximum tolerated dose) was 182 ng/mL, lower than

the effective dose in preclinical studies for castration-resistant prostate
cancer [99]. Nevertheless, niclosamide is currently in other phase I/l
clinical trials for prostate [NCT03123978 and NCT02807805] and
colon cancer [NCT02687009].

3.5. Nitazoxanide

Nitazoxanide (NTZ), a prodrug of tizoxanide, is a broad-spectrum anti-
parasitic drug approved by the FDA in 2002 to treat giardiasis and
cryptosporidiosis [100,101]. It is also active against several bacteria
including Clostridium difficile [102] and Helicobacter pylori [103] and
hepatitis B and C viruses [104]. NTZ has been shown to induce
concentration-dependent collapse of A¢y, in Mycobacterium tuber-
culosis comparable to FCCP [105]. The anti-cancer efficacy of NTZ has
also been explored in diverse cancer cell types (Table 1). Of particular
interest, Senkowski et al. identified NTZ, niclosamide, and closantel as
mitochondrial uncouplers with selective activity toward multicellular
tumour spheroids (MCTS) of human epithelial colon carcinoma cells
(HCT116 and HT-29) via high-throughput drug screening of 1,600
clinically tested compounds [106]. The IC5y concentration of NTZ in
2D-cultured HCT116 cells was 10—20 pM compared with 3 uM in 3D-
cultured HCT116 MCTS, suggesting NTZ’s selectivity toward dormant,
hypoxic, and nutrient-deprived cancer cells in the acidic interior of
MCTS [106] (Table 1). When individually tested in dissociated spher-
oids (comprising both quiescent and proliferating cells), NTZ and the
topoisomerase 1 inhibitor irinotecan did not completely inhibit colony
formation. However, when both agents were used in combination,
colony formation was strongly inhibited. Then when tested in vivo, NTZ
combined with irinotecan caused a significant reduction in the growth
of HCT116 colon xenograft tumours compared with irinotecan alone
[106]. Similarly, NTZ treatment of nu/nu mice bearing human breast
cancer cell (SKBR3) subcutaneous xenografts led to lower tumour
volumes [107]. Wang et al. also revealed that high concentrations of
NTZ (100—1600 pM) dose- and time-dependently inhibited prolifer-
ation of human glioblastoma cell lines (LN229, A172, U87, and HUVEC)
in vitro, and NTZ penetrated the blood-brain barrier to reach orthotopic
LN229 glioma xenografts in the caudate nucleus of the BALB/C nude
mice model in vivo (after oral administration), prolonging the survival
time [108].

NTZ has also been shown to activate AMPK and inhibit the mTOR
pathway, indicating energetic deficit, and indirectly downregulate other
oncogenic pathways including decreasing c-Myc levels and Wnt sig-
nalling [106] (Table 1). Notably, the inhibitory effect of NTZ on c-Myc
has also been demonstrated in human breast cancer, osteosarcoma,
and lymphoma cells in vitro [107]. In other studies, NTZ decreased ATP
levels and strongly increased the extracellular acidification rate (ECAR)
and OCR at low concentrations, leading to G1 cell cycle arrest [109].
NTZ also suppressed glioma cell viability and induced cell cycle arrest
in the GO/G1 phase by increasing the transcription of inhibitor of
growth 1 (ING1), a tumour suppressor gene, and by inhibiting late-
stage autophagosome-induced ING1 degradation [108]. In colorectal
cancer cells (Caco2 and LS174T cells), NTZ-induced G1 cell cycle
arrest was associated with mTOR inhibition and c-Myc depletion-
induced p27 stabilisation [109] (Table 1).

Given that NTZ has a remarkable pharmacokinetic safety profile with
an average maximal plasma concentration exceeding 6 UM 2—6 h
after a single (500 mg) dose without severe adverse effects and is also
shown to be well tolerated in a single dose up to 4 g [110], NTZ may
represent a promising anti-cancer therapy and is currently in a phase Il
clinical trial for advanced cancers [NCT02366884] alongside diverse
anti-fungal/anti-bacterial/anti-protozoal agents.
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3.6. Oxyclozanide

Oxyclozanide is a mitochondrial uncoupler that is approved for veterinary
use as an anthelmintic drug [111]. There is limited literature in which
oxyclozanide has been trialled as a potential cancer therapeutic. Alsadia
et al. confirmed that oxyclozanide exhibited mitochondrial uncoupling
properties at 20 uM and had no effect on the plasma membrane until
much higher concentrations [92]. Cell profiling revealed that treatment
with oxyclozanide increased cell accumulation in the GO/G1 phase and
decreased cells in the S phase in MC38 and HCT116 colon cancer cell
lines [92] (Table 1). Interestingly, oxyclozanide (20 M) showed limited
effects on MC38 cell viability over a 24-h period, but long-term treat-
ment (2 weeks) showed anti-proliferative activity in clonogenic assays
[92]. A 3-week study conducted in immune-deficient NOD-scid gamma
(NSG) mice bearing MC38 cell xenografts revealed that oxyclozanide
(that reached plasma concentrations of 20—40 pM) reduced metastasis
to the spleen compared with control mice [92]. NMR metabolomics data
showed a dose-dependent increase in AMPK activation and decrease in
mTOR in MC38 cells treated with oxyclozanide for 2 h in vitro [92]. In vivo
treatment of mice with oxyclozanide (via oral gavage) revealed an in-
crease in AMPK activation in hepatic tissue 6 h after administration [92].
Prolonged oral treatment also showed a reduction in mTOR activity [92].

3.7. BAM15

BAM15 is a novel mitochondrial protonophore uncoupler that was first
identified from a small molecule chemical library screen performed in
L6 rat myoblasts [58]. In this study, Kenwood et al. showed that over a
concentration range from 100 nM to 1 pM, BAM15 increased OCR
comparable to FCCP and also reduced ROS [58]. At higher doses
(between 1 uM and 50 pM), BAM15 maintained uncoupled respiration
at a higher rate than FCCP, and this phenotype was observed in
multiple cell types including L6 myoblasts, primary rat neonatal ven-
tricular cardiomyocytes, mouse C2C12 myoblasts, normal murine
hepatocytes, and human primary fibroblasts [58]. Furthermore, BAM15
increased the cellular extracellular acidification rate (ECAR), which can
indicate higher rates of glycolysis. BAM15 was also determined to be a
protonophore due to its ability to cause proton-dependent mitochon-
drial swelling and was not reliant on ANT [58]. Membrane electro-
physiology experiments showed that BAM15 did not change current or
plasma membrane depolarisation compared with FCCP. This indicates
that unlike FCCP, BAM15 does not cause off-target depolarisation of
the plasma membrane [58]. Pre-treatment of rats with BAM15 (bolus
of 1 or 5 mg/kg) was also shown to protect rat kidneys from ischaemic
reperfusion injury [58].

Since its discovery, BAM15 has been tested in AML12 hepatocytes,
3T3-L1 adipocytes, C2C12 mouse myotubes [112], breast cancer cells
(MCF-7) [113], melanoma cells (A375, SK-Mel28, and MeWo) [114],
and normal murine liver (NMuLi) cells [115] and was shown to activate
AMPK in rat aorta myoblasts (A10 cells) [116], consistent with findings
in C2C12 cells [112]. However, BAM15’s uncoupling activity has
predominantly been explored in mouse models of obesity. Findings
from Axelrod et al. using obese C57BL/6 mice treated with 85 mg/kg/
day of BAM15 were similar to those of Alexopoulos et al. using obese
C57BL/6J mice treated with 100 mg/kg/day of BAM15 [112,115]. Both
studies showed a reduction in fat mass and improved glucose ho-
meostasis with BAM15 treatment [112,115]. BAM15 treatment also
increased the levels of reduced glutathione (GSH) by 2.3-fold (oxidised
glutathione levels were unaffected), decreased bioactive oxidised lipids
(for example, 4-HNE), decreased pro-inflammatory lipid mediators, and
did not alter ATP levels or induce AMPK activation in the livers of
Western diet-fed mice (which is the primary tissue target of BAM15)
[115]. These results indicated that BAM15 did not induce energetic
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stress and may improve anti-oxidant defence and decrease inflam-
mation in vivo.

Only one study to date has reported the anti-cancer activity of BAM15
in vitro. Serasinghe et al. showed that BAM15 (10 puM) induced
mitochondrial fragmentation, but on its own did not induce apoptosis or
inhibit colony formation in melanoma cell lines (A375, SK-Mel28, and
MeWo) [114]. However, when BAM15 was combined with minimally
toxic doses of PLX4032 (a BRAF8%%F inhibitor) or GSK1120212 (a MEK
inhibitor), apoptotic cell death was markedly enhanced and colony
formation was inhibited compared with any of the drugs alone [114].
These results suggest an additive or synergistic effect between BAM15
and inhibitors of MAPK signalling, a phenotype attributed to activation
of the Bcl-2 family-mediated mitochondrial pathway of apoptosis
[114]. Moreover, apoptosis was further enhanced and colony formation
ablated in A375 cells when BAM15 was combined with the BH3
mimetic ABT737 (that inhibits Bcl-2 and Bcl-xL) and PLX4032 or
GSK1120212 [114]. These studies reveal that therapies targeting
mitochondria (such as with BAM15) may be useful to overcome
resistance to MAPK inhibitors, which is a major obstacle to successful
melanoma treatment.

While studies in cancer models are lacking, comprehensive studies in
mice have shown that BAM15 is orally bioavailable, well-tolerated, not
toxic at high doses (200 mg/kg), and does not alter food intake or lean
mass [115]. However, BAM15 has a low aqueous solubility and half-
life of 1.7 h, which may limit some applications [115]. Nevertheless,
if BAM15 shows strong anti-cancer activity in future in vitro and in vivo
studies either alone or in combination with other cancer drugs, this
novel uncoupler has drug-like features that may be desirable for early-
phase clinical trials.

3.8. SR4

Figarola et al. designed and synthesised SR4 based on a chemical
library of aryl/heterocyclic ureido and aryl/heterocyclic carboxaminido
phenoxyisobutyric acid derivatives that were originally established to
find an advanced glycation inhibitor [117,118]. SR4 has demonstrated
cytotoxicity against diverse cancer cell types in vitro [118—120]
(Table 1), and its anti-cancer activity has been attributed to GO/G1 cell
cycle arrest, reduced expression of cyclins D1 and E2, cyclin-
dependent kinases (CDK 2 and CDK 4), upregulation of CDK in-
hibitors p21WAF1/CP1 and p27%%! mitochondrial-dependent apoptosis,
DNA fragmentation, activation of caspase 3, 7, and 9, release of cy-
tochrome ¢ to the cytosol, PARP cleavage, and a reduction in Ay,
[118] (Table 1). In 3T3-L1 preadipocyte cells, SR4 exhibited no cyto-
toxicity but inhibited adipogenesis by activating AMPK via an increase
in the AMP:ATP ratio and inhibiting mTORC1 (mammalian target of
rapamycin complex 1) activity. Various cancer cells such as HL-60,
Hela, MCF-7, A549, H-358, and H-520 also showed dose-
dependent activation of AMPK with SR4 treatment [121]. SR4 also
induced mitochondrial membrane swelling in non-respiring mouse
liver mitochondria, increased ROS production, and decreased cellular
ATP production within 1 h in HepG2 cells [122]. ATP depletion triggered
activation of AMPK and inhibition of the mTORC1 signalling pathway in
a dose- and time-dependent manner, which ultimately led to GO/G1
cell cycle arrest and apoptosis [122].

The anti-cancer activity of SR4 has also been evaluated in several
mouse models of cancer (Table 1). SR4 significantly inhibited mela-
noma tumour growth, prolonged the survival rate of mice, and was well
tolerated without overt toxicity as indicated by no weight loss [120].
SR4 also significantly reduced tumour burden in lung cancer cell
(H358) xenografts [123]. The in vivo anti-cancer efficacy of orally
administered SR4 was also assessed in vemurafenib-sensitive and
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-resistant human melanoma (A375) xenografts and compared with
niclosamide. Both uncouplers inhibited the growth of vemurafenib-
sensitive and -resistant melanoma tumours in mice without evi-
dence of toxicity to major organs [119]. However, SR4 demonstrated
better potency than niclosamide in reducing tumour growth, which
might have been attributed to the better pharmacokinetic profile of SR4
(longer half-life, greater maximum blood concentration, and higher
bioavailability) [119].

3.9. FR58P1a

Urra et al. discovered the mild protonophoric uncoupler FR58P1a (a
bromoalky! ester of hydroquinone) in a drug screen of phenolic com-
pounds in MDA-MB-231 triple-negative breast cancer (TNBC) cells
[124] (Table 1). FR58P1a (5—30 uM) induced mild loss in Adp, in
MDA-MB-231 cells compared to FCCP without off-target depolarisation
of the plasma membrane [124]. FR58P1a (30 uM) induced ATP
depletion and a decrease in intracellular NADPH levels, thereby
modulating AMPK phosphorylation via sirtuin 1 (Sirt1) activation.
Interestingly, activation of Sirt1/AMPK by FR58P1a promoted survival
and proliferation in MDA-MB-231 cells but inhibited their fibronectin-
dependent migratory ability, a phenotype not observed in normal
mammary epithelial cells (MCF10A) [124] (Table 1). Prolonged
FR58P1a-induced uncoupling promoted metabolic rewiring toward
glycolysis and mitochondrial clearance. FR58P1a-induced metabolic
rewiring was associated with upregulation of glucose transporter 4
(GLUT4) and ANT3 and downregulation of oxidative phosphorylation-
related genes (COX-IV isoform 1, cytochrome ¢, and ATP5FA1) and
respiratory complexes (Il, IV, and V) (Table 1). FR58P1a also decreased
mitochondrial mass in MDA-MB-231 as indicated by reduced car-
diolipin content and proteins of the outer mitochondrial membrane
(VDAC and TOMM20) as well as an increased PINK1 levels, an initiator
of mitophagy [124].

3.10. FH535

Handeli and Simon identified FH535 via high-throughput chemical li-
brary screening as a potent inhibitor of Wnt/B-catenin and peroxisome
proliferator-activated receptor (PPAR) signalling [125] (Table 1). Since
aberrant Wnt/B-catenin pathway activation is closely related to
carcinogenesis, the anti-cancer activity of FH535 has been tested in
pancreatic cancer [126,127], TNBC [128], hepatocellular carcinoma
[129], colorectal cancer [130], and osteosarcoma cells [131] (Table 1).
Similar to FCCP, FH535 is sufficiently lipophilic (logP 5.83) to reach the
mitochondrial membrane and possesses an ionisable nitrogen-
hydrogen bond that can participate in proton translocation [132].
When the hydrogen in nitrogen-hydrogen bonds was replaced with a
methyl group, the methyl analogue displayed no uncoupling activity
and did not activate AMPK or inhibit Wnt [132]. In HuH7 and PLC/PRF/5
cells, FH535 specifically targeted the electron transport chain com-
plexes | and Il. The biological activity of FH535 was found to be due to
interlinkage between inhibition of Wnt/B-catenin, OXPHOS, the ETC,
and AMPK activation [133].

In vivo, FH535 treatment of mice bearing PANC-1 pancreatic tumour
xenografts reduced tumour growth and angiogenesis as determined by
immunostaining CD34 (a vascular endothelial cell marker) and
microvessel density measurements [126]. FH535 also significantly
reduced the growth of HuH7 hepatocellular xenograft tumours
compared to controls without major signs of toxicity, such as weight
loss and decreased ambulation [134]. FH535 also reduced the size and
weight of HT29 colon adenocarcinoma xenograft tumours compared to
controls without significant effects on weight loss, indicating good
tolerability to FH535 [130] (Table 1).

3.11. F16 and 5BMF

F16, a delocalised lipophilic cation (DLC), was identified through a
high-throughput chemical library screen to find a selective inhibitor
of the ErbB-2/Neu protooncogene [135] (Table 1). DLCs easily
penetrate the hydrophobic plasma and mitochondrial membrane
and preferentially accumulate in the cancer cell mitochondrial
matrix with >100-fold selectivity over normal cell mitochondria
because of higher negative transmembrane potential difference in
cancer cells (~-220 mV) compared to normal cells (~—140 mV)
[136].

F16 displayed strong cytotoxicity against human gastric carcinoma
(SGC-7901) and human breast cancer (MCF-7) cells in vitro [137]. F16
specifically localised in mitochondria, increased ROS production,
induced swelling and outer membrane rupturing, increased inner
membrane permeabilization to H+/K+, and changed mitochondrial
membrane fluidity in isolated rat liver mitochondria in a time- and
dose-dependent manner [137]. F16 showed strong uncoupling activity
in mitochondria as indicated by increased OCR, decreased intracellular
ATP levels, decreased A, and the release of cytochrome c, sug-
gesting mPTP-mediated cytotoxicity [137]. Due to its small size,
fluorescence (absorption at 420 nm and emission at 520 nm), and
mitochondrial selectivity, F16 was also used as a targeting moiety for
anti-cancer agents (such as fluorouracil [138], chlorambucil [139], and
boron-dipyrromethene [135]) for theragnostic purposes, bioimaging,
and combinational chemotherapy.

Based on its structure-activity relationship, F16 was substituted at
its indole position to increase cytotoxicity and cancer selectivity.
5BMF, a fluorescent 5-bromo-7-methyl substituted F16, showed
relatively high selectivity and stronger anti-tumour activity (ICsq:
0.82 uM in T24 human bladder cancer cells and 0.36 puM in H838
non-small cell lung cancer cells) compared to F16 (ICsq: 18.88 UM
in T24 cells and 46.6 1M in H838 cells) (Table 1). In athymic nude
mice (nu/nu) bearing human lung adenocarcinoma HCC827 tumour
xenografts, 5BMF significantly suppressed tumour growth compared
to a control group. Insignificant changes in body weight and the
histological examination of major organs of the treated group
indicated 5BMF’s low in vivo toxicity [136]. The same group non-
covalently complexed 5BMF to human serum albumin to increase
its solubility and consequently bioavailability for in vivo application
and investigated its efficacy in athymic nude mice (nu/nu) bearing
human glioblastoma U87MG xenografts. Ex vivo fluorescence im-
aging demonstrated 5BMF accumulated in tumours (high fluores-
cent intensity) and strongly inhibited tumour growth compared to
controls (Table 1). Histological sections of major organs of the
5BMF-treated group showed no obvious tissue damage, indicating
no or minimal in vivo toxicity [140].

3.12. Nemorosone

Pardo-Andreu et al. reported that nemorosone, a polycyclic poly-
prenylated acylphloroglucinol (PPAP) extracted from the floral resin of
Clusia rosea, displayed protonophoric uncoupling activity (50—
500 nM) with potency comparable to that of CCCP in isolated rat liver
mitochondria [65]. It elicited concentration-dependent in vitro cyto-
toxicity against hepatocellular carcinoma HepG2 cells, but minimal
toxicity against non-cancer human embryonic kidney HEK293T cells
(Table 1). It also induced mitochondrial membrane potential dissipa-
tion, ATP depletion, Ca®" release from Ca?*-loaded mitochondria, and
Ca?t uptake reduction in HepG2 cells in a dose-dependent manner
[65]. The authors suggested that nemorosone’s toxicity might be
explained by sensitisation of mitochondria to Ca*-induced perme-
ability transition pore opening [65]. Nemorosone (5—20 1LM) was also
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Table 2 — Common phenotypes associated with the anti-cancer effects of

mitochondrial uncouplers.

Common phenotypes
associated with uncoupler-
induced cytotoxicity

L Adn

Mitochondrial uncouplers shown to
induce these phenotypes

DNP, FCCP, CCCP, SR4, FR58P1a, F16,
nemorosone, guttiferone A, TPP + C10, GA-
TPP + C10, SA-TPP + C10, CTU, VE-3N
CCCP, SR4, F16, TPP + C10

FR58P1a, CTU

Nemorosone, VE-3N

Mitochondrial swelling

| Mitochondrial cardiolipin

Ca®" release from
mitochondria

| ATP CCCP, NTZ, SR4, FR58P1a, FH535, F16,

nemorosone, guttiferone A, TPP + C10, GA-

TPP + C10, SA-TPP + C10, CTU, VE-3N

NTZ, oxyclozanide, SR4, FR58P1a, FH535,

TPP + C10, GA-TPP + C10, SA-TPP + C10

Niclosamide, NTZ, oxyclozanide

NTZ, FH535

Activation of AMPK

Inhibition of mTOR signalling
| Wnt signalling

1 ROS DNP, FCCP, CCCP, SR4, F16, guttiferone A
| NADPH FR58P1a, guttiferone A, TPP + C10
Apoptosis DNP, FCCP, CCCP, niclosamide, SR4, F16,

TPP + C10, GA-TPP + C10, SA-TPP + C10,
VE-3N, CTU
Changes in cell cycle proteins DNP, FCCP, SR4
Cell cycle arrest (GO/G1 and G2/ DNP, niclosamide, NTZ, oxyclozanide, SR4,
M) CTU

Note: BAM15 is not listed in this table because it has not been reported to show
cytotoxicity as a single agent in cancer cell lines.

found to induce a dose-dependent reduction in mitochondrial mem-
brane potential (Ady,) with concomitant Ca?* release in pancreatic
cancer cells (MIA-PaCa-2, AsPC-1, and Capan-1 cells) with complete
abolition of A, at 50 pM as demonstrated by voltage-dependent
fluorescent dye JC-1 staining [141]. Interestingly, nemorosone-
induced AWm abolition in non-cancerous HDF cells required a
higher dose of 160 uM [141]. Diaz-Carballo et al. also noted that
nemorosone exerted potent cytotoxic activity in vitro against neuro-
blastoma cell lines (LAN-1 and NB69 cells) at concentrations below
6.5 uM [142]. However, mouse fibroblast (NIH-3T3) and human em-
bryonic fibroblast cells (MRC-5) displayed high resistance to nemor-
osone [142]. Nemorosone is also cytotoxic against oestrogen receptor-
positive human breast cancer cells (MCF-7) [143], prostate cancer
cells (PC-3) [144], leukaemia [145], and colorectal carcinoma cells
(LoVo WT) in vitro [146] but has not yet been evaluated in in vivo cancer
models (Table 1).

3.13. Guttiferone A

Another structurally related PPAP, guttiferone A, which was isolated
from Symphonia globulifera roots and Garcinia aristata fruits, displayed
uncoupling action in HepG2 cells and rat liver isolated mitochondria
[147] (Table 1). Guttiferone decreased cell viability, promoted At
dissipation, and depleted ATP in HepG2 cells in a dose-dependent
manner [147]. In isolated rat liver mitochondria, guttiferone A
decreased A, induced mitochondrial Ca2+ release, prevented
mitochondrial Ca2+ uptake, induced cyclosporine A/EGTA-insensitive
mitochondrial membrane permeabilization in isotonic sucrose-based
medium, increased ROS levels, and depleted NADPH [147] (Table 1).
Similar effects of guttiferone were reported in breast cancer (MCF-7)
cells [148]. In addition to anti-cancer activity, anti-microbial [149],
anti-malarial [150], anti-trypanosomal [151], and anti-leishmanial
[152] activities of guttiferone and nemorosone have also been
reported.
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3.14. TPP-linked polyhydroxybenzoates

As previously noted, delocalised lipophilic cations (DLCs) such as tri-
phenylphosphonium (TPP) compounds, rhodamine-123, rhodacyanine
MKT-077, guanidine, F16, and dequalinium can easily enter and
accumulate in the highly negatively charged mitochondrial matrix by
virtue of their lipophilicity and delocalised positive charge and as such
have been used as mitochondria-targeting ligands. Some of these
conjugates have mitochondrial uncoupling activity, which is thought to
play a major role in their cytotoxicity.

Jara et al. synthesised a series of conjugates of gallic acid ester (3,4,5-
trihydroxy-benzoate) with TPP linked by alkyl chains of 8, 10, 11, and
12 carbons and showed their dose-dependent cytotoxicity in mouse
mammary adenocarcinoma (TA3/Ha cells), lab-generated multi-
resistant variants of TA3/Ha cells (TA3-MTX-R), and human acute
lymphoblastic leukaemia cells (CCRF-CEM) [153]. Compared to other
alkyl linkers, TPP ™ C4q in which gallic acid ester is conjugated to TPP
via decyl linker showed the best compromise between cytotoxicity,
cancer selectivity, and safety. TPP ™ Cyq exhibited 17-fold selective
cytotoxicity in TA3/Ha cells (IC5 0.4 1LM) compared to non-cancerous
mouse epithelial mammary gland MM3MG cells (7.1 uM). TPP * Cyq
showed uncoupling activity by decreasing Ay, in TA3/Ha cells and
their isolated mitochondria, increasing OCR, decreasing ATP levels,
and promoting the oxidation of NAD(P)H and reduction in the NAD(P)H/
NAD(P)+ ratio in TA3/Ha cells. It also induced mitochondrial swelling in
TA3/Ha and TA3-MTX-R cells, indicating MPT pore opening. In a TA3/
Ha syngeneic CAF1-Jax mouse model, TPP * Cyq significantly inhibited
tumour growth compared with the control group [153]. TPP * Cyq also
exhibited dose-dependent cytotoxicity in breast cancer cells [154]. In
another study, the combination of TPP ™ Cyo and doxycycline, a
tetracycline antibiotic, inhibited tumour growth in a TA3/Ha syngeneic
AJ mouse model and improved the mouse survival rate [155].
Sandoval-Acufa et al. (from the same group) synthesised a series of
polyhydroxybenzoates (2-hydroxy-, 2,5-dihydroxy-, 2,3-dihydroxy-,
3,4-dihydroxy-, and 3,4,5-trinydroxy-benzoate) conjugated to TPP via
decyl linker and investigated their activity in human breast cancer cells
with different oestrogen and HER2/neu expression [156] (Table 1). All
five conjugates exerted a dose-dependent cytotoxic effect (IC5q 6—
16 pM after 24 h of incubation) on all five cell lines studied, although
MDA-MB-231 cells required a higher dose. They also dose-
dependently increased the OCR and mitochondrial superoxide anion
production (at higher doses) and rapidly decreased A{,,. These effects
were minimal in non-cancerous breast epithelial cells (MCF 10F cells),
indicating these conjugates’ cancer-selective action [156]. As single
agents, they had minimal effects on ATP levels but markedly
decreased ATP levels in the presence of AMPK inhibitors (compound C
and diadenylate-pentaphosphate) [156]. Sublethal doses of conjugates
also diminished the migratory capacity of MDA-MB-231 cells [156]. In
another study, these conjugates’ cytotoxicity was investigated in
chemo-resistant human colon cancer cell lines (HCT-15 and COLO 205
cells) [157]. 3,4,5 tri-hydroxybenzoate (TPP ™ Cyq), 2,5-di-hydrox-
ybenzoate (GA-TPP * Cyg), and 2-hydroxybenzoate (SA-TPP * Cyq)
conjugated to TPP via a decyl unit showed cytotoxicity (ICso 5—16 UM
after 24 h of treatment) in a concentration- and time-dependent
manner in both cells [157] (Table 1). They increased the OCR,
decreased Ay, decreased ATP levels, activated AMPK, and induced
caspase 3 activation [157]. Among these, GA-TPP  Cyq, which
showed higher toxicity toward tumour cells (compared to normal colon
epithelial cells CCD 841 CoN) was investigated in breast cancer cells in
combination with doxycycline [154] (Table 1). Mitochondrial uncou-
pling of OXPHOS by GA-TPP ™ Cyq induced a pro-survival adaptive
response toward glycolysis, which was mediated by AMPK as
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indicated by increased transcription of nuclear and mitochondrial
genes related to the ETC and upregulation of the mitochondrial
transporter genes [154]. Doxycycline can inhibit the 28S subunit of the
human mitochondrial ribosome and block the adaptive response
induced by GA-TPP * Cyq, thereby promoting synergistic cytotoxicity
[154].

3.15. CTU

CTU, an aryl-urea derived from w-3-17,18-epoxyeicosanoic acid (w-
3-EEA), is a new protonophore mitochondrial uncoupler that acts via
dimeric self-assembly [158] (Table 1). w-3-EEA induced apoptosis in
human MDA-MB-231 cells in vitro and suppressed tumour growth in
MDA-MB-231 xenografted Balb/c nu/nu mice in vivo when co-
administered with a soluble epoxide hydrolase inhibitor 2-(3-ada-
mantan-1-yl-ureido)-dodecanoic acid (AUDA) [159] (Table 1). Soluble
epoxide hydrolase inhibitors prevented the hydrolysis of labile
epoxide groups by endogenous epoxide hydrolase [160]. Similarly,
CTU decreased the viability of MDA-MB-231 cells in vitro, which was
coupled with decreased ATP levels and increased cells in the Sub-G1
phase of the cell cycle [160]. CTU also exhibited anti-cancer activity
against breast cancer cells in vitro after prolonged treatment [161]
and depolarised the mitochondrial membrane, decreased mito-
chondrial cardiolipin (and its precursor phosphatidylglycerol), and
increased caspase-3/7 activity in MDA-MB-231 cells [161]. In female
nu/nu mice xenografted with MDA-MB-231 cells in their mammary
fat pads, CTU without co-administration of epoxide hydrolase inhib-
itor produced a dose-dependent decrease in tumour volume [161]

(Table 1). Histology of tumour sections showed that CTU treatment
increased TUNEL staining (a marker of apoptosis) and decreased
Ki67 staining (a marker of proliferation) compared with control tu-
mours [161].

Rawling et al. recently reported the molecular mechanism of the
mitochondrial uncoupling action of CTU and analogues that had high
pKa values (11—14) [158]. They established the uncoupling activity of
CTU and analogues in TNBC cells using JC-1 assays, OCR tests, and
non-cell-based assays that measured uncoupler-induced changes in
the ionic membrane conductance of lipid bilayers of 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) tethered to a thin film gold electrode
using electrical impedance spectroscopy [158]. Density functional
theory (DFT) calculations and molecular dynamics simulations in DOPC
bilayers indicated that diffusion of the deprotonated uncoupler across
the MIM proceeded via self-assembly of aryl ureas into dimeric
complexes formed by intermolecular hydrogen bonds between
carboxylate and urea groups [158]. Furthermore, it was reported that
meta- and para-aryl substitution and dimerization delocalised the
negative charge to promote overall complex lipophilicity and mem-
brane permeability [158].

3.16. VE-3N

Several 1,4-dihydropyridine derivatives are known to exert potent
pharmacological activities, such as calcium channel antagonist effect
[162], reversal of multi-drug resistance in tumours [163], and anti-
cancer activities [164]. VE-3N, a 1,4-dihydropyridine derivative,
exerted potent protonophoric uncoupling activity in HepG2 cells and
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Figure 2: Relationships between mitochondrial uncoupler-induced phenotypes in cancer cells. Mitochondrial uncouplers induce mitochondrial membrane depolarisation, decrease
ATP levels, increase ROS, and decrease anti-oxidant defence by reducing levels of GSH. These phenotypes are linked to changes in signalling pathways including Wnt/B-catenin,
AMPK, mTOR, and HIF1a, many of which inhibit cancer cell proliferation and viability (apoptosis). Other phenotypes include arrest in the G,/G; phase of the cell cycle, altered
expression of cell cycle-regulated proteins including cyclin-dependent kinases (CDK), and upregulation of CDK inhibitors such as p21 and p27. Mitochondrial uncouplers also
increase opening the mitochondrial permeability transition pore (mPTP), mitochondrial swelling, and rupture of mitochondrial membranes, which leads to calcium and cytochrome ¢
release and subsequent apoptosis (or necrosis) when given in higher doses and longer durations (denoted by *). Phenotypes elevated by uncouplers are shown in green boxes,
phenotypes decreased by uncouplers are shown in red boxes, and those in the blue boxes show differences in phenotypes (increased or decreased) that are closely related.
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isolated rat liver mitochondria [165] (Table 1). VE-3N (1—10 puM)
induced concentration-dependent apoptosis and decreased Ay, and
ATP production in HepG2 cells (Table 1). In isolated mitochondria, VE-
3N reduced the respiration rate, Ay, ATP levels, and Ca2t uptake
and promoted Ca?* release, membrane fluidity, and mitochondrial
swelling in a dose-dependent manner [165]. However, VE-3N has not
(to the best of our knowledge) been evaluated in in vivo cancer models.

4. COMMON PHENOTYPES EXHIBITED BY MITOCHONDRIAL
UNCOUPLERS IN CANCER CELLS

4.1. Mitochondrial mechanisms associated with cytotoxicity

At least 16 structurally diverse mitochondrial uncouplers have been
evaluated for their cytotoxicity against numerous cancer cell types and
normal (non-cancerous) cells in vitro (Table 1). Furthermore, several of
these uncouplers demonstrated anti-cancer activity in mouse models,
but there was little consistency with respect to cancer types and
models (allograft, xenograft, and syngeneic) (Table 1). Overall, these
uncouplers display several common phenotypes that are associated
with their mechanism of action and potentially underlie their cytotox-
icity to cancer cells (Table 2). The relationship between these phe-
notypes and their links to cytotoxicity, cell cycle changes, and
proliferation are shown in Figure 2. The most common phenotypes are
expected for mitochondrial uncouplers, namely loss of mitochondrial
membrane potential (Ay) and increased OCR (Table 2). Other re-
ported mechanisms include decreased cardiolipin (an important
component of the IMM), increased expression of mitochondrial serine/
threonine protein phosphatase family member 5 (PGAM5) and PTEN-
induced kinase 1 (PINK1), dynamin-related protein 1 (DRP1) trans-
location to mitochondria, mitophagy, and subsequent loss of mito-
chondrial mass (Tables 1 and 2). Importantly, phenotypes relating to
mitophagy may serve as one clue to the potential of uncouplers as anti-
cancer agents, since dysfunctions in mitophagy are associated with
cancer progression [179].

Many chemo-resistant and metastatic cancers and cancer stem cells
(CSCs) have been found to rely on OXPHOS for ATP production [180—
182]. Therefore, it is possible that some cancer cells are more sen-
sitive to uncoupler-induced disruptions in mitochondrial metabolism
and OXPHOS. Cancer cell mitochondria are also generally hyper-
polarised (AW, ~—220 mV) compared to normal cells (A¥,,
~ —140 mV) [136,183], but it remains unclear whether mitochondrial
hyperpolarisation confers a selective vulnerability for cancer cells to
pharmacologic mitochondrial uncouplers. One possibility is that
hyperpolarised mitochondria will be more sensitive to mitochondrial
uncouplers and result in higher rates of mitochondrial uncoupling than
non-cancer cells. Another possibility is that mitochondrial uncouplers
could be designed to target cancer cells in part by a high pKa, whereby
the molecules can be deprotonated in the more alkaline mitochondrial
matrix of cancer cells and may have less activity in non-cancerous
cells. The studies discussed in this review have shown that several
uncouplers display greater cytotoxicity toward cancer cells than normal
cells, including SR4, 5BMF, nemorosone, and TPP * Cyg, and that F16
preferentially accumulates in the cancer cell mitochondrial matrix with
>100-fold selectivity over normal cell mitochondria (Table 1). Thus,
the inherent differences in mitochondria between cancer and normal
cells may represent an opportunity to selectively kill cancer cells,
which is chemotherapy’s major goal.

4.2. Energetic stress and signalling pathways
Mitochondrial uncoupling decreases metabolic efficiency in the context
of the amount of ATP derived per nutrient oxidised. Mild mitochondrial
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uncoupling increases OCR but has little effect on mitochondrial
membrane potential or ATP production because mitochondria increase
their nutrient oxidation rate to maintain a normal proton gradient and
normal ATP production. However, high rates of mitochondrial uncou-
pling that exceed cellular respiratory capacity lower the supply of ATP,
limiting available energy, impairing cell proliferation, and/or inducing
cytotoxicity [184]. Indeed, a decrease in ATP (and/or an increase in the
AMP/ATP ratio) and activation of AMP-activated protein kinase (AMPK)
were reported in many studies (Table 2), suggesting that the doses of
uncouplers used may have promoted high rates of uncoupling that
exceeded cellular respiratory capacity and therefore induced energetic
stress and cytotoxicity (Table 2).

The AMPK signalling pathway plays an important role in cancer cell
proliferation, tumorigenesis, and cell survival and is imperative for
cellular homeostasis with activation modulated by oxidative stress and
changes in AMP/ATP ratios [185]. AMPK activation increases catabolic
reactions including lipid oxidation, autophagy, and mitophagy as well
as increasing glucose uptake to replenish ATP levels [185,186]. In
particular, activation of AMPK induces phosphorylation and inhibition of
mTORC1, a key mediator of anabolic growth [186]. The method by
which uncouplers activate AMPK and whether this activation in-
fluences mTOR signalling or other pathways is possibly dose- or cell-
type dependent. Hsu et al. found that 5 uM of CCCP suppresses HIF-1a.
in HepG2 cells by deregulating mTOR via AMPK signalling [187].
However, Kwon et al. reported that CCCP inhibits mTORC1 indepen-
dently of AMPK [188]. Lee et al. found that wogonin, a natural com-
pound from Scutellaria baicalensis, may act as an uncoupler and
induce apoptosis in human glioblastoma cells by p53-mediated cas-
pase signalling that is activated downstream of AMPK [189] (Figure 2).
Interestingly, niclosamide has been shown to inhibit mTORC1 signal-
ling via its ability to induce cytoplasmic acidification by inducing an
influx of protons through the plasma membrane and dissipating proton
gradients of other organelles such as lysosomes [38].

Mitochondrial uncouplers have also been shown to inhibit Wnt or
downregulate Wnt signalling [132] (Tables 1 and 2), which is modu-
lated by cellular ATP supplies (Figure 2) [132,190]. Increased Wnt
signalling drives cancer cell proliferation, maintaining populations of
tumour-initiating cells, preventing cell senescence, and promoting
metastasis [191]. Thus, mitochondrial uncouplers may show efficacy
against cancer types in which elevated Wnt signalling, both 3-catenin-
dependent and -independent, is a strong driver of malignancy and
progression, including colon cancer [132].

4.3. ROS, calcium homeostasis, and cell death

ROS are chemical species that contain oxygen, such as superoxide
anions, hydrogen peroxide, and hydroxyl radicals. ROS can cause
cellular damage to DNA, proteins, and lipids, but are also important
signalling molecules [192]. In cancer cells, it is thought that low levels of
ROS are cytostatic, while elevated levels of ROS are tumour-promoting
[192]. However, excessive ROS can be detrimental to cancer cells and
cause cytotoxicity [192]. In early stage cancers, ROS promotes angio-
genesis and tumour progression through an increase in both the
genomic mutation rate and stabilisation of hypoxia-inducible factor 1-
alpha (HIF-1ar) [193]. As mitochondrial uncouplers can lower ROS, for
example, BAM15 [58], mitochondrial uncouplers could prevent cancer
cell proliferation and progression, mitigating ROS-driven genetic muta-
tions and HIF-1a activation (Figure 2). However, the majority of un-
couplers reported in this review were shown to increase ROS in cancer
cells and often decreased anti-oxidant defence by lowering GSH and
NADPH levels (Table 2). These features may be related to the dosing and
length of exposure to the uncoupler, the anti-oxidant defence capacity of
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the cells (levels of ROS scavengers), the basal levels of ROS (cancer cells
were shown to have higher basal levels of ROS [192]), or a combination
of these parameters. Nevertheless, the induction of ROS by uncouplers
in cancer may be responsible for tipping the balance in ROS levels to-
ward cytotoxicity.

In many of the studies listed in Table 1, it was not always clear whether
the uncouplers that induced ROS did so by increasing mitochondrial ROS
(mitoROS) or non-mitochondrial ROS. One study showed that 5 uM of
SR4 increased MitoSOX Red (a mitochondrial-specific superoxide probe)
fluorescence in HepG2 cells [122]. Furthermore, SR4-induced mitoROS
was rescued by the anti-oxidants MitoTempo and N-acetylcysteine and
the recoupler 6-ketocholestanol, but not the mPTP blocker cyclosporin
A, indicating that SR4-induced mitoROS was due to uncoupling and not
opening of the mPTP [122]. In another study, 4.5 uM of FCCP increased
MitoSOX Red fluorescence in human pro-myelocytic leukaemia cells
(HL-60), whereas 293 M was required to inhibit HL-60 cell viability by
50% after 6 h of treatment (IC5o = 18 uM for 24 h of treatment) [194].
These results demonstrated that FCCP increased mitoROS at doses
lower than those required to induce significant cytotoxicity. However,
other studies showed that 1—5 pM of FCCP did not induce mitoROS in
HepG2 cells [122,195]. An off-target effect of FCCP is its ability to
depolarise the plasma membrane (as reviewed in [17]) and events such
as this can promote activation of NADPH oxidase 2 (NOX2, which is
localised at the plasma membrane) and induce ROS [196]. As such, it is
likely that FCCP and other uncouplers such as niclosamide [88] that
dissipate other proton gradients outside of mitochondria may stimulate
ROS production in other cellular locations in addition to mitochondria.
High levels of mitochondrial calcium (Ca2+) coupled with increased
levels of mitoROS induce opening of the mPTP, swelling of the mito-
chondrial matrix, calcium efflux, and subsequent cell death [197].
Calcium overload and the mPTP play critical roles in the pathogenesis
of cardiac [198] and neuronal injury as well as neurodegenerative
diseases such as Alzheimer’s [199] and Parkinson’s disease [200].
Interestingly, DNP’s therapeutic benefit against ischaemic injury in
neurodegenerative diseases has been attributed to its ability to prevent
mitochondrial calcium overload [201]. In this review, it appears that
many uncouplers disrupt calcium homeostasis and induce ROS,
leading to mitochondrial swelling, calcium efflux, and subsequent
apoptosis in cancer cells (Table 1). However, one study showed that
the mPTP is not required for calcium efflux in Hela cells [202], sug-
gesting that the phenotypes exhibited by uncouplers may be cell-type
specific.

5. CONCLUSIONS AND FUTURE CONSIDERATIONS

In the past few years, several clinical trials have emerged that
investigated the anti-cancer potential of mitochondrial-targeted drugs
including metformin, an ETC complex | inhibitor, and CPI-613, a lipoate
analogue that inhibits o-ketoglutarate dehydrogenase and pyruvate
dehydrogenase [6]. Phase Il and phase Il clinical trials were also
conducted to examine the anti-cancer effects of curcumin
[NCT02944578, NCT02782949, and NCT02064673], which in some
studies was shown to induce mitochondrial uncoupling [203—205].
Similarly, low doses of the multi-tyrosine kinase inhibitor sorafenib
were recently reported to induce mild uncoupling and reduce HCC
formation in mice and non-alcoholic steatohepatitis in mice and
monkeys [206]. The uncoupler niclosamide is in phase /Il clinical trials
for prostate [NCT03123978 and NCT02807805] and colon cancer
[NCT02687009], and the uncoupler nitazoxanide (NTZ) is in a phase Il
clinical trial for advanced cancers [NCT02366884]. As this review
illustrated, many other mitochondrial uncouplers have also shown

promising anti-cancer effects in vitro and in vivo (Table 1) and may
progress to clinical trials in the future.

In this review, we reported that some uncouplers showed increased
anti-cancer efficacy when used in combination with irinotecan (NTZ),
doxycycline (TPP * Cyo and GA-TPP ™ C4(), temozolomide (niclosa-
mide), cisplatin (niclosamide), erlotinib (niclosamide), and MAPK in-
hibitors (BAM15) in various cancer types in vitro and/or in vivo
(Table 1). Of particular interest, doses of BAM15 that were sufficient to
induce uncoupling were not toxic to melanoma cells, but when com-
bined with MAPK inhibitors, cell death was enhanced [114]. These
results suggest that it is possible that low doses of uncouplers (that
induce mild uncoupling) may be effective to elicit an anti-cancer
response when used in combination with other chemotherapy
agents. However, it is important to note that the opposite effect was
also observed in some cases. For example, as a single agent, FCCP
induced apoptosis in lymphoid CCRF-CEM cells and myeloid HL60 cells
in a dose-dependent manner, but pre-treatment of cells with FCCP also
delayed apoptosis induced by the protein kinase inhibitors staur-
osporine and chelerythrine in CCRF-CEM cells [13]. Similarly, low
micromolar FCCP doses decreased apoptosis and ROS induced by the
topoisomerase inhibitor camptothecin in HCT116 colon cancer cells
[27] and prevented cisplatin-induced cytotoxicity in HT-29 and SW-620
colon cancer cells [207]. It is thought that mild uncoupling may be
cytoprotective due to the anti-oxidant/ROS-inhibiting effects at low
concentrations. In one instance, it was shown that mild uncoupling
induced by FCCP, BAM15, and DNP protected cells against radiation
therapy that stimulates ROS production [208].

Momcilovic et al. showed differences in mitochondrial membrane
potential between lung tumours in vivo using a voltage-sensitive,
positron emission tomography (PET) radiotracer 4-[18F]fluorobenzyl-
triphenylphosphonium (18F-BnTP), which is a positively charged lipo-
philic cation that localises to the negatively charged IMM [209]. Using a
genetically engineered mouse model of lung cancer combined with
imaging with ['®FIfluoro-2-deoxyglucose ('®F-FDG) and '8FBnTP
showed that lung tumours that were positive for '8E_FDG but negative
for '8F-BnTP were squamous cell carcinomas (SCC), whereas tumours
positive for '8FBnTP but negative for '®F-FDG were lung adenocarci-
nomas (ADC) [209]. They also showed that treating mice with complex
| inhibitors phenformin or metformin decreased '®FBnTP uptake,
suggesting that this tracer can detect loss of Adp, in vivo [209].
Importantly, this study highlights these tracers’ potential to not only
identify tumour histology but also reveal which tumours may be more
responsive to treatment with mitochondrial-targeted agents. Further-
more, some cancer stem cells that rely on OXPHOS (as reviewed in
[182]) may also show increased sensitivity to agents that disrupt
mitochondrial metabolism. Indeed, the uncoupler FH535 inhibited the
proliferation of liver cancer stem cells in vitro [129].

In summary, a number of important factors require attention as mito-
chondrial uncouplers progress toward the clinic, including 1) which
mitochondrial uncouplers are most effective against tumours in vivo and
are well-tolerated, non-toxic to normal cells, and ideally orally
bioavailable; 2) what cancer types/stages and patients would benefit
most from treatment with these uncouplers; 3) what mediates sensitivity
to these agents, for example, cancer cells that rely on OXPHOS and/or
have high A{,; 4) potential mechanisms of resistance, for example,
prolonged treatment with uncouplers may upregulate glycolytic path-
ways in cancer cells; 5) whether the systemic effects of mitochondrial
uncouplers overshadow the direct effects on cancer cells; and 6) what
standard-of-care drugs they should be combined with for synergistic or
additive effects. Collectively, this review highlights published evidence
supporting uncouplers’ potential as anti-cancer agents, and future
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studies addressing the remaining gaps in knowledge will help progress
more of these agents into cancer clinical trials.
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