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Abstract: Electroporation is influenced by the features of the targeted cell membranes, e.g., the
cholesterol content and the surface tension of the membrane. The latter is eventually affected by
the organization of actin fibers. Atorvastatin is a statin known to influence both the cholesterol
content and the organization of actin. This work analyzes the effects of the latter on the efficacy
of electroporation of cancer cells. In addition, herein, electroporation was combined with calcium
chloride (CaEP) to assess as well the effects of the statin on the efficacy of electrochemotherapy.
Cholesterol-rich cell lines MDA-MB231, DU 145, and A375 underwent (1) 48 h preincubation or
(2) direct treatment with 50 nM atorvastatin. We studied the impact of the statin on cholesterol
and actin fiber organization and analyzed the cells” membrane permeability. The viability of cells
subjected to PEF (pulsed electric field) treatments and CaEP with 5 mM CaCl, was examined. Finally,
to assess the safety of the therapy, we analyzed the N-and E-cadherin localization using confocal laser
microscopy. The results of our investigation revealed that depending on the cell line, atorvastatin
preincubation decreases the total cholesterol in the steroidogenic cells and induces reorganization
of actin nearby the cell membrane. Under low voltage PEFs, actin reorganization is responsible
for the increase in the electroporation threshold. However, when subject to high voltage PEF, the
lipid composition of the cell membrane becomes the regulatory factor. Namely, preincubation with
atorvastatin reduces the cytotoxic effect of low voltage pulses and enhances the cytotoxicity and
cellular changes induced by high voltage pulses. The study confirms that the surface tension regulates
of membrane permeability under low voltage PEF treatment. Accordingly, to reduce the unfavorable
effects of preincubation with atorvastatin, electroporation of steroidogenic cells should be performed
at high voltage and combined with a calcium supply.

Keywords: atorvastatin; electrochemotherapy; electroporation; calcium; cholesterol; actin

1. Introduction

Pulsed electric field (PEF) may induce various effects when applied to cells, for
instance affecting the integrity of their plasmic membranes. Electroporation (EP) refers
to the phenomenon describing the permeabilization of cell membranes subjected to the
electric fields of intensity well above a threshold, believed to result from the formation
of pores. Such pores allow the release or intracellular material or the uptake of drugs or
genetic material by the cells [1-3] in electroporation-based technologies and treatments.
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In clinical setups where electroporation is combined with chemotherapeutics, the method
is known as electrochemotherapy (ECT), and calcium electroporation (CaEP) is a specific
subset in which calcium ions are the substance to deliver to treated cells. In CaEP, a
high concentration of calcium is introduced to the target cancer cells and the technique
is therefore used in anti-cancer therapy [4,5]. The advantages of CaEP and the growing
interest in this chemical compound instead of traditional cytostatics, e.g., bleomycin, are the
low systemic toxicity of the therapy, its applicability in small mobile outreach clinics, and
of course the very low cost of the “drug” [4]. With appropriate electric pulse parameters,
the cells can restore their compromised membrane integrity. In this case, the technique
used is known as reversible electroporation and it is applied as a non-viral transfection
method or for targeted delivery of hydrophilic drugs to the cells [6]. The cell resealing
mechanisms are complex and strongly dependent on the membrane proteins [7] and lipid
content [8], the membrane fluidity [9], and external factors such as temperature [10].

Most of the research aiming to increase the efficiency of ECT concerns optimization of
the electroporation’s protocols [6,11-15]. Alternatively, enhancing the effect of CaEP might
be achieved by modifications of the physical properties of the targeted cells to make them
more susceptible to EP. Hence, factors modulating the cell membrane permeability such as
cell membrane lipid content, can be considered a target of interest [12].

One of the most important lipids in cellular membranes is cholesterol [16], the concen-
tration of which regulates the cell membrane fluidity and permeability [17,18]. Moreover,
its metabolism correlates with the progression of the tumor [19]. Cholesterol plays a chemo-
protective role in lipid membranes reducing their oxidation [20]. In cancer cells, its high
content confers higher resistance to chemotherapy [21].

Another factor that regulates cell membranes” permeability is the organization of
their actin fibers network, as shown by Muralidharan et al. [22]. Via the zyxin-mediated
connection with the cell membrane, actin fibers regulate the surface tension of the cell
membrane. Therefore, changes in the organization of actin might influence the permeability
of the cell.

Statins are commonly used drugs for hyperlipidemia that provide remarkable benefits
to patients with risks of coronary heart disease or type 2 diabetes mellitus [23]. Due to their
proven efficiency and high-safety profile, statins found use as first line lipid-altering therapy.
Statins act by inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase
and, accordingly, also inhibit the production of cholesterol [24]. Furthermore, statins
exhibit anti-cancer activities [25]. Among statins, atorvastatin stands out given its clinical
effectiveness and favorable pharmacokinetics, such as high solubility and permeability
through the cell membrane [26,27]. Fan et al., in 2016 proved that atorvastatin impedes
the formation of actin stress fibers and prevents the downregulation of E-cadherin [28].
Therefore, the application of atorvastatin would potentially modulate both the permeability
of the cell membrane towards PEFs as well as the metastatic potential of the cell.

PEF treatment and the dysregulation of cholesterol cellular homeostasis by the stimu-
lation with atorvastatin may also influence the expression and localization of membrane
proteins. One of the most serious outcomes might be the increase of the metastatic potential
of the cancer cells. Therefore, the examination of proteins that play a significant role in
oncogenesis and cancer progression is crucial in studies concerning the modulation of cells’
fluidity [23]. N-cadherin is an example of raft-bound cell contact protein. It is expressed on
mesenchymal cells [26-28]. The transition in the membrane expression of E- to N-cadherin
results in the epithelial to mesenchymal transition and correlates with metastatic properties
of the carcinomas [24,29,30].

In this study, we carried out a range of biophysical and biochemical experiments to
evaluate the effects of atorvastatin on cancer cells when administered in combination with
electroporation and calcium electrochemotherapy. First, we determined the effects of statin
on the cholesterol content and relative zyxin-actin organization. Subsequently, we studied
the effects of atorvastatin on membrane permeability. All the data were supported with
molecular dynamics modeling. Further experiments were conducted to assess the cytotoxic
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effects induced in cancer cells by incubation with atorvastatin followed by EP and CaEP. In
the end, we verified if statin modulates the metastatic or adhesion markers of the cell by
tracking the expression of E- and N-cadherins. We proposed a model in which actin and
cholesterol simultaneously regulate the permeability of the cell membrane.

2. Results
2.1. Effects of Atorvastatin Preincubation on Cholesterol Content and Actin Organization
2.1.1. Cellular Cholesterol Quantification and Distribution after Preincubation
with Atorvastatin

Figure 1A reports the changes in the amount of cholesterol in cells preincubated with
atorvastatin. The data indicate that overall, the preincubation decreases cholesterol levels in
the cells, yet with differences depending on the cell line. The statistical difference between the
preincubated cells and the control ones was the highest in MDA-MB231 (~ 0.15 g /10° cells)
and in a similar range for the DU 145. The effect of statin preincubation was the lowest in the
A375 cells, which induced a decrease of the cholesterol content by merely 0.05 j1g/10° cells, a
change that is not statistically significant.

B) MDA-MB231 DU 145 A375

- Atorvastatin

+Atorvastatin

A375

Figure 1. Cholesterol distribution and content studies. (A) Changes in the cholesterol content in MDA-MB231, DU 145, and
A375 cells incubated for 48 h with 50 nM atorvastatin. Data presented as mean + SD, * p < 0.05 and ns—not significant
difference (n = 3); (B) distribution of cholesterol the MDA-MB231, DU 145, and A375 cells treated with 50 nM atorvastatin

for 48 h.

The distribution of cholesterol in the cells that underwent the same preincubation
treatment, depicted from confocal microscopy shown in Figure 1B, indicated that each cell
line presents a similar pattern. For MDA-MB231, the fluorescence signal of control cells
seemed even, and after treatment with 50 nM atorvastatin, it emanated mainly from the
intracellular compartment. In the case of DU 145 cells, the initial fluorescence seemed to
be even, and after preincubation with 50 nM atorvastatin, the signal was clearly higher
near the nucleus. In general, A375 cells showed a more granular pattern of cholesterol
distribution; however, the tendency was still retained.

2.1.2. Effect of Atorvastatin on the Actin System of the Cell

Figure 2 reports the structural changes in the actin organization and zyxin distribution
of the three cell lines after 48 h incubation with 50 nM atorvastatin. Properly organized
actin showed fibrils rather than cytoplasmic globular structures. In the case of normal
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zyxin, it was organized in the periphery of the cell, in the places in which actin fibers ended.
There was no extensive cytoplasmic expression of the protein.

DAPI

Zyxin

0V/ecm 600 V/cm 1200 V/em

Actin Merge DAPI Zyxin Actin Merge DAPI Zyxin Actin Merge

MDA-MB231

- Atorvastatin

+ Atorvastatin

DU 145

- Atorvastatin

+ Atorvastatin

A375

- Atorvastatin

+ Atorvastatin

Figure 2. Actin, zyxin, and nuclei organization in MDA-MB231, DU 145, and A375 cells after 48 h incubation with 50 nM
atorvastatin followed by electroporation. Six hours after the experiment, the cells were stained and observed on the confocal
laser microscope, 60 x magnification.

For the MDA-MB231 cells, the changes in zyxin and actin were subtle. When treated
with atorvastatin or subjected to low voltage PEF (600 V/cm), there was nearly no effect
of the statin on actin and zyxin. The difference in cells” morphology might be observed
when subjected to 1.2 kV/cm PEF treatment. Namely, the cells preincubated with the statin
shrink, and no regularities in actin nor zyxin organization were observed. The control
sample was highly affected, but the cells remained less disorganized, and the structural
components of the cells were retained.

The actin system of DU 145 prostate cancer cells preincubated with the statin appeared
to shift from the stress-fibers system to the globular structures, irregularly aligned in the
cytoplasm. Furthermore, the standalone statin treatment induced the disorganization of
zyxin towards cytoplasmic diffused distribution in contrast to peripherally aligned control
cells. The effect was exacerbated with the increase in PEF intensity.

Standalone treatment with atorvastatin induced noticeable changes in the A375
melanoma cells, which shifted from the fibrillary actin to globule-like structures. In case
of zyxin, it might be observed in the periphery of the cell in samples not subjected to
PEF treatment. However, when 600 V/cm PEF was applied, both zyxin and actin became
disorganized. Namely, zyxin shifted towards the cytoplasmic, diffused expression and
actin shows merely fibrillary structures. Most actin fibers were organized in the irregularly
shaped structures in the cytoplasm, and the remaining fibrils remained not parallel with
respect to each other. The effect was more visible in the cells preincubated with atorvastatin.
Conversely, when subjected to 1.2 kV/cm PEE, A375 cells and cells preincubated with
atorvastatin were both destroyed and it was hard to observe any differences.

2.2. Cell Membrane Permeabilization

To assess if the changes in the cells’ cholesterol content influence their permeabil-
ity when subjected to electric field pulses, we used Yo-Pro-1 dye uptake protocol. We
compared each cell line’s results for cells preincubated with atorvastatin for 48 h to non-
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exposed control samples. Figure 3 reports the dye uptake following PEF treatments of
intensities ranging from 500 to 1200 V/cm. As expected, the largest cells (MDA-MB231)
were characterized by higher Yo-Pro-1 uptake in PEFs of 500 V/cm and were easier to
permeabilize in lower electric fields than the other cell lines. A375 and DU 145 cells after
preincubation with atorvastatin were less permeable to Yo-Pro-1 than the cells subject only
to electric fields. For the DU 145 cell line, the effect was particularly noticeable in the low
PEF intensity range (500-700 V/cm), while for A375 line, the phenomenon was observed
across the wide range of PEF amplitudes.

MDA-MB231 DU 145

% 100 “» 100+
g 3

. o
7 80 5 80
S Q
T 60+ £ * 2 i
% S 60+
] 3 q q -
E 40 E 40+
8 g T
é 20 .;T 20+
B 0 = 0=

0 500 600 700 800 900 1000 1100 1200 0 500 600 700 800 900 1000 1100 1200
Electric field [V/icm] Electric field [V/icm]
A375

= /0 Atorvastatin

== 48 h preincubation with Atorvastatin

% of permeabilized cells

0 500 600 700 800 900 1000 1100 1200
Electric field [V/cm]

Figure 3. The uptake of Yo-Pro-1 after treatment with PEF ranging from 500 to 1200 V/cm (8 pulses, 1 Hz). The three plots
present different cell lines: MDA-MB231, DU 145, and A375. Within one cell line, one culture was treated with 50 nM
atorvastatin for 48 h and the other was the control. Cells were treated with PEFs (0, 500-1200 V/cm, 8 pulses, 0.1 ms pulse
duration) in the buffer with Yo-Pro-1. Data presented as mean + SD, * p < 0.05.

2.3. Molecular Dynamics Studies of the EP Threshold as a Function of Cholesterol Content

Molecular dynamics studies were performed to shed light on the mechanisms of elec-
troporation regulation. We investigated how cholesterol content in simple cell membrane
models affects the response to PEFs of low and high intensities.

We first, for each system composition, determined the electroporation threshold,
i.e., the voltage under which pores form in the bilayers. Further, to characterize the role
of surface tension, we analyzed the effects of positive and negative lateral membrane
tensions as well. Actin is indeed connected to the cell membrane via zyxin, thus also
involved in regulating cell shape and presumably the increased organization of the fibers
leading potentially to modulation of the cell membrane surface tension might affect the
electroporation efficacy as indeed, a change in the membrane surface tension would affect
the electroporation threshold (potential required to form pores).

Figure 4 reports data related to the permeability of the membrane models at different
cholesterol contents when subject to psPEF. The molecular dynamics simulations show that
a higher voltage must be applied to electropore membranes with increasing cholesterol
content. Interestingly, in the membrane patches with 30% cholesterol, the decrease in the
surface tension significantly decreased the electroporation threshold. As for the positive
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surface tension, it decreased the electroporation threshold in the whole range of the ana-
lyzed cholesterol content. Curiously, in cholesterol-rich patches, the EP threshold of the
membrane under 0 surface tension remained similar to that of negative surface tension.
Conversely, cholesterol-poor patches under 0 surface tension responded to PEFs in a similar
way to the patches under the positive surface tension value.

A) B) Q)

Side view Top view

Surface tension:

- -30 mN/m
4 - 0mN/m

—o- +30 mN/m

Transmembrane voltage (V)

2

T T T T
10% 30% 50% 70%
% of cholesterol in the
membrane's patch

Vacuum

Figure 4. Membrane’s patch electroporation threshold after application of usPEF with respect to the cholesterol content-
molecular dynamics studies. (A) The graph shows the minimal ionic imbalance across the simulated membrane, which
is needed to form a pore in the membrane; (B) shows the electropore throughout the membrane induced by the ionic
imbalance in the system composed of two water slabs separated by the membrane and vacuum; (C) shows the top view of
the electropore in the membrane.

Knowing that pores are likely to form in the regions where the threshold is the
easiest to exceed, we may assume that in physiological conditions, the cell membrane is
electroporated in cholesterol-low regions, and with the increase in the surface tension, the
electroporation threshold decreases.

Interestingly, molecular dynamics studies are consistent with the actin/zyxin staining
and Yo-Pro-1 uptake results. Namely, when the actin fibers are disrupted by atorvastatin,
the surface tension of the cell membrane decreases. In this case, according to our MD
studies, in the regions where the cell membrane is electroporated, the electroporation
threshold should increase and indeed it did. Conversely, when the actin fibers are disrupted
by the high-voltage electric field (1200 V/cm), there is mainly no difference between the
cells preincubated with atorvastatin and the ones without the preincubation.

2.4. Viability Assays
2.4.1. SRB Assay

To examine the total protein content in the cells submitted to PEFs, we performed
a Sulforhodamine B (SRB) assay. SRB binds stoichiometrically to proteins under mildly
acidic conditions, and thus the assay measures the total content of proteins in the cell and
can be interpreted as the structural and functional activity of the cell. To assess the impact
of atorvastatin administration, we analyzed both cells preincubated with 50 nM statin
for 48 h before PEF treatment (long-term effects) and cells subjected to PEFs with 50 nM
atorvastatin added to the electroporation buffer (short-term effects). Control cells treated
with standalone PEFs were studied as well. All three of the mentioned protocols were
carried out with and without the addition of 5 mM calcium chloride, allowing, therefore
to investigate both EP and CaEP. Figure 5 presents the results of the SRB assay conducted
72 h after the PEF treatments.
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Figure 5. SRB assay. The total protein content in the cells measured 72 h after PEF with and without 5 mM calcium ions
on MDA-MB231, DU 145, and A375 cell lines. Black bars: cells without atorvastatin; red bars: cells preincubated with
50 nM atorvastatin for 48 h before PEF treatment (long-term effects); green bars: the cells which were treated with 50 nM
atorvastatin directly in the electroporation buffer (short-term effects). All the data were calculated as the % of untreated cells,
i.e., without 0 V/cm PEF and without the addition of calcium ions. Data presented as mean =+ SD, * p < 0.05 (15 > n > 5). On
average, the cells preincubated with 50 nM atorvastatin reacted differently with low and high voltage PEFs. We observed
that the response of the cells was different to the therapy, depending on the applied electric field intensity. Namely, in low
voltages, the total protein in the cells preincubated with atorvastatin remained increased and with the elevating electric field
intensity, the total protein content decreased in comparison to control cells.

Concerning the standalone PEFs treatment, MDA-MB231 and DU 145 cells prein-
cubated with 50 nM atorvastatin and treated with PEFs of intensity above 600 V/cm
presented less protein content than the control cells. For A375 melanoma cells, this effect
was not observed. The addition of the same amount of atorvastatin, namely 50 nM, to
the electroporation HEPES buffer before PEF treatment did not lead to specific changes as
compared to the control. For the A375 melanoma cell line, both PEFs treatment protocols
with atorvastatin had a similar effect and noticeably, the cell viability recorded after PEFs
treatments with intensities ~900 V/cm or greater was about null 0%. In fact, the cytotoxic
effect (decrease of protein content) among breast and prostate cancer cells was significantly
lower than in the statin-preincubated cells.

In the set of PEFs treatment in the presence of calcium, the results of the essay were
quite different. For the MDA-MB231 breast cancer cell line, the direct addition of atorvas-
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tatin to the electroporation buffer led to a higher decrease in protein content compared to
that measured for preincubated samples. In the case of melanoma and prostate cancer cells,
the mentioned tendency was not observed.

2.42. MTT Tetrazole Assay

To investigate how addition of atorvastatin affects the cytotoxic potential of ECT alone,
cell viability studies of the three cancer cell lines were conducted using the MTT assay
(cf. Methods). Figure 6A shows the effects of PEFs on atorvastatin preincubated cells.
In the case of electroporation cell viability measured within 48 h of the PEF treatment,
there were no differences between the tested protocols except the one that involved the
1200 V/cm PEF treatment with 50 nM atorvastatin. In the case of CaEP, there were nearly
no differences between the analyzed protocols.

Figure 6B shows the long-term (120 h) effects of the combination of PEF with ator-
vastatin on the cells’ mitochondrial activity. The extended incubation time was examined
to assess if the alterations in the cell’s viability change over time. In the case of treat-
ment without calcium, the preincubation with atorvastatin did not lead to any significant
changes compared to control samples. However, for both MDA-MB231 and A375 cells,
PEF treatment with 50 nM atorvastatin led to a high viability decrease when a 1200 V/cm
field was applied. In contrast, with 5 mM calcium chloride, the MDA-MB231 and DU
145 cells subject to low voltage PEF treatment were more viable than control. Similarly, PEF
treatment with 50 nM atorvastatin led to a high decrease in the cells’ viability when high
voltages were applied.

The viability of cells exposed to PEF and preincubated or not with 50 nM atorvastatin
was similar. However, in this case, the high efficacy of electroporation with the direct
addition of atorvastatin to the electroporation buffer (1200 V/cm) was observed.
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Figure 6. Cont.
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Figure 6. MTT assay. Cells’ viability expressed by the mitochondrial activity of the cells measured. (A) 48 h after PEF with
and without 5 mM calcium ions on MDA-MB231, DU 145, and A375 cell lines. Data presented as mean & SD (21 > n > 6);
(B) 120 h after PEF with and without 5 mM calcium ions on MDA-MB231, DU 145, and A375 cell lines. Data presented as
mean =+ SD, (17 > n > 6). Black line: cells without atorvastatin; red line: cells preincubated with 50 nM atorvastatin for 48 h
before PEF treatment (long-term effects); green line: the cells which were treated with 50 nM atorvastatin directly in the
electroporation buffer (short-term effects—without 48 h preincubation time). ANOVA analysis * p < 0.05.

2.4.3. Clonogenic Assay

The clonogenic assay enables an assessment of differences in the cells’ ability to pro-
duce progeny after treatment with different drugs or physical therapies [29]. Figure 7 shows
the cells’” colony-forming properties after preincubation with atorvastatin and PEF treated
with and without 5 mM calcium ions. Atorvastatin preincubation of MDA-MB231 cells
had no effect when cells were PEF-treated in the absence of calcium ions. DU 145 prostate
cancer cells were characterized with high susceptibility to electroporation in the presence
of 50 nM atorvastatin. Interestingly, this was not observed for cells preincubated with
the statin. When electroporated with 50 nM atorvastatin and 5 mM calcium chloride, the
clone-forming decrease was less pronounced than for the control. For A375 melanoma
cells, the electroporation without 5 mM calcium was the most effective when the cells were
electroporated with 50 nM atorvastatin using the 1200 V/cm PEF. In the case of 5 mM
calcium EP, the control cells formed more colonies than the preincubated or electroporated

with 50 nM atorvastatin.
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Figure 7. Colony-forming properties of the MDA-MB231, DU 145, and A375 cells after preincubation with 50 nM atorvastatin
and electroporated with and without 5 mM calcium ions. To show the long- and short-term effect of the statin on the efficacy

of PEF treatment, we analyzed three types of cells: Black line: cells without atorvastatin; red line: cells preincubated with

50 nM atorvastatin for 48 h before PEF treatment (long-term effects); green line: the cells which were treated with 50 nM

atorvastatin directly in the electroporation buffer (short-term effects—without 48 h preincubation time). Data presented as
mean £ SD, ANOVA analysis * p < 0.05.

2.5. E- and N-Cadherins Confocal Microscopy Studies

N-cadherin immunofluorescence recorded on A375 cell showed that with the increas-
ing PEF intensity, the localization of the N-cadherin’s signal shifts from the cell membrane
to the cytoplasm of the cell (Figure 8). Depending on the conditions of PEF treatment,
the signal of N-cadherin varied, i.e., when the cells were treated with the standalone
PEF, N-cadherin signal decreased with the increasing intensity of the electric field. Con-
versely, N-cadherin’s signal expanded with the increase in PEF intensity when the cells
were subjected to standalone PEF treatment after the incubation with atorvastatin. In the
case of calcium electroporation, the signal remained high, but under high-voltage PEF
treatment, the signal was localized mainly in the intracellular compartments, rather than in
the cell membrane.

A similar tendency was observed with E-cadherin on DU 145 cells. Namely, 600 V/cm
PEF induced the shift of the signal from the periphery of the cell, to the even cytoplasmic
localization. Moreover, the fluorescence decreased, which might be due to the signal
dissipation on the larger area. Curiously, after treatment with 1200 V/cm PEF, the signal of
E-cadherin gathered in sphere-like structures, which are probably the aggregates of the
protein in the dying cells.
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Figure 8. Confocal laser microscopy studies of E- and N-cadherins expression in the DU 145 and A375 cells after the
atorvastatin-aided 5 mM calcium ECT. The layout is divided vertically into two sections—PEF treatment and CaEP. Further,
each of them is vertically divided into three PEF intensities (0, 600, and 1200 V/cm). Each cell line is grouped and within
each, the higher row shows cells not treated with atorvastatin and the lower one shows the cells preincubated for 48 h with
the drug. Cells within one parameter were separately labeled with first order anti-N-cadherin or anti-E-cadherin antibody
and then with second order Alexa 488 conjugated antibody. Samples were observed under Olympus F1000 confocal laser
microscope, oil immersion lens with 60x magnification, NA: 1.35 was used to observe the samples.

3. Discussion

Given the high potency of electroporation as a method to induce cancer cells’ death
and the rising number of clinical applications of electrochemotherapy [4,15,30-35], we
felt it is important to characterize the effects among others of widely used drugs on its
efficacy [36-40]. This paper analyzes how atorvastatin modulates CaEP and whether it
can be used as a standalone electrochemotherapy agent. The data presented in this study
were collected to investigate indeed how three cancer cell lines behave after exposition
to the statin. First, we investigated how cancer cells respond to 48 h incubation with
50 nM atorvastatin. Both changes in the cholesterol content and the organization of actin
fibers were assessed. Further, we performed cell membrane permeabilization studies and
compared the effects on cells that underwent 48 h preincubation with atorvastatin with
control cells. We performed viability experiments to analyze the effects of EP and CaEP on
the total protein content (SRB), mitochondrial activity (MTT), and finally on the progeny
forming properties of the cells (clonogenic assay). Using atomistic modeling, we compared
the effect of cholesterol content, both on the model membrane’s surface tension and on the
regulation of the permeability induced by PEFs.

Based on our experiments, we propose a mechanism in which cells react to the
atorvastatin-aided ECT (Figure 9). The role played by actin in cell membranes’ resistance
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to PEFs was very recently discussed by Muralidharan et al. [22]. It was already proven that
the membrane’s surface tension regulates the electroporation process in in vitro studies
and simulations [2,41]. Tarek et al., provided evidence that the electric field induces sig-
nificant lateral stress on the bilayer, manifested by surface tensions of magnitudes in the
order of 1 mN/m [42]. Actin via zyxin participates in maintaining a surface tension, and
if it is directly perturbed/damaged by electric fields, then the electroporation threshold
should decrease. Combining all the current knowledge and the results from our experi-
ments, we can propose a mechanism in which actin regulates the electroporation threshold.
Namely, when actin reorganizes, the cell’s stretching resistance becomes enhanced. Gray-
bill et al., showed the strong response of actin fibers towards the externally applied PEFs.
This review also explained the cytoskeletal-related mechanism of cells’” response towards
electric field [43].

Actin cytoskeleton regulates membrane Cholesterol content regulates cellular response to
permeability and EP threshold PEFs due to the disruption of actin cytoskeleton

Low-voltage EP

_|_

Y Raft

High-voltage EP

Protein localized in lipid raft

Pore forms in non-raft region

1. Mcembrane 1s heterogenous

2. Membrane is being electroporated in the regions with low cholesterol content
3. Preincubation with atorvastatin decreases cholesterol content in the membrane
4. Atorvastatin remains is cytotoxic when applied in ECT

Figure 9. Mechanism of atorvastatin-aided EP.

Actin is connected to the cell membrane and acts as stress fibers preventing the cell
from losing its shape. Thus, any change in the actin’s organization would result in altered
resistance of the cell towards lateral membrane expansion. PEF treatment influences the
cell’s shape as recently reviewed by Kotnik et al. [2] and critical changes in the morphology
of the cells are induced following electroporation as reported by Rembiatkowska et al. [11].

Concluding, when the cytoskeleton is present it is responsible for maintaining the
proper surface tension and regulating membrane permeability when subject to PEFs;
however, the lipid composition of the cell membrane remains the regulatory factor of the
membrane’s permeability when subject to actin-disrupting PEFs [44—-46].

We have demonstrated that, when exposed to atorvastatin, typical steroidogenic cells
(MDA-MB231 and DU 145) respond mostly by decreasing cholesterol content, an effect
that is more pronounced for the former. In contrast, A375 melanoma cells respond mostly
in a protein-related pathway by reorganizing actin fibers. In several previous studies, we
showed that the reorganization of actin has a significant effect on the therapeutic outcome
of the therapy of melanoma and prostate cancer cells and thus can be used as a target for
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the anti-cancer therapy [47]. We also showed that CaEP highly affects prostate cancer cells’
actin cytoskeleton [3,35].

To assess if the molecular changes induced by preincubation with atorvastatin alter
the effects of EP and CaEP on the three cell lines, viability and clonogenic assays were
performed. Overall, we found no differences between the control and cells’ viability prein-
cubated with the statin when subject to PEFs. Curiously, the cells directly electroporated
with 50 nM atorvastatin were significantly less viable when 1200 V/cm PEFs were applied,
indicating great standalone toxicity of the drug. When 5 mM calcium was supplied, dif-
ferences between the control and statin preincubation of DU 145 cells exposed to PEFs
were found. The changes might arise from atorvastatin’s dualistic effect on both actin and
the total cholesterol content, leading to higher resistance of the cells to low voltages. Con-
cerning the cells’ colony-forming properties, only melanoma cells formed fewer colonies
after direct electroporation with 50 nM atorvastatin. However, with a 5 mM calcium ions
supply, a different effect on each cell line was noticed. The number of MDA-MB231 cancer
cells colonies increased in response to preincubation with atorvastatin and 5 mM calcium
chloride low voltage PEFs. A375 cells formed more colonies when electroporated directly
with 50 nM atorvastatin and 5 mM calcium ions with low voltage PEFs. This observation is
consistent with the high cytotoxicity of statins on melanoma cells generally reported [28].
Conversely, the DU 145 cells formed statistically fewer colonies after low voltage 5 mM
CaEP with 50 nM atorvastatin.

Noticeably, the decrease of viability and colony-forming as a function of increased
PEF intensities was always steepest for the atorvastatin preincubated cells. Namely, for
the latter, the cells were more resistant to low voltage PEFs and less to high voltage PEFs.
We observed no differences between the samples preincubated or electroporated with
atorvastatin under 1200 V/cm PEF. These results imply that the effects of atorvastatin are
observed above low-voltage PEFs, which are more dependent on the actin organization.
However, due to the steepest loss of viability, the high voltage PEFs effects might be more
related to the cell’s cholesterol content.

Statins were proved to modulate the expression of E- and N-cadherin in cell cul-
tures [28,48,49]. For most of the patients on statin therapy, the drug is crucial to extend the
life and increase the quality of life, so it is not possible to totally omit the use of atorvastatin
during the course of therapy. In the case of E-cadherin expression, treatment of the cells
with 1200 V/cm PEF (mostly used in ESOPE clinical protocol) did not affect the expression
of the marker rather than its aggregation. However, the treatment of cells with the de-
creased PEF intensity (600 V/cm) led to the shift of both cadherins’ signal to the cytoplasm.
Decrease of contact molecules from the cell membrane might be unsafe in the case of
therapeutical applications. Our results show that it is possible to overcome the unfavorable
effect of increased membrane N-cadherin expression by the use of high voltage pulses and
combination with calcium supply. By doing so, the cells do not increase their membrane
expression of N-cadherin. Therapy in the proposed protocol seems to be the safest choice
when considering the simultaneous application of atorvastatin. Figure 10 summarizes the
whole set of the experiments and the most important outcomes of the study.

Even though the study was extensive, there is still a need to conduct further in vivo
animal studies to validate ours in vitro results. We hope the cell culture studies may
highlight the problem of cholesterol modifier usage among patients undergoing ECT, and
later, animal studies could be used to optimize ECT protocols in clinical practice. The
authors believe that the problem should be more widely discussed and investigated in
the future.
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Atorvastatin induces the decrease in total cholesterol of the cell and the reorganization of actin fibers.

Direct PEF treatment or CaEP with atorvastatin presents cytotoxicity towards cancer cells.

The efficacy of low-voltage PEF treatment decreases in response to preincubation with atorvastatin.

To overcome the unfavorable effect of preincubation with atorvastatin, cells should be treated with high-voltage CaEP.

Melanoma

Breast cancer

Prostate cancer

o8

Low cholesterol cancer cells
with reorganized actin fibers

Figure 10. Study setup with the outcomes.

4. Materials and Methods
4.1. Cell Culture

For the study, three human cancer cell lines were used: MDA-MB231, DU 145, and A375
(ATCC, London, UK). A375 is a melanotic melanoma cell line, derived from the skin tissue
of a 53-year-old male Caucasian patient. The MDA-MB231 breast adenocarcinoma cell line
was obtained from the metastatic site—the pleural effusion of a 51-year-old Caucasian female
adult. The DU 145 prostate cancer cell line was obtained from the metastatic site in the brain
of a 69-year-old Caucasian male adult. Cells were grown in monolayer cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 1% of antibiotics
solution (penicillin and streptomycin, Sigma-Aldrich, St. Louis, MO, USA) under standard
culture conditions at 37 °C in a humidified atmosphere containing 5% CO,. When needed,
the cells were rinsed with phosphate-buffered saline (PBS, Sigma-Aldrich, St. Louis, MO,
USA) and removed by trypsinization (0.025% trypsin and 0.02% EDTA; Sigma-Aldrich,
St. Louis, MO, USA).

4.2. Quantification of the Total Cholesterol Content

We quantified the total cholesterol content with Cholesterol/Cholesteryl Ester Quanti-
tation Assay Kit (Abcam, ab65359, Cambridge, UK). To assess the total cholesterol content
in the cells preincubated with 50 nM atorvastatin, 1 x 10° cells were seeded on cover
glasses in Petri dishes for 48 h. Afterward, the cells were washed 3 times with PBS and
further suspended in chloroform. Then, the cells were homogenized with the microhomog-
enizer and resuspended in PBS. Following the manufacturer’s protocol, the samples were
centrifugated and chloroform was evaporated. The dry sample was resuspended in the
cholesterol buffer and the solution was moved to the 96-well plate. The cholesterol esterase
was added into each well to convert the cholesterol esters to free cholesterol. After 30 min
of incubation, the reaction mixture was added and incubated for 30 min. The results were
gathered on the spectrophotometer (492 nm). Simultaneously with the experiment, the
standard cholesterol absorption curve was prepared. The value of cholesterol mass in the
experimental probes was evaluated with the standard cholesterol curve.
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4.3. Confocal Microscopy Studies of Cholesterol Distribution

Confocal microscopy was used to visualize the cholesterol distribution in the A375,
MDA-MB231, and DU 145 cells. We performed staining of the steroid according to the
Cholesterol Assay Kit (Abcam, ab133116, UK). For each cell line, one sample was incubated
with 50 nM atorvastatin and the second one was the control. The cells were incubated for
48 h, and afterward, the cells were washed with PBS and further incubated for 1 h with
the medium containing flipin-2. After the incubation, the medium was removed and the
cells were washed with PBS. Then, the samples were observed under the confocal scanning
laser microscope Olympus FluoView FV1000 (Olympus, Tokyo, Japan). An oil immersion
lens with 60 x magnification, NA: 1.35 (Olympus, Tokyo, Japan) was used to capture the
images. Photographs were taken to assess cholesterol distribution in the cells with and
without preincubation with 50 nM atorvastatin.

4.4. Fluorescent Staining of Actin and Zyxin

To visualize the actin filaments and zyxin in the cells, fluorescence microscopy was
used. The cells were incubated on cover glasses in Petri dishes for 48 h with 50 nM atorvas-
tatin. Control samples were prepared as well. Afterward, the cells were washed 3 times
with PBS. Actin filaments were stained with Invitrogen™ Alexa Fluor™ 546 Phalloidin
(2 pg/mL, Thermo Fisher Scientific, A22283, Waltham, MA, USA) with the producer’s
standard protocol. Zyxin was targeted with primary antibody (MAB6977, RD systems,
Minneapolis, MN, USA) at 3 ug/mL followed by staining with a mixture of Alexa Fluor
488 dye (2 ug/mL, A11029, Thermo Fisher Scientific, Waltham, MA, USA). Samples were
observed with the confocal scanning laser microscope Olympus FluoView FV1000 (Olym-
pus, Tokyo, Japan). An oil immersion lens with 60x magnification, NA: 1.35 (Olympus,
Tokyo, Japan) was used to capture the images.

4.5. PEF Experiment

The culture medium was removed by centrifugation and the cells were suspended
in the electroporation buffer (10 mM HEPES buffer pH = 7.4, 1 mM MgCl, and 250 mM
sucrose). The square wave electroporator was used to deliver the electric pulses (BTX, Syn-
gen Biotech, Poland, Wroclaw) and cuvettes with a 1 mm distance between the electrodes
(BTX, Harvard, MA, USA) with or without 5 mM calcium chloride. Electric fields ranging
from 0 to 1200 V/cm were applied. Each experiment involved the application of 8 pulses
with 1 Hz frequency (0.1 ms pulse duration). After pulsed electric fields, cells were left
for 1 min at 37 °C in a humidified atmosphere containing 5% of CO,. After this time, cells
were prepared for further analysis according to the procedure.

For SRB and MTT assay, cells were seeded into 96-well microculture plates at a
concentration of 2 x 10% cells/well incubated for 48 h, 10* cells/well incubated for 72 h,
and 5 x 102 cells/well incubated for 120 h at 37 °C 5% COs,.

4.6. Yo-Pro-1 Uptake—Flow Cytometry Studies

For detection of cell membrane permeabilization, Yo-Pro-1 (1:1000, Y3603, Thermo
Fisher Scientific, Waltham, MA, USA) was added to each sample before electroporation,
following by flow cytometric analysis. Yo-Pro-1 dye is commonly used in permeabilization
studies due to the fact that it only flows into permeabilized or necrotic cells. Unstained and
stained negative as well as positive controls were included in the experiments. Afterward,
the cells were treated with electric fields ranging from 500 to 1200 V/cm with 100 V/cm
step (8 pulses, 1 Hz, 0.1 ms pulse duration). Flow cytometry analysis was performed
using a Cube 6 flow cytometer (Sysmex, Warsaw, Poland). The fluorescence of Yo-Pro-1
was excited with 488 nm laser and assessed with the FL-1-detector (525/50). Data were
collected and analyzed by CyView software (Sysmex, Warsaw, Poland).
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4.7. Impact of Cholesterol on the Electroporation Threshold—MD Study

The model membrane was composed of ~256 lipids per leaflet solvated in a NaCl
solution and built using the CHARMM-GUI web interface and visually inspected with
VMD software [50,51]. All the systems were built considering mixture of lipids-cholesterol
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine-POPC. Four systems representing
10%, 30%, 50%, and 70% cholesterol were modeled, each with POPC. Six calcium ions were
considered in each system.

The simulations were performed using 3D periodic boundary conditions using the
CHARMM36 force field [52] and the GROMACS 2020.5 software [53]. The systems were
first minimized then equilibrated (100 ns) at constant pressure using the Nose-Hoover
thermostat and Berendsen barostat. To subject the systems to a TM voltage, we used the
single bilayer setup previously introduced by us [54,55]. Briefly, a void slab is created along
the normal (z-axis) to the membrane in order to separate the ionic bath from their periodic
images. Such a setup allows for adequately modeling the system submitted to a given
transmembrane voltage. For each system considered, the simulations were conducted at
increasing voltages to determine the electroporation threshold, i.e., the applied TM voltage
at which pores form in the bilayer. We assessed the electroporation threshold for the bilayer
where the surface tension was maintained at 0 mimicking a tensionless membrane, and for
membranes with a positive and negative surface tensions of ~30 mN/m.

As for the analysis, the potential of the whole system was calculated on the trajectory
of about 1000 steps before the electropore formed. The systems were centered and the
potential was calculated. Potential plots were derived and afterwards the water slabs were
moved to 0 TM. Afterwards, the new charge plot was integrated and from the obtained
plot, we calculated the transmembrane voltage in the electroporation threshold point.

4.8. Viability Assays

During treatment with statins, the drug might have an immediate effect on the cells
or induce changes that take longer times to manifest. To investigate the long- and short-
term effect of the statin on the efficacy of the PEF treatments, we analyzed three types of
samples: (1) samples of cells without atorvastatin; (2) samples of cells preincubated with
50 nM atorvastatin for 48 h before PEF treatment (long-term effects); and (3) samples of
cells treated with 50 nM atorvastatin directly in the electroporation buffer, i.e., without
pre-incubation time.

4.8.1. SRB Assay

After delivering the electric pulses with and without 5 mM calcium chloride in HEPES
buffer, 10* cells per well were seeded into 96-well culture plates for 72 h incubation. After
this time the medium was removed from the cells and 50 pL of 50% cold trichloroacetic acid
(TCA, Sigma-Aldrich, St. Louis, MO, USA) was added to each well and incubated for 1 h
at 4 °C. Afterward, the plate was washed with water and then dried. Then, 50 uL of 0.4%
sulforhodamine B (SRB, Sigma-Aldrich, St. Louis, MO, USA) solution in 1% acetic acid
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well. Incubation was performed
for 30 min at room temperature. Further, the plate was washed 5 times with 1% acetic acid
(Sigma-Aldrich, St. Louis, MO, USA) and dried. Finally, 150 pL of 10 mM TRIS solution
(Sigma-Aldrich, St. Louis, MO, USA) was added to each well. The absorbance reading at
492 nm wavelength was performed with a microplate reader (GloMax® Discover, Promega,
GmbH, Walldorf, Germany).

4.8.2. MTT Mitochondrial Activity Assay

After delivering the electric pulses with and without 5 mM calcium chloride in
HEPES bulffer, cells were seeded into 96-well microculture plates at a concentration of
2 x 10% cells/well incubated for 48 h, 5 x 10° cells/well incubated for 120 h at 37 °C
5% CO,. After 48 or 120 h after the experiment, the culture medium was removed from the
wells, and 100 pL of 0.5 mg/mL MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
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bromide, Sigma) solution in PBS buffer was added to the 96-well plates; for the 6-well
plates, the volume of MTT reagent was 0.5 mL. After 2 h incubation at 37 °C, acidified
isopropanol (100 nL, 0.04 M HCl in 99.9% isopropanol) was added to dissolve the formazan
crystals. Each well’s absorbance was measured at 570 nm using the multiplate reader
(Promega, GmbH, Germany). The results were normalized to control (100%) and plotted.

4.8.3. Clonogenic Assay

To assess the colony-forming properties after the therapy, the cells were seeded in dilu-
tions (1000 cells) on 6-well plates. Plates were placed in an incubator and left untouched for
10 days until colonies were observed in the control samples. After the incubation, DMEM
was removed, and the cells were washed with PBS. Staining of clones was performed with
a mixture of 0.5% crystal violet in 4% paraformaldehyde (PFA, Sigma-Aldrich, St. Louis,
MO, USA) for 10 min. Afterward, the free stain was removed by washing with water and
being left to dry at room temperature. Next, only the eye-visible colonies (>~0.02 cm) were
counted manually. The counting of the colonies was unbiased—the counting person was
not familiar with the samples’ IDs. Further, the data were plotted.

4.9. E- and N-Cadherin Immunofluorescence Staining Studies

Given the fact that statins alter cholesterol metabolism, various changes in the expres-
sion of raft-bound proteins might be expected in the studied cells’ plasma membranes
upon exposition to atorvastatin. In order to examine the effects of cholesterol depletion
on these membranes, we designed experiments to specifically determine the expression
and localization of E- and N-cadherins. An increased fluorescent signal of N-cadherin
in the cell membrane localization is associated with the cell’s mesenchymal phenotype
and thus relates to the increase in the epithelial-derived cancer cells” metastatic properties.
Conversely, increased E-cadherin membrane expression is correlated with the epithelial cell
morphology and lower metastatic potential. We analyzed the localization and expression
of E- and N-cadherins on human cancer cell lines. However, not each cadherin is present
on all cell lines, thus we stained only cells with the proven expression of each type of
cadherin. MDA-MB231 were deficient for both cadherins [56,57]. A375 cells expressed only
N-cadherin [58,59] and DU 145 cells were E-cadherin positive [60-62].

Confocal laser scanning microscopy was applied to assess E- and N-cadherins’ ex-
pression and distribution in the A375 and DU 145 cells after 5 mM calcium electroporation
preceded by preincubation with 50 nM atorvastatin. MDA-MB231 were proven to lack
the expression of E-cadherin, thus we left the cells for the study. The cells were incubated
for 48 h with 50 nM atorvastatin. Then, the cells were detached and electroporated with
and without 5 mM calcium chloride. Afterward, the cells were seeded on the coverslips in
the Petri dish. After 48 h, the cells were fixed with 10% formalin and stained according
to the manufacturers’ protocols. After fixation, the cells were permeabilized with Triton
X-100 (5%) and incubated with BSA for 1 h in 37 °C. Afterward, the cells were rinsed
with PBS-Triton-X-100 solution and the solution of the first-order antibody was added.
For E-cadherin’s examination, the mouse monoclonal antibody (1:500; HECD-1, Thermo
Fisher, Waltham, MA, USA) was used. For N-cadherin’s assessment, the rabbit monoclonal
antibody (1:200; SY02-46, Thermo Fisher Scientific, Waltham, MA, USA) was used. After
1 h of incubation, the cells were washed with PBS solution and the secondary antibody
was conjugated with Alexa Fluor-488 (4 ug/mL; A11008 for E-cadherin and A11029 for
N-cadherin, Thermo Fisher Scientific, Waltham, MA, USA) was added and left for 0.75 h
incubation in 37 °C. Following the incubation, the cells were washed in PBS. Fluorshield™
was applied to mount the cells. The samples were observed on the Olympus FluoView
FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). An oil immersion
lens with 60x magnification, NA: 1.35 (Olympus, Tokyo, Japan), was used to capture
the images.
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4.10. Statistical Analysis

The experiments were performed in biological replicates. Flow cytometry Yo-Pro
uptake studies were performed in technical replicates. Data on the plots were expressed as
mean £ SD and were analyzed by ANOVA coupled with a multiple comparison technique—
Tukey’s test (in GraphPad Prism 8), with p < 0.05 being considered statistically significant
(ns: not significant). The number of replicates () taken for the statistical analysis was
presented below the figures.

5. Conclusions

To conclude, our viability experiments showed that the most efficient protocol of PEF
treatment involves high voltage (1200 V/cm) PEFs in combination with supplementing
calcium ions, namely CaEP. The results presented demonstrate that depending on the cell
line, the combination with atorvastatin may be beneficial but only when high voltages are
applied. Due to the differences between the three cell lines responses, atorvastatin should
not be considered an enhancing factor for ECT.

Atorvastatin acts on the cells by reorganizing (disturbing) their cytoskeleton actin
fibers and decreasing their cholesterol content. In response to the actin cytoskeleton
reorganization, the electroporation threshold increases, presumably due to the cell’s higher
resistance to the induction of the membrane’s tension. At higher intensity, the cholesterol
content in the membrane plays a more significant role and steroidogenic cells with low
actin response to atorvastatin preincubation are characterized by the higher permeability
of the membrane after EP. These molecular changes affect the viability and colony forming
properties of the cells when low voltage PEFs are applied, but when the PEF intensity
increases to 1200 V/cm, the differences diminish. Thus, higher applied voltages imply a
more consistent outcome of electroporation.
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