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A B S T R A C T   

Pharmacological targeting of mitochondrial ion channels is emerging as a promising approach to eliminate 
cancer cells; as most of these channels are differentially expressed and/or regulated in cancer cells in comparison 
to healthy ones, this strategy may selectively eliminate the former. Perturbation of ion fluxes across the outer and 
inner membranes is linked to alterations of redox state, membrane potential and bioenergetic efficiency. This 
leads to indirect modulation of oxidative phosphorylation, which is/may be fundamental for both cancer and 
cancer stem cell survival. Furthermore, given the crucial contribution of mitochondria to intrinsic apoptosis, 
modulation of their ion channels leading to cytochrome c release may be of great advantage in case of resistance 
to drugs triggering apoptotic events upstream of the mitochondrial phase. In the present review, we give an 
overview of the known mitochondrial ion channels and of their modulators capable of killing cancer cells. In 
addition, we discuss state-of-the-art strategies using mitochondriotropic drugs or peptide-based approaches 
allowing a more efficient and selective targeting of mitochondrial ion channel-linked events.   

1. Introduction 

Mitochondrial involvement in cancer physiology is multi-faceted 
(reviews e.g. Refs. [1–5]). All other aspects aside, these organelles 
have a number of tightly regulated ion channels in both the outer and 
inner membranes [6]. These pores are emerging as important oncolog-
ical targets, since their pharmacological modulation may directly affect 
the release of cytochrome c, which is the point of no return during 
mitochondrial apoptosis. Many chemotherapeutic drugs trigger pro-
grammed cell death by inducing damage to DNA and subsequent acti-
vation of p53-dependent pathways that lead to migration of 
pro-apoptotic Bcl-2 family members to the outer mitochondrial mem-
brane (MOM) and subsequent MOM permeabilization (MOMP) leading 
to cytochrome c release from the mitochondrial inter-membrane space. 
By acting on mitochondrial channels, especially on those of the inner 
membrane (MIM), it is possible to bypass p53-related events. This is of 
great importance, since many types of cancer develop chemo-resistance 
due to mutations in p53 and/or upregulation of anti-apoptotic proteins 
or downregulation of pro-apoptotic proteins. MOM channels were 
shown to play a crucial role for MOMP, via hetero-oligomerization with 
pro-apoptotic Bax and Bak or anti-apoptotic Bcl-2 [7,8], while MIM ion 
channels modulate sensitivity to apoptotic stimuli by affecting the 

mitochondrial membrane potential. An alteration of the MIM potential 
(Δψ) (around − 180 mV) changes the driving force for calcium entry into 
the matrix: above a critical threshold, the matrix-accumulated calcium 
triggers opening of the so-called mitochondrial permeability transition 
pore (MPTP) and this leads to swelling of the organelle, rupture of the 
MOM and release of pro-apoptotic factors from the inter-membrane 
space. 

MPTP opening can be aided also by oxidative stress, which develops 
as a consequence of either depolarization or hyperpolarization of the 
MIM [9]. Mitochondria constitute the redox hub of any cell, and the 
major source of the reactive oxygen species (ROS) which play such 
diverse and fundamental roles in cancer (e.g.: revs [1,10,11]). Many 
“mitocans”, i.e. compounds that contrast cancer by acting on mito-
chondria [12–15], kill cancerous cells because they elicit a ROS pro-
duction incompatible with the cell’s survival (for reviews see e.g. Refs. 
[12,14,16,17]). Cancerous cells are especially sensitive to 
hyper-generation of ROS because they are under oxidative stress to start 
with [18,19], and this strategy is achieving practical relevance in the 
clinic (e.g. Refs. [20,21]). 

For the above reasons, over the past few decades, more and more 
groups have focused on the pharmacological targeting of MPTP but also 
of other channels, whose modulation may trigger cytochrome c release 
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from mitochondria and/or promote other types of cell death. 
While many membrane-permeant drugs acting on mitochondrial 

channels have been identified over the last years, their proceeding into 
the clinic is hampered by two main drawbacks: first, many of the MOM 
and MIM ion channels have multiple localizations within the cells, so the 
cellular effect cannot be reliably ascribed to the action of the drug on the 
mitochondrial channel only; second, for many of the channel modula-
tors possible side effects have not been taken into account and their 
specificity toward cancer cells has not been proven. These difficulties 
can, a priori, be overcome by using mitochondria-targeted so-called 
mitochondriotropic drugs and/or specific peptides interacting with the 
mitochondrial channel. This strategy may also reduce the dose required 
to exert beneficial effects, therefore likely reducing side-effects. 

The present review gives a brief overview of mitochondrial channels 
and highlights the most promising channel modulator drugs, focusing on 
those tested also in vivo, and briefly describes the above-mentioned 
strategies possibly leading to enhanced specificity and efficacy. 

2. Mitochondrial ion channels and their pharmacological 
targeting by small molecules 

2.1. Mitochondrial permeability transition pore as a key protagonist in 
cell death 

Arguably, the oncologically most relevant mitochondrial channel 
may be considered to be the mitochondrial permeability transition pore 
(MPTP), a large, unselective channel forming in the MIM of mitochon-
dria stressed by excessive ROS and Ca2+, whose activation precipitates 
cell death (recent reviews: [22–25].) This pore is one of the largest 
present in any biological membrane, having an estimated equivalent 
diameter of 2–3 nm when fully open (reviewed in Ref. [26]). The mean 
diameters of VDAC1 (mitochondrial porin), bacterial porin OmpC and 
α-hemolysin, for comparison, have been estimated – using similar 
methods based on solute permeation – at about 1.1, 0.8 and 0.3 nm, 
respectively [27]. Despite this large size, allowing traffic of molecules 
with a molecular weight up to 1500 Da, transient openings of MPTP 
seem to occur under physiological conditions and to be relevant in 
physiological Ca2+ homeostasis in different experimental settings such 
as ischemic preconditioning or somatic cell re-programming [28–30]. 
When the MPTP is open for a longer (seconds) time, it causes permanent 
MIM depolarization, interruption of ATP synthesis, matrix swelling, 
MOM rupture and, as a consequence, release of pro-apoptotic proteins 
from the intermembrane space (see e.g. Refs. [26,31]). Because of this 
crucial contribution to cell death, the importance of inducing 
long-lasting openings of MPTP in cancer cells became soon evident. It 
has been argued that cancer cells are desensitized to stimuli leading to 
the permeability transition [32,33]. Drugs or conditions causing its 
sustained opening in cancerous cells (only) would thus represent a 
potentially very valuable addition to the oncologists’ arsenal. 

Several compounds have been identified which appear to directly 
inhibit the MPTP through its (putative) components [34–36]. Since they 
act as repressors, they may be more useful in other contexts in which the 
MPTP plays a role, e.g. ischemic injury. The same holds for the 
long-known MPTP inhibitor acting through the modulatory component 
Cyclophilin D, i.e., Cyclosporin A (CSA) [37,38]. 

Many drugs and natural substances have on the other hand been 
identified as openers of MPTP, on the basis of their ability to induce, at 
least in vitro, mitochondrial swelling, a process that can be easily 
detected by a spectrophotometer. Most of these molecules, with variable 
chemical structures, were tested also on cancer cells to assess their 
ability to trigger various forms of cell death. The question arises of how 
dozens of dissimilar molecules (for recent reviews and lists see Refs. 
[39–41]) can activate MPTP opening. Pore activation is known to be 
favoured by MIM depolarization, high ROS levels and matrix Ca2+

overload, while its inhibition can be achieved by acidic matrix pH, 
various divalent cations and Mg2+/ATP(ADP) and by the high-affinity 

inhibitor cyclosporine A. The identity of the MPTP is still debated 
(see, e.g. Refs. [25,41]), but after intensive research and several 
different hypotheses, the scientific community is finding a consensus on 
the proposal that the ATP–producing enzyme FoF1 ATP synthase may 
give rise to MPTP channel activity under specific conditions [42–45]. In 
particular, a recent structural study identified subunit e, connected to a 
lipid plug within the c-ring, as the one whose retraction may lead to a 
gradual disassembly of the c-ring, suggesting pore formation by 
distanced c subunits [46]. If this model turns out to be correct, the action 
of a large spectrum of molecules might converge on subunits e or c of 
this enzyme, so important for life. However, an indirect action of the 
different molecules on MPTP opening cannot be excluded: as a matter of 
fact, for most molecules that induce the permeability transition in 
swelling assays, no information is available at the single channel level in 
patch clamp experiments. Indeed, as mentioned above, beside calcium 
and ROS, no other agents are known to directly trigger MPTP opening. 
Thus, most of the compounds that lead to opening of this pore probably 
do it indirectly, by triggering ROS release, calcium overload in the 
mitochondrial matrix or strong membrane depolarization (Fig. 1). One 
example is provided by AUL12, a Gold(III)-dithiocarbamate complex 
which inhibits Complex I of the mitochondrial respiratory chain, causes 
production of ROS and thereby activates mitochondrial kinase GSK3-α/β 
which promotes opening of the MPTP [47,48]. 

Despite the identification of a number of compounds acting indi-
rectly on MPTP, only few studies have provided in vivo evidence for the 
usefulness of such a strategy and reached the clinical trial stage. One of 
the best-investigated drugs is the triterpenoid betulinic acid, which, 
among many other cellular effects, triggers ROS production and induces 
CSA-sensitive cytochrome c release via MPTP, even in Bax/Bak-deficient 
cells. Betulinic acid is highly efficient against tumor cells of different 
origins as well as against tumor cells that are resistant to other, classical 
chemotherapeutic agents. It spares instead untransformed cells [49] (for 
recent review see Ref. [50]). Interestingly, betulinic acid has recently 
been shown to inhibit voltage-gated calcium channels [51], however 
whether it acts analogously on mitochondrial calcium channels is still 
unknown. This drug shows a satisfactory selectivity index for patho-
logical versus healthy cells even at high doses and is effective, at least in 
vitro, against many types of cancer including melanoma, cancers of the 
gastrointestinal tract, pancreatic cancer, myeloid leukemia, with IC50 
values ranging between 1 and 13.0 μg/mL [52]. Due also to early 
recognition - it was shown to be effective against melanoma in mice, 
without causing adverse effects, in 1995 [53] - this compound entered 
phase I and II clinical trials against dysplastic nevi, which can develop 
into melanoma. Unfortunately, the trial was stopped due to funding is-
sues (Clinicaltrials.gov). 

Another promising drug acting via MTPT is noscapine, an opium 
phthalide isoquinoline alkaloid that shows no toxicity in animals and 
humans and was recently employed in two clinical trials on refractory 
multiple myeloma and on chemo-resistant chronic lymphocytic leuke-
mia. This agent was recently shown to induce apoptosis in chemo- 
resistant colon cancer cells in vitro [54], by causing mitochondrial 
membrane depolarization, through a still-undefined mechanism, ulti-
mately leading to MPTP opening. It was tested in two clinical trials 
against myeloma and low-grade non-Hodgkin’s lymphoma, terminated 
because of lack of response and funding problems, respectively (Clinicalt 
rials.gov). A similar mechanism of action was proposed for Amorfrutin 
C, isolated from indigo bush, which reduced proliferation of different 
types of cancer cells such as colon cancer and breast cancer [55]. This 
drug however has not entered the clinical phase yet. 

Honokiol, from magnolia, is another example of a drug able to induce 
death of a variety of cancer cells by triggering MPTP opening and to 
overcome Bcl-2 and Bcl-xL-mediated apoptotic resistance. Honokiol, 
like Amorfrutin B, activates PPARγ (peroxisome proliferator-activated 
receptor gamma). It was shown to efficiently kill apoptosis-resistant B- 
cell chronic lymphocytic leukemia (B-CLL) cells as well as cells from 
chemoresistant multiple myeloma patients [56]. Together with other 
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active compounds, it is currently in clinical trial for testing against 
papilloma virus-linked cervical lesions. 

Plant-derived hirsutine has recently been shown to exert anti-cancer 
activity in a lung cancer xenograft mouse model. It acts through a sig-
nalling cascade leading to GSK3β dephosphorylation and MPTP opening 
[57]. GSK3β was shown to modulate activity of the MPTP-regulatory 
component, cyclophilin (CyP) D, a matrix chaperone that favors pore 
opening [58]. Importantly, hirsutine in vivo was not toxic for normal 
tissues. 

2.2. Mitochondrial calcium transport systems allow matrix calcium 
overload that triggers MPTP opening 

For most cell types, addition of 50–100 μM Ca2+ to isolated mito-
chondria is sufficient to induce MPTP opening in both swelling assays 
and patch clamp experiments. Such a high concentration can be reached 
in the mitochondrial matrix (where generally it is about 10 μM) by 
activation of entry pathways or block of exit routes for Ca2+. Calcium 
uptake into mitochondria takes place prevalently through the mito-
chondrial calcium uniporter complex (MCUC) [59–64], although other 
calcium channels were also found to be active in the MIM. In particular, 
current candidates include the transient receptor potential TRPC3 [65] 
and vanilloid type1 (TRPV1) [66] channels and the mitochondrial rya-
nodine receptor (mRyR1) [67,68]. Calcium exit instead is mediated 
prevalently by NCLX, the mitochondrial Ca2+/Na+ antiporter [69]. 

MCUC and TRP calcium-permeable channels show different expres-
sion levels in healthy cells compared to various types of cancer cells (for 
recent reviews see Refs. [70–72]). TRPC3 is specifically inhibited by 
Pyr3 (Ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethy 
l)-1H-pyrazole-4-carboxylate), which has been shown to depolarize the 
MIM and boost ROS production when applied together with dexa-
methasone [73]. In the case of TRPV1, a recent study linked apoptosis 
induction by capsaicin to mitochondrial calcium overload, although 
whether mitochondrial TRPV1 is responsible for the effect of this 
channel agonist has not been specifically addressed [74]. As to MCUC, a 
small heterocyclic compound, AG311, (5-[(4-methylphenyl)thio]-9-
H-pyrimido[4,5-b]indole-2,4-diamine) was shown to depolarize mito-
chondria and proposed to exert its tumor growth-retarding effect by 
activating MCUC [75]. However, the same group identified in their 
subsequent work complex I of the respiratory chain as the target of 
AG311. In any case, the drug was not able to reduce the growth of breast 
cancer in a murine orthotopic xenograft model when applied alone [76]. 
A further candidate to activate MCUC is kaempferol, a plant flavonoid, 
observed in a few studies to increase mitochondrial calcium uptake 
[77–79]. However, caution must be exerted and proof of direct channel 
activation would be welcome, especially since this agent inhibits other 
channels, e.g. TRPC5 [80], and activates the large conductance 
calcium-dependent K+ channel [81], which also has a mitochondrial 
counterpart. 

In addition to direct activation of the pore-forming component of 
MCUC, one valid possibility would be that of modulating the activity of 
its regulators, including the EF-hand calcium binding proteins MICU1 
and MICU2, widely expressed in different tissues. Recent structural data 

suggest that the MICU1-MICU2 dimer blocks the channel pore at low 
cytosolic Ca2+ concentrations, while at increasing concentrations the 
dimer detaches from the complex [82]. Thus, any molecule detaching 
this dimer from MCU may facilitate calcium overload. To our knowledge 
such a compound has not been identified yet. On the other hand, recent 
data provide evidence that MICU1 potentiates MCU activity by 
increasing the channel’s open probability when cytosolic Ca2+ binds to 
the EF hands [83,84]. 1 mM spermine was also reported to activate MCU 
channel [85], but to our knowledge no studies employing genetic 
deletion of MCU addressed the question of whether apoptosis of cancer 
cells can be triggered by spermine via its action on MCU. It has been 
suggested instead that oxidative deamination of spermine might pro-
duce ROS and consequent MPTP opening [86]. 

Matrix calcium is known to be required for the correct metabolism of 
mitochondria [87]. Interestingly, a recent work provided evidence that 
in the presence of the MPTP inhibitor CSA, MCU activity promotes 
cancer cell proliferation [88]. Upregulation of MCU expression con-
tributes to ROS production and cancer cell migration [89–91]. There-
fore, since MPTP opening is often prevented by specific signalling 
pathways in cancer cells, block of MCU might be a strategy in the case of 
cells that are resistant to MPTP inducers. In this respect, the recent 
discoveries of a specific MCU inhibitor, mitoxantrone [92], and of a 
membrane-permeant inhibitory Ruthenium complex named Ru265 [93] 
as well as of MICU1 modulators MCU-i4 and MCU-i11 [94] (for a recent 
review see Ref. [95]) may be of relevance, even if they have not yet been 
applied in the context of cancer (mitoxantrone however was developed 
as an anti-cancer agent and is/has been tested as such in several clinical 
trials). A compound named DS16570511 has also been proposed as 
MCUC inhibitor, but its ability to directly block the channel has not been 
demonstrated [96]. As pointed out by Hajnoczky and colleagues [95], 
these inhibitors, except MCUi11, are expected to be toxic for healthy 
cells as well, since they depolarize the mitochondrial membrane and 
cause side effects. A further inhibitor, KB-R7943, may be taken into 
consideration, since it has recently been shown to alleviate 
P. aeruginosa–triggered inflammatory responses in vivo [97], and it may 
have a similar anti-inflammatory effect in the tumor 
micro-environment, therefore negatively affecting tumor growth. 
However, this drug is also a potent inhibitor of the plasma membrane 
(PM) Na+/Ca2+ exchanger NCX1 [98] (contra [99]) and its 
tumor-reducing action observed in a murine prostate xenograft model 
has been ascribed to its effect on the PM exchanger [100] rather than to 
inhibition of the mitochondrial channel. 

Ca2+ exit from the matrix through MIM-located NCLX can be blocked 
by the benzodiazepine CGP37157 [69,101]. Surprisingly, a lack of 
mitochondrial calcium overload and a protective effect were observed in 
models of neuronal injury using this drug, apparently due to its ability to 
block voltage-dependent calcium channels of the plasma membrane as 
well [102]. On the other hand, genetic deletion of NCLX in brown adi-
pose tissue led to calcium overload upon adrenergic stimulation and to 
the opening of the permeability transition pore [103]. This finding is in 
accordance with previous studies showing that CGP37157 enhanced the 
sensitivity of cancer cells to TRAIL-induced death [104,105]. 

Fig. 1. Role of the mitochondrial permeability 
transition pore (MPTP) and its activators in cell 
death. MPTP can be activated indirectly by different 
drugs (only those exerting a beneficial effect against 
cancer in vivo are indicated in the box) eliciting 
changes in inner membrane potential or causing ROS 
production or leading to calcium overload in the 
matrix. MPTP opening leads to swelling, rupture of 
MOM that contributes to cytochrome c release, a 
process required for apoptosome formation and 
subsequent activation of effector caspases. See text 
(par. 2.1) for further details.   
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2.3. Voltage-dependent anion channels as a pathway in the MOM for 
metabolite and calcium entry 

VDAC1 and VDAC2, the two major isoforms of mitochondrial porin 
[106], are involved in cell death in various ways. For example, VDAC1 
plays a role in matrix Ca2+ overload, since it provides the 
Ca2+-permeable pathway in the MOM [8,107]. VDAC1 can oligomerize 
in a Ca2+-dependent process involving its N-terminus. These oligomers 
are seemingly implicated in the release of pro-apoptotic factors such as 
apoptosis-inducing factor (AIF) and cytochrome c [108]. VDAC1 as well 
as VDAC2 regulate cell death also by interacting with anti-apoptotic 
members of the Bcl-2 family contributing to MOM permeabilization 
[109,110], while interaction of VDAC1 with hexokinase (HK) is instru-
mental for cancer cell survival [108,111]. In addition, VDAC3, capable 
of sensing the oxidative state in the mitochondrial inter-membrane 
space [112], is emerging as potential marker for disease (for review 
see Ref. [113]). VDAC1 and VDAC3 can also interact with anti-apoptotic 
Mcl-1, promoting release of ROS and calcium transfer into the matrix, 
which in turn enhance migration [114]. In summary, VDAC isoforms 
contribute to cancer cell progression in different ways (for recent review 
see Ref. [115]). However, while many drugs affecting VDAC1 have been 
identified, those specifically acting on the other isoforms are less 
investigated. A recent work identified WEHI-9625, a novel tricyclic 
sulfone small molecule, that was able to bind to VDAC2 and inhibit 
Bak-triggered apoptosis [116], suggesting that an activator rather than 
an inhibitor of VDAC2 would be useful to eliminate cancer cells. 

Compounds that decrease the conductance (i.e., the slope of the 
current/voltage relationship; roughly reflecting in this case the perme-
ability of the water-admitting channel) of VDAC1 (Fig. 2) were instead 
shown to exert a selective pro-apoptotic and cytotoxic activity against 
cancer cells. For example, cyathin-R, a cyathane diterpenoid, decreases 
channel conductance as well as cancer growth in vivo, by promoting 
apoptosis even in Bax/Bak-deficient cells [117]. In addition, Cyathin-R 
promoted VDAC1 oligomerization, that was linked to apoptosis induc-
tion, since VDAC1-interacting molecules such as DIDS and its analogs 
(H2DIDS, SITS, DPC), which reduce VDAC1 oligomerization, inhibited 
cell death [118]. Avicins, a class of plant stress-induced triterpenoid 
metabolites, also displayed anti-cancer and anti-inflammatory proper-
ties (see e.g. Refs. [119,120]). Avicins however, in addition to VDAC1, 
target various proteins, such as tubulin and topoisomerase. They trigger 
cytochrome c release by inhibiting respiration and by reducing the ef-
ficiency of antioxidant systems, leading to enhanced oxidative stress. 
Another class of drugs that could be of value for the treatment and/or 
prevention of malignancy are cannabidiols (CBD), which block VDAC1 

activity and exhibit strong in vitro anti-tumor effects against numerous 
cancer cells types [121,122]. Curcumin has also been shown to affect 
VDAC1 function by interacting with its N-terminal domain [123]. 
Likewise, the N-terminal part of VDAC can be targeted also by the 
bioactive components of the herb Rheum officinale Baill, capable of 
inducing apoptosis in many tumoral cell lines [124]. While many studies 
addressed the effect of the above drugs in cell lines or xenografts, only 
few investigated orthotopic models. Among all these drugs modulating 
VDAC activity, only curcumin entered the clinical phase and is under 
investigation either alone or in combination for various diseases, 
including invasive breast cancer and non-small cell lung cancer (clinical 
trial.gov). A clinical trial involving cannabidiol in biochemically 
recurrent prostate cancer has just been launched (NCT04428203). 

2.4. Mitochondrial potassium channels as regulators of membrane 
potential and ROS release 

Surprisingly, in various tissues the mitochondrial inner membrane 
was demonstrated to host several types of potassium channels. All of 
them, except the ATP-dependent potassium channel, have multiple lo-
calizations within the cells. In most cases the mitochondrial channels 
show pharmacological and biophysical properties indistinguishable 
from those of the counterparts located in the PM [6]. The question arises 
of what physiological relevance can be ascribed to the observed potas-
sium channel redundancy in the MIM. One plausible explanation is that 
the presence of different channels, regulated by diverse intracellular 
factors, may offer a stimulus-dependent fine-tuning of mitochondrial 
function. In fact, some of the MIM K+ channels, such as Kv1.3 [125], 
Kv1.5 [126] and Kv7.4 [127] are classical voltage-dependent channels, 
while another class of MIM channels are triggered by calcium: these are 
the small- [128], intermediate- [129], and big- [130] conductance 
calcium-activated potassium channels (referred to as SKCa, IKCa and 
BKCa, respectively). Still another channel is the one gated by ATP and 
therefore named mitoKATP (see e.g. Refs. [131–134]). The two-pore 
channel TASK-3 is sensitive to acidic pH [135,136]. In addition, MIM 
harbours the sodium-activated potassium channel mitoSLO2 [137]. 
Recent proteomic and biochemical data suggest that the 
hyperpolarization-activated cationic HCN3 functions as K+ channel in 
kidney mitochondria [138]. Finally, a splicing isoform of the renal 
medullary K+ channel ROMK2 has been shown to contribute to mito-
KATP activity, at least in some tissues [133,134]. 

Regardless of the molecular nature of the MIM potassium channels, 
they have all been linked to the regulation of mitochondrial membrane 
potential (ΔΨ), as flux of potassium ions driven by the electrochemical 
gradient into the matrix leads to depolarization and, viceversa, block of 
these channels leads to hyperpolarization. As a consequence, ΔpH and 
calcium influx may also be modulated by K+ channel activation or in-
hibition. In addition, matrix volume is affected by K+ channel function 
and both hyperpolarization and depolarization favour ROS production 
[9]. Indeed, activation of MIM K+ channels exerts a protective role in 
various pathological contexts while their inhibition has been linked to 
cell death. This latter observation is of relevance, as many of these 
channels are highly expressed in the plasma membrane of cancer cells, 
and this apparently correlates with expression in mitochondria. The 
biophysical and pharmacological properties of these channels have 
recently been reviewed [39,139], therefore here we focus only on the 
channels whose modulation has been shown to affect cancer cell 
behaviour either in vitro or in vivo. 

MitoKv1 channels are among the most promising targets. MitoKv1 
inhibitors Psora-4 and PAP-1 are members of a family of psoralenic in-
hibitors originally developed by Wulff, Chandy and coworkers [140, 
141], among which PAP-1 was selected for extensive testing due to the 
favourable combination of affinity and selectivity for Kv1.3 over other 
channels of the family. While considered as a potential drug for auto-
immune disorders [142], the membrane permeability of PAP-1 provided 
our group with a tool to inhibit the mitochondrial population of the 

Fig. 2. Role of the Voltage-dependent anion channels (VDAC) and their 
pharmacological modulation in cell death. Decrease of the conductance of 
VDAC (especially of the VDAC1 isoform) by different drugs (left part) triggers 
apoptosis. In addition, disruption of the interaction of VDAC with the soluble, 
cytosolic glycolytic enzyme hexokinase II (HKII) or with membrane-inserted 
anti-apoptotic proteins Bcl-2 or Bcl-xL by specific targeting peptides (right 
part) equally leads to cell death. See text (par. 2.3 and 4.1) for further details. 
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channel (mitoKv1.3) [125], which had been found to be involved in cell 
death mediated by Bax [143]. The mechanism envisioned involves 
“plugging” of the channel vestibule by a specific, positively charged 
amino acid residue of Bax (K128) once the pro-apoptotic protein has 
inserted into the MOM [144] (Fig. 3A). This interaction mimics that of 
peptide blockers of Kv pores. In fact, treating isolated mitochondria with 
Bax, with the peptide toxin inhibitors Margatoxin (MgTx), ShK, or with 
Psora-4 produced the same phenomena: a transient hyperpolarization of 
the MIM (attributed to block of the channel-mediated depolarizing K+

uptake), a marked production of ROS, consequent activation of the 
MPTP, and cytochrome c release [143]. Expression of Kv1.3 was found 
to correlate with sensitivity to chemotherapy in a number of cancer cell 
lines [145], and PAP-1, Psora-4 and clofazimine - the latter another 
permeant inhibitor of the channel - turned out to induce apoptosis, 
acting in a sense like a pharmacological stand-in for Bax. Please note 
that MgTx and ShK, two membrane-impermeant Kv1.3 blockers, do not 
affect cell survival or mitochondrial physiology when added to intact 
cells (Fig. 3B). Clofazimine [146], a drug used in the clinic and exerting 
also various Kv1.3-independent effects [147], was tested in vivo and 
found to significantly reduce melanoma and pancreatic ductal 

adenocarcinoma (PDAC) in murine orthotopic tumor models [148,149]. 
Silencing of the channel prevented the apoptosis-inducing effect of the 
three drugs, indicating that Kv1.3-dependent pathways are involved. 

Among the other MIM K+ channels, mitochondrial IKCa is of interest 
in the context of cancer, since its membrane-permeant inhibitors TRAM- 
34 and clotrimazole regulate oxidative phosphorylation in PDAC cells 
[150] and sensitize melanoma cells to apoptotic stimuli, by triggering 
release of mitochondrial ROS [151]. Likewise, changes of mitoTASK-3 
expression/functionality have been linked to alterations of mitochon-
drial bioenergetics and morphology [152]. However, there is no clear 
evidence that targeting the mitochondrial channel is relevant for 
apoptosis induction, since no systematic studies have been carried out 
comparing the effect of membrane-impermeant and 
membrane-permeant inhibitors. In addition, recent evidence raises the 
possibility that even modulation of PM channels might affect mito-
chondrial ROS production and morphology [153] or mitochondrial 
membrane potential [154] by still unclarified mechanisms. In particular, 
Pardo and colleagues observed that lack or inhibition of the Kv10.1 
channel of the PM by a membrane-impermeant specific antibody 
induced mitochondrial fragmentation and ROS production [153], while 

Fig. 3. Role of the voltage-dependent potas-
sium channel Kv1.3 and its pharmacological 
modulation in cell death. A) The mitochondrial 
counterpart of the plasmamembrane-located 
Kv1.3 channel (mtKv1.3) can be blocked by 
membrane-inserted Bax, through the specific 
K128 residue. The block of channel activity cau-
ses an initial hyperpolarization followed by ROS 
release and MPTP opening. B) Membrane- 
impermeant toxin inhibitors of Kv1.3 capable of 
reaching only the plasma-membrane-located 
Kv1.3 are unable to trigger cell death, indi-
cating that mtKv1.3 is the channel whose func-
tion is relevant for apoptosis. C) Membrane- 
permeant, mitochondriotropic inhibitors PAPTP 
and PCARBTP (indicated as PCARB) efficiently 
trigger the same series of events shown in A), 
leading to cell death of cancer cells in vitro and in 
orthotopic tumor models. D) The more soluble 
derivative of the small molecule inhibitor of 
Kv1.3 (and of mtKv1.3) PAP-1, named PAP-1- 
MHEG promotes ROS production by acting on 
mtKv1.3 that is strictly interacting with the res-
piratory chain complex I, thereby amplifying the 
ROS-producing effect of the drug that may 
transfer electrons from complex I to oxygen. The 
See text (par. 2.4 and 3.2) for details.   
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in the other work block of the ASIC1a acid-sensitive channel with 
membrane-impermeant Psalmotoxin-1 blocked mitochondrial Ca2+

signals [154]. 
Altogether, MIM K+ channels remain excellent oncological targets. 

However, due to i) multiple localization of these proteins within the cell; 
ii) lack of mitoK+ channel-specific K+ channel inhibitors; iii) the 
observation that PM-located K+ channels may also affect mitochondrial 
fitness; iv) the often-observed off-target effects of many inhibitors [139], 
caution has to be taken when interpreting the effect of K+ channel 
modulators on cell survival/death. In particular, it would be desirable to 
assess in each case the cellular effects of channel-modulating drugs in 
isogenic systems either expressing or lacking the channel protein. 

2.5. Anion channels of the inner membrane – a further way to regulate 
ROS and MPTP opening? 

Several members of the Chloride Intracellular Channel (CLIC) family 
have been located at mitochondria. CLICs are emerging as biomarkers in 
several diseases (for review see Ref. [155]) including cancer [155,156]. 
In electrophysiological recordings using artificial bilayer membranes, 
CLICs form redox- and pH-sensitive channels. While CLIC4 is located in 
the MOM, CLIC1 [157] and CLIC5 [158] were found in the MIM, also by 
patch clamp. CLIC5, the first CLIC identified in the MIM, was shown to 
regulate the production of mitochondrial ROS by respiratory chain 
complexes, thus in principle CLIC5 modulators could also be exploited 
for cancer treatment. Indeed, high expression of CLIC1 was correlated 
with high ROS production. The other way around, inhibition of CLIC1 
reduced ROS release and migration of gastric cancer cells [159]. On the 
other hand, the absence of CLIC5 specifically in cardiac mitochondria 
increased ROS release [158]. Interestingly, the connection between ROS 
production and CLICs as well as the above-mentioned channels may also 
be relevant in inflammation [160]. 

CLICs are inhibited by indanyloxyacetic acid-94 (IAA-94), but this is 
not a specific drug for this subset of channels, since IAA-94 inhibits also, 
e.g., the volume-regulated chloride channels of the plasma membrane 
[161]. In addition, mitochondrial CLIC family members are present also 
in several other intracellular membranes [155]. Therefore, more work is 
needed to identify mitochondrial CLIC-specific modulators. 

3. Mitochondriotropic drugs 

3.1. Chemical modification strategies of anti-cancer drugs to target them 
to mitochondria 

With the (current) exceptions of MCUC and the K(ATP) channel 
recently identified by Paggio et al. [132], all known mitochondrial 
channels are present also in other cell compartments/membranes (for a 
tabulation see Ref. [40]). As far as is known, differences – if any - be-
tween the various populations of these channels are not such as to allow 
the development of small molecules specifically interacting with those 
residing in only one of multiple locations. In general, however, selective 
targeting of subcellular compartments – i.e., in our case, concentrating a 
drug at mitochondria - is desirable from various points of view (rev., e.g. 
Ref. [162]). Besides potentially reducing off-target effects and drug 
dosage, targeting mitochondria means exploiting their connection to cell 
death(s) and the peculiar roles the organelles have in cancer [2,40]. 
Selectively targeting mitochondrial channels is thus expected to maxi-
mize damage to cancer while minimizing damage to healthy cells. 

The most popular strategy to address a “cargo” to mitochondria is to 
take advantage of the high transmembrane potential the organelles 
maintain. Positively charged, membrane-permeant objects (drugs, pro-
drugs, nanovehicles, markers, probes) will accumulate into mitochon-
dria as they tend to reach electrochemical equilibrium. Since the plasma 
membrane of cells is also polarized, the cytoplasm serves as a “first 
stage” for the accumulation (roughly 10-fold), which can be as high as 
1000-fold (theoretically even higher, depending on the value of the 

transmembrane potential) when comparing the mitochondrial matrix 
and the extracellular space. Mitochondria may be hyperpolarized in 
cancer cells [163–165], thus favouring the concentration of mitochon-
driotropic drugs in diseased cells and partially explaining the selectivity 
of their cytotoxic effect. The standard modification of a molecule to 
drive it into mitochondria consists in attaching to it a lipophilic (i.e., 
membrane-permeant) moiety carrying a permanent, delocalized charge. 
Since its invention by Skulachev and coworkers [166], and especially 
since its intelligent exploitation by Michael Murphy, Robin Smith and 
coworkers, triphenylphosphonium has been the most commonly used 
such group (reviews e.g. Refs. [167–171]). 

A huge number of compounds have been modified by attachment of a 
TPP group, due to its efficiency and to the relative ease of introduction, 
generally by a nucleophilic substitution on a suitable precursor. In many 
cases this has been done with an eye to cancer therapy (revs: [165,168, 
172–175]. To cite just a few examples, this approach has been explored 
with polyphenols (e.g.: resveratrol and quercetin [176]; honokiol [177], 
lonidamine [178], glycyrrhetinic acid [179], vitamin E succinate [180], 
the metal chelator desferrioxamine [181], metformin [182], topoisom-
erase blocker doxorubicin [183], the alkylating agent chlorambucil 
[184], microtubule-disrupting paclitaxel [185], Hsp90 inhibitors [186], 
platinum complexes [187], estrogen receptor modulator tamoxifen 
[188]. A particularly thorough study has been carried out with the tri-
terpenoids betulin and betulinic acid [189]. The most noteworthy 
application may well be the development by Murphy’s group of the 
mitochondria-targeted antioxidant MitoQ(10), a ubiquinone derivative 
covalently attached to triphenylphosphonium through an aliphatic 
chain (optimally 10 methylene units long) [190,191]. This compound 
has proven highly successful: a PubMed search for “MitoQ” returns 335 
items (December 2020). Many studies have been carried out in in vivo 
models and in humans (e.g. Refs. [192,193]). MitoQ is mentioned in 19 
entries in the clinical trials inventory (https://clinicaltrials.gov; 
December 2020). It has been suggested that it may be useful against 
Covid-19 [194]. Skulachev’s group has developed analogous com-
pounds based on plastoquinones [195]. 

It should be pointed out that such modifications result in new mol-
ecules which may well have somewhat different properties – besides 
their preferential localization – with respect to the parent compounds. 
Thus, for example, they may have a decreased affinity for their targets 
(e.g. Ref. [180]), an issue not addressed in many studies. In addition, the 
length of alkyl spacers introduced to link the TPP group to the molecule 
core influences, e.g., the pharmacokinetics of betulin derivatives [179] 
and the behaviour of MitoQ [191]. 

Triphenylphosphonium has its drawbacks, the major one probably 
being its tendency to bind to biomembranes, a consequence of charge 
and of the lipophilicity which makes it such a serviceable tool (e.g. 
Ref. [196]). The charged moiety tends to associate with the negatively 
charged phospholipid headgroups, while the remaining part of the 
molecule, if sufficiently lipophilic, can insert into the membrane core. 
Binding is obviously also influenced by the specific properties of each 
derivative [181]. The accumulation of TPP-decorated molecules at the 
MIM and matrix may not only enhance their effectiveness at the mito-
chondrial level, but also limit other, possibly unwanted or confusing, 
interactions or processes in other cellular districts. This obviously ap-
plies to interactions with non-mitochondrial channels. Another example 
is provided by mito-targeted vitamin E succinate (mitoVES) a mitocan 
which efficiently kills cancer cells by ROS generation upon interaction 
with Complex II [180,197,198]. MitoVES reaches the mitochondria even 
in cancer cells that develop resistance to its untagged parent compound, 
VES, by upregulating the ATP-binding cassette transporter ABCA1 of the 
plasma membrane [199]. 

The bulky triphenylphosphonium group may also have an impact on 
the interaction of the active portion of the construct and its target pro-
tein. An example is again provided by mitoQ [10], which is a good 
substrate for Complex II of the mitochondrial respiratory chain, but not 
for Complexes I and III, for steric reasons [196]. The presence of TPP 
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may lead to unexpected effects: for example, just-mentioned mitoVES at 
sub-apoptotic doses suppressed expression of mitochondrial DNA tran-
scripts, proliferation and mitochondrial biogenesis in cancer cells [200]. 
Its “parent” compound, α-tocopheryl succinate, did not produce the 
same effects. 

A few papers have reported that some TPP-containing compounds, 
including some simple alkyl derivatives, can act as uncouplers and/or 
inhibitors of the respiratory chain (e.g. Refs. [182–184]). This is not a 
general behaviour exhibited by all such compounds, and, when present, 
can account in part for cytotoxic anti-cancer effects. TPP is not, in any 
case, the only possible choice for a mitochondria-targeting group. Other 
positive moieties, e.g. pyridinium, quinolinium and guanidine, have 
been tested (for review see Ref. [185]). As expected, mito-targeting 
generally increased the efficacy of the mitocans that were so modified, 
or actually created them. 

3.2. Mitochondriotropic compounds targeting mitochondrial ion channels 

Mitochondriotropic compounds targeting MOM or MIM channels are 
still only a few, all of them obtained by linking the parent drug to a TPP 
group. From the observations with psoralenic compounds (sect. 2.4) it 
was just a short logical step to mitochondriotropic derivatives of channel 
modulators [201–204]. The two major variants produced had the TPP 
moiety linked to the PAP-1 core either by an alkoxy ether linkage, 
essentially stable under physiological conditions, or by a linker 
comprising a carbamate moiety, which could undergo hydrolysis and 
thus conferred pro-drug characteristics to the construct (Fig. 3C). These 
constructs proved effective – much more so than the parent PAP-1 – both 
in vitro and in vivo. Remarkably, they acted selectively on cancer cells, 
sparing normal cells and tissues. At the cellular level the details of their 
action were similar to those already observed for PAP-1: a transient 
increase of the mitochondrial transmembrane potential, production of 
reactive oxygen species (ROS), downstream mitochondrial depolariza-
tion and morphological changes - attributed to onset of the MPT on the 
basis of the effect of CSA, the established inhibitor of the latter - and 
cytochrome c release [201]. In vivo, both derivatives drastically reduced 
tumor growth in murine melanoma and PDAC models (about 80% and 
60% reduction of endpoint tumor volume, respectively), even when 
administered alone at 5 nmol/mg bw in a straightforward protocol 
consisting in 4 alternate-day i. p. injections. About 90% melanoma 
volume reduction was achieved by administering PAPTP along with 
cisplatin, pointing to the possibility of synergy with other chemothera-
peutic drugs. Indeed, one of the attractive features of these compounds is 
that they act independently of the upper part of the mitochondrial 
apoptotic cascade, i.e., regardless of the status of p53 and proteins of the 
Bcl-2 family [148,149,201]. ROS production was a key feature of the 
path to apoptosis: in vitro, death of tumoral cells was prevented by 
radical scavangers (NAC, mitoTEMPO, PEG-CAT/PEG-SOD); in vivo, 
tumor reduction was not obtained if the mice were pre-treated with the 
anti-oxidant NAC before receiving the mitochondriotropic drugs [201]. 

The key role of ROS also provides an explanation for the salvation of 
healthy cells: it is proposed that a threshold exists for oxidative stress 
above which the cell dies. As mentioned, cancerous cells sustain a higher 
baseline stress, associated with higher proliferation rates, hypoxia and 
mitochondrial reprogramming [11,14,17,18,168], and therefore can be 
more readily pushed above the death threshold by the additional stress 
caused by the drugs (a reasoning that applies also to other mitocans 
eliciting ROS production). This model was confirmed by experiments in 
which the susceptibility of cancerous cells to PAPTP and PCARBTP was 
lowered by antioxidants, whereas that of Kv1.3-expressing TEM lym-
phocytes was increased by introducing an additional redox stress in the 
form of a low concentration of an independent mitochondriotropic 
pro-oxidant (Q7BTPI [205]). mtKv1.3 inhibition and ROS production 
appear to be synergic, since cancerous cells not expressing the channel 
(leukemic K562 cells) withstood the combination of PAPTP and Q7BTPI 
[201]. 

ROS generation can be an auto-reinforcing phenomenon [206], since 
mitochondria that have undergone the MPT generate ROS in the pres-
ence of electron donors, yet the question arises of what the origin of the 
process is. Increased mitochondrial ROS formation has long been known 
to be associated with mitochondrial hyperpolarization, due to “redox 
backpressure” along the respiratory chain (e.g. Refs. [207–209]). Given 
the observed initial increase in MIM transmembrane potential, it is 
logical to think of this type of mechanism as the origin of ROS produc-
tion. A recent study by our group [210] has however opened a new 
perspective, envisioning the psoralenic ring system of these compounds 
as a redox-cycling system. The paper describes a 
non-mitochondriotropic derivative of PAP-1, namely PAP-1-MHEG, 
designed to remedy a shortcoming of PAP-1 derivatives, namely their 
low aqueous solubility. While solubility was improved, the compound 
turned out to inhibit respiration at Complex I of the Respiratory Chain, 
but only in cells expressing Kv1.3 (Fig. 3D). Expression of the channel 
was also necessary for the compound to cause death of cancerous cells 
(healthy ones were spared), which it did more efficiently than PAP-1, 
but less efficiently than PAPTP. Abundant generation of ROS was 
involved. To clarify matters we then synthesized compounds corre-
sponding to portions of PAP-1-MHEG and studied their effects. We were 
thus led to the unexpected conclusion that mtKv1.3 and Complex I 
physically interact. Kv1.3 blockade is carried out by the alkyl-O-phenyl 
portion, which is in agreement with the conclusions reached in previous 
studies by other groups [211,212]. Channel block does lead to ROS 
production, in agreement with our previous conclusions, but with a 
lower rate than that elicited by the complete PAP-1-MHEG molecule. 
Complex I inhibition is due to the oligoethyleneglycol side-arm of 
PAP-1-MHEG: without it, there was no inhibition; on the other hand, 
that portion of the molecule by itself was inert, even at high concen-
trations. Coherently, PAP-1 and PAPTP, which have no such appendage, 
do not inhibit Complex I. The interpretation is that the OEG chain must 
be appropriately positioned by virtue of the interaction of the rest of 
PAP-1-MHEG with Kv1.3, which is apposed to Complex I. A similar 
reasoning presumably applies to ROS generation: if the furocoumarinic 
ring system was missing, the channel was inhibited but ROS production 
was relatively modest. On the other hand, 5-methoxypsoralene 
(5-MOP), i.e. the ring system without appendages, also induced only a 
comparatively weak production of ROS. It seems therefore that the 
psoralenic moiety must not only be present, but it must be appropriately 
positioned thanks to the interaction of the molecule with the 
mtKv1.3-complex I assembly. Our hypothesis is that its position overlaps 
that normally engaged by ubiquinone in the Q module of complex I 
[213,214], which is located in the portion of Complex I extending into 
the matrix. There, the aromatic, delocalized system could mediate an 
abnormal transfer of single electrons to oxygen, generating superoxide. 
Furocoumarins are known to engage in this type of redox chemistry 
[215] even though they are better known for photoinduced excitation 
and ionization. 

The molecular details of these putative interactions and processes 
remain to be worked out, but some considerations can already be made. 
The modes of binding of PAP-1 to Kv1 channels have been defined in 
experimental and in silico studies [141,211,212]. The latter were based 
on the published structure of channel Kv1.2 [216], since that of Kv1.3 
has not yet been determined and Kv1.2 is highly homologous. Zimin and 
co-workers [211] concluded that the channel is blocked by an assembly 
comprising two (but possibly up to four) PAP-1 molecules and a K+ ion, 
and their calculations detailed a set of 4 loci constituting the binding site 
and likely to interact with the various parts of the PAP-1 molecule. In the 
predicted structure, the two furocoumarins are located deep into the 
channel structure, making contact with their carbonyl moiety with a K+

ion in the conduit of the channel (which is what actually blocks the 
conduit), while the alkylphenoxy side arms protrude towards the exte-
rior between segments S5 and S6. This model accommodates the notion 
of an interaction of the oligoethyleneglycol chain with Complex I, but it 
is hardly compatible with the idea that the furocoumarin ring system 
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may reach out of the Kv1.3 tetramer. However, the molecular dynamics 
simulations conducted by Jorgensen et al. [212] led to the identification 
of a total of six possible binding sites for PAP-1 on the Kv1.2 tetramer. Of 
these, three seem to be the most often engaged: site II corresponds 
essentially to the inner site identified by Zimin et al.; site VI corresponds 
to a previously identified side-pocket accommodating small molecule 
inhibitors at the level of the S4–S5 linker; site III is located at the ex-
tremity of the channel structure protruding into the cytoplasm in the 
plasma membrane channel - and into the mitochondrial matrix in the 
mitochondrial one, which has the same in-out orientation [143]. Site III 
thus seems a likely candidate as an additional binding site for PAP-1 and 
derivatives, providing a foothold from which the molecule could 
conceivably extend towards Complex I. Importantly, according to the 
simulations by Jorgensen and colleagues, site III could accommodate 
either the psoralenic moiety or the phenoxyalkyl branch. Thus, in this 
picture, channel inhibition and ROS generation would depend on 
binding to two distinct sites. Obviously, even a low time-averaged 
occupation of the matrix site (site III) could in principle be sufficient 
to account for the extra ROS generation observed. The physiological 
functions, if any, fulfilled by this association between an ion channel and 
a complex of the respiratory chain remain to be investigated. It is 
however emerging that other mitochondrial channels also interact with 
key proteins of the oxphos system (see below). 

Another mitochondria-targeted inhibitor of a mitochondrial channel 
has been synthesized and is being tested in our labs (Bachmann M et al., 
in press). This is mitoIN-THPP (IsoNipecotate-THPP) a 5,6,7,8-tetrahy-
dropyrido[4,3-d]pyrimidine (THPP)-containing compound and an in-
hibitor of TASK-3 (Twik-related Acid-Sensitive K channel-3) (see above). 
The parent molecule is “12f” in Coburn et al., 2012 [217], which was 
reported to inhibit TASK-3 with an IC50 of 74 nM. The molecule contains 
in this case a hydrolysable ester linkage, and it may therefore be 
considered a mitochondriotropic pro-drug of IN-THPP. Indeed, cell es-
terases cleave the ester bond releasing IN-THPP-COOH. Both IN-THPP 
and mitoIN-THPP are cytotoxic for different human and mouse mela-
noma cells (which express TASK-3) in the tens-of-μM range, with the 
mitochondriotropic variant being more effective, by a factor of 2–4 in 
the various lines. Cytotoxicity depends on TASK-3 expression, and is 
associated with ROS production, mitochondrial depolarization, frag-
mentation of the mitochondrial network and decrease of cellular [ATP]. 
These phenomena are not induced by the TPP-containing part of the 
molecule freed upon hydrolysis of the ester bond, and thus can be 
ascribed to the THPP part, and to TASK-3 inhibition (given the 
requirement for its expression). ATP decrease is associated with AMPK 
activation, which in turn is presumably involved in the decrease of 
migration capacity of melanoma cells, as measured by the wound 
scratch assay. 

4. Modulation of cancer cell fate by peptides targeting 
mitochondrial ion channel interactions 

Peptides (short sequences of amino acids, up to perhaps 30 mono-
mers, found in nature or man-made) have been one of the most active 
fields of pharmacological research since at least the 1990’s. They attract 
interest because they are efficacious, versatile, and convenient. Their 
efficacy stems from their composition: they are made of the same 
building blocks as all proteins, and are therefore recognizable with 
relative ease by active or binding sites designed by co-evolution to 
interact with segments of proteins. Versatility follows from the huge 
number of variations available: if one considers the 20 standard (“L”) 
natural amino acids (a set that can be expanded by considering D iso-
mers and a variety of unnatural amino acids), one can theoretically build 
20N different sequences, where N is the number of monomeric units. 
Exploiting this variability and selecting the useful sequences is achieved 
by screening large random libraries selecting effective peptides thanks 
to phage [218,219], yeast [220], bacterial [221] and other forms of 
display/biopanning technology. Once an effective sequence is 

identified, it can be readily produced in the lab by the convenient, 
generally standard methods of solid phase peptide synthesis. 

From a pharmacological point of view, there are two major ways to 
exploit this resource: one can use peptides to modulate pathophysio-
logical processes, or to selectively deliver an attached “cargo” to a 
specific target. So-called mitochondria-penetrating peptides (e.g. Refs. 
[222,223]), a subfamily of cell-penetrating peptides [224,225], have in 
fact been used to deliver drugs to mitochondria, at least in vitro. For 
example, Kelley’s group coupled chlorambucil to a peptide consisting of 
three repeated doublets of cyclohexylphenylalanine and D-arginine. The 
authors verified the mitochondrial localization of a version linked to a 
fluorescent dye, and were able to confirm the in vivo efficacy of the 
modified drug (although with mechanistic alterations) [184,226]. The 
same approach was used with doxorubicin [227]. Peptide-driven de-
livery to mitochondria has been discussed in recent reviews (e.g. Refs. 
[226,228]). 

Many other functions aside, peptides can be immunomodulatory 
[229], impacting inflammation [230] and cancer [231]. In oncology, 
peptides are under consideration for anti-cancer vaccination (e.g. Refs. 
[229,232]) and chemotherapy (e.g. Refs. [233,234]). Peptide toxins are 
produced by all kingdoms of life, and several are used or are considered 
for use as drugs [235]. Some of these target ion channels known to be 
present also in mitochondria. The best known are the high-affinity 
peptide inhibitors of K+ channels of the Kv, KCa, K2P families 
[235–238]. These peptides may help in the characterization of the 
various conductances found in the MIM, but they are not in use to 
modulate intracellular channels in cultured cells, ex-vivo preparations or 
in vivo, because they do not permeate cell membranes. The current state 
of pharmacological technology might well allow this obstacle to be 
overcome by including these toxins in constructs or nanovehicles 
comprising cell-penetrating and possibly mitochondria-targeting pep-
tides. However the efficiency and selectivity of these targeting tools at 
present is not such as to eliminate off-target effects, which would be 
expected to be severe. Thus, there is to our knowledge no literature on 
the use of this class of peptides to modulate mitochondrial channels in a 
pathophysiological context. 

4.1. Modulating VDAC1-hexokinase interaction with small peptides 

It is however emerging that at least some mitochondrial ion channels 
interact, molecularly and functionally, with other components of the 
mitochondrial membranes or of the cellular milieu [138,210,239–241]. 
These interactions may in principle be disrupted via competition by 
appropriate peptides. 

The foremost example of this strategy, as applied to mitochondrial 
channels in the context of cancer, involves VDAC1 (Fig. 2), the mito-
chondrial porin, whose expression, not coincidentally, is upregulated in 
many cancers [242]. Aerobic glycolysis, a hallmark of cancer, entails 
positioning of hexokinase I and II at the MOM, where it has immediate 
access to freshly produced ATP and can direct it to the production of 
glucose-6-phosphate [243,244]. Detachment of HKII results in cell death 
[245,246]. Hexokinase binds to VDAC1 and is preferentially localized at 
the junction complexes of mitochondria and endoplasmic reticulum 
(Mitochondria-Associated-Membranes; MAMs) [245,247]. In cancer 
cells up to 80% of HKII is found at MAMs. Its detachment precipitates 
cell death via activation of the permeability transition [245,246]. The 
N-terminal of HKII [248] (in particular His5 [249]) makes contact with 
VDAC1. In fact, peptides copying the N-terminal part competed with 
HKII for its binding site on VDAC1 and induced death of cancer cells 
[248] (Fig. 2). The sequence - MIASHLLAYFFTELN-amide (pHK) [248] – 
permeates cell membranes only poorly, and in most studies it has 
therefore been used as part of constructs comprising cell-penetrating 
sequences. Pastorino et al. [248] used the Antennipedia sequence 
(alias penetratin; their peptide is: RQIKIWFQNRRMKWKK-MIA 
SHLLAYFFTELN-amide). Chiara and coworkers [246] preferred the 
TAT sequence, building a TAT-pHK peptide (peptide: 
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MIASHLLAYFFTELNβA-GYGRKKRRQRRRG (TAT-HK)). In their recent 
work Aihua Zou and coworkers fused pHK with the cell-penetrating 
sequence KVLKQRAKKK and added a lipid chain to obtain amphiphilic 
nanostructures which could kill A549 cells, (a human non-small cell 
lung cancer line) at concentrations in the 10− 5 M range [250]. Wol-
detsadik et al. [251] instead covalently linked pHK to the penetrating 
sequence GKPILFF (PAS), obtaining analogous results with HeLa and 
CHO–K1 cells. A recent paper by Ciscato and colleagues describes a 
peptide (HK2pep) comprising the pHK linked to a polycationic 
cell-penetrating peptide shielded in turn by a polyanionic stretch with 
which it pairs up to minimize undesirable interactions. The two seg-
ments carrying opposite charges are connected by a sequence which can 
be cleaved by metallo matrix proteases (MMP) 2 and 9, characteristi-
cally abundant in many tumor types (HK2pep: MIASHLLAYFFTE 
LN-bA-RRRRRRRRR-PLGLAG-Ahx-EEEEEEEE). Cleavage of the con-
necting sequence by these enzymes frees the active part of the molecule 
– clHKpep, i.e., pHK plus the cationic stretch (MIASHLLAYFFTELN--
bA-RRRRRRRRR-PLG) - which enters cells. There it elicits Ca2+ release 
from the ER, Ca2+ entry through PM Ca2+ channels, Ca2+ uptake by 
mitochondria, onset of the MPT, and calpain-mediated cell death [245]. 
Activation of this pathway appears to depend on a marked localization 
of HKII at MAMs. The cleaved construct was effective against B-CLL 
cells, and HK2pep worked upon injection into the tumoral mass in 
allograph models of colon and breast cancer expressing MMP2/9. 

Various parts of VDAC1 participate in HK binding [248,252,253] 
(three cytosol-exposed glutamate residues, E72, E188, and E202 are 
crucial), which can nonetheless be disrupted also by peptides derived 
from VDAC1, in particular by a sequence containing E72 [254]. The 
interaction between VDAC1 and HK is modulated by GSK3β, which 
disrupts it by phosphorylating VDAC1 [255,256]. Activation of the ki-
nase can thus be a strategy against cancer (e.g. Refs. [257,258]). 
Cyclophilin D, the already-mentioned mitochondrial matrix 
peptidyl-prolyl isomerase, upregulated in many cancers [259], which 
positively regulates the permeability transition [37,38], also stabilizes 
VDAC-HK interactions [260]. 

VDAC1 binds many other proteins of relevance in the oncological 
context (rev [261]) – including anti-apoptotic Bcl-2 and Bcl-xL, which 
are upregulated in many cancers and act to prevent 
chemotherapy-induced cell death. As is the case for VDAC1-HK binding, 
peptides based on VDAC1 sequences disrupt these interactions and have 
a pro-apoptotic effect (Fig. 2). Shoshan-Barmatz’s group has developed 
various forms of two peptides for this approach. In both cases the amino 
acids were, in most constructs, in the “unnatural” D conformation to 
enhance their stability and effectiveness. The D-N-Ter peptide based on 
the N-terminal sequence ((M)AVPPTYADGLGKSARDVFTKGYGFGL) was 
joined to the Antp sequence (KKWKMRRNQFWIKIQR) because of the 
known involvement of the N-terminal of VDAC1 in binding these pro-
teins. It interfered with HK, Bcl-2 and Bcl-xL binding and antagonized 
their anti-apoptotic effects [262,263]. The other peptide, named “LP4”, 
consistingof an N-terminal sequence SWTWE and a C-terminal sequence 
KWTWK, forms a tryptophan zipper and a β-hairpin. This peptide was 
fused either to Antp (RQIKIWFQNRRMKWKK), to a “mini” version of it 
(KRRMKWKK), to TAT (RKKRRQRRRGG) or to the transferrin receptor 
(TfR)-recognizing peptide HAIYPRH [264], with the amino acids in 
either the L or D configuration [265,266]. Various modifications of these 
constructs were also implemented. The peptides entered cells and 
induced detachment of the target proteins from VDAC1. They were 
tested against cells from patients of B-chronic lymphocytic leukemia 
(CLL; CD5+/CD19+ cells) and MEC-1 cells, which were killed, while 
normal peripheral blood lymphocytes were unaffected. The most effec-
tive conjugate proved to be the Min-Antp-LP4 construct, with an IC50 of 
0.3 μM for CLL lymphocytes (vs. 0.6 μM for its enantiomeric version and 
0.7 μM for Antp-LP4). Retro-Tf-D-LP4 caused apoptosis of cancer 
liver-derived cells and antagonized tumor growth in three murine liver 
cancer models [267] and in subcutaneous and orthotopic glioblastoma 
models upon intravenous injection [268]. 

VDAC1 also binds pro-apoptotic proteins: Bax and Bak, Bim, Bid - 
whose interactions can also be antagonized by suitable peptides [263, 
268]. In addition, one can envision to act on the interaction of the other 
channels with their partners. For example, MCU activity may be 
enhanced by interrupting its interaction with the gatekeeper MICU 
proteins even at low cytoplasmic calcium concentration, by acting on 
critical sequences that can now be identified thanks to the resolved 
structure of the holocomplex MCU/EMRE/MICU [64]. 

5. Conclusion and future perspectives 

While nowadays the advantages of pharmacologically targeting 
mitochondrial metabolism/function of cancer cells are universally 
recognized, only few studies have addressed the specific modulation of 
mitochondrial channels using mitochondriotropic drugs or cell- 
penetrating peptides. Nonetheless, the drugs obtained so-far display 
an excellent, generalizable action, as they are able to efficiently reduce 
growth of different types of tumors in vivo. The fact that many channels 
are expressed in tumors in a differential manner with respect to healthy 
cells apparently ensures a layer of selectivity, since many of the drugs/ 
peptides discussed here do not exert toxic side-effects. Despite great 
advances in this field, especially during the last decade, many cancer- 
relevant questions remain open. For example, it has not been system-
atically investigated how some PM-located channels are targeted also to 
mitochondria and whether the distribution of some of the channels to 
MIM is a specific feature of cancer cells. A lot remains to be understood 
about the interactomes of MOM and MIM channels as well, since the 
examples known so-far indicate that disruption/modification of such 
interactions may be very useful to drive cancer cells towards death. In 
this respect it is interesting to note that basically every respiratory chain 
complex was shown to be physically (and possibly functionally) coupled 
to various ion channels. Whether such association is compulsory for cell 
survival is still unknown. 

In terms of future perspectives, hopefully mitochondrial ion channels 
will become preferred targets of various groups working on cancer. 
Clinical trials involving betulinic acid, noscapine and honokiol (activa-
tors of the MPTP), mitoxantrone (MCU inhibitor), cannabidiol, are 
referred to in the text (sect. 2). Other compounds mentioned, e.g. 
capsaicin and kaempferol, are employed in clinical trials, but not as 
chemotherapeutic agents. Difficulties in crossing biomembranes 
(requiring fusion with permeating peptides; sect. 4.1), rapid proteolytic 
degradation in vivo (requiring the use of “tricks” such as the incorpo-
ration of D-aminoacids or packaging in nanovehicles) and relatively 
high costs presumably account for the lack of clinical trials employing 
peptides targeting the interactions of VDAC with hexokinase or anti- 
apoptotic proteins. Unfortunately, to date none of the mitochondrio-
tropic ion channel-modulators have reached the clinical trial phase, as to 
our knowledge large-scale toxicity studies have not been performed yet. 
Further developments in the field of mitochondriotropic channel mod-
ulators may envision a way to activate drug/peptide-channel interaction 
through events triggered by e.g. tumor-directed gamma-radiation used 
in radiotherapy or hypoxic conditions prevailing inside solid tumors. 
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[79] V. Tadić, A. Adam, N. Goldhammer, J. Lautenschlaeger, M. Oberstadt, A. Malci, et 
al., Investigation of mitochondrial calcium uniporter role in embryonic and adult 
motor neurons from G93A(hSOD1) mice, Neurobiol. Aging 75 (2019) 209–222. 

[80] J. Naylor, A. Minard, H.J. Gaunt, M.S. Amer, L.A. Wilson, M. Migliore, et al., 
Natural and synthetic flavonoid modulation of TRPC5 channels, Br. J. Pharmacol. 
173 (3) (2016) 562–574. 

[81] Y.C. Xu, S.W. Leung, G.P. Leung, R.Y. Man, Kaempferol enhances endothelium- 
dependent relaxation in the porcine coronary artery through activation of large- 
conductance Ca(2+) -activated K(+) channels, Br. J. Pharmacol. 172 (12) (2015) 
3003–3014. 

[82] Y. Wang, Y. Han, J. She, N.X. Nguyen, V.K. Mootha, X.C. Bai, et al., Structural 
insights into the Ca(2+)-dependent gating of the human mitochondrial calcium 
uniporter, eLife 9 (2020). 

[83] M. Patron, V. Checchetto, A. Raffaello, E. Teardo, D. Vecellio Reane, M. Mantoan, 
et al., MICU1 and MICU2 finely tune the mitochondrial Ca2+ uniporter by 
exerting opposite effects on MCU activity, Mol. Cell 53 (5) (2014) 726–737. 

[84] V. Garg, I. Paranjpe, T. Unsulangi, J. Suzuki, L.S. Milescu, Y. Kirichok, The 
mechanism of MICU-dependent gating of the mitochondrial Ca2+ uniporter, 
bioRxiv (2020), 2020.04.04.025833. 

[85] G. Michels, I.F. Khan, J. Endres-Becker, D. Rottlaender, S. Herzig, A. Ruhparwar, 
et al., Regulation of the human cardiac mitochondrial Ca2+ uptake by 2 different 
voltage-gated Ca2+ channels, Circulation 119 (18) (2009) 2435–2443. 

[86] S. Grancara, S. Ohkubo, M. Artico, M. Ciccariello, S. Manente, M. Bragadin, et al., 
Milestones and recent discoveries on cell death mediated by mitochondria and 

their interactions with biologically active amines, Amino Acids 48 (10) (2016) 
2313–2326. 

[87] R. Rizzuto, D. De Stefani, A. Raffaello, C. Mammucari, Mitochondria as sensors 
and regulators of calcium signalling, Nat. Rev. Mol. Cell Biol. 13 (9) (2012) 
566–578. 

[88] S. Marchi, V.A.M. Vitto, S. Patergnani, P. Pinton, High mitochondrial Ca(2+) 
content increases cancer cell proliferation upon inhibition of mitochondrial 
permeability transition pore (mPTP), Cell Cycle 18 (8) (2019) 914–916. 

[89] A. Tosatto, R. Sommaggio, C. Kummerow, R.B. Bentham, T.S. Blacker, T. Berecz, 
et al., The mitochondrial calcium uniporter regulates breast cancer progression 
via HIF-1alpha, EMBO Mol. Med. 8 (5) (2016) 569–585. 

[90] C. Cui, J. Yang, L. Fu, M. Wang, X. Wang, Progress in understanding 
mitochondrial calcium uniporter complex-mediated calcium signalling: a 
potential target for cancer treatment, Br. J. Pharmacol. 176(9) (2019) 
1190–1205. 

[91] T. Ren, H. Zhang, J. Wang, J. Zhu, M. Jin, Y. Wu, et al., MCU-dependent 
mitochondrial Ca(2+) inhibits NAD(+)/SIRT3/SOD2 pathway to promote ROS 
production and metastasis of HCC cells, Oncogene 36 (42) (2017) 5897–5909. 

[92] D.M. Arduino, J. Wettmarshausen, H. Vais, P. Navas-Navarro, Y. Cheng, 
A. Leimpek, et al., Systematic identification of MCU modulators by orthogonal 
interspecies chemical screening, Mol. Cell 67 (4) (2017) 711–723, e7. 

[93] J.J. Woods, N. Nemani, S. Shanmughapriya, A. Kumar, M. Zhang, S.R. Nathan, et 
al., A selective and cell-permeable mitochondrial calcium uniporter (MCU) 
inhibitor preserves mitochondrial bioenergetics after hypoxia/reoxygenation 
injury, ACS Cent. Sci. 5 (1) (2019) 153–166. 

[94] G. Di Marco, F. Vallese, B. Jourde, C. Bergsdorf, M. Sturlese, A. De Mario, et al., 
A high-throughput screening identifies MICU1 targeting compounds, Cell Rep. 30 
(7) (2020) 2321–2331, e6. 

[95] K. Márta, P. Hasan, M. Rodríguez-Prados, M. Paillard, G. Hajnóczky, 
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