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Abstract: Calcium electroporation is a potential novel anti-cancer treatment where high calcium
concentrations are introduced into cells by electroporation, a method where short, high voltage pulses
induce transient permeabilisation of the plasma membrane allowing passage of molecules into the
cytosol. Calcium is a tightly regulated, ubiquitous second messenger involved in many cellular
processes including cell death. Electroporation increases calcium uptake leading to acute and severe
ATP depletion associated with cancer cell death. This comprehensive review describes published
data about calcium electroporation applied in vitro, in vivo, and clinically from the first publication
in 2012. Calcium electroporation has been shown to be a safe and efficient anti-cancer treatment
in clinical studies with cutaneous metastases and recurrent head and neck cancer. Normal cells
have been shown to be less affected by calcium electroporation than cancer cells and this difference
might be partly induced by differences in membrane repair, expression of calcium transporters, and
cellular structural changes. Interestingly, both clinical data and preclinical studies have indicated a
systemic immune response induced by calcium electroporation. New cancer treatments are needed,
and calcium electroporation represents an inexpensive and efficient treatment with few side effects,
that could potentially be used worldwide and for different tumor types.
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1. Introduction

Calcium is a ubiquitous intracellular second messenger involved in many cellular processes
including cell death [1–5]. The homeostasis of this tightly regulated ion is severely affected
after calcium electroporation, where a high concentration of calcium is introduced into the cell
by electroporation, a method where short high-voltage pulses transiently permeabilize the cell
membrane allowing increased passage of ions or molecules. This method is used clinically in more
than 140 centers in Europe in combination with chemotherapeutic drugs (electrochemotherapy) for
anticancer treatment [6–16]. Electroporation increases the uptake and thereby cytotoxicity of the
chemotherapeutic drug dramatically [17]. Electroporation in combination with calcium (calcium
electroporation, Figure 1) has been tested as a novel anticancer treatment in vitro, in vivo and in clinical
trials showing promising effect [18,19].

This review begins with an introduction to calcium homeostasis in normal and malignant cells
including a description of calcium signaling, channels, pumps, and mitochondria followed by a short
description of electroporation. Then, the effect of calcium electroporation in vitro, in vivo, as well as
the proposed cellular and systemic mechanisms of action, are described followed by a description
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of the veterinary studies and clinical trials. Finally, perspectives of this novel anti-cancer treatment
are discussed.
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Figure 1. Calcium electroporation. A: Calcium is injected in the tumor causing a high extracellular 
calcium concentration. B: Immediately after the injection, the tumor is electroporated using an 
electrode (e.g. needle electrode) causing transient permeabilisation of the cell membrane allowing 
passage of calcium into the cell (C) causing cancer cell death (D).  

2. Normal Cellular Calcium Homeostasis 

Calcium is an essential messenger involved in numerous intracellular processes from 
fertilization through development, differentiation, and proliferation to cell death [1,2,5]. There is a 
10–20,000 fold concentration gradient of calcium across the plasma membrane; thus, the cell has to 
chelate calcium by binding to different proteins, compartmentalize into organelles such as 
endoplasmic reticulum (ER) and mitochondria, or extrude calcium using different pumps (ATPases) 
and exchangers to maintain ion homeostasis (see Figure 2) [2,20,21]. Inside the cell, calcium cannot 
diffuse freely and thus acts locally, which gives a non-homogeneous intracellular signal that depends 
on the shape, location, and duration of the signal [21,22]. Mobile proteins can prolong the calcium 
signal and increase the area of effect [4] and the calcium signal can propagate through positive 
feedback processes (Ca2+ induced Ca2+ release) [22].  

Calcium is mainly stored in the endoplasmic reticulum (ER), the sarcoplasmic reticulum (SR, in 
muscle cells) and mitochondria. The sarco-endoplasmic reticulum calcium ATPase (SERCA) pumps 
calcium into the ER and SR [2,23]. In the mitochondria, calcium ions diffuse freely through pores in 
the outer membrane but only via ion channels and transporters in the inner membrane [24,25]. 
Calcium inside the mitochondria can regulate the function, movement, and viability of the organelle. 
An increased mitochondrial calcium concentration can modulate mitochondrial metabolism by 
increasing the ATP production but it can also trigger cell death, apoptosis or necrosis, through 
membrane permeability transition [4,26,27]. Thus, at high intracellular calcium concentrations, as 
seen after e.g. calcium electroporation, calcium enters the mitochondria and this is likely limiting or 
destroying the mitochondrial respiration and thereby ATP production. 

Calcium is extruded from cells by the ATP-dependent plasma membrane calcium ATPase 
(PMCA) and the ATP-independent Na+/Ca2+-exchanger (NCX) and Na+/Ca2+/K+-exchanger (NCKX). 
PMCA is a calcium pump located in the plasma membrane with high affinity and low capacity and 
therefore effective at maintaining low intracellular calcium concentration over time [4,28]. NCX and 
NCKX uses the electrochemical gradient of Na+ across the plasma membrane to exchange Ca2+ for 
Na+, and Ca2+ together with K+ for Na+, respectively [2,4]. These exchangers with low affinity and high 

Figure 1. Calcium electroporation. (A) Calcium is injected in the tumor causing a high extracellular
calcium concentration. (B) Immediately after the injection, the tumor is electroporated using an
electrode (e.g. needle electrode) causing transient permeabilisation of the cell membrane allowing
passage of calcium into the cell (C) causing cancer cell death (D).

2. Normal Cellular Calcium Homeostasis

Calcium is an essential messenger involved in numerous intracellular processes from fertilization
through development, differentiation, and proliferation to cell death [1,2,5]. There is a 10–20,000 fold
concentration gradient of calcium across the plasma membrane; thus, the cell has to chelate calcium by
binding to different proteins, compartmentalize into organelles such as endoplasmic reticulum (ER)
and mitochondria, or extrude calcium using different pumps (ATPases) and exchangers to maintain
ion homeostasis (see Figure 2) [2,20,21]. Inside the cell, calcium cannot diffuse freely and thus acts
locally, which gives a non-homogeneous intracellular signal that depends on the shape, location,
and duration of the signal [21,22]. Mobile proteins can prolong the calcium signal and increase the area
of effect [4] and the calcium signal can propagate through positive feedback processes (Ca2+ induced
Ca2+ release) [22].

Calcium is mainly stored in the endoplasmic reticulum (ER), the sarcoplasmic reticulum (SR, in
muscle cells) and mitochondria. The sarco-endoplasmic reticulum calcium ATPase (SERCA) pumps
calcium into the ER and SR [2,23]. In the mitochondria, calcium ions diffuse freely through pores
in the outer membrane but only via ion channels and transporters in the inner membrane [24,25].
Calcium inside the mitochondria can regulate the function, movement, and viability of the organelle.
An increased mitochondrial calcium concentration can modulate mitochondrial metabolism by
increasing the ATP production but it can also trigger cell death, apoptosis or necrosis, through
membrane permeability transition [4,26,27]. Thus, at high intracellular calcium concentrations, as seen
after e.g. calcium electroporation, calcium enters the mitochondria and this is likely limiting or
destroying the mitochondrial respiration and thereby ATP production.

Calcium is extruded from cells by the ATP-dependent plasma membrane calcium ATPase (PMCA)
and the ATP-independent Na+/Ca2+-exchanger (NCX) and Na+/Ca2+/K+-exchanger (NCKX). PMCA is
a calcium pump located in the plasma membrane with high affinity and low capacity and therefore
effective at maintaining low intracellular calcium concentration over time [4,28]. NCX and NCKX uses
the electrochemical gradient of Na+ across the plasma membrane to exchange Ca2+ for Na+, and Ca2+

together with K+ for Na+, respectively [2,4]. These exchangers with low affinity and high capacity
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can make rapid adjustments in the intracellular calcium concentration and therefore complement the
PMCA for extrusion of calcium out of the cell [21,29].
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Figure 2. Cellular calcium homeostasis. Calcium is tightly regulated to maintain the low intracellular 
calcium concentration. (1) Calcium can enter the cell through calcium channels. (2) Inside the cells 
calcium is chelated by proteins. (3) Mitochondria and endoplasmic reticulum store calcium where 
transport is facilitated by transporters including the sarco-endoplasmic reticulum calcium ATPase 
(SERCA). (4) Calcium is extruded from the cell by the ATP dependent plasma membrane calcium 
ATPase (PMCA) and the sodium calcium exchanger (NCX) and the sodium calcium potassium 
exchanger (NCKX). (5) Calcium electroporation induces high intracellular concentrations of calcium 
by permeabilisation of the plasma membrane in the presence of high extracellular calcium 
concentrations. 

3. Normal versus Malignant Calcium Homeostasis 

Many of the characteristics that define cancer cells, such as self-sufficiency in growth signals, 
evasion of apoptosis, insensitivity to anti-growth signals, sustained angiogenesis, limitless 
replication, and tissue invasion and metastases [30] are regulated by calcium and are often altered in 
cancer cells compared with normal cells [31–33]. 

Proteins involved in regulating calcium signals, are often remodeled in cancer cells compared to 
normal cells to sustain proliferation and avoid cell death [32]. Calcium channels, pumps, and 
exchangers are all present in malignant cells as well as normal cells; however, their expression, 
localization, and/or activity can be different. A decrease in SERCA2 expression [34,35] and SERCA3 
expression [36–38] has been observed in several different cancer cell lines and tumor samples, as well 
as alterations in the genes coding for SERCA2 and SERCA3 have been shown in samples from cancer 
patients [39–41], indicating that transport of calcium from the cytosol to ER could be reduced in 
cancer cells. Alterations of PMCA have also been shown where an increased expression of PMCA4 
has been observed with increasing differentiation of cells, thus lowest PMCA4 expression in cancer 
cell lines [42,43] and tumors tissues [44,45] compared with normal cells and tissues. However, the 
opposite has also been observed where PMCA2 expression is up-regulated in breast cancer cell lines 
[46] and tumor tissue [47] showing the diverse roles of calcium in cell-signaling.  

 

Figure 2. Cellular calcium homeostasis. Calcium is tightly regulated to maintain the low intracellular
calcium concentration. (1) Calcium can enter the cell through calcium channels. (2) Inside the
cells calcium is chelated by proteins. (3) Mitochondria and endoplasmic reticulum store calcium
where transport is facilitated by transporters including the sarco-endoplasmic reticulum calcium
ATPase (SERCA). (4) Calcium is extruded from the cell by the ATP dependent plasma membrane
calcium ATPase (PMCA) and the sodium calcium exchanger (NCX) and the sodium calcium potassium
exchanger (NCKX). (5) Calcium electroporation induces high intracellular concentrations of calcium by
permeabilisation of the plasma membrane in the presence of high extracellular calcium concentrations.

3. Normal versus Malignant Calcium Homeostasis

Many of the characteristics that define cancer cells, such as self-sufficiency in growth signals,
evasion of apoptosis, insensitivity to anti-growth signals, sustained angiogenesis, limitless replication,
and tissue invasion and metastases [30] are regulated by calcium and are often altered in cancer cells
compared with normal cells [31–33].

Proteins involved in regulating calcium signals, are often remodeled in cancer cells compared to
normal cells to sustain proliferation and avoid cell death [32]. Calcium channels, pumps, and exchangers
are all present in malignant cells as well as normal cells; however, their expression, localization, and/or
activity can be different. A decrease in SERCA2 expression [34,35] and SERCA3 expression [36–38]
has been observed in several different cancer cell lines and tumor samples, as well as alterations in
the genes coding for SERCA2 and SERCA3 have been shown in samples from cancer patients [39–41],
indicating that transport of calcium from the cytosol to ER could be reduced in cancer cells. Alterations
of PMCA have also been shown where an increased expression of PMCA4 has been observed with
increasing differentiation of cells, thus lowest PMCA4 expression in cancer cell lines [42,43] and tumors
tissues [44,45] compared with normal cells and tissues. However, the opposite has also been observed
where PMCA2 expression is up-regulated in breast cancer cell lines [46] and tumor tissue [47] showing
the diverse roles of calcium in cell-signaling.
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4. Electroporation

As described, calcium is normally a tightly regulated intracellular ion but by using
electroporation, supraphysiological concentrations of calcium can be introduced. Electroporation,
or electropermeabilisation, is a method where application of short, high-voltage pulses causes transient
permeabilisation of the cell membrane allowing passage of otherwise non-permeant ions or molecules
into the cell. The method is used in vitro, in vivo, and in the clinic to introduce different ions or
molecules, such as chemotherapeutic drugs, genes or calcium, into cells [18,19,48–53]. Most clinical
trials, and studies with calcium electroporation described in this review, have used eight pulses of
100 µs, 1000 V/cm and 1 Hz. When the membrane is permeabilized by electroporation, water molecules
enter the membrane, forming a water bridge, which subsequently leads to hydrophilic pores being
formed through which ions and molecules can diffuse [54,55].

At a range of electric parameters, electroporation is reversible and the membrane will reseal,
diminishing flux of ions and molecules. Resealing is dependent on temperature, degree of
permeabilisation, and integrity of the cytoskeleton [51,56]. Cell type also affects resealing, where normal
cells seem to repair faster than cancer cells in vitro [57]. Membrane repair is calcium dependent [58,59]
and the membrane will fail to repair (and thereby reseal) without calcium present [60,61]. It has also
been shown that calcium reduces pore lifetime after electroporation [62] and reduces the area per lipid
in the membrane [63].

The first clinical trial using reversible electroporation in combination with a chemotherapeutic
drug (electrochemotherapy) was performed in 1990–1991 [6]. Since then several clinical trials
using electrochemotherapy have been performed for treatment of small tumors, such as cutaneous
and subcutaneous metastases [7–10,14,64,65], for larger tumors such as chest wall breast cancer
recurrences [11,66], as well as for treatment of tumors in internal organs and deep seated tumors [67–71].
Electroporation is also investigated for use in gene electrotransfer where it can be used for DNA
vaccine [72] and treatment of cancers [73,74]. Thus, electroporation is a well-established clinical method
and can easily be tested in combination with new or other drugs.

5. Calcium Electroporation

In 2003, it was shown in vitro that Ca2+ enters cells after electroporation in a calcium-containing
buffer and a high extracellular calcium concentration during electroporation decreased viability [75].
Moreover, in 2011, it was described that calcium electroporation can be used to turn off the transgene
expression after gene electrotransfer in muscles [76]. However, it was not until 2012 that calcium
electroporation was described as a possible novel anti-cancer treatment [18] followed by several studies
including the first clinical trial using calcium electroporation only five years later in 2017 [19].

5.1. Effect on Cancer Cells In Vitro and In Vivo

Calcium electroporation has been tested in vitro in 18 different cell lines (12 cancer cell lines and six
normal cell lines of which five are immortalized cells and one is primary cells) [18,77–83]. In all tested
cell lines, calcium electroporation induced cell death in a dose-dependent manner [18,77,78,80,81]
with an IC50 ranging from 0.4–5.0 mM calcium (in combination with electroporation) in the studies
where IC50 was determined [80,81]. Similar effects can be reached with calcium electroporation as
with electrochemotherapy using bleomycin, but no synergistic effect is seen when combining calcium
and bleomycin before electroporation [84]. There was no effect of treatment with calcium alone in
concentrations up to 5 mM [18,77,80–82] and even up to 20 mM in the two cell lines where such high
concentrations were tested [78]. This is unlike treatment with bleomycin alone where some effect is
seen; however, this effect is much less than when combined with electroporation [81,84].

Calcium electroporation has been tested in vivo in five human tumors (bladder cancer, breast
cancer, colon cancer, small cell lung cancer, and rhabdomyosarcoma) grown subcutaneously on
immunocompromised mice [18,61,82], since human tumor models can only be tested in mice with
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lowered immune effect. Additionally, two murine tumors (colon adenocarcinoma and melanoma)
grown on immunocompetent mice [79,81] and immunocompromised mice [79] have also been tested.
The calcium electroporation treatment induced tumor cell death in all tested tumors but with difference
in sensitivity to treatment. The small cell lung cancer tumors were the most sensitive of the tumors
treated on immunocompromised mice with 89% of tumors completely eradicated [61]. However,
the colon cancer tumors were more sensitive when treated on immunocompetent mice with complete
remission of all treated tumors [79]. A similar effect was not seen when the same tumor type was
treated on immunocompromised mice, which indicates an immune response being involved. CaCl2
was used in all the in vivo studies testing calcium electroporation but it has been shown in vitro that
the effect is independent of the calcium compound [84]. In most of the in vivo studies, 168 mM calcium
was injected in a volume equivalent to 50% of tumor volume; however, in one of the studies, different
calcium doses have been tested. There seems to be a similar effect of calcium electroporation when
treating with calcium concentrations between 100–500 mM (injected in a volume equivalent to 50% of
the tumor volume) and with injection volumes from 20% to 80% of the tumor volume (with 168 mM
CaCl2) [61]. The calcium concentrations used in vivo [18,61] are much higher than the concentrations
inducing cell death in vitro [77,80], which is also seen when using bleomycin in combination with
electroporation [79,84]. This is likely due to the smaller extracellular volume (ECV) in tissue compared
with cells in suspension in vitro, which is also supported by a study on spheroids, a 3D in vitro
model [85], where the drug concentrations (calcium or bleomycin) were similar to the in vivo studies
and the ECV of spheroids is comparable to the ECV of tissue.

5.2. Effect on Normal Cells and Tissues

When testing a potential novel anti-cancer treatment it is of the upmost importance to investigate
the effect on the surrounding normal tissues. For calcium electroporation, the effect on six normal cell
lines has been investigated in vitro as well as the effect on normal skin- and muscle tissue on mice
(Table 1). The difference in effect of calcium electroporation between normal and malignant muscle cell
lines has been compared in two in vitro studies [78,82]. This showed significantly less cell death in
normal muscle cells compared with the cancer muscle cells when treating with calcium electroporation
using low concentrations of calcium (0.5 mM) and with high concentrations of calcium (5 mM calcium)
for most of the tested electroporation parameters [78,82]. This was the case for both attached cells
and cells in suspension. Thus, normal cells seem less sensitive to calcium electroporation than cancer
cells, as seen with electrochemotherapy [86]. When treating normal human umbilical vein endothelial
cells, Chinese hamster ovary cells, and human primary dermal fibroblasts in vitro in suspension,
however, the cells were highly affected by calcium electroporation [80,81]. When primary normal
fibroblasts were treated as spheroids, interestingly no decreased survival was seen [85]. The study
clearly showed that calcium electroporation and bleomycin electroporation induced cell death in all
three cancer cell spheroids (breast, bladder, and colon cancer) but not in the normal cell spheroid,
although ATP depletion was observed in all calcium electroporated spheroids (Figure 3) [85]. These
results were confirmed in vivo on mice where the normal tissue surrounding tumors treated with
calcium electroporation was far less affected than the tumor tissue [61].
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Table 1. Calcium electroporation of normal vs. malignant cells. Note the difference between in vitro and in vivo observations.

Model Author Investigated Cell Types Cell Condition Observation

In Vitro Zielichowska et al. 2016 [78] Murine normal muscle cells; murine sarcoma cells Suspension Less cell death in normal cells
than malignant cells

Szewczyk et al. 2017 [82] Murine normal muscle cells; murine sarcoma cells
Suspension and attached

(differentiated and
undifferentiated)

Less cell death in normal cells
than malignant cells

Frandsen et al. 2018 [80] Human primary dermal fibroblasts Suspension Induced cell death in normal cells

Staresinic et al. 2018 [81] Human umbilical endothelial cells; Chinese hamster
ovary cells Suspension Induced cell death in normal cells

3D Spheroid Frandsen et al. 2015 [85] Human breast-, bladder-, and colon cancer and
primary dermal fibroblasts Spheroids

Cell death induced in all three
cancer cell lines but affected

normal cells less

In Vivo Frandsen et al. 2017 [61] Human SCLC *; breast-; bladder-; colon cancer tumors;
normal skin and normal muscle Tissue

Induced necrosis in all tumor
types but limited effect on

normal tissue

* Small cell lung cancer (SCLC).
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Figure 3. Normal and cancer cell response to calcium electroporation. Calcium electroporation 
induces different response in normal cell spheroids and cancer cell spheroids where cancer cell 
spheroids decrease in size while no change in size is seen in the normal cell spheroids. However, 
intracellular ATP level is depleted in both normal and cancer cell spheroids for up to 72 hours, which 
the normal cells are able to survive. Adapted from Frandsen, Gibot et al., 2015 [85]. 

Like electrochemotherapy [87,88], calcium electroporation has been shown to have an anti-
vascular effect in vitro and in vivo on both normal and tumor blood vessels [81]. Using a dorsal 
window chamber tumor model in vivo, it was observed that calcium electroporation disrupted both 
tumor and normal vessels. Furthermore, calcium electroporation inhibited the ability of endothelial 
cells to migrate and form capillary-like structures in vitro. The anti-vascular effect, even though it 
also affects normal blood vessels in the treated area, might be an important contributor to the effects 
induced by calcium electroporation due to drug entrapment in the treated area. 

5.3. Mechanisms of Action—Cellular Effects 

In the first publication about calcium electroporation as an anti-cancer treatment [18], a 
mechanism of action was suggested (Figure 4), which, in following publications, has been further 
investigated and supported. Several mechanisms may contribute to the tumor cell kill observed, as 
well as sparing normal tissue.  

 
Figure 4. Proposed mechanism of action published in 2012. Calcium electroporation of cells induces 
influx of calcium and sodium and loss of ATP and potassium due to the concentration gradients (1). 

Figure 3. Normal and cancer cell response to calcium electroporation. Calcium electroporation induces
different response in normal cell spheroids and cancer cell spheroids where cancer cell spheroids
decrease in size while no change in size is seen in the normal cell spheroids. However, intracellular
ATP level is depleted in both normal and cancer cell spheroids for up to 72 hours, which the normal
cells are able to survive. Adapted from Frandsen, Gibot et al., 2015 [85].

Like electrochemotherapy [87,88], calcium electroporation has been shown to have an anti-vascular
effect in vitro and in vivo on both normal and tumor blood vessels [81]. Using a dorsal window
chamber tumor model in vivo, it was observed that calcium electroporation disrupted both tumor
and normal vessels. Furthermore, calcium electroporation inhibited the ability of endothelial cells to
migrate and form capillary-like structures in vitro. The anti-vascular effect, even though it also affects
normal blood vessels in the treated area, might be an important contributor to the effects induced by
calcium electroporation due to drug entrapment in the treated area.

5.3. Mechanisms of Action—Cellular Effects

In the first publication about calcium electroporation as an anti-cancer treatment [18], a mechanism
of action was suggested (Figure 4), which, in following publications, has been further investigated
and supported. Several mechanisms may contribute to the tumor cell kill observed, as well as sparing
normal tissue.
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This may lead to increased ATP consumption (2) by the calcium ATPase and sodium potassium ATPase
trying to re-establish the calcium homeostasis as well as loss of ATP production (3) since increased
intracellular calcium can induce the opening of permeability transition pores (PTP) in the mitochondria
membrane dissipating the proton gradient. This leads to ATP depletion which has been observed after
calcium electroporation as well as necrotic cell death. Other cellular effects (4) such as increased activity
of lipases and proteases as well as increased concentration of reactive oxygen species (ROS) may also
be involved. From Frandsen et al., 2012 [18].

5.3.1. Cell Death

The cell death mechanism induced by calcium electroporation was shown to be apoptosis by
Tunnel-assay, Annexin-V staining and transmission electron microscope observations in two in vitro
studies [78,82]. In three other studies, it was shown to be necrosis by cell morphology observations
and flow cytometry in vitro [81] and in vivo by histological analyses [18,61]. Similar results have
been observed with nanosecond pulsed electric fields (nsPEF), an electroporation method using
shorter, higher voltage pulses (e.g., in the range of 3–600 ns and 3–40 kV/cm) than classical reversible
electroporation, that also induces uptake of extracellular calcium. The studies showed that nsPEF
induce apoptosis and necrosis facilitated by calcium uptake depending on cell type [89,90]. Calcium
electroporation might also induce both types of cell death depending e.g., on cell type, calcium
concentration, time of measurement, and method to determine cell death.

As described, calcium can pass through the plasma membrane after application of nsPEF, but
the pulses will also pass the cell membrane due to the relatively long relaxation time, and thereby
also affect intracellular organelles such as mitochondria and ER. A rise of the intracellular calcium
concentration is induced through entry of calcium from the extracellular space as well as release from
ER, which induces cell death [91–93]. This method has been tested for treatment of tumors in vivo [94]
and in the clinic [95] and the effect of the treatment may be enhanced by increased extracellular
calcium [89,90]. Calcium in combination with other permeabilisation methods has also successfully
induced cell death. Irreversible electroporation is a method where very high electric fields and a
higher number of pulses are used, resulting in irreversible permeabilisation of the plasma membrane.
This method has been studied in vitro, in vivo, and in patients for treatment of tumors, without addition
of drugs [96–98]; however, recent studies show enhanced efficacy of irreversible electroporation when
combined with calcium [99–102]. Calcium has been used to eliminate tumors when combined with
another permeabilisation method, sonoporation [79].

5.3.2. Calcium Uptake

Classical reversible electroporation pulses induce permeabilisation of the cell membrane, and
a recent study shows also permeabilisation of internal membranes. Thus cytosolic calcium might
increase due to influx of extracellular calcium and from the intracellular calcium stores, such as
ER [103]. In vitro studies have shown that intracellular calcium content increases in both cancer cells
and normal cells after treatment with calcium electroporation, using different reversible electroporation
parameters [61,82,104,105]. This has been confirmed in vivo where calcium content increased
significantly in tumor and skin tissue after calcium electroporation; thus, other factors may contribute
to the difference in sensitivity between cancer cells and normal cells [61]. Interestingly, in murine
muscle tissue, calcium content did not increase significantly after calcium electroporation, which could
be due to the effective maintenance of muscle calcium homeostasis in general and could explain the
lower sensitivity to calcium electroporation in muscle cells and tissue. Since the intracellular calcium
content is similar after treatment, the difference in sensitivity between normal skin and cancer tissue
might be explained by differences in the intracellular management of calcium. It has been indicated
that membrane repair is more effective in normal cells compared with cancer cells [57], which could
indicate that the normal cells can begin to re-establish the ion homeostasis earlier than the cancer cells.
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A similar effect has been shown using nsPEF where cancer cells were more permeabilized and less
viable than normal cells [106]. Furthermore, a recent study indicated that the membrane composition,
shown by the phase transition temperature and lipid composition, might contribute to differences
in sensitivity to calcium electroporation between cell lines, which could be due to differences in the
degree and/or duration of the permeabilisation [83].

5.3.3. Calcium Transporters

With possible differences in the degree of permeabilisation and/or membrane repair,
re-establishment of the intracellular calcium level after treatment with calcium electroporation may
differ between cell types. This has been investigated in vivo [61]. As described, total intracellular
calcium content after calcium electroporation clearly increased in tumors as well as in normal
surrounding skin shortly after treatment. Interestingly, the calcium content decreased to a level close to
untreated controls 4 hours after treatment in normal skin tissue, indicating that normal cells of the skin
are better at extruding calcium than tumor cells [61]. As explained in Figure 2, calcium is extruded from
cells by the Na+/Ca2+-exchanger (NCX), Na+/Ca2+/K+-exchanger (NCKX), and plasma membrane
calcium ATPase (PMCA). The expression of NCX has been determined in untreated normal and
malignant muscle cells showing a higher expression in differentiated normal cells than differentiated
malignant cells (no difference in undifferentiated cells) [82]. Moreover, after calcium electroporation
the expression of NCX increased in normal muscle cells but decreased in malignant muscle cells,
indicating that normal cells can extrude more calcium than cancer cells [82]. This was also supported
when investigating the PMCA expression level [61,82]. This showed a significantly higher expression
of total PMCA and of PMCA isoform 4 in the two tested normal cell lines compared with the five tested
cancer cell lines [61,82]. A significantly higher expression of PMCA isoform 3 was also observed in
the malignant muscle cells compared with the normal muscle cells [82]. No significant difference was
observed in the expression of PMCA isoform 1 in the tested cell lines [61,82]. PMCA is encoded by four
genes (PMCA1–4) with many different splice variants [2,4,28,107] where PMCA1 and 4 are expressed
in all cells. The dissociation constant (Kd) for ATP for PMCA1 is lower than the Kd for PMCA4;
thus, PMCA1 is regulating the cytosolic calcium concentration at low calcium concentrations whereas
PMCA4 pumps calcium out of the cell at higher calcium concentrations [107–109]. Since PMCA4 is
lower in cancer cells than normal cells, it could indicate that cancer cells might have a reduced ability to
decrease the high cytosolic calcium concentrations induced by calcium electroporation. The differences
in PMCA level were observed at the protein level; however, no difference was seen on the mRNA
level [61], indicating that the difference is caused after mRNA synthesis.

5.3.4. ATP

As previously described, PMCA is an ATP-dependent calcium pump, and the supposed increased
activity of PMCA has an effect on the intracellular ATP level. The intracellular ATP level is depleted
for up to 8 hours after calcium electroporation in vitro using increasing calcium concentration and/or
increasing electric field [18,77,81]. This is likely due to direct loss of ATP through the permeabilized
cell membrane [110,111], increased ATP consumption by ATP-dependent pumps [112] and loss of
ATP production due to opening of permeability transition pores in the mitochondria membrane [112]
(see Figure 4). Loss of mitochondrial membrane potential has been observed in a recent, unpublished
study [113], which supports the proposed mechanism of action. The ATP level is also decreased in
spheroids and in tumors in vivo after treatment with calcium electroporation, and the decrease is
similar in normal and cancer cells [61,85]. This indicates that both normal and cancer cells try to
re-establish the intracellular calcium concentration; however, normal cells are more resilient to ATP
depletion. Due to the decreased ATP level after calcium electroporation, it has been speculated that
the effect of calcium electroporation together with metformin could be synergistic. The anti-diabetic
drug metformin reduces intracellular ATP level by mild and specific inhibition of the mitochondrial
respiratory chain complex I [114]. However, when testing the effect of metformin together with calcium
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electroporation on bladder, breast, colon, and small cell lung cancer tumors in vivo, no increased effect
on ATP level, tumor size, nor survival was seen compared with calcium electroporation alone [80].

5.3.5. Other Cellular Effects

Expression of the intracellular calcium channel, ryanodine receptor (RyR), has also been
investigated in malignant and normal muscle cells in vitro, showing decreased expression after
calcium electroporation in the differentiated cell lines, both normal and malignant, indicating
less calcium-induced calcium release from the sarcoplasmic reticulum in the muscle cells [82].
Thus, the expression of this calcium channel seems not to contribute to the difference in effect
of calcium electroporation between normal and malignant muscle cells. In the same study, the
cytoskeleton structure was also investigated before and after calcium electroporation. The amount of
F-actin filaments did not change after treatment with calcium electroporation, but were better organized
in the normal muscle cells than the malignant muscle cells. Moreover, expression of the zyxin protein,
which is involved in modulating cytoskeleton organization, increased in normal cells while it decreased
in malignant cells after calcium electroporation [82]. Investigations of the cellular ultrastructure of
normal and malignant muscle cells by transmission electron microscopy have shown that calcium
electroporation affects the cellular structure more in malignant muscle cells than normal muscle cells
(e.g. increased variety of secretory vesicles and swollen mitochondria) [82], which might also affect
survival of the cells after calcium electroporation. Although calcium electroporation has several
intracellular effects, the treatment does not induce any genotoxic effects [113], which is important for
the normal surviving cells.

In the proposed mechanism of action (Figure 4), other cellular effects such as increased level
of reactive oxygen species (ROS) are suggested. A study with nsPEF showed that the increased
intracellular calcium level induced by nsPEF stimulates ROS generation, indicating that calcium
electroporation using classical reversible electroporation might also stimulate ROS generation.

Altogether, these studies show how calcium electroporation affects cellular calcium homeostasis,
energy metabolism and structure that may all contribute to the difference in sensitivity between
normal and malignant cells, but further studies are needed to fully elucidate the mechanism behind
calcium electroporation.

5.4. Mechanisms of Action—Immune Response

Besides the local effects observed in treated cells and tissues, calcium electroporation has also
been shown to induce a systemic response. In an in vivo study on immunocompetent mice, calcium
electroporation treatment of colon cancer tumors induced a complete response. Interestingly, when
the treated mice were re-challenged with the same cancer cells, no new tumors were formed while
tumors developed when pre-treated mice were challenged with different cancer cell types [79].
Contrarily, in immunocompromised mice no long-lasting response was seen after treatment with
calcium electroporation of the same tumor type. In this study, calcium electroporation in vivo induced
an increased systemic release of pro-inflammatory cytokines, and calcium electroporation in vitro
induced an increased release of the High Mobility Group Box 1 protein (HMGB1), a damage-associated
molecular pattern molecule important in immunogenic cell death [79]. Thus, this study indicates that
calcium electroporation activates immune stimulators and can induce a systemic immune response.
This has also been indicated in an in vivo study using calcium in combination with irreversible
electroporation, which induced an anti-tumor immune response with increased T-cell numbers and less
suppressor cells [101]. In the described calcium electroporation in vivo study and in another in vivo
study, electrochemotherapy also induced a systemic immune response in mice [79,115]; however, to
our knowledge no clinical observations of systemic response or response in untreated lesions after
treatment with electrochemotherapy have been published. Interestingly, in the first clinical trial with
calcium electroporation, a patient experienced systemic immune response against untreated tumors
(Figure 5), which is described Section 5.6.
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5.5. Veterinary Studies

Calcium electroporation has been tested in veterinary medicine as an alternative to
electrochemotherapy or in combination with electrochemotherapy. Two case reports describe treatment
of a canine and a feline malignant melanoma with calcium electroporation. In the study with the
canine melanoma [116], the tumor was treated with electrochemotherapy and laser surgery causing
decrease of the tumor mass. Progression of the metastatic disease was observed two weeks after
the treatment resulting in treatment of lymph node metastases with calcium electroporation using a
low calcium concentration (5 mM). Thirty days later, complete remission of metastases was observed
indicating a systemic immune response. Unfortunately, the dog was euthanized two months after
diagnosis due to brain metastases. In the case with a feline melanoma [117], the tumor was treated
with electrochemotherapy with good effect but recurrence occurred three months after treatment.
Two metastases were treated with electroporation in combination with both bleomycin and a low
calcium dose (9 mM), thus electrochemotherapy combined with calcium. This resulted in complete
response one month after treatment but with recurrence four months later. Only mild, local side effects
were observed.

Recently, the safety and efficacy of calcium electroporation was investigated in 16 sarcoids on ten
horses [118]. The treatment was well tolerated by all horses. The sarcoids were surgically excised 7,
14, and 21 days after treatment for histological analyses, which showed necrosis in 13 of 16 sarcoids.
In nine of these the fraction of necrosis was higher than 50%. Furthermore, the histological analyses
showed hemorrhages, ulceration, thrombosis, and calcification in most of the treated sarcoids. Also in
this study, surrounding normal tissue seemed to be less affected by the treatment than the tumor [118].

5.6. Clinical Trials

The first human clinical trial with calcium electroporation was published in 2017 [19]. Since calcium
chloride is an approved drug for clinical use and electroporation is an established clinical method, a
clinical trial with calcium electroporation could be readily initiated after the first preclinical studies.
The randomized, double-blinded phase II trial compared tumor response to calcium electroporation
and electrochemotherapy with bleomycin, with a non-inferiority margin of 15%. Seven patients with
cutaneous metastases from breast cancer (six patients) and malignant melanoma (one patient) were
included in the trial. The patients had 47 metastases in total, of which 37 were randomized and
evaluated for response and 10 metastases were treated and used for biopsies. The metastases on each
patient were randomized to either calcium electroporation or electrochemotherapy and since both
calcium and bleomycin are clear liquids, the trial could be double-blinded. Calcium (220 mM) and
bleomycin (1000 IU/mL) were injected intratumorally in a volume equivalent to 50% of the tumor
volume for tumors above 0.5 cm3 and in a volume equivalent to the tumor volume for smaller tumors
(<0.5 cm3) [19]. A slightly higher calcium concentration was used in this clinical trial than in the
murine studies in order to improve the chance of efficacy in this first-in-man trial. Immediately after
injection, electric pulses were delivered to the tumor as described in the standard operating procedure
for electrochemotherapy [65], which has been shown to be effective for calcium electroporation in vitro
and in vivo [61,84]. The study showed that calcium electroporation is a safe and effective treatment
of the included cutaneous metastases (< 3 cm in diameter) where the objective tumor response six
months after treatment was 72% for calcium electroporation (with 66% complete response) and 84% for
electrochemotherapy (with 68% complete response) [19]. In this small study, there was no significant
difference in objective response between the two treatments and the study showed non-inferiority
for calcium electroporation. A significant difference in objective response was observed between
previously irradiated and non-irradiated metastases, respectively 46% and 81%, which might be
due to difficulties inserting the needle electrodes and poorer drug distribution in fibrotic tissue [19].
Only minimal adverse events were reported for both treatments, including ulcers in the treated area.
Interestingly, ulcers only appeared in the tumor region, indicating that the normal surrounding skin
was spared [19] as observed in the preclinical studies [61,85].
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Interestingly, the patient with malignant melanoma in this clinical trial experienced a systemic
response [119]. The patient had widespread cutaneous metastases from malignant melanoma
(see Figure 5) where more than 100 of the metastases were treated with electrochemotherapy using
intravenous bleomycin according to the standard operating procedures [65]. Four months after the
treatment new metastases appeared. Two of these metastases were treated in the clinical trial described
above [19], one with calcium electroporation and one with electrochemotherapy, both with complete
response 6 months after treatment [119]. Interestingly, nine months after the treatment with calcium
electroporation and electrochemotherapy complete levelling of all cutaneous metastases appeared, also
of untreated metastases, and biopsies three months later showed no sign of malignant melanoma [119].
At this time, two lymph nodes that were pathologically enlarged before the treatments showed no or
minimal activity on the PET/CT scan. This indicates that the treatment with electrochemotherapy and
calcium electroporation induced a systemic immune response (Figure 5) [119].
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Figure 5. Systemic immune response after calcium electroporation. A patient with cutaneous
metastases from malignant melanoma was treated with electrochemotherapy using intravenous
bleomycin. Four months after treatment of some of the multiple metastases, new metastases appeared.
Two of these were treated (A), one with calcium electroporation and one with electrochemotherapy
using intratumoral bleomycin, both with complete response within 6 months. Nine months after this
treatment complete levelling of all cutaneous metastases appeared (B) as well as no or limited signs of
previously enlarged lymph nodes on PET/CT scan (C,D). Adapted from Falk et al., 2018 [19].

After the first clinical trial using calcium electroporation, several studies commenced (Table 2).
A phase I study treating recurrent mucosal head and neck cancer patients with calcium electroporation
has recently been published [120]. Six patients that were previously irradiated, deemed inoperable, and
without further treatment options, were included in the trial testing safety of the treatment on larger
mucosal head and neck cancers. The procedures were performed without complications. The calcium
level in serum was measured 30 min and 6 h after treatment showing no sign of hypercalcemia after the
treatment. The treatment was well tolerated with three partial responses two months after treatment.
One patient experienced complete response later on and was without clinical evidence of disease
12 months after treatment.

A confirmatory trial based on the same protocol as the first clinical trial [19] has included 7
patients with cutaneous metastases from malignant melanoma (six patients) and breast cancer (one
patient) [121]. Similar calcium concentrations were used, however both linear and hexagonal electrodes
were used in this study (only linear in the first clinical study). The study confirmed that calcium
electroporation is a safe and feasible treatment for small cutaneous metastases and the objective tumor
response six months after treatment was 33% for calcium electroporation (with 22% complete response)
and 53% for electrochemotherapy (with 40% complete response). Although, response rates in both
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treatment groups are lower than in the first clinical study, calcium electroporation was also in this
study non-inferior to electrochemotherapy.

A larger, multicenter study on cutaneous tumors investigating the response rate after calcium
electroporation will commence in 2020 (clinicaltrials.gov #NCT04225767).

Table 2. Clinical trials with calcium electroporation.

Clinicaltrials.gov Condition Palliative/
Neoadjuvant Published/Ongoing

NCT01941901 Cutaneous metastases from breast
cancer and malignant melanoma Palliative Falk et al., 2018 [19]

NCT03628417 Cutaneous metastases from breast
cancer and malignant melanoma Palliative Ágoston et al, 2020 [121]

NCT04225767 Cutaneous tumors Palliative Ready to start accrual
Feb. 2020

NCT03051269 Recurrent head and neck cancer Palliative Plaschke et al., 2019 [120]
NCT03542214 Colorectal cancer Palliative Ongoing
NCT03694080 Colorectal cancer Neoadjuvant Ongoing

NCT01941914 Keloid – Inclusion completed
(7 patients)

Furthermore, two clinical trials with calcium electroporation of colorectal cancer are ongoing.
In one of these, six patients with inoperable colorectal cancer will be included for treatment with calcium
electroporation to evaluate safety and efficacy of the treatment (clinicaltrials.gov #NCT03542214).
The other ongoing study with colorectal cancer will include 24 patients with rectal cancer or left-sided
colon cancer that will be treated with calcium electroporation two weeks prior to intended curative
surgical removal of the tumor. The primary outcome of this study is safety and the secondary outcome
is evaluation of tumor immunological changes (clinicaltrials.gov #NCT03694080), with perspective
hope of reducing micrometastases after surgery and lower recurrence rate. Finally, a trial on keloids
(clinicaltrials.gov #NCT01941914), proliferative scars, has completed the inclusion of 7 patients and the
manuscript is in preparation (J. Gehl).

6. Cost and Feasibility of Intervention

In 2015, cancer was responsible for around 8.8 million deaths globally and approximately 70% of
cancer-related deaths occurred in low- and middle-income countries [122]. At the same time, drug prices
keep rising and the economic impact of cancer is increasing, with the global annual economic cost
of cancer estimated at approximately US$ 1.16 trillion in 2010 [122,123]. There is therefore a great
need of new cancer treatments to lower the cost of treatments in high-income countries [124] as well
as in low- and middle-income countries [123,125,126]. Calcium electroporation is a novel treatment
that is efficient and inexpensive. Furthermore, calcium electroporation is feasible also in low- and
middle-income countries since the treatment is a once-only treatment that can be used both in hospitals
and in smaller mobile outreach clinics. Calcium electroporation treatment requires calcium, an electric
generator and electrodes. Calcium is inexpensive, easily available, heat-stable, and has a long shelf life
making it practical for most clinical facilities. Electric generators and electrodes approved for clinical
use are available and more affordable generators may be produced depending on the certification cost,
a one-time cost that depends on the country in question. Affordable electrodes may also be produced.
Altogether, calcium electroporation is an efficient and affordable treatment that can be introduced into
most clinical settings in high-, middle-, and low-income countries.

7. Perspectives

Calcium electroporation has been proven safe and efficient in the first clinical trials. It is a local
treatment limited by the access to the tumor for calcium injection and electrode placement.

clinicaltrials.gov
Clinicaltrials.gov
clinicaltrials.gov
clinicaltrials.gov
clinicaltrials.gov
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Since calcium electroporation does not include chemotherapeutic drugs, it can be used, not only
by oncologists, but also by e.g. interventional radiologists and surgeons. Likewise, veterinarians
are interested in calcium electroporation to increase safety for the personnel, reduce price and avoid
(expensive) handling of biological hazard waste, which may be required in the first days after treatment
with a chemotherapeutic drug.

Initial clinical studies have used a high dose of calcium (220–225 mM in a volume equivalent
to 50% of the tumor volume) but data also points to lower doses of calcium being effective [61,116].
This needs to be further investigated; nonetheless, for a safety point of view high doses of calcium
were well tolerated [19,120].

In the clinical studies described in this review, the European Standard Operating Procedure on
Electrochemotherapy (ESOPE) was followed; however, it has been shown that ESOPE-equivalent or
comparable pulsing protocols can be used with calcium electroporation with similar effect [104,
105,127]. Furthermore, calcium may also enhance the effect of treatments using irreversible
electroporation [99–102], nanosecond pulse electric fields (nsPEF) [89,90] and sonoporation [79].

The intriguing observation that anti-tumor immune response may be elicited by calcium
electroporation warrants further investigation. Indeed, a clinical study is now looking at calcium
electroporation in a neoadjuvant setting for colorectal cancer and coming preclinical and clinical studies
may investigate possible immune response activation by combining calcium electroporation with
immune stimulating agent or by performing repeated treatments.

8. Conclusions

Calcium electroporation is a novel, efficient, safe and inexpensive anti-cancer treatment. The first
clinical trials using calcium electroporation showed safety and efficacy of the treatment of cutaneous
metastases and recurrent head and neck cancer, and more clinical trials are recently completed or
ongoing. Interestingly, there has not only been an evolution in terms of use of calcium electroporation
for new tumor histologies, but also in terms of indication since the treatment was initially investigated
in patients without further treatment options and now is also being investigated as a neoadjuvant
treatment prior to intended curative surgery.

Most preclinical studies show a difference in sensitivity between normal and malignant cells and
tissues, thus sparing normal surrounding tissue when treating tumors with calcium electroporation,
which has also been indicated in a veterinary study and the first clinical trial. This difference
in sensitivity may be explained, in part, by differences in membrane repair after electroporation,
differences in the expression of calcium transporters, and changes in cellular structures. Further studies
investigating the mechanism of action are evolving.

Calcium electroporation is a local treatment though systemic immune effects have been indicated
in vivo where calcium electroporation induced a systemic immune response with increased systemic
release of pro-inflammatory cytokines. Furthermore, a systemic immune response was observed in a
dog treated with calcium electroporation and, in the first clinical trial, a patient experienced a systemic
response. Calcium electroporation, has been studied in vitro, in vivo, in veterinary studies and in
clinical trials as a novel anti-cancer treatment. The results of these studies have shown a safe and
efficient treatment that may induce a systemic response, yet further investigation is needed to fully
elucidate the potential of this novel treatment.

With increasing cancer incidence and treatment expenses worldwide, efficient and inexpensive
anti-cancer treatments are warranted in low- and middle-income countries as well as high-income
countries. As an efficient once-only treatment that can be used both in hospitals and in smaller mobile
outreach clinics, calcium electroporation may benefit patients throughout the world by introducing an
extra tool in the armamentarium of cancer treatment.

Author Contributions: Conceptualization, S.K.F. and J.G.; Writing—Original Draft Preparation, S.K.F.;
Writing—Review & Editing, S.K.F, M.V., and J.G.; Supervision, J.G.; Funding Acquisition, S.K.F. and J.G.
All authors have read and agreed to the published version of the manuscript.



Cancers 2020, 12, 290 15 of 21

Funding: This work was supported by EPeOnc, the Enhanced Perioperative Oncology Consortium (Zealand
University Hospital) and Danish Cancer Society (R110-A6996) for S.K. Frandsen and Region Sjællands
Sundhedsvidenskabelige Forskningsfond for M. Vissing.

Conflicts of Interest: A patent titled “Therapeutic applications of calcium electroporation to efficiently induce
tumor necrosis”—PCT/DK2012/050496 (co-inventors: S.K. Frandsen and J. Gehl) is granted and licensed.

References

1. Berridge, M.J.; Bootman, M.D.; Lipp, P. Calcium—A life and death signal. Nature 1998, 395, 645–648.
[CrossRef] [PubMed]

2. Brini, M.; Carafoli, E. Calcium signalling: A historical account, recent developments and future perspectives.
Cell. Mol. Life Sci. 2000, 57, 354–370. [CrossRef] [PubMed]

3. Case, R.M.; Eisner, D.; Gurney, A.; Jones, O.; Muallem, S.; Verkhratsky, A. Evolution of calcium homeostasis:
From birth of the first cell to an omnipresent signalling system. Cell Calcium 2007, 42, 345–350. [CrossRef]
[PubMed]

4. Clapham, D.E. Calcium signaling. Cell 2007, 131, 1047–1058. [CrossRef]
5. Zhivotovsky, B.; Orrenius, S. Calcium and cell death mechanisms: A perspective from the cell death

community. Cell Calcium 2011, 50, 211–221. [CrossRef]
6. Belehradek, M.; Domenge, C.; Luboinski, B.; Orlowski, S.; Belehradek, J., Jr.; Mir, L.M. Electrochemotherapy,

a new antitumor treatment. First clinical phase I-II trial. Cancer 1993, 72, 3694–3700.
7. Heller, R.; Jaroszeski, M.J.; Reintgen, D.S.; Puleo, C.A.; DeConti, R.C.; Gilbert, R.A.; Glass, L.F. Treatment of

cutaneous and subcutaneous tumors with electrochemotherapy using intralesional bleomycin. Cancer 1998,
83, 148–157. [CrossRef]

8. Marty, M.; Sersa, G.; Garbay, J.R.; Gehl, J.; Collins, C.G.; Snoj, M.; Billard, V.; Geertsen, P.F.;
Larkin, J.O.; Miklavcic, D.; et al. Electrochemotherapy—An easy, highly effective and safe treatment
of cutaneous and subcutaneous metastases: Results of ESOPE (European Standard Operating Procedures of
Electrochemotherapy) study. EJC Suppl. 2006, 4, 3–13. [CrossRef]

9. Matthiessen, L.W.; Chalmers, R.L.; Sainsbury, D.C.; Veeramani, S.; Kessell, G.; Humphreys, A.C.; Bond, J.E.;
Muir, T.; Gehl, J. Management of cutaneous metastases using electrochemotherapy. Acta Oncol. 2011, 50,
621–629. [CrossRef]

10. Curatolo, P.; Quaglino, P.; Marenco, F.; Mancini, M.; Nardo, T.; Mortera, C.; Rotunno, R.; Calvieri, S.;
Bernengo, M.G. Electrochemotherapy in the treatment of Kaposi sarcoma cutaneous lesions: A two-center
prospective phase II trial. Ann. Surg. Oncol. 2012, 19, 192–198. [CrossRef]

11. Matthiessen, L.W.; Johannesen, H.H.; Hendel, H.W.; Moss, T.; Kamby, C.; Gehl, J. Electrochemotherapy for
large cutaneous recurrence of breast cancer: A phase II clinical trial. Acta Oncol. 2012, 51, 713–721. [CrossRef]

12. NICE Guidance: Electrochemotherapy for Metastases in the Skin from Tumours of Non-Skin Origin (IPG446).
Available online: http://www.nice.org.uk/guidance/IPG446 (accessed on 23 December 2019).

13. Curatolo, P.; Miraglia, E.; Rotunno, R.; Calvieri, S.; Giustini, S. Electrochemotherapy: A valid treatment for
Gorlin-Goltz syndrome. Acta Derm. Croat. 2013, 21, 132–133.

14. Campana, L.G.; Testori, A.; Mozzillo, N.; Rossi, C.R. Treatment of metastatic melanoma with
electrochemotherapy. J. Surg. Oncol. 2014, 109, 301–307. [CrossRef] [PubMed]

15. Landstrom, F.J.; Reizenstein, J.; Adamsson, G.B.; Beckerath, M.; Moller, C. Long-term follow-up in patients
treated with curative electrochemotherapy for cancer in the oral cavity and oropharynx. Acta Oto Laryngol.
2015, 135, 1070–1078. [CrossRef] [PubMed]

16. Mozzillo, N.; Simeone, E.; Benedetto, L.; Curvietto, M.; Giannarelli, D.; Gentilcore, G.; Camerlingo, R.;
Capone, M.; Madonna, G.; Festino, L.; et al. Assessing a novel immuno-oncology-based combination therapy:
Ipilimumab plus electrochemotherapy. Oncoimmunology 2015, 4, e1008842. [CrossRef] [PubMed]

17. Gehl, J.; Skovsgaard, T.; Mir, L.M. Enhancement of cytotoxicity by electropermeabilization: An improved
method for screening drugs. Anti Cancer Drugs 1998, 9, 319–325. [CrossRef]

18. Frandsen, S.K.; Gissel, H.; Hojman, P.; Tramm, T.; Eriksen, J.; Gehl, J. Direct therapeutic applications of
calcium electroporation to effectively induce tumor necrosis. Cancer Res. 2012, 72, 1336–1341. [CrossRef]

http://dx.doi.org/10.1038/27094
http://www.ncbi.nlm.nih.gov/pubmed/9790183
http://dx.doi.org/10.1007/PL00000698
http://www.ncbi.nlm.nih.gov/pubmed/10823237
http://dx.doi.org/10.1016/j.ceca.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17574670
http://dx.doi.org/10.1016/j.cell.2007.11.028
http://dx.doi.org/10.1016/j.ceca.2011.03.003
http://dx.doi.org/10.1002/(SICI)1097-0142(19980701)83:1&lt;148::AID-CNCR20&gt;3.0.CO;2-W
http://dx.doi.org/10.1016/j.ejcsup.2006.08.002
http://dx.doi.org/10.3109/0284186X.2011.573626
http://dx.doi.org/10.1245/s10434-011-1860-7
http://dx.doi.org/10.3109/0284186X.2012.685524
http://www.nice.org.uk/guidance/IPG446
http://dx.doi.org/10.1002/jso.23512
http://www.ncbi.nlm.nih.gov/pubmed/24678530
http://dx.doi.org/10.3109/00016489.2015.1049663
http://www.ncbi.nlm.nih.gov/pubmed/26061895
http://dx.doi.org/10.1080/2162402X.2015.1008842
http://www.ncbi.nlm.nih.gov/pubmed/26155423
http://dx.doi.org/10.1097/00001813-199804000-00005
http://dx.doi.org/10.1158/0008-5472.CAN-11-3782


Cancers 2020, 12, 290 16 of 21

19. Falk, H.; Matthiessen, L.W.; Wooler, G.; Gehl, J. Calcium electroporation for treatment of cutaneous
metastases; a randomized double-blinded phase II study, comparing the effect of calcium electroporation
with electrochemotherapy. Acta Oncol. 2018, 57, 311–319. [CrossRef]

20. Berridge, M.J.; Lipp, P.; Bootman, M.D. The versatility and universality of calcium signalling. Nat. Rev. Mol.
Cell Biol. 2000, 1, 11–21. [CrossRef]

21. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling.
Nat. Rev. Mol. Cell Biol. 2003, 4, 517–529. [CrossRef]

22. Carafoli, E. Calcium signaling: A tale for all seasons. Proc. Natl. Acad. Sci. USA 2002, 99, 1115–1122.
[CrossRef]

23. Lytton, J.; Westlin, M.; Burk, S.E.; Shull, G.E.; MacLennan, D.H. Functional comparisons between isoforms of
the sarcoplasmic or endoplasmic reticulum family of calcium pumps. J. Biol. Chem. 1992, 267, 14483–14489.
[PubMed]

24. Baughman, J.M.; Perocchi, F.; Girgis, H.S.; Plovanich, M.; Belcher-Timme, C.A.; Sancak, Y.; Bao, X.R.;
Strittmatter, L.; Goldberger, O.; Bogorad, R.L.; et al. Integrative genomics identifies MCU as an essential
component of the mitochondrial calcium uniporter. Nature 2011, 476, 341–345. [CrossRef] [PubMed]

25. De Stefani, D.; Raffaello, A.; Teardo, E.; Szabo, I.; Rizzuto, R. A forty-kilodalton protein of the inner membrane
is the mitochondrial calcium uniporter. Nature 2011, 476, 336–340. [CrossRef] [PubMed]

26. Armstrong, J.S. The role of the mitochondrial permeability transition in cell death. Mitochondrion 2006, 6,
225–234. [CrossRef] [PubMed]

27. Decuypere, J.P.; Monaco, G.; Bultynck, G.; Missiaen, L.; De Smedt, H.; Parys, J.B. The IP(3)
receptor-mitochondria connection in apoptosis and autophagy. Biochim. Biophys. Acta 2011, 1813, 1003–1013.
[CrossRef] [PubMed]

28. Brini, M.; Cali, T.; Ottolini, D.; Carafoli, E. The plasma membrane calcium pump in health and disease. FEBS
J. 2013, 280, 5385–5397. [CrossRef]

29. Brini, M.; Carafoli, E. The plasma membrane Ca(2)+ ATPase and the plasma membrane sodium calcium
exchanger cooperate in the regulation of cell calcium. Cold Spring Harb. Perspect. Biol. 2011, 3, a004816.
[CrossRef]

30. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
31. Monteith, G.R.; McAndrew, D.; Faddy, H.M.; Roberts-Thomson, S.J. Calcium and cancer: Targeting Ca2+

transport. Nat. Rev. Cancer 2007, 7, 519–530. [CrossRef]
32. Roderick, H.L.; Cook, S.J. Ca2+ signalling checkpoints in cancer: Remodelling Ca2+ for cancer cell

proliferation and survival. Nat. Rev. Cancer 2008, 8, 361–375. [CrossRef]
33. Prevarskaya, N.; Ouadid-Ahidouch, H.; Skryma, R.; Shuba, Y. Remodelling of Ca2+ transport in cancer: How

it contributes to cancer hallmarks? Philos. Trans. R. Soc. B Biol. Sci. 2014, 369, 20130097. [CrossRef] [PubMed]
34. Endo, Y.; Uzawa, K.; Mochida, Y.; Shiiba, M.; Bukawa, H.; Yokoe, H.; Tanzawa, H. Sarcoendoplasmic

reticulum Ca(2+) ATPase type 2 downregulated in human oral squamous cell carcinoma. Int. J. Cancer 2004,
110, 225–231. [CrossRef] [PubMed]

35. Bergner, A.; Kellner, J.; Tufman, A.; Huber, R.M. Endoplasmic reticulum Ca2+-homeostasis is altered in
Small and non-small Cell Lung Cancer cell lines. J. Exp. Clin. Cancer Res. 2009, 28, 25. [CrossRef] [PubMed]

36. Gelebart, P.; Kovacs, T.; Brouland, J.P.; van Gorp, R.; Grossmann, J.; Rivard, N.; Panis, Y.; Martin, V.;
Bredoux, R.; Enouf, J.; et al. Expression of endomembrane calcium pumps in colon and gastric cancer cells.
Induction of SERCA3 expression during differentiation. J. Biol. Chem. 2002, 277, 26310–26320. [CrossRef]
[PubMed]

37. Brouland, J.P.; Gelebart, P.; Kovacs, T.; Enouf, J.; Grossmann, J.; Papp, B. The loss of sarco/endoplasmic
reticulum calcium transport ATPase 3 expression is an early event during the multistep process of colon
carcinogenesis. Am. J. Pathol. 2005, 167, 233–242. [CrossRef]

38. Papp, B.; Brouland, J.P. Altered Endoplasmic Reticulum Calcium Pump Expression during Breast
Tumorigenesis. Breast Cancer 2011, 5, 163–174. [CrossRef]

39. Korosec, B.; Glavac, D.; Rott, T.; Ravnik-Glavac, M. Alterations in the ATP2A2 gene in correlation with colon
and lung cancer. Cancer Genet. Cytogenet. 2006, 171, 105–111. [CrossRef]

40. Korosec, B.; Glavac, D.; Volavsek, M.; Ravnik-Glavac, M. Alterations in genes encoding
sarcoplasmic-endoplasmic reticulum Ca(2+) pumps in association with head and neck squamous cell
carcinoma. Cancer Genet. Cytogenet. 2008, 181, 112–118. [CrossRef]

http://dx.doi.org/10.1080/0284186X.2017.1355109
http://dx.doi.org/10.1038/35036035
http://dx.doi.org/10.1038/nrm1155
http://dx.doi.org/10.1073/pnas.032427999
http://www.ncbi.nlm.nih.gov/pubmed/1385815
http://dx.doi.org/10.1038/nature10234
http://www.ncbi.nlm.nih.gov/pubmed/21685886
http://dx.doi.org/10.1038/nature10230
http://www.ncbi.nlm.nih.gov/pubmed/21685888
http://dx.doi.org/10.1016/j.mito.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16935572
http://dx.doi.org/10.1016/j.bbamcr.2010.11.023
http://www.ncbi.nlm.nih.gov/pubmed/21146562
http://dx.doi.org/10.1111/febs.12193
http://dx.doi.org/10.1101/cshperspect.a004168
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1038/nrc2171
http://dx.doi.org/10.1038/nrc2374
http://dx.doi.org/10.1098/rstb.2013.0097
http://www.ncbi.nlm.nih.gov/pubmed/24493745
http://dx.doi.org/10.1002/ijc.20118
http://www.ncbi.nlm.nih.gov/pubmed/15069686
http://dx.doi.org/10.1186/1756-9966-28-25
http://www.ncbi.nlm.nih.gov/pubmed/19236728
http://dx.doi.org/10.1074/jbc.M201747200
http://www.ncbi.nlm.nih.gov/pubmed/11986315
http://dx.doi.org/10.1016/S0002-9440(10)62968-9
http://dx.doi.org/10.4137/BCBCR.S7481
http://dx.doi.org/10.1016/j.cancergencyto.2006.06.016
http://dx.doi.org/10.1016/j.cancergencyto.2007.12.003


Cancers 2020, 12, 290 17 of 21

41. Korosec, B.; Glavac, D.; Volavsek, M.; Ravnik-Glavac, M. ATP2A3 gene is involved in cancer susceptibility.
Cancer Genet. Cytogenet. 2009, 188, 88–94. [CrossRef]

42. Aung, C.S.; Kruger, W.A.; Poronnik, P.; Roberts-Thomson, S.J.; Monteith, G.R. Plasma membrane Ca2+-ATPase
expression during colon cancer cell line differentiation. Biochem. Biophys. Res. Commun. 2007, 355, 932–936.
[CrossRef]

43. Ribiczey, P.; Tordai, A.; Andrikovics, H.; Filoteo, A.G.; Penniston, J.T.; Enouf, J.; Enyedi, A.; Papp, B.; Kovacs, T.
Isoform-specific up-regulation of plasma membrane Ca2+ATPase expression during colon and gastric cancer
cell differentiation. Cell Calcium 2007, 42, 590–605. [CrossRef] [PubMed]

44. Aung, C.S.; Ye, W.; Plowman, G.; Peters, A.A.; Monteith, G.R.; Roberts-Thomson, S.J. Plasma membrane
calcium ATPase 4 and the remodeling of calcium homeostasis in human colon cancer cells. Carcinogenesis
2009, 30, 1962–1969. [CrossRef] [PubMed]

45. Ruschoff, J.H.; Brandenburger, T.; Strehler, E.E.; Filoteo, A.G.; Heinmoller, E.; Aumuller, G.; Wilhelm, B.
Plasma membrane calcium ATPase expression in human colon multistep carcinogenesis. Cancer Invest. 2012,
30, 251–257. [CrossRef] [PubMed]

46. Lee, W.J.; Roberts-Thomson, S.J.; Monteith, G.R. Plasma membrane calcium-ATPase 2 and 4 in human breast
cancer cell lines. Biochem. Biophys. Res. Commun. 2005, 337, 779–783. [CrossRef]

47. Peters, A.A.; Milevskiy, M.J.; Lee, W.C.; Curry, M.C.; Smart, C.E.; Saunus, J.M.; Reid, L.; da Silva, L.;
Marcial, D.L.; Dray, E.; et al. The calcium pump plasma membrane Ca(2+)-ATPase 2 (PMCA2) regulates
breast cancer cell proliferation and sensitivity to doxorubicin. Sci. Rep. 2016, 6, 25505. [CrossRef]

48. Orlowski, S.; Belehradek, J.; Paoletti, C.; Mir, L.M. Transient Electropermeabilization of Cells in
Culture—Increase of the Cyto-Toxicity of Anticancer Drugs. Biochem. Pharmacol. 1988, 37, 4727–4733.
[CrossRef]

49. Sersa, G.; Cemazar, M.; Miklavcic, D. Antitumor effectiveness of electrochemotherapy with
cis-diamminedichloroplatinum(II) in mice. Cancer Res. 1995, 55, 3450–3455.

50. Jaroszeski, M.J.; Dang, V.; Pottinger, C.; Hickey, J.; Gilbert, R.; Heller, R. Toxicity of anticancer agents mediated
by electroporation in vitro. Anti Cancer Drugs 2000, 11, 201–208. [CrossRef]

51. Gehl, J. Electroporation: Theory and methods, perspectives for drug delivery, gene therapy and research.
Acta Physiol. Scand. 2003, 177, 437–447. [CrossRef]

52. Vasquez, J.L.; Ibsen, P.; Lindberg, H.; Gehl, J. In vitro and in vivo experiments on electrochemotherapy for
bladder cancer. J. Urol. 2015, 193, 1009–1015. [CrossRef]

53. Josserand, V.; Keramidas, M.; Lavaud, J.; Righini, C.; Vollaire, J.; Bellard, E.; Rols, M.P.; Teissie, J.; Coll, J.L.;
Golzio, M. Electrochemotherapy guided by intraoperative fluorescence imaging for the treatment of
inoperable peritoneal micro-metastases. J. Control Release 2016, 233, 81–87. [CrossRef]

54. Ho, M.C.; Levine, Z.A.; Vernier, P.T. Nanoscale, electric field-driven water bridges in vacuum gaps and lipid
bilayers. J. Membr. Biol. 2013, 246, 793–801. [CrossRef] [PubMed]

55. Venslauskas, M.S.; Satkauskas, S. Mechanisms of transfer of bioactive molecules through the cell membrane
by electroporation. Eur. Biophys. J. 2015, 44, 277–289. [CrossRef] [PubMed]

56. Orlowski, S.; Mir, L.M. Cell electropermeabilization: A new tool for biochemical and pharmacological studies.
Biochim. Biophys. Acta 1993, 1154, 51–63. [CrossRef]

57. Frandsen, S.K.; McNeil, A.K.; Novak, I.; McNeil, P.L.; Gehl, J. Difference in Membrane Repair Capacity
Between Cancer Cell Lines and a Normal Cell Line. J. Membr. Biol. 2016, 249, 569–576. [CrossRef] [PubMed]

58. McNeil, P.L.; Steinhardt, R.A. Plasma membrane disruption: Repair, prevention, adaptation. Annu. Rev. Cell
Dev. Biol. 2003, 19, 697–731. [CrossRef]

59. Ciobanu, F.; Golzio, M.; Kovacs, E.; Teissie, J. Control by Low Levels of Calcium of Mammalian Cell
Membrane Electropermeabilization. J. Membr. Biol. 2018, 251, 221–228. [CrossRef]

60. Bansal, D.; Miyake, K.; Vogel, S.S.; Groh, S.; Chen, C.C.; Williamson, R.; McNeil, P.L.; Campbell, K.P. Defective
membrane repair in dysferlin-deficient muscular dystrophy. Nature 2003, 423, 168–172. [CrossRef]

61. Frandsen, S.K.; Kruger, M.B.; Mangalanathan, U.M.; Tramm, T.; Mahmood, F.; Novak, I.; Gehl, J. Normal and
Malignant Cells Exhibit Differential Responses to Calcium Electroporation. Cancer Res. 2017, 77, 4389–4401.
[CrossRef]

62. Levine, Z.A.; Vernier, P.T. Calcium and phosphatidylserine inhibit lipid electropore formation and reduce
pore lifetime. J. Membr. Biol. 2012, 245, 599–610. [CrossRef]

http://dx.doi.org/10.1016/j.cancergencyto.2008.10.007
http://dx.doi.org/10.1016/j.bbrc.2007.02.050
http://dx.doi.org/10.1016/j.ceca.2007.02.003
http://www.ncbi.nlm.nih.gov/pubmed/17433436
http://dx.doi.org/10.1093/carcin/bgp223
http://www.ncbi.nlm.nih.gov/pubmed/19755660
http://dx.doi.org/10.3109/07357907.2012.657817
http://www.ncbi.nlm.nih.gov/pubmed/22480210
http://dx.doi.org/10.1016/j.bbrc.2005.09.119
http://dx.doi.org/10.1038/srep25505
http://dx.doi.org/10.1016/0006-2952(88)90344-9
http://dx.doi.org/10.1097/00001813-200003000-00008
http://dx.doi.org/10.1046/j.1365-201X.2003.01093.x
http://dx.doi.org/10.1016/j.juro.2014.09.039
http://dx.doi.org/10.1016/j.jconrel.2016.05.003
http://dx.doi.org/10.1007/s00232-013-9549-4
http://www.ncbi.nlm.nih.gov/pubmed/23644990
http://dx.doi.org/10.1007/s00249-015-1025-x
http://www.ncbi.nlm.nih.gov/pubmed/25939984
http://dx.doi.org/10.1016/0304-4157(93)90016-H
http://dx.doi.org/10.1007/s00232-016-9910-5
http://www.ncbi.nlm.nih.gov/pubmed/27312328
http://dx.doi.org/10.1146/annurev.cellbio.19.111301.140101
http://dx.doi.org/10.1007/s00232-017-9981-y
http://dx.doi.org/10.1038/nature01573
http://dx.doi.org/10.1158/0008-5472.CAN-16-1611
http://dx.doi.org/10.1007/s00232-012-9471-1


Cancers 2020, 12, 290 18 of 21

63. Vernier, P.T.; Ziegler, M.J.; Dimova, R. Calcium binding and head group dipole angle in
phosphatidylserine-phosphatidylcholine bilayers. Langmuir 2009, 25, 1020–1027. [CrossRef] [PubMed]

64. Kunte, C.; Letule, V.; Gehl, J.; Dahlstroem, K.; Curatolo, P.; Rotunno, R.; Muir, T.; Occhini, A.; Bertino, G.;
Powell, B.; et al. Electrochemotherapy in the treatment of metastatic malignant melanoma: A prospective
cohort study by InspECT. Br. J. Derm. 2017, 176, 1475–1485. [CrossRef] [PubMed]

65. Gehl, J.; Sersa, G.; Matthiessen, L.W.; Muir, T.; Soden, D.; Occhini, A.; Quaglino, P.; Curatolo, P.; Campana, L.G.;
Kunte, C.; et al. Updated standard operating procedures for electrochemotherapy of cutaneous tumours and
skin metastases. Acta Oncol. 2018, 57, 874–882. [CrossRef] [PubMed]

66. Sersa, G.; Cufer, T.; Paulin, S.M.; Cemazar, M.; Snoj, M. Electrochemotherapy of chest wall breast cancer
recurrence. Cancer Treat. Rev. 2012, 38, 379–386. [CrossRef] [PubMed]

67. Bianchi, G.; Campanacci, L.; Ronchetti, M.; Donati, D. Electrochemotherapy in the Treatment of Bone
Metastases: A Phase II Trial. World J. Surg. 2016, 40, 3088–3094. [CrossRef] [PubMed]

68. Bimonte, S.; Leongito, M.; Granata, V.; Barbieri, A.; Del Vecchio, V.; Falco, M.; Nasto, A.; Albino, V.;
Piccirillo, M.; Palaia, R.; et al. Electrochemotherapy in pancreatic adenocarcinoma treatment: Pre-clinical
and clinical studies. Radiol. Oncol. 2016, 50, 14–20. [CrossRef]

69. Edhemovic, I.; Gadzijev, E.M.; Brecelj, E.; Miklavcic, D.; Kos, B.; Zupanic, A.; Mali, B.; Jarm, T.; Pavliha, D.;
Marcan, M.; et al. Electrochemotherapy: A new technological approach in treatment of metastases in the
liver. Technol. Cancer Res. Treat. 2011, 10, 475–485. [CrossRef]

70. Egeland, C.; Baeksgaard, L.; Johannesen, H.H.; Lofgren, J.; Plaschke, C.C.; Svendsen, L.B.; Gehl, J.; Achiam, M.P.
Endoscopic electrochemotherapy for esophageal cancer: A phase I clinical study. Endosc. Int. Open 2018, 6,
E727–E734. [CrossRef]

71. Plaschke, C.C.; Bertino, G.; McCaul, J.A.; Grau, J.J.; de Bree, R.; Sersa, G.; Occhini, A.; Groselj, A.; Langdon, C.;
Heuveling, D.A.; et al. European Research on Electrochemotherapy in Head and Neck Cancer (EURECA)
project: Results from the treatment of mucosal cancers. Eur. J. Cancer 2017, 87, 172–181. [CrossRef]

72. Sallberg, M.; Frelin, L.; Ahlen, G.; Sallberg-Chen, M. Electroporation for therapeutic DNA vaccination in
patients. Med. Microbiol. Immunol. 2015, 204, 131–135. [CrossRef]

73. Heller, L.; Todorovic, V.; Cemazar, M. Electrotransfer of single-stranded or double-stranded DNA induces
complete regression of palpable B16.F10 mouse melanomas. Cancer Gene Ther. 2013, 20, 695–700. [CrossRef]
[PubMed]

74. Spanggaard, I.; Dahlstroem, K.; Laessoee, L.; Hansen, R.H.; Johannesen, H.H.; Hendel, H.W.; Bouquet, C.;
Attali, P.; Gehl, J. Gene therapy for patients with advanced solid tumors: A phase I study using gene
electrotransfer to muscle with the integrin inhibitor plasmid AMEP. Acta Oncol. 2017, 56, 909–916. [CrossRef]
[PubMed]

75. Golzio, M.; Gabriel, B.; Boissier, F.; Deuwille, J.; Rols, M.P.; Teissi, J. Calcium and electropermeabilized cells.
J. De La Soc. De Biol. 2003, 197, 301–310. [CrossRef]

76. Hojman, P.; Spanggaard, I.; Olsen, C.H.; Gehl, J.; Gissel, H. Calcium electrotransfer for termination of
transgene expression in muscle. Hum. Gene Ther. 2011, 22, 753–760. [CrossRef]

77. Hansen, E.L.; Sozer, E.B.; Romeo, S.; Frandsen, S.K.; Vernier, P.T.; Gehl, J. Dose-dependent ATP depletion and
cancer cell death following calcium electroporation, relative effect of calcium concentration and electric field
strength. PLoS ONE 2015, 10, e0122973.

78. Zielichowska, A.; Daczewska, M.; Saczko, J.; Michel, O.; Kulbacka, J. Applications of calcium electroporation to
effective apoptosis induction in fibrosarcoma cells and stimulation of normal muscle cells. Bioelectrochemistry
2016, 109, 70–78. [CrossRef]

79. Falk, H.; Forde, P.F.; Bay, M.L.; Mangalanathan, U.M.; Hojman, P.; Soden, D.M.; Gehl, J. Calcium
Electroporation Induces Tumor Eradication, Long-lasting Immunity and Cytokine Responses in the CT26
Colon Cancer Mouse Model. Oncoimmunology 2017, 6, e1301332. [CrossRef]

80. Frandsen, S.K.; Gehl, J. Effect of calcium electroporation in combination with metformin in vivo and
correlation between viability and intracellular ATP level after calcium electroporation in vitro. PLoS ONE
2017, 12, e0181839. [CrossRef]

81. Staresinic, B.; Jesenko, T.; Kamensek, U.; Krog Frandsen, S.; Sersa, G.; Gehl, J.; Cemazar, M. Effect of calcium
electroporation on tumour vasculature. Sci. Rep. 2018, 8, 9412. [CrossRef]

82. Szewczyk, A.; Gehl, J.; Daczewska, M.; Saczko, J.; Frandsen, S.K.; Kulbacka, J. Calcium electroporation for
treatment of sarcoma in preclinical studies. Oncotarget 2018, 9, 11604–11618. [CrossRef]

http://dx.doi.org/10.1021/la8025057
http://www.ncbi.nlm.nih.gov/pubmed/19063658
http://dx.doi.org/10.1111/bjd.15340
http://www.ncbi.nlm.nih.gov/pubmed/28118487
http://dx.doi.org/10.1080/0284186X.2018.1454602
http://www.ncbi.nlm.nih.gov/pubmed/29577784
http://dx.doi.org/10.1016/j.ctrv.2011.07.006
http://www.ncbi.nlm.nih.gov/pubmed/21856080
http://dx.doi.org/10.1007/s00268-016-3627-6
http://www.ncbi.nlm.nih.gov/pubmed/27443372
http://dx.doi.org/10.1515/raon-2016-0003
http://dx.doi.org/10.7785/tcrt.2012.500224
http://dx.doi.org/10.1055/a-0590-4053
http://dx.doi.org/10.1016/j.ejca.2017.10.008
http://dx.doi.org/10.1007/s00430-014-0384-8
http://dx.doi.org/10.1038/cgt.2013.71
http://www.ncbi.nlm.nih.gov/pubmed/24287723
http://dx.doi.org/10.1080/0284186X.2017.1315171
http://www.ncbi.nlm.nih.gov/pubmed/28438067
http://dx.doi.org/10.1051/jbio/2003197030301
http://dx.doi.org/10.1089/hum.2010.209
http://dx.doi.org/10.1016/j.bioelechem.2016.01.005
http://dx.doi.org/10.1080/2162402X.2017.1301332
http://dx.doi.org/10.1371/journal.pone.0181839
http://dx.doi.org/10.1038/s41598-018-27728-z
http://dx.doi.org/10.18632/oncotarget.24352


Cancers 2020, 12, 290 19 of 21

83. Hoejholt, K.L.; Muzic, T.; Jensen, S.D.; Dalgaard, L.T.; Bilgin, M.; Nylandsted, J.; Heimburg, T.; Frandsen, S.K.;
Gehl, J. Calcium electroporation and electrochemotherapy for cancer treatment: Importance of cell membrane
composition investigated by lipidomics, calorimetry and in vitro efficacy. Sci. Rep. 2019, 9, 4758. [CrossRef]
[PubMed]

84. Frandsen, S.K.; Gissel, H.; Hojman, P.; Eriksen, J.; Gehl, J. Calcium electroporation in three cell lines: A
comparison of bleomycin and calcium, calcium compounds, and pulsing conditions. Biochim. Biophys. Acta
2014, 1840, 1204–1208. [CrossRef] [PubMed]

85. Frandsen, S.K.; Gibot, L.; Madi, M.; Gehl, J.; Rols, M.P. Calcium Electroporation: Evidence for Differential
Effects in Normal and Malignant Cell Lines, Evaluated in a 3D Spheroid Model. PLoS ONE 2015, 10, e0144028.
[CrossRef] [PubMed]

86. Landstrom, F.; Ivarsson, M.; von Sydow, A.K.; Magnuson, A.; von Beckerath, M.; Moller, C.
Electrochemotherapy—Evidence for Cell-type Selectivity In Vitro. Anticancer Res. 2015, 35, 5813–5820.
[PubMed]

87. Jarm, T.; Cemazar, M.; Miklavcic, D.; Sersa, G. Antivascular effects of electrochemotherapy: Implications in
treatment of bleeding metastases. Expert Rev. Anticancer Ther. 2010, 10, 729–746. [CrossRef] [PubMed]

88. Markelc, B.; Sersa, G.; Cemazar, M. Differential mechanisms associated with vascular disrupting action of
electrochemotherapy: Intravital microscopy on the level of single normal and tumor blood vessels. PLoS
ONE 2013, 8, e59557. [CrossRef]

89. Morotomi-Yano, K.; Akiyama, H.; Yano, K. Different involvement of extracellular calcium in two modes of
cell death induced by nanosecond pulsed electric fields. Arch. Biochem. Biophys. 2014, 555, 47–54. [CrossRef]

90. Pakhomova, O.N.; Gregory, B.; Semenov, I.; Pakhomov, A.G. Calcium-mediated pore expansion and cell
death following nanoelectroporation. Biochim. Biophys. Acta 2014, 1838, 2547–2554. [CrossRef]

91. Chopinet, L.; Rols, M.P. Nanosecond electric pulses: A mini-review of the present state of the art.
Bioelectrochemistry 2015, 103, 2–6. [CrossRef]

92. Semenov, I.; Xiao, S.; Pakhomov, A.G. Primary pathways of intracellular Ca(2+) mobilization by nanosecond
pulsed electric field. Biochim. Biophys. Acta 2013, 1828, 981–989. [CrossRef]

93. Vernier, P.T.; Sun, Y.; Chen, M.T.; Gundersen, M.A.; Craviso, G.L. Nanosecond electric pulse-induced calcium
entry into chromaffin cells. Bioelectrochemistry 2008, 73, 1–4. [CrossRef] [PubMed]

94. Beebe, S.J.; Chen, X.; Liu, J.A.; Schoenbach, K.H. Nanosecond pulsed electric field ablation of hepatocellular
carcinoma. In Proceedings of the 2011 Annual International Conference of the IEEE Engineering in Medicine
and Biology Society, Boston, MA, USA, 30 August–3 September 2011; pp. 6861–6865.

95. Nuccitelli, R.; Wood, R.; Kreis, M.; Athos, B.; Huynh, J.; Lui, K.; Nuccitelli, P.; Epstein, E.H., Jr. First-in-human
trial of nanoelectroablation therapy for basal cell carcinoma: Proof of method. Exp. Derm. 2014, 23, 135–137.
[CrossRef] [PubMed]

96. Neal, R.E.; Rossmeisl, J.H., Jr.; Garcia, P.A.; Lanz, O.I.; Henao-Guerrero, N.; Davalos, R.V. Successful treatment
of a large soft tissue sarcoma with irreversible electroporation. J. Clin. Oncol. 2011, 29, e372–e377. [CrossRef]
[PubMed]

97. Jiang, C.; Davalos, R.V.; Bischof, J.C. A review of basic to clinical studies of irreversible electroporation
therapy. IEEE Trans. Biomed. Eng. 2015, 62, 4–20. [CrossRef]

98. Martin, R.C., 2nd; Kwon, D.; Chalikonda, S.; Sellers, M.; Kotz, E.; Scoggins, C.; McMasters, K.M.; Watkins, K.
Treatment of 200 Locally Advanced (Stage III) Pancreatic Adenocarcinoma Patients With Irreversible
Electroporation: Safety and Efficacy. Ann. Surg. 2015, 262, 486–494. [CrossRef]

99. Wasson, E.M.; Ivey, J.W.; Verbridge, S.S.; Davalos, R.V. The Feasibility of Enhancing Susceptibility of
Glioblastoma Cells to IRE Using a Calcium Adjuvant. Ann. Biomed. Eng. 2017, 45, 2535–2547. [CrossRef]

100. Chen, Y.; Moser, M.A.J.; Luo, Y.; Zhang, W.; Zhang, B. Chemical Enhancement of Irreversible Electroporation:
A Review and Future Suggestions. Technol. Cancer Res. Treat. 2019, 18, 1533033819874128. [CrossRef]

101. Novickij, V.; Cesna, R.; Perminaite, E.; Zinkeviciene, A.; Characiejus, D.; Novickij, J.; Satkauskas, S.;
Ruzgys, P.; Girkontaite, I. Antitumor Response and Immunomodulatory Effects of Sub-Microsecond
Irreversible Electroporation and Its Combination with Calcium Electroporation. Cancers 2019, 11, 1763.
[CrossRef]

102. Wasson, E.M.; Alinezhadbalalami, N.; Brock, R.M.; Allen, I.C.; Verbridge, S.S.; Davalos, R.V. Understanding
the role of calcium-mediated cell death in high-frequency irreversible electroporation. Bioelectrochemistry
2020, 131, 107369. [CrossRef]

http://dx.doi.org/10.1038/s41598-019-41188-z
http://www.ncbi.nlm.nih.gov/pubmed/30894594
http://dx.doi.org/10.1016/j.bbagen.2013.12.003
http://www.ncbi.nlm.nih.gov/pubmed/24342489
http://dx.doi.org/10.1371/journal.pone.0144028
http://www.ncbi.nlm.nih.gov/pubmed/26633834
http://www.ncbi.nlm.nih.gov/pubmed/26504002
http://dx.doi.org/10.1586/era.10.43
http://www.ncbi.nlm.nih.gov/pubmed/20470005
http://dx.doi.org/10.1371/journal.pone.0059557
http://dx.doi.org/10.1016/j.abb.2014.05.020
http://dx.doi.org/10.1016/j.bbamem.2014.06.015
http://dx.doi.org/10.1016/j.bioelechem.2014.07.008
http://dx.doi.org/10.1016/j.bbamem.2012.11.032
http://dx.doi.org/10.1016/j.bioelechem.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/18407807
http://dx.doi.org/10.1111/exd.12303
http://www.ncbi.nlm.nih.gov/pubmed/24330263
http://dx.doi.org/10.1200/JCO.2010.33.0902
http://www.ncbi.nlm.nih.gov/pubmed/21321291
http://dx.doi.org/10.1109/TBME.2014.2367543
http://dx.doi.org/10.1097/SLA.0000000000001441
http://dx.doi.org/10.1007/s10439-017-1905-6
http://dx.doi.org/10.1177/1533033819874128
http://dx.doi.org/10.3390/cancers11111763
http://dx.doi.org/10.1016/j.bioelechem.2019.107369


Cancers 2020, 12, 290 20 of 21

103. Hanna, H.; Denzi, A.; Liberti, M.; Andre, F.M.; Mir, L.M. Electropermeabilization of Inner and Outer Cell
Membranes with Microsecond Pulsed Electric Fields: Quantitative Study with Calcium Ions. Sci. Rep. 2017,
7, 13079. [CrossRef]

104. Guionet, A.; Moosavi Nejad, S.; Teissie, J.; Sakugawa, T.; Katsuki, S.; Akiyama, H.; Hosseini, H.
Spatio-temporal dynamics of calcium electrotransfer during cell membrane permeabilization. Drug Deliv.
Transl. Res. 2018, 8, 1152–1161. [CrossRef] [PubMed]

105. Romeo, S.; Sannino, A.; Scarfi, M.R.; Vernier, P.T.; Cadossi, R.; Gehl, J.; Zeni, O. ESOPE-Equivalent Pulsing
Protocols for Calcium Electroporation: An In Vitro Optimization Study on 2 Cancer Cell Models. Technol.
Cancer Res. Treat. 2018, 17, 1533033818788072. [CrossRef] [PubMed]

106. Yang, W.; Wu, Y.H.; Yin, D.; Koeffler, H.P.; Sawcer, D.E.; Vernier, P.T.; Gundersen, M.A. Differential sensitivities
of malignant and normal skin cells to nanosecond pulsed electric fields. Technol. Cancer Res. Treat. 2011, 10,
281–286. [CrossRef] [PubMed]

107. Guerini, D.; Garcia-Martin, E.; Zecca, A.; Guidi, F.; Carafoli, E. The calcium pump of the plasma membrane:
Membrane targeting, calcium binding sites, tissue-specific isoform expression. Acta Physiol. Scandsuppl.
1998, 643, 265–273.

108. Guerini, D. The significance of the isoforms of plasma membrane calcium ATPase. Cell Tissue Res. 1998, 292,
191–197. [CrossRef]

109. Curry, M.C.; Luk, N.A.; Kenny, P.A.; Roberts-Thomson, S.J.; Monteith, G.R. Distinct regulation of cytoplasmic
calcium signals and cell death pathways by different plasma membrane calcium ATPase isoforms in
MDA-MB-231 breast cancer cells. J. Biol. Chem. 2012, 287, 28598–28608. [CrossRef]

110. Kosowski, H.M.R.; Schild, L.; Halangk, W. Electropulsing of acinar cells isolated from rat pancreas:
Dependence of reversible membrane perforation on cellular energy state. Bioelectro. Bioenerg. 1995, 38,
377–381. [CrossRef]

111. Rols, M.P.; Teissie, J. Electropermeabilization of mammalian cells. Quantitative analysis of the phenomenon.
Biophys. J. 1990, 58, 1089–1098. [CrossRef]

112. Cerella, C.; Diederich, M.; Ghibelli, L. The dual role of calcium as messenger and stressor in cell damage,
death, and survival. Int. J. Cell Biol. 2010, 2010, 546163–546176. [CrossRef]

113. Gibot, L.A.M.; Rols, M.P. Calcium delivery by electroporation induces in vitro cell death through
mitochondrial dysfunction without genetoxicity. In Proceedings of the 3rd World Congress on Electroporation
and Pulsed Electric Fields in Biology, Medicine and Food & Environmental Technologies, Toulouse, France,
3–6 September 2019.

114. Viollet, B.; Guigas, B.; Sanz Garcia, N.; Leclerc, J.; Foretz, M.; Andreelli, F. Cellular and molecular mechanisms
of metformin: An overview. Clin. Sci. 2012, 122, 253–270. [CrossRef] [PubMed]

115. Calvet, C.Y.; Famin, D.; Andre, F.M.; Mir, L.M. Electrochemotherapy with bleomycin induces hallmarks of
immunogenic cell death in murine colon cancer cells. Oncoimmunology 2014, 3, e28131. [CrossRef] [PubMed]

116. Kulbacka, J.P.J.; Rembiałkowska, N.; Saczko, J.; Kiełbowicz, Z.; Kinda, W.; Liszka, B.; Kotulska, M.; Kos, B.;
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