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Abstract: Pulsed field ablation (PFA) is a promising new treatment for atrial fibrillation (AF), in
which pulmonary vein isolation is achieved by irreversible electroporation. Electroporation causes
ATP to leak through the permeabilized membrane. ATP is required both for the healing of the cell
membrane and for the functioning of ion pumps, such as sarco/endoplasmic reticulum Ca?-ATPase
(SERCA) or Na*,K*-ATPase (NKA), which play a key role in maintaining continuous contractions of
the heart muscle. We investigated the effects of electroporation on the expression of ion pumps and
possible correlations with the activation of AMPK, the main energy sensor in cells. H9¢c2 rat cardiac
cells were exposed to either monopolar or bipolar (H-FIRE) pulses. Cells lysed 4 or 24 h after elec-
troporation were used for mRNA and protein expression analyses. Overall, both pulse protocols
caused a dose-dependent downregulation of crucial SERCA and NKA isoforms, except for NKAa2
and (33, which were upregulated after 24 h. Monopolar pulses also decreased the phosphorylation
of FXYD1, which may cause an inhibition of NKA activity. Both pulse protocols caused an increased
AMPK activity, which may decrease both SERCA and NKA activity via calcium/calmodulin-de-
pendent protein kinase. Our results provide important new insights into what happens in surviving
cardiomyocytes after they are exposed to PFA.

Keywords: irreversible electroporation; reversible electroporation; pulsed field ablation;
sarco/endoplasmic reticulum Ca?-ATPase; Na*,K*-ATPase; atrial fibrillation; AMPK activation;
H-FIRE pulses; H9c2 cells

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia encountered in clinical prac-
tice, with a prevalence of 0.5% to 2% in the general public [1]. AF can be treated with
antiarrhythmic drug therapy, direct cardioversion, and catheter ablation. Catheter abla-
tion with pulmonary vein isolation is considered the most effective treatment of paroxys-
mal AF (spontaneously terminating AF lasting less than 7 days), persistent AF (lasting
more than 7 days), as well as long-standing persistent AF (lasting longer than 1 year) [2].

Pulsed field ablation (PFA), based on irreversible electroporation, is a promising new
intervention for the treatment of atrial fibrillation (AF), which isolates electric triggers in
pulmonary veins from entering the left atrium and, thus, stops the arrhythmic beating of
the heart [3-6]. As PFA is being rapidly introduced into clinical practice, there is growing
interest for its use in ventricular tissue as well [7-13]. Electroporation occurs when cells
are exposed to short, high-voltage electric pulses [14], which leads to a transient increase
in cell membrane permeability and may result in cell death. In PFA, pulses of up to several
1000 Volts and various durations (ns-ms) [15] are delivered via electrodes on a catheter
intracardially, causing cell death via non-thermal mechanisms [16]. So far, preclinical and
clinical studies showed that PFA represents an effective, efficient, safe, and fast method
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for the treatment of AF with reduced risk of injuries to the surrounding tissues [17,18].
PFA avoids complications inherent to thermal methods (damage of the esophagus,
phrenic nerve paralysis, pulmonary vein stenosis, embolic stroke) [19,20]. Although the
main goal of PFA is irreversible electroporation, it is unavoidable that, in vivo, we also
achieve reversible effects [21]. Reversible electroporation occurs (unintentionally) in cells
that are located further away from the electrodes/catheter than cells where PFA is per-
formed or (intentionally) during field mapping, as recently suggested [22]. Several unan-
swered questions remain on how PFA affects cardiac tissue at the cellular level, especially
in the areas where reversible electroporation occurs, such as how electroporation affects
the contractility of cardiac cells, their pacing, and ion balances, normally regulated by dif-
ferent ion pumps [23-26].

The most important ion pumps for the maintenance of cardiac contractility are
sarco/endoplasmic reticulum Ca?-ATPase (SERCA), plasma membrane Ca2?-ATPase
(PMCA), and Na*,K*-ATPase (NKA) proteins. SERCA and PMCA pumps work in combi-
nation with the sarcolemmal Na*/Ca? exchanger and mitochondrial Ca? uniport to
transport Ca? out of the cytosol (Figure 1A). While SERCA and PMCA only transport 2
Ca? out of the cytosol, NKA transports 2 K* into the cell and, at the same time, transports
3 Na* out of the cell. Through this, NKA maintains a negative transmembrane voltage of
cardiomyocytes, so they can be subjected to excitation contraction coupling repeatedly. In
addition, by maintaining transmembrane voltage, NKA influences cell calcium and con-
tractility by providing the driving force for Ca? extrusion via the Na*/Ca? exchanger.

SERCA, NKA, and PMCA all need ATP to perform their pumping functions. It is
reported that 60-70% of generated ATP in the heart is used to fuel contractions, while the
remaining 30-40% is mostly used for ion pumps, especially for SERCA [27-29]. Electro-
poration increases cell plasma membrane permeability, which disrupts the ionic balance
(Figure 1B). This creates a demand for ionic pumps to increase their pumping activity to
reestablish ionic homeostasis, but, at the same time, ATP is lost through the leaky mem-
brane, which creates an energy shortage in the cells [30-32]. There is barely any literature
on how the ion pump function may be affected by electroporation [30,31,33], especially
concerning the details of how they are regulated after the cell membrane is so drastically
damaged, i.e., electroporated. In most cases, publications correlate tumor cells” higher sus-
ceptibility to calcium electroporation compared to normal cells to their downregulation
of SERCA and PMCA ion pumps [30,31] but do not explore how electroporation itself may
influence the expression levels of ion pumps. We hypothesized that treatment with lower
electric fields than lethal may lead to increased expression and activity of ion pumps,
while higher electric fields, where the majority of cells do not survive, would cause a
downregulation in expression and activity.

One of the pathways that may play a major role in regulating the activity and expres-
sion of SERCA, NKA, and PMCA proteins is the 5 AMP-activated protein kinase (AMPK)
signaling pathway that regulates catabolic and anabolic processes in cells according to the
cell’s energy status. AMPK is a heterotrimeric complex that consists of the catalytic a-
subunit and the regulatory (3- and y-subunits [34]. It acts as a cellular energy sensor that
modulates energy metabolism, cell growth, and cell cycle [35,36] and was recently also
implied in membrane repair [37]. When the energy levels are low, AMP binds to the y-
subunit, which, in turn, causes an allosteric activation of AMPK and increases phosphor-
ylation of the a-subunit at Thr172 [38]. AMPK stimulates energy-producing processes and
inhibits energy-consuming processes and, thus, restores the energy balance. Interestingly,
AMPK has been reported to increase both NKA and SERCA activity in some cases, even
though they are both large consumers of energy [39,40], and was activated itself by nano-
second electroporation (nsEP) [41]. Precisely how AMPK activity may relate to SERCA,
PMCA, and NKA activity in electroporated cells is unclear.

In our study, we explored how the electroporation of H9¢2 rat cardiac myoblast cells
using different pulse parameters (i.e., two different waveforms) affects the expression of
SERCA and NKA pumps and how electroporation might affect their regulation through
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the phosphorylation of pumps themselves or their regulatory proteins, phospholamban
and phospholemman, respectively. We also evaluated how the electroporation of H9¢c2
cells affects AMPK activity.
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Figure 1. Schemes of excitation contraction coupling in ventricular cardiomyocytes and possible
effects of electroporation on cardiomyocyte. (A) Action potential spreads along the cell membrane.
(A1) The rapid depolarization phase is caused by opening of Na* channels. (A2) Depolarization
opens L-type Ca? channels (DHPR) in the T-tubule membrane, which causes small Ca? uptake into
cytosol. (A3) Ca? binds to Ca* release channels (RyR) in the sarcoplasmic reticulum (SR), which in
turn causes (A4) release of larger quantities of Ca?. (A5) Released Ca? binds to the troponin and
causes shift of tropomyosin that exposes myosin-binding sites on actin filaments. This enables the
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contraction. (A6) In the relaxation phase some Ca?*is pumped back into SR by SERCA or out of the
cell by PMCA, some is transported out of the cell by the Na*/Ca?* exchanger (not shown). Intracel-
lular Na* homeostasis is achieved by the Na*,K*-ATPase. (B) Changes and processes that occur in
the cell during and after electroporation. Electroporation causes activation of (B1) ion channels and
(B2) pumps, (B3) protein damage, (B4) lipid pore formation, and (B5) membrane lipids peroxida-
tion, followed by the release of ATP and K* from the cell, influx of Ca? and Na* into the cell, which
cause ionic and osmotic imbalance, (B6) activation of repair mechanisms and (B7) signaling path-
ways, (B8) formation of reactive oxygen species (ROS), (B9) cytoskeleton disruption, and changes
in (B10) gene expression and (B11) protein synthesis. Created with Biorender.com.

2. Materials and Methods
2.1. Cells

In this study, H9c2 rat cardiac myoblast cell line (European Collection of Authenti-
cated Cell Cultures ECACC 88092904) was used. The cells were placed and seeded in Dul-
becco’s Modified Eagle Medium (DMEM, #D6546, Merck, Darmstadt, Germany) supple-
mented with 4 mM L-glutamine (#G7513, Merck, Germany), 10% FBS (#F2442, Merck, Ger-
many), and a combination of antibiotics, penicillin—streptomycin (#P0781, Merck, Ger-
many) and gentamycin (#G1397, Merck, Germany), with following concentrations: peni-
cillin 1 U/mL, streptomycin 1 pg/mL, and gentamycin 50 ug/mL. Cells were incubated at
37 °C and 10% CO..

2.2. Electric Pulse Generation and Electrodes

In this study, two different waveforms (electric pulse parameters) were used to
achieve comparable effects with respect to membrane permeabilization and cell survival:
monopolar and bipolar high-frequency irreversible electroporation (H-FIRE) pulses.
Monopolar treatment of H9c2 cells comprised a total of eight 100 us pulses (1 Hz repeti-
tion frequency), while H-FIRE treatment involved delivery of 100 bursts of 32 bipolar
pulses (1 Hz repetition frequency). In addition, H-FIRE signal consisted of pulses with a
length of 2 us, alternating between positive and negative phases, 2 us pause between the
positive and negative phases of each pulse, as well as a 2 ps pause between bipolar pulses.
Pulses were delivered using a laboratory prototype pulse generator (University of
Ljubljana, Ljubljana, Slovenia), which is based on H-bridge digital amplifier with 1 kV
MOSFETs (DE275-102N06A, IXYS, Milpitas, CA, USA) [42]. A high-voltage differential
probe HVD3206A (Teledyne LeCroy, Chestnut Ridge, NY, USA), current probe, CP031
(Teledyne LeCroy, Chestnut Ridge, NY, USA), and oscilloscope WaveSurfer 3024z 200
MHz (Teledyne LeCroy, Chestnut Ridge, NY, USA) were used to measure the delivered
pulses [43—45]. Cells were subjected to electric pulses by being positioned between two
parallel stainless-steel electrodes. Electric field was determined by dividing the voltage
applied with the distance between the electrodes (2 mm).

2.3. Determining Plasma Membrane Permeability and Resealing

For permeability tests, 60 pL of cell suspension was combined with 6 puL of 1.5 mM
propidium iodide (PI, final concentration of 136 uM) shortly before the pulses were deliv-
ered. Then, 60 pL of cell suspension was electroporated, after which 50 uL of the treated
sample was moved to a 1.5 mL centrifuge tube. Three minutes after electroporation (per-
meability experiments), the samples were diluted in 150 uL. of DMEM and mixed using a
vortex. The uptake of PI was assessed using the flow cytometer (Attune NxT; Life Tech-
nologies, Carlsbad, CA, USA). Cells were excited with a blue laser at 488 nm, and the
emitted fluorescence was measured using a 574/26 nm band-pass filter. The measurement
reached 10,000 acquired events. Gating was used to separate individual cells from debris
and clusters using dot-plots for forward and side scatter, with reference to the sham con-
trol (0 V/cm). The Attune NxT program was used to analyze the obtained data. A histo-
gram of PI fluorescence was used to calculate the percentage of permeabilized cells [46].
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2.4. Determining Cell Survival Following Electroporation

For this, 60 UL of cell suspension was electroporated, after which 50 yL of the treated
sample was moved to a 1.5 mL centrifuge tube. Three minutes after electroporation, the
cells were thoroughly mixed with a pipette and diluted in 350 pL of DMEM. After the
exposure to the treatment protocol, each sample was transferred in three technical repeti-
tions (2 x 104 cells per well, V=100 uL) on a 96-well plate (TPP, Trasadingen, Switzerland).
Following a 24 h incubation at 37 °C and humidified 5% CO, a survival assay was con-
ducted. Then, 20 puL of MTS tetrazolium compound (CellTiter 96° AQueous One Solution
Cell Proliferation Assay (MTS), Promega, Madison, WI, USA) was added to each well ac-
cording to manufacturer’s instructions and incubated for 2 h. The number of viable cells
was determined using MTS assay by evaluating the metabolic activity of cells and by
measuring the formazan absorbance at 490 nm. Following a 2 h incubation period, the
absorbance was measured by a spectrofluorometer (Tecan Infinite 200; Tecan, Grodig,
Austria). To calculate cell survival, the background (containing only DMEM and MTS)
was subtracted from all measurements, and then the absorbance of the treated samples
was normalized to that of the control samples.

2.5. Cell Treatments for gPCR and Immunoblotting Analyses

We tested for voltage between 0 and 250 V with increments of 50 V, resulting in elec-
tric field between 0 and 1250 V/cm, estimated by voltage divided by distance between the
stainless-steel plate electrodes. The cell density used throughout experiments was 1.5 x
107 cells/mL. After electroporation, 60 UL of the treated cells was diluted to appropriate
concentration in culture medium, placed in 6-well plates, and incubated for 4 and 24 h (2
mL of cell suspension per well). Further, 2.25 x 105 cells were seeded per well for 4 h incu-
bation, while 1.5 x 10° cells were seeded per well for 24 h incubation. Incubation times
were chosen based on our previous research [46]. The culture medium was then removed,
and the cells were rinsed twice with ice-cold PBS and stored at —-80°C for further analysis,
which involved quantitative PCR and/or immunoblotting.

2.6. Quantitative Real-Time PCR (qgPCR)

The total RNA was extracted from H9¢2 cells with E.Z.N.A Total RNA kit I (Omega,
Bio-Tek, Norcross, GA, USA, cat. no. R6834). Reverse transcription was performed using
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA,
USA, cat. no. 4368814). TagMan Universal Master Mix used in this experiment was from
Thermo Fisher Scientific (cat. no. 4364340). Both reverse-transcription and quantitative
real-time PCR (qPCR) were performed using QuantStudio 3 (Thermo Fisher Scientific,
Waltham, MA, USA). qPCR analysis was performed using TagMan Gene Expression As-
says (Thermo Fisher Scientific, Waltham, MA, USA): NKA alfa 1 (Atplal, cat. no. 4448892,
Rn01533986_m1), NKA alfa 2 (Afpla2, cat. no. 4448892, Rn00560789_m1), NKA alfa 3
(Atpla3, cat. no. 4448892, Rn00560813_m1), NKA beta 1 (Atplbl, cat. no. 4448892,
Rn00565405_m1), NKA beta 2 (Atp1b2, cat. no. 4448892, Rn00560819_m1), NKA beta 3
(Atp1b3, cat. no. 4448892, Rn00755009_m1), Phospholemman (Fxydl, cat. no. 4448892,
Rn00581299_m1), phospholamban (Pln, (cat. no. 4453320, Rn01434045_m1), SERCA1
(Atp2al, cat. no. 4448892 Rn01508014_m1l), SERCA2 (Atp2a2, cat. no. 4453320,
Rn00568762_m1), SERCA3 (Atp2a3, cat. no. 4448892, Rn00563800_m1), 18S (cat. no.
4331182, Hs99999901_s1), and Cyclophilin A (Ppia, cat. no. 4331182, Rn00690933_m1). Re-
sults are reported as gene expression ratios (Equation (1)):

(1 + Ereference) /(1 + Etarget)
where E represents PCR efficiency, while Ct represents threshold cycle [47,48]. Gene ex-
pression levels of evaluated proteins were normalized to geometric mean of endogenous
controls 185 rRNA and Ppia [48]. Figure 2 shows the mRNA expression levels of distinct
NKA and SERCA isoforms, as well as their respective regulators, FXYD1 and phosphol-
amban.

Ctreference Cttarget (1)
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Figure 2. Comparison of mRNA expression levels of different sarco/endoplasmic reticulum Ca?*-
ATPase (SERCA) isoforms, Na*,K*-ATPase (NKA) subunits, and their regulators phospholamban
(PIn) and phospholemman (FXYD1), respectively, in H9c2 cells. qPCR was used to evaluate basal
levels of gene expression for SERCA1-3 (Atp2al-3), NKAal-3 (Atplal-3), NKAB1-3 (Atp1b1-3), and
their regulators phospholamban (PIn), and phospholemman (Fxyd1), respectively. qPCR was per-
formed using rat-specific gene expression assays, normalized to geometric mean of 18S and PPIA
endogenous controls. Results are means + SD (n=7).

2.7. Immunoblotting

Electroporated H9c2 cells were cultured in 6-well plates in complete medium and left
to attach for 4 and 24 h in incubator. Next, cells were lysed with Pierce™ RIPA buffer
(#89901, Thermo Fisher Scientific, Waltham, MA, USA), and their protein concentration
was determined using the Pierce BCA Protein Assay Kit (#23225 and 23227, Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s guidelines. Each sample
within every replication was adjusted to the identical concentration prior to separation.
The proteins were separated using Bolt™ 4-12%, Bis-Tris, 1.0 mm, Mini Protein Gels
(#NW04125BOX, Thermo Fisher Scientific, Waltham, MA, USA), and Mini Gel Tank
(#A25977, Thermo Fisher Scientific, Waltham, MA, USA) and then transferred onto PVDF
membranes using Power Blotter Select Transfer Stacks (mini, #PB5210, Thermo Fisher Sci-
entific, Waltham, MA, USA) and Power Blotter-Semi-dry Transfer System (Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s guidelines. Ponceau S (0.1%
(w/v) in 5% (v/v) acetic acid) staining was used to assess loading and transfer efficiency.
After transfer, membranes were blocked with 7.5% (w/v) dry skimmed milk in Tris-buff-
ered saline with Tween (TBST: 20 mM Tris, 150 mM NaCl, 0.02% (v/v) Tween 20, pH 7.5)
for 1 h at room temperature. Following this, the membranes were incubated overnight at
4 °C with different primary antibodies in a solution containing 20 mM Tris, 150 mM NaCl,
pH 7.5, 0.1% (w/v) BSA, and 0.1% (w/v) NaNs. Additional information regarding primary
antibodies used in this study can be found in Table 1.

Table 1. List of primary antibodies used in this study.

Antibody Host Type Dilution Supplier Cat. No.
NKAal Tyr10 Rabbit Monoclonal 1:500 CST 13566
NKAg1 Rabbit Monoclonal 1:1000 CST 62849
NKA{2 Rabbit Polyclonal 1:500 TFS PA5-121248
NKARS Rabbit Monoclonal 1:1000 Invitrogen =~ MA5-37934
(CD298)
SERCAL1 Rabbit Polyclonal 1:1000 CST 4219
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SERCA2 Rabbit Monoclonal 1:1000 CST 9580
Pln Rabbit Monoclonal 1:500 CST 14562
Pln
Rabbi Polyclonal 1:1 T 4
Ser16/Thrl7 abbit olyclona 000 CS 8496
ACC Rabbit Monoclonal 1:1000 CST 3676
AMPKa Rabbit Polyclonal 1:1000 CST 2532
pPAMPK« . .
Thel72 Rabbit Monoclonal 1:1000 CST 2535
pACC Ser79 Rabbit Polyclonal 1:1000 CST 3661
NKAal Mouse Monoclonal 1:2000 Merck 05-369
NKAa2 Rabbit Polyclonal 1:4000 Merck AB9094-1
NKA«3 Mouse Monoclonal 1:1000 TES MA3-915
FXYD1 Rabbit Polyclonal 1:1000 Invitrogen =~ PA5-79288
pEXYDI1 Ser68  Rabbit Polyclonal ~ 1:500-2000 TES PA5-99971

CST: Cell Signaling Technology; TFS: Thermo Fisher Scientific.

Following several washing steps in TBST solution, membranes were incubated with
a secondary antibody horseradish peroxidase conjugate in TBST with 5% (w/v) dry
skimmed milk for 1 h at room temperature. After additional washing steps in TBST, mem-
branes were incubated with Pierce Enhanced Chemiluminescence reagent (#32106,
Thermo Fisher Scientific, Waltham, MA, USA) for 1 min, after which bands were visual-
ized and quantified using Uvitec Alliance Q9 (Uvitec, Cambridge, UK) and Quantity One
1-D Analysis Software 4.6.8. (Bio-Rad, Hercules, CA, USA).

2.8. Statistical Analyses

The data are presented as means + SD. All statistical analyses were performed using
GraphPad Prism 6 (version 6.01, GraphPad Software, Boston, MA, USA). Statistical sig-
nificance (p < 0.05) was determined by a two-way ANOVA followed by Dunnett’s post
hoc test for assessing multiple comparisons. ‘n’ represents the number of biological repli-
cates included in the analysis.

3. Results

In our study, we investigated how the electroporation (irreversible and reversible) of
H9c2 cells achieved by different pulse parameters affects the expression of SERCA and
NKA pumps and how electroporation might affect their regulation through the phosphor-
ylation of pumps themselves or through phosphorylation of their regulatory proteins,
phospholamban and phospholemman, respectively. We also investigated how the elec-
troporation of H9c2 cells affects AMPK activity.

3.1. Plasma Membrane Permeability and Survival of H9c2 Cells after Electroporation

We first determined the range of pulse amplitudes causing membrane electro-
poration—reversible and irreversible (i.e., cell death)—which we later used in experi-
ments for gene and protein expression. We selected a range of treatment intensities, from
electric fields where no electroporation was observed (low percentage of membrane per-
meabilization and high survival) to high electric fields where most cells were irreversibly
electroporated, as determined by permeabilization and cell survival assays, but, still,
enough cells survived for protein and RNA extraction. In Figure 3, we can see that at 1250
V/cm, we achieved a high percentage of permeabilized cells and cell survival of less than
20% with both monopolar and H-FIRE pulses. As H-FIRE pulses are less effective than
monopolar pulses at the same exposure times, we used longer cumulative exposure times
for H-FIRE pulses (100 bursts of 32 pulses of 2-2-2-2 s, 12,800 ps) than monopolar pulses
(800 ps). We, thus, selected 0, 300, 500, 750, 1000, and 1250 V/cm to treat H9c2 cells for the
gene and protein evaluation.
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Figure 3. Evaluation of plasma membrane permeability and survival of H9c2 cells after electro-
poration. Cells were treated with either 8x100 ps long monopolar pulses (Monopolar; 1 Hz repeti-
tion frequency), or 100 bursts of 32 short bipolar pulses (H-FIRE) of 2-2-2-2 ps (bipolar; 1 Hz repe-
tition frequency, pulses of 2 us duration of positive and negative phase, 2 us pause between positive
and negative phase, 2 s pause between bipolar pulses). The uptake of PI, measured by the flow
cytometer 3 min after electroporation, was used to evaluate permeability of plasma membrane,
while MTS viability assay was used to evaluate cell survival 24 h after electroporation. Results are
means + SD (n = 3-4).

3.2. Effect of Electroporation on SERCA mRNA and Protein Expression

The electroporation of cells can have several negative effects on homeostasis (Figure
1B). The disruption of ion balance and ATP loss due to electroporation have severe effects
on the normal function of ion pumps. It was reported that low expression levels of SER-
CAs and PMCAs may play a role in the higher sensitivity of tumor cells compared to
normal cells to calcium electroporation [30,31,49]. Thus, we investigated how electro-
poration may affect the expression of SERCA isoforms 1, 2, and 3 and the expression and
phosphorylation of the SERCA regulator phospholamban (Pln).

Regarding mRNA levels, a significant decrease in the expression of SERCA1 (Atp2al)
was observed within the first 24 h following electroporation, with both monopolar and H-
FIRE pulses (Figure 4A,D). The same was also observed at the protein level, where both
monopolar and H-FIRE pulses caused a downregulation in expression at 4 and 24 h (Fig-
ure 4G,]). On the contrary, the mRNA expression of SERCA2 (Atp2a2) remained stable, as
can be seen in Figure 4B,E, but we detected a downregulation in the protein level, which
was significant at 4 h for H-FIRE pulses but not for monopolar pulses (Figure 4H,K).
SERCA3 mRNA levels were very low (Figure 2), but we nevertheless detected an increase
in the expression 4 h after electroporation with both monopolar and H-FIRE pulses (Fig-
ure 4C,F). We also evaluated the mRNA expression of phospholamban (PIn) but were un-
successful in detecting it at the protein level. At the mRNA level, phospholamban levels
were significantly increased at the basal level when comparing 4 to 24 h (Figure 41,L), but
24 h after electroporation with higher electric fields, the expression was reduced to the 4
h basal levels.



Appl. Sci. 2024, 14, 2695

9 of 22

Bipolar Monopolar

Monopolar

Bipolar

(v

C

Atp2a1 Atp2a2 3 Atp2a3
5.0x10 1.5x103 % 4.0x10+ *
S 4.0x10 =) a2 =) ) #
5 < 1.0x107 g 3.0:10%
~ 3.0x105 P # -1 -
T < < 2.0x10+¢
Z 2.0x10 € Z Z
& 5.0x10 © .
€ 1.0x10 € g 1.0x10
0 0 0
4h 24 h 4h 24 h 4h 24 h
Atp2a1 Atp2a2 Atp2a3
2.5x10"3 2.0x10%
S 2.0x10"3 L g 1.5x10% *
~ -3 ~
< 1:5x10 T 10010
Z 1.0x10° Z
€ 5.0x10+ £ 5.0x107
0 0
4h 24 h 4h 24 h 4h 24 h
SERCA1 SERCA2 Pin
100=| 100— |
100=[==— 100=[=~~ =] #
8 20 215 2.5x104 — e
g 15 § 10 3 2.0x10+ %
3.10 > =~ 1.5x104 L%
£ £ Z 1.0x10+
- - m
g 5 g € 5.0x10
0 0 0
4 h 24 h 4h 24 h 4 h 24 h
SERCA1 SERCA2 Pin
100-| 100~ ]
100=[=== " 55 % o 100=[==wwce mm———— |
® 25 o 20 2.5x10 __#
= = # *p=0.078
c 20 S 15 D 2.0x10+4
=} =] <
>15 > = 1.5x104
£ 10 g 10 * s 1.0x104 *
x * % * % > * g r
2 5 25 € 5.0x10
< <
0 0
4 h 24 h 4h 24 h 4h 24 h
[ Basal BE= 750 Vem™!
3 300Vcm™ EE 1000 Vcm™!
B3 500Vem” EE 1250 Vem™!

Figure 4. Effects of different types of electric pulses (monopolar and bipolar) on mRNA and protein
expression of SERCA isoforms and phospholamban (PIn) in H9c2 cells. (A-F) qPCR was used to
determine gene expression of SERCA1-3 (Atp2al-3) subunits following electroporation for indicated
time periods. (G,H,J,K) Immunoblotting was used to estimate protein abundance of SERCA1 and 2
isoforms following electroporation for indicated time periods. Total protein loading was evaluated
by Ponceau S staining (shown above the blots). Numbers next to the blots and Ponceau stains indi-
cate molecular weight markers in kDa. Black arrowheads indicate the analyzed bands when unspe-
cific bands were detected, (I,L) qPCR was used to determine gene expression of phospholamban
(PIn) following electroporation for indicated time periods. qPCR was performed using rat-specific
gene expression assays, normalized to geometric mean of 185 and PPIA endogenous controls. Val-
ues on the graphs are means + SD (n = 3—4 for JPCR, n = 6-8 for immunoblotting) and results that
are statistically significant are indicated (* p <0.05 vs. Basal; # p <0.05 4 h vs. 24 h. Two-way ANOVA
with Dunnet’s post hoc adjustment was used for statistical evaluation).
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3.3. Effects of Electroporation on the Expression of NKA a-Subunits

As ion imbalance and a loss of ATP also affect the function of NKA (Figure 1B), we
were interested in how electroporation with monopolar or H-FIRE pulses affects its ex-
pression and function. We first evaluated the expression of catalytic a-subunits (1-3) at
the mRNA and protein levels.

At the mRNA level, we observed no effects of electroporation on the expression of
NKA«l (Atplal) with both monopolar and H-FIRE pulses (Figure 5A,D). After electro-
poration with monopolar pulses, we observed a non-significant trend in the downregula-
tion of NKAa2 (Atpla2) at the mRNA level, after both 4 and 24 h (Figure 5B), as a function
of treatment intensity. H-FIRE pulses caused a significant downregulation after 24 h (Fig-
ure 5E). We also observed an upregulation in the mRNA expression of NKAa3 (Atp1a3),
24 h after being treated with H-FIRE pulses at 1250 V/cm (Figure 5F). It is important to
note, however, that the expression levels of NKA a3 were the lowest of the 3 alpha subu-
nits, so the relevance of this result might be negligible (Figure 2).

At the protein level, we observed a downregulation in the expression of NKAal for
monopolar pulses after 24 h at 1250 V/ecm (Figure 5G), while H-FIRE pulses caused a
downregulation after 4 h and at electric field values from 500 to 1250 V/cm (Figure 5]). H-
FIRE pulses caused a significant downregulation in the protein expression of NKA«2 after
4 h, while both monopolar and H-FIRE pulses increased the expression at high electric
fields after 24 h (Figure 5H,K). We also detected a downregulation in the expression of
NKA«3 after 4 h in cells treated with monopolar pulses (Figure 5I), but as at the mRNA
level, due to the low overall expression levels of the a3 subunit in H9¢2 cells, these results
may not have an important effect on the function of treated cells. Overall, the trends of
the effects of electroporation on the expression of NKA a-subunits seem to be similar be-
tween both monopolar and bipolar H-FIRE pulses.

3.4. Effects of Electroporation on the Expression of NKA B-Subunits

We also analyzed the effects of electroporation with monopolar and H-FIRE pulses
on the expression of NKA B-subunits, which are crucial for the assembly, maturation, and
function of o/p-heterodimers.

We observed a significant upregulation in the mRNA expression of NKAB1 (Atp1b1)
with both monopolar and H-FIRE pulses after 4 h, while this upregulation was less evi-
dent after 24 h (Figure 6A,D). We observed no effects of electroporation on the protein
expression of NKA{1, neither with monopolar nor H-FIRE pulses (Figure 6G,]). NKA{32
subunit (Afp1b2) expression was by far the lowest of the three NKA B-subunits (Figure 2).
We observed no changes at the mRNA level with either electroporation protocol (Figure
6B,E). We did, however, detect an upregulation in the protein expression of NKA{2 24 h
after cells were treated with monopolar pulses (Figure 6H), but like with the NKA«a3 re-
sults before, these changes most probably do not have significant consequences for the
functioning of the cells due to the low expression levels of NKA (32. NKA{3 (Atp1b3)
mRNA levels were increased 24 h after cells were treated with monopolar pulses at 1250
V/cm (Figure 6C). At the protein level, both monopolar and H-FIRE pulses caused a down-
regulation in the expression of NKA3, but this effect seems to have diminished after 24
h and actually turned into an upregulation in cells treated with bipolar pulses (Figure
6LL).
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Figure 5. Effects of different types of electric pulses (monopolar and bipolar) on mRNA and protein
expression of NKA «a subunits in H9¢2 cells. (A-F) qPCR was used to determine gene expression of
NKAal-3 (Atplal-3) subunits following electroporation for indicated time periods. (G-L) Im-
munoblotting was used to estimate protein abundance of NKA «a1-3 following electroporation for
indicated time periods. Total protein loading was evaluated by Ponceau S staining (shown above
the blots). Numbers next to the blots and Ponceau stains indicate molecular weight markers in kDa.
qPCR was performed using rat-specific gene expression assays, normalized to geometric mean of
18S and PPIA endogenous controls. Values on the graphs are means + SD (n = 34 for qPCR, n=7-
8 for immunoblotting) and results that are statistically significant are indicated (* p < 0.05 vs. basal;
#p<0.054 hvs. 24 h). Two-way ANOVA with Dunnet’s post hoc adjustment was used for statistical

evaluation).



Appl. Sci. 2024, 14, 2695 12 of 22

>
w
(@)

Atp1b2 Atp1b3
- 3.0x10° 3.0x10 3.0x10
8l s =) S *
8_ < 2.0x103 < 2.0x10% # < 2.0410+
) < < <
cl|l 2 3 Z . P4 “
& 1.0x10 & 1.0x10 & 1.0x10
§ S S £
0 0 0
4h 24 h 4h 24 h
Atp1b2 Atp1b3
3.0x10°3 4.0x10 Lﬂ 2.0x10+
. =) =) © =)
8| 2200105 2 3010 3 3 1.5x104 —#
[e] r =
j1 é 10100 é 2.0x106 <zt 1.0x10+
m| €' £ 1.0.10% % 5.0.10%
0 0 0
4h 24 h 4h 24 h
NKAB1 NKAB2 NKAB3
ol | 40-| | 50 |
= 50= seawe 40 50— ™
E » 20 P I ® 15 | " 15 N e
[e) = = wo® s = #
Q 515 5 10 5 10 L
o > > >
c £ 10 c c
() = = 5 £ 5
= s s 5 3
< < <
4h 24 h 4h 24 h 4h 24 h
50 NKAB1 NKApB2 50 NKAB3
50— S0=smmmms -
— 020 PR 225
8 T 15 # 0.8 'S 20 #
[e) 5 E 5 —
=1 > 0.6 Below 215
. s 10 © i © ****
(11 = 5041 detection level s 10 *
25 20.2 25
< 0.0 <
4h 24 h 4h 24 h 4h 24 h
1 Basal B 750 Vem™!

= 300Vcm”' HEH 1000Vcm™'
=1 500Vem” HE 1250V cm™!

Figure 6. Effects of different types of electric pulses (monopolar and bipolar) on mRNA and protein
expression of NKA {3 subunits in H9c2 cells. (A-F) gPCR was used to determine gene expression of
NKAB1-3 (Afp1b1-3) subunits following electroporation for indicated time periods. (G-L) Im-
munoblotting was used to estimate protein abundance of NKAB1-3 following electroporation for
indicated time periods. Total protein loading was evaluated by Ponceau S staining (shown above
the blots). Numbers next to the blots and Ponceau stains indicate molecular weight markers in kDa.
qPCR was performed using rat-specific gene expression assays, normalized to geometric mean of
18S and PPIA endogenous controls. Values on the graphs are means + SD (n = 3—4 for qPCR, n=3-
8 for immunoblotting) and results that are statistically significant are indicated (* p < 0.05 vs. basal;
#p<0.054hvs. 24 h). Two-way ANOVA with Dunnet’s post hoc adjustment was used for statistical
evaluation).



Appl. Sci. 2024, 14, 2695

13 of 22

3.5. Effects of Electroporation on Phosphorylation of NKAal and FXYD1

To gain a deeper understanding of how electroporation with different pulse param-
eters affects NKA ion pump activity, we also examined the phosphorylation status of
NKAa«l (Tyrl0) and phosphorylation and the expression of the NKA regulator FXYD1
(Figure 7).

There was a slight but non-significant decrease in the phosphorylation of the NKA«a1
subunit on the Tyr10 residue 24 h after exposure to both types of pulses (Figure 7A,D).
Monopolar pulses had no effect on phosphorylation of NKAa1 subunit 4 h after treatment
(Figure 7A), while H-FIRE pulses increased phosphorylation 4 h after treatment at 1000
and 1250 V/cm (Figure 7D). This effect was also observed when we normalized the phos-
phorylated protein to total (Figure 7E).

In addition to the phosphorylation of NKAal itself, we also investigated how elec-
troporation affects the expression and phosphorylation of EXYD1. FXYD1 is the main reg-
ulator of NKA in cardiac cells. The unphosphorylated form of FXYD1 inhibits the activity
of NKA, while the phosphorylated form increases it. We observed a downregulation in
the mRNA expression of FXYD1 after 24 h with both monopolar and H-FIRE pulses (Fig-
ure 7C,F). At the protein level, we observed a downregulation in both the phosphorylation
and total protein content after 4 h with monopolar and H-FIRE pulses (Figure 7G,H,],K),
although we did see an upregulation in the total protein content with monopolar pulses
at 24 h at 1250 V/cm (Figure 7H). When phosphorylated FXYD1 was normalized to total
FXYD1, we observed a significant downregulation in the ratio of the phosphorylated form
with monopolar pulses and a negative trend with H-FIRE pulses at 24 h, which may sug-
gest that NKA activity is inhibited by FXYD]1, 24 h after H9c2 cells are exposed to electric
fields, causing the highest cell electroporation/membrane permeability (Figure 7LL).

3.6. The Role of AMPK in Regulation of NKA Ion Pump Activity in Electroporated Cells

AMP-activated protein kinase (AMPK) is an enzyme that plays a vital role in regu-
lating cellular energy homeostasis in response to various metabolic stresses. Typically,
AMPK is activated in response to energy stress. The activation of AMPK can stimulate or
inhibit the activity of NKA, and it is also known that AMPK can affect SERCA activity.
AMPK is regulated at multiple levels, including post-translational modifications. One of
the most important post-translational modifications that activate AMPK is the phosphor-
ylation of a specific threonine residue (Thr172) within the activation loop of the kinase
domain. We, thus, investigated how the electroporation of H9¢2 cells with either mono-
polar or bipolar H-FIRE pulses might affect the activity of AMPK and of its direct target,
Acetyl-CoA carboxylase (ACC) (Figure 8).

The highest electric field tested (1250 V/cm) caused an increase in the phosphoryla-
tion of AMPK with both monopolar (Figure 8A) and H-FIRE pulses (Figure 8D); this was
also true when the phosphorylated form was normalized to total protein (Figure 8C,F).
ACC phosphorylation was decreased at 4 h with both monopolar and bipolar pulses (Fig-
ure 8G,]), but we observed an upregulation with monopolar pulses at 24 h (Figure 8G).
The described trends were also significant for monopolar pulses when the phosphory-
lated form was normalized to total protein but not for bipolar pulses (Figure 8LL).
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Figure 7. Effects of different types of electric pulses (monopolar and bipolar) on phosphorylation of
NKAal and FXYD1. (A,B,D,E,G-L) Immunoblotting was used to estimate pNKAal Tyr10, phos-
phorylation of NKA«l relative to total protein, pFXYD1 Ser68, FXYD1, and phosphorylation of
FXYDL1 relative to total protein. Total protein loading was evaluated by Ponceau S staining (shown
above the blots). Numbers next to the blots and Ponceau stains indicate molecular weight markers
in kDa. Black arrowheads indicate the analyzed bands when unspecific bands were detected. (C,F)
qPCR was used to determine gene expression of FXYD1. qPCR was performed using rat-specific
gene expression assays, normalized to geometric mean of 185 and PPIA endogenous controls. Val-
ues on the graphs are means + SD (n = 3—4 for gPCR, n = 6-8 for immunoblotting) and results that
are statistically significant are indicated (* p <0.05 vs. Basal; # p <0.05 4 h vs. 24 h). Two-way ANOVA
with Dunnet’s post hoc adjustment was used for statistical evaluation).



Appl. Sci. 2024, 14, 2695

15 of 22

Monopolar

Bipolar

Monopolar

Bipolar

A

PAMPK Thr172 AMPK PAMPK/ItAMPK
70- 70=
70— T ————— (L Pe————
2 30 * " 215 @ 5 . #
: - g ¢ *
> 20 3 10 * g >3
[ [ S 2
=10 = 5 =
2 £ 21
< < <
4h 24 h 4h 24 h 4h 24 h
pPAMPK Thr172 E AMPK F PAMPK/AMPK
70— 70—
70- —- - N-[Eewes ===
»n 50 » 20 7]
g4 §1s E
> 30 > * % >
£20 £ 3 £
£ 10 g5 2
<, <, <
4 h 24 h 4h 24 h 4 h 24 h
pACC Ser79 ACC pACC/tACC
260~ 260-| |
260=[= ===~ | 260=[=——~ —==
« 25 w 15 *
‘€ 20 ‘S ‘c
=] = 10 =}
215 el el
£ 10 g, g
£ s g g
<, <, <
4h 24h 4h 24h 4h 24 h
pACC Ser79 ACC pACC/HtACC
260 | 260-| |
260 === | 260=[" - -]
0 20 @ 15 225
'S 'S ‘€20
515 # 5 10 * *% E} #
10 * g ¥ gl
£ £ S1.0
85 £ Sos
< <9 0.0
4h 24 h 4 h 24 h 4 h 24 h
1 Basal E= 750 Vcm™!

= 300Vcm” HEE 1000V cm™”
B3 500Vem” R 1250V cem™!

Figure 8. Effects of electroporation with monopolar and bipolar pulses on phosphorylation and pro-
tein expression of AMPK and ACC in H9¢2 cells. (A-L) Immunoblotting was used to estimate
pPAMPK Thr172, AMPK, phosphorylation of AMPK relative to total protein, pACC Ser79, ACC, and
phosphorylation of ACC relative to total protein. Total protein loading was evaluated by Ponceau
S staining (shown above the blots). Numbers next to the blots and Ponceau stains indicate molecular
weight markers in kDa. Values on the graphs are means + SD of at least three independent experi-
ments (n =4-8) and results that are statistically significant are indicated (¥, p <0.05; # p <0.054 h vs.
24 h; two-way ANOVA with Dunnet’s post hoc adjustment).
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4. Discussion

In this study, we show that the electroporation of H9c2 cells using two different
waveforms, i.e.,, monopolar and H-FIRE pulses, at electric fields where a high percentage
of permeabilization and low cell viability caused a dose-dependent downregulation in the
expression of the most crucial isoforms of ion pump machinery. However, the only highly
expressed subunits that were upregulated in electroporated samples were NKAa2 24 h
after electroporation with both monopolar and H-FIRE pulses (Figure 5H,K) and NKA33
in cells treated with H-FIRE pulses (Figure 6L).

There are several isoforms of SERCA proteins expressed in mammalian tissues. They
are coded by three genes, encoding for SERCA1, SERCA2, and SERCAS3. Further variabil-
ity is generated by alternative splicing [50]. In the mammalian heart, SERCA2a largely
predominates, while SERCA2b represents a minor share [51]. SERCA2a activity is regu-
lated by two proteins, phospholamban (PIn) and sarcolipin (SLN). Both PIn and SLN in-
hibit the activity of SERCA2a, but it is known that the phosphorylation of Pln at two dis-
tinct sites disrupts the physical interaction of Pln with SERCA2a, which increases
SERCAZ2a’s activity [52]. Previous studies hypothesized that low SERCA and PMCA ex-
pression levels in some kinds of tumor cells may play a role in their high susceptibility to
treatment with calcium electroporation, as their ability to excrete Ca?* out of the cells or
transport it into their ER/SR is limited. To our knowledge, no study has been published
on how electroporation may affect the expression and activity of SERCA in cells after elec-
troporation. Our results show that electroporation with both monopolar and H-FIRE
pulses decreased the expression of SERCA1 and SERCA2. SERCA1 was decreased both at
the mRNA and protein levels (Figure 4A,D,G,]), while SERCA2 downregulation was only
observed at the protein level (Figure 4H,K). The presence of the SERCA1 isoform might
be explained by the embryonic origin of H9¢2 cells and their ability to differentiate into a
skeletal muscle phenotype, as SERCAL is normally not present in cardiac tissue, especially
in adult ones [50]. We also investigated the expression of phospholamban. Unfortunately,
we were only able to evaluate phospholamban at the mRNA level as we were unable to
detect any bands at the protein level; thus, we could not determine how SERCA activity
may be regulated through changes in the phosphorylation of phospholamban. Neverthe-
less, the exposure of cells to high electric fields with both monopolar and H-FIRE pulses
decreased the expression of phospholamban 24 h after treatment (Figure 4I,L). Interest-
ingly, phospholamban was significantly upregulated after 24 h compared to 4 h when
looking at cells that underwent no treatment (basal), but exposure to high electric fields
decreased mRNA expression to the basal levels of cells that were incubated for 4 h (Figure
4L L). Due to surprising differences in basal mRNA levels between 4 and 24 h incubated
cells, we tested whether the confluence of cells may play a role in the mRNA expression
levels of phospholamban, as only a fraction of cells that are treated with high electric fields
survive, which leads to lower confluency of seeded cells. We seeded cells at different di-
lutions with 4 and 24 h incubations and found that 24 h incubation significantly increased
the mRNA expression of phospholamban compared to 4 h incubation when cells were
seeded at high concentrations, but when the cell concentration was lowered, the mRNA
expression levels dropped to the levels of cells incubated for 4 h (Supplementary Figure
S1).

NKA is a heterodimer that consists of a catalytic a-subunit and a glycoprotein f3-
subunit. In the heart, a1, a2, a3, and (1 are expressed, while small amounts of (32 have
also been detected [53]. In H9c2 cells, NKAal predominates (Figure 2), just like in mature
rat and human cardiac tissue [54]. It was shown before that electroporation can affect the
function of NKA in erythrocytes [33] and recently also that the silencing of genes for
NKAal (ATP1A1) can attenuate the effects of nanopulses on membrane disruption in
U937 human monocytes [55], but as with SERCAs, there are no studies that exploring how
electroporation with different pulse protocols would affect the expression and activity of
NKA. Our results show that treatment with high electric fields caused a downregulation
in the protein content of NKAal 24 and 4 h after treatment with monopolar (Figure 5G)
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and H-FIRE pulses (Figure 5]), respectively. On the other hand, we observed an upregu-
lation in the protein content of NKAa?2 24 h after treatment with both explored pulse pa-
rameters (Figure 5H,K). It is known that NKAal is nearly maximally activated at physio-
logical ion levels [56,57], while NKAa2 is much more active when the membrane is depo-
larized and is a more important regulator of cardiac contractility, even though it is far less
abundant than NKAal. This may be of importance, as electroporated cells are in an ex-
tremely depolarized state due to nonselective membrane permeability allowing for the
transport of ions through the plasma membrane [25,58,59].

NKA {-subunits are essential for the assembly, maturation, and function of o/f3-het-
erodimers [60]. While we did see an upregulation in NKAB1 at the mRNA level 4 h after
electroporation (Figure 6A,D), this trend was not seen at the protein level. On the other
hand, NKAB3, which is also highly expressed in H9c2 cells due to their embryonic origin,
was downregulated at the protein level 4 h after electroporation with both pulse parame-
ters (Figure 6L L), but was upregulated 24 h after electroporation in cells exposed to H-
FIRE pulses (Figure 6L). Due to the NKAf{ subunit’s importance in regulating the assem-
bly of NKA heterodimers, its upregulation might play a role in more heterodimers reach-
ing the cellular membrane, which could increase the cell’s pumping capacity.

NKAs are regulated by proteins of the FXYD family, of which phospholemman
(FXYD1) regulates NKA in heart and skeletal muscles [61,62]. While unphosphorylated
FXYD1 inhibits NKA activity, its phosphorylated form increases NKA activity [62]. When
we normalized the phosphorylated form of FXYDI1 to total FXYD1 protein content, our
results demonstrated that 24 h after electroporation, monopolar pulses may cause an in-
hibition in NKA activity (Figure 7I), while H-FIRE pulses only show a non-significant
negative trend in the phosphorylation of FXYD1 (Figure 7L).

NKA activity is also regulated by the phosphorylation and glutathionylation of NKA
itself, which affects its activity and its translocation to and from the sarcolemma [63]. We
investigated the phosphorylation rates of NKAal on Tyrosine 10 residue, an under-re-
searched phosphorylation site that may play an important role in the hormonal regulation
of NKA. Here, we obtained divergent effects between two explored pulse parameters.
Monopolar pulses did not seem to affect the phosphorylation of NKAa1 on Tyr10 (Figure
7A,B), while H-FIRE pulses increased it, even when normalized to total NKAal (Figure
7D,E).

Finally, we investigated potential AMPK activation by electroporation, an energy
sensor that is activated in response to energy stress. It was shown by others that electro-
poration can lead to increased AMPK activity [41,49]. It is also known that AMPK can
affect NKA and SERCA activity. We show that treatment with both monopolar and H-
FIRE pulses at the highest electric fields caused the activation of AMPK in H9¢2 cells, both
4 and 24 h after treatment (Figure 8A,C,D,F). Whether AMPK activation leads to increased
or decreased NKA activity depends largely on the signaling pathway that causes AMPK
activation. AMPK activation via the calcium/calmodulin-dependent protein kinase
(CaMKK) signaling pathway decreased NKA activity in alveolar epithelial cells [64], while
the activation of AMPK with AICAR, an AMP analogue in the rat L6 skeletal muscle cell
line, increased NKA activity [39]. A769662, a direct activator of AMPK, also led to in-
creased SERCA activity in freshly isolated vascular smooth muscle cells [40]. It was shown
in human Jurkat cells and HeLa S3 cells that nanosecond pulses increase AMPK activity
and that this increase can also be achieved via CaMKK [41]. Increased AMPK phosphor-
ylation by CaMKK is achieved when Ca?* levels in the cytosol are increased. This is also
the case when cells are treated with monopolar and H-FIRE pulses, which may explain
why the AMPK activation observed at high electric fields in our experiments correlates
mostly with a decreased expression of NKA subunits in our experiments.

In the Introduction, we hypothesized that treatment with lower electric fields than
lethal may lead to increased expression and activity of ion pumps, while higher electric
fields where the majority of cells do not survive would cause a downregulation in expres-
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sion and activity. Our hypothesis was based on prior studies, which showed that reversi-
ble electroporation leads to increased NKA activity in skeletal muscles [65,66]. We ob-
served no increased expression of ion pumps at lower electric fields than lethal, and we
observed no changes in the expression or activation of SERCA and NKA regulators, which
may increase the activity of NKA or SERCA proteins.

In previous publications, our group showed that the effects of electroporation on cells
can last for several hours or even days [32,46] and cause different types of cell death [16].
In the clinical use of electroporation (which includes PFA), both irreversible and reversible
electroporation are present, as cells are exposed to different electroporation intensities,
depending on their distance from the electrodes/catheter [67]. In this study, we were es-
pecially interested in what happens in cells that are reversibly electroporated and survive.
Our protocol was, thus, designed in a way that we only evaluated mRNA and protein
expression in cells that were still alive 4 or 24 h after electroporation. Nevertheless, it is
possible that the population of cells, alive 4 and 24 h after electroporation, is not the same,
which is also evident in some of our results, where the effects of electroporation with both
monopolar and H-FIRE pulses are different between cells that were incubated for 4 or 24
h. Overall, no major differences were observed between the effects of monopolar and H-
FIRE pulses on the expression of the explored proteins. In the future, it may also be inter-
esting to see how the expression of ion pumps is affected after a shorter incubation.

We need to acknowledge some limitations of this study. Firstly, we decided to use
the H9¢2 rat cardiac myoblast cell line, which has an embryonic origin and is derived from
the left ventricle. While the ventricular origin of H9¢2 cells can be considered a limitation
of our study, we also state in the Introduction that there is a growing interest in using PFA
in the treatment of ventricular arrhythmias, which makes the results of our study im-
portant for a deeper understanding of that application as well. It is important to note that
even atrial cell lines, such as mouse HL-1 cells, differ quite significantly from primary
cardiomyocytes. It was shown that, for example, regarding energy metabolic patterns,
H9c2 cells are more like primary cardiomyocytes than HL-1 cells [68]. We, thus, propose
that further studies should be performed on primary cardiomyocytes or induced pluripo-
tent stem cell-derived cardiomyocytes, which are phenotypically more like cardiomyo-
cytes, found in mature heart tissue. Secondly, it is important to note that we do not use
exactly the same waveforms as commercially available for the PFA treatment of atrial fi-
brillation. However, since these waveforms are not disclosed by manufacturers, we per-
formed experiments with two different types of pulses: monopolar relatively long 100 pus
and H-FIRE-type pulses, i.e., short bipolar pulses, which we believe are representative of
contemporary pulses. The results obtained using these different types of pulses were sim-
ilar.

5. Conclusions

Our results indicate that the exposure of H9¢2 cells to monopolar and H-FIRE pulses
leads to a downregulation in the expression of most ion pump machinery proteins at the
highest electric fields. It seems that decreased phosphorylation of FXYD1 at higher electric
fields may inhibit NKA activity, and AMPK activation may be one of the mechanisms that
downregulate both NKA and SERCA expression. Although we expected to see upregula-
tion in the ion pumps at lower electric fields, we saw no evidence of that. Our results
provide important new insights into what happens in surviving (and dying) cardiomyo-
cytes after they are exposed to PFA. It will be important to further elucidate the possible
signaling pathways that are involved in ion pump regulation in cells exposed to electro-
poration. This should also be performed on primary cardiomyocytes or induced pluripo-
tent stem cell-derived cardiomyocytes, which are phenotypically more similar to cardio-
myocytes found in mature heart tissue.
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