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ARTICLE INFO ABSTRACT

Keywords: Catechin is a bioflavonoid known for its anti-cancer properties. In the present study, we combined theoretical
Catechin and experimental approaches to reveal the potential of catechin application in the electroporation (EP) or
Electroporation electrochemotherapy (ECT) of pancreatic cancer cells. The molecular dynamics simulations were implemented to
gz;i:?n examine the interactions of catechin with a model of a membrane, its influence on the membrane’s thickness, and

the impact of the catechin-membrane interaction on the pore formation. The data were confronted with
experimental measurement of the threshold electric field required for permeabilization of pancreatic cancer cells
to a fluorescent dye YO-PRO-1. Further, we examined the influence of catechin on cell viability following
electroporation with cisplatin or calcium ions. Finally, we investigated the catechin impact on four proteins
associated with multidrug resistance: P-glycoprotein, MRP1, BCRP, and LRP. We demonstrated that catechin may
boost the effects of electroporation through various mechanisms: i) increasing the cell permeability prior to
electroporation ii) increasing the electroporation threshold iii) sensitization of cells to chemotherapeutic com-
pounds. We showed that catechin incubation influences mRNA levels and mitigates the immunoreactivity of Pgp,
MRP1, BCRP, and LRP but these changes did not translate to the efficacy of electrochemotherapy.

Drug resistance

1. Introduction
1.1. Electrochemotherapy of pancreatic cancer

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent type
of pancreatic tumor, accounting for more than 90% of pancreatic cancer
cases [1]. It is a highly aggressive and lethal malignancy. Due to a lack of
early symptoms and relatively fast progression, 80 to 85% of patients do
not qualify for surgical treatment at the time of diagnosis [2,3]. As a
consequence, chemotherapy is predominantly the first-choice treatment
for this type of tumor. Unfortunately, chemotherapeutic regimens are
often ineffective and poor vascularization as well as drug resistance are
considered the main causes [4-6]. Therefore, new therapeutic regimens
are needed. Electrochemotherapy (ECT) is a treatment method in which
electrodes are placed around diseased tissue, and an electric pulse is
delivered to tumor cells. As a result, the electroporation (EP) or elec-
tropermeabilization phenomenon occurs, allowing for a local

* Corresponding author.

administration of therapeutic molecules [7-10]. This approach has been
successfully implemented in various cutaneous and subcutaneous tissues
[11-13]. ECT of locally advanced pancreatic cancer with bleomycin was
shown to be safe and feasible, bringing good results in terms of the local
disease control rate and overall survival [14]. However, in the case of
PDAC due to legal and equipment limitations, ECT is rarely imple-
mented. Instead, a high electric field is provided to cells in order to
evoke cell lysis in a process called irreversible electroporation (IRE).
Recently, IRE was found to be more efficient when combined with
chemotherapeutic treatment with FOLFIRINOX [15], cisplatin and cal-
cium ions [16]. Although both ECT and IRE produce encouraging re-
sults, it is noteworthy that they may evoke various effects in PDAC cells.
For example, IRE with FOLFIRINOX increased tumor cell apoptosis [15],
whereas the biochemical and morphological changes post ECT with
bleomycin, cisplatin, or oxaliplatin were associated with immunogenic
cell death that occurs with necroptosis rather than apoptosis [17]. ECT
and IRE effectiveness may also be improved by additional interventions
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such as internal electrode cooling [18] or cell incubation with plant-
derived compounds [19], Therefore, it seems important to thoroughly
examine the action mechanisms of electroporation-based therapies and
any additional pretreatment options that may enhance ECT efficacy.

1.2. The anticancer properties of (+)-catechin and (-)-catechin

Catechins are naturally occurring polyphenolic compounds found in
various plant-based foods but are traditionally associated with green tea
consumption. A single cup of green tea prepared with one gram of tea
leaves in 100 ml of boiling water in a three-minute brew usually contains
75-147 mg of catechins and their gallate esters [20]. Structurally, all
catechins are composed of two benzene rings (A and B) and a dihy-
dropyran heterocycle (the C-ring). Due to chiral centers on C2 and C3
catechin has four possible diastereoisomers: (+)-catechin and (-)-cate-
chin for trans configuration; (+)-epicatechin and (-)-epicatechin for cis
configuration [21]. According to standards of the International Union of
Pure and Applied Chemistry (+)-catechin is referred to as (2R,3S)-
Catechin as has a B-ring with clockwise rotation on chiral carbon C2 and
hydroxyl group with counterclockwise rotation on chiral carbon C3
(Fig. 1). Analogically, (-)-catechin is labeled as (2S,3R)-Catechin
because its B-ring and hydroxyl group have anticlockwise rotation.

Catechins can exert anticancer effects through several mechanisms
(Scheme 1). The most studied are antioxidative effects resulting from
either direct interactions with free radicals and metal ions or from the
indirect catechin influence on cells, such as increasing the activity of
antioxidant enzymes, inhibiting the pro-oxidative enzymes, or sup-
pressing the stress-related pathways [22]. The free radical scavenging
ability is attributed to catechin phenolic hydroxyl groups, which provide
electrons for the reduction of reactive oxygen and nitrogen species
[22,23]. Therefore, the measured ferric-reducing antioxidant potential
of catechins and their derivatives was as follows: epigallocatechin
gallate (EGCG), epicatechin gallate (ECG), epigallocatechin (EGC), and
epicatechin (EC), with the latter being the least potent antioxidant [24].
Conversely, green tea flavonoids can exhibit also prooxidant activity.
For example, (+)-catechin showed prooxidant effects when interacting
with a low concentration of Cu ions [25]. It has been postulated that the
prooxidative action of catechin is mediated by the autoxidation of
phenolic hydroxyl groups, that starts with one-electron oxidation of the
B ring of catechins generating a semiquinone intermediate and a su-
peroxide anion radical (Oz-), which is in turn further reduced to
hydrogen peroxide (H202) [26,27]. Another trait showing the utility of
catechin in anticancer research is its ability to mitigate inflammation.
For example, catechins inhibited the TNFa-mediated pro-inflammatory
and pro-invasive response in pancreatic cancer cells [28]. Studies on

(+)-catechin (2R,3S)
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human colon adenocarcinoma cell lines showed that a gallate ester of
catechin can inhibit the production of proinflammatory chemokines IL-8
and MIP-3u as well as down-regulate genes involved in inflammatory
pathways [29]. In terms of electrochemotherapy, two catechin effects
are particularly promising i) interaction of catechin with biological
membranes and ii) catechin interaction with membrane proteins, espe-
cially with those involved in the acquisition of drug resistance. More-
over, relatively small size and non-complex structure make catechin an
attractive molecule for creating theoretical models using molecular
dynamics (MD) or molecular docking studies. An MD study on the bio-
physical catechin interactions with the membrane demonstrated cate-
chin  incorporation into a mixed  1-palmitoyl-2-oleoyl-
phosphatidylcholine  (POPC)/1-palmitoyl-2-oleoyl-phosphatidyletha-
nolamine (POPE) bilayer in<50 ns [30]. Experimental studies on lipo-
somal membranes presented that both cis and trans catechins reduced
membrane fluidity at concentrations of 20-500 pM [31]. Altered
membrane properties can significantly affect pore formation and,
therefore potentially influence the drug penetration through electro-
permeabilization. If not for increased drug infiltration into cells, the
enhancement of ECT could be achieved by the blockage of protein
transporters responsible for drug removal and in consequence — drug
resistance. There is growing evidence that catechins can play a role in
overcoming drug resistance. For instance, green tea flavonoids enhance
the antibiotics’ effectiveness against Pseudomonas aeruginosa, Escherichia
coli, Staphylococcus aureus, and drug-resistant Candida species [32,33].
This activity is not only limited to microorganisms but also applies to
cells, with documented catechins specificity towards Pgp, MRP1, MRP2,
MDR1, LRP, and BCRP proteins [34-38].

1.3. The potential of catechin to change the electroporation threshold

From the physical perspective, catechin may act on the electropo-
ration threshold in various ways. First, it may modulate the composition
of the membrane and thus alter its properties under the influence of an
electric field. It was postulated that flavonoids bound to the cellular
membrane can influence the appearance and development of rafts or
raft-like membrane domains through various mechanisms including
changing the dipole potential and phase segregation, lipid melting, or
interaction with integral and surface proteins [39]. The effects triggered
by flavonoids rely on their structure. For example, taxifolin and quer-
cetin had a much stronger impact on lipid melting than catechin and
myricetin, and no lipid-melting effects were detected for flavonoid
glycosides like rutin, hence the lipid-melting effect was correlated with
the compound hydrophilicity [39,40] On the other hand, van Dijk et al.
demonstrated that the more planar configuration of natural compound

(-)-catechin (2S,3R)

Fig. 1. The chemical structure of (+)-catechin and (-)-catechin; adapted from PubChem.
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Scheme 1. Anticancer effects of catechin on cells; ROS — Reactive Oxygen Species, MDR — Multidrug Resistance.

results in higher affinity to the membrane, therefore hydrophobic fla-
vanols exhibited a substantially higher affinity to liposomes than fla-
vanones characterized by the tiled configuration [41]. When studying
electroporation, MD simulations provide the most precise information
on the mechanisms of pore formation. It was demonstrated that elec-
troporation takes place preferentially in the liquid-disordered regions
[42]. However, recent studies by Rems et al revealed that poration does
not depend solely on local lipid arrangement, but also on membrane
mechanical properties and the polarity of the electric field [43].
Nevertheless, the physical properties and state of the membrane have a
considerable impact on the electroporation efficacy, which was
confirmed in experimental studies on lung cancer and normal cell lines
revealing a positive correlation between electroporation and the cell
membrane stiffness and resting transmembrane potential [44].

Another consequence of the interaction between the flavonoid and
the cell membrane is the modulation of a membrane’s surface tension
which can alter the electroporation threshold. Actin connected to the
cell membrane via zyxin is one of the key regulators of surface tension of
the membrane [45]. Catechin has already proved its effects on the
modulation of actin fibers’ organization [46]. Kim et al. demonstrated
that the blockage of the actin polymerization with cytochalasin D results
in increased cell roughness and diminished membrane stiffness as well
as the transmembrane resting potential, which resulted in the decreased
dye penetration into electroporated cells [47]. Studies by Szlasa et al.
using the lipid-lowering drug atorvastatin confirmed that the surface
tension regulates the membrane permeability and as a consequence, the
electroporation threshold increased following the atorvastatin treat-
ment [45]. The relationship between surface tension and electropora-
tion encourages the search for natural, non-toxic compounds that can
modulate the effects of electrochemotherapy.

The third possibility in which catechin may influence the efficacy of
electroporation through membrane interaction is the stabilization of the
formed pore. Several studies concern the problem of membrane reseal
after electroporation and show how the kinetics of resealing influence
the efficiency of electroporation [48]. Conversely, from the biological
perspective, catechin may modulate the expression of membrane-bound
proteins related to drug resistance and thus influence the effects of
electrochemotherapy. Moreover, modified catechin was proved to

induce the formation of pores in the membrane, thus the permeability
can be induced by the standalone incubation with the compound [49].

In our previous research, we observed increased efficacy of cisplatin
electroporation on two cell lines of pancreatic cancer when subjected to
incubation with catechin before the treatment [19]. We found that short,
2-hour incubation with catechin was the most effective for increased
electropermeabilization, which indicated the involvement of the
transcriptional-independent mechanisms of catechin action. The present
study aims to verify the favorable catechin effects on various PDAC cell
lines and further confirm or exclude two possible mechanisms respon-
sible for catechin action: i) direct interaction with the cell membrane or
ii) interaction with selected multidrug resistance proteins.

2. Material and methods
2.1. Cell cultures

The study was conducted on four cell lines of pancreatic ductal
adenocarcinoma: parental (EPP85-181P), resistant to daunorubicin
(EPP85-181RDB), resistant to mitoxantrone (EPP85-181RNOV), and a
well-differentiated cells HPAF-II. The EPP85-181 cell lines were kindly
shared by Dr. H. Lage (Charité University Hospital, Institute of Pathol-
ogy, Berlin, Germany), and the HPAF-II cells were purchased from the
American Type Culture Collection (ATCC; CRL-1997™). The cultures
were maintained at 37 °C under high humidity in the automated CO,
incubator (Binder) and regularly tested for mycoplasma with a Myco-
Blue™ Mycoplasma Detector (Vazyme Biotech Co. Ltd., Nanjing,
China). The culture medium for all EPP85-181 cell lines was modified
Leibovitz’s (L-15) medium (Gibco, Life Technologies, Carlsbad, CA)
supplemented with 10% fetal bovine serum, 1% antibiotics (100 [U/ml
penicillin and 0.1 mg/ml streptomycin), 1.5% sodium bicarbonate
(7.5%, Gibco), 0.1% glucose (45%, Sigma), 2.5 mM ultraglutamine
(Lonza, Basel, Switzerland), 0.2% insulin (10 mg/mL, Sigma) and 30
TIU/L aprotinin (BioShop, Canada). HPAF-II cells were cultured in
ATCC-formulated Eagle’s Minimum Essential Medium supplemented
with 10% fetal bovine serum and 1% antibiotics. Cells were collected
from flasks using a TrypLE™ Express Enzyme (ThermoFisher Scientific,
Waltham, MA, USA). To sensitize cells to the action of the electric field,
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cells were incubated with (4-)-catechin (Sigma, cat no. C1788) dissolved
in 99% ethanol to 10 mM and further with a culture medium to a final
concentration.

2.2. Toxicity of catechin

Cells were seeded on a flat-bottom 96-well plate at a density of 1 x
10* cells per well (150 ul). After 24 h, the medium over cells was
replaced with 100 pl of fresh culture medium (control group) or with a
medium containing catechin at a concentration of 10 — 200 uM. Cell
viability was measured with the Presto Blue assay (ThermoFisher Sci-
entific): after 24 or 48 h of incubation with catechin, 11 pl of PrestoBlue
have been added to each well and fluorescence was measured using a
GloMax® Discover microplate reader (Promega; Exc. 520 nm/Em.
580-640 nm).

2.3. MD simulations

The MD simulations were performed with GROMACS 2018.3 soft-
ware [50] on the calculational cluster in the Department of Theoretical
Chemistry and Physics at the Lorraine University. The models for sim-
ulations were built with CHARMM-GUI web software and visually
inspected with VMD software [51,52]. The simulated systems were
composed of a membrane in the ionic water solution. The membrane
was composed of ~ 690 lipids per membrane layer (Top leaflet: 196
CHL1, 448 DOPC, 42 DOPE; Bottom leaflet: 168 CHL1, DOPC 112, DOPE
350, DOPS 70). Before the simulation, the system was solvated in
physiological conditions of NaCl water (TIP3) solution. The whole
simulation was performed in the periodic boundary conditions. The
simulation proceeded with the CHARMMS36 force field [53]. The sys-
tems were minimized equilibrated (100 ns, NPT conditions: Nose-
Hoover thermostat and Berendsen barostat). Afterward, the system
was simulated for 100 ns under various external electric field conditions.
The electroporation simulation was carried out under NPT conditions.
After the simulation, the system was evaluated if the pore was formed
during the time of the simulation. The calculations of membrane
thickness were conducted with Membplugin 1.1 Software on the last 10
frames of the simulation of the membrane with catechin [54]. Thickness
maps were plotted with VMD software.

2.4. Electroporation protocol

For the pulse delivery, cells were collected from culture vessels and
suspended in electroporation buffer (10 mM HEPES, 250 mM sucrose,
and 1 mM MgCly; pH 7.4) in a 4 mm electroporation cuvette (BTX,
Holliston, MA). Pulses were applied according to standard ESOPE pro-
tocol: 8 electric pulses, duration of 100 ps, delivered at 1 Hz frequency
[55], with the electric field intensity ranging from 500 — 1250 V/cm
using an ECM 830 Square Wave Electroporation System (BTX).

2.5. Experimental measurement of cell permeability to YO-PRO-1

Cell permeability was assessed by measurements of YO-PRO™-1
TIodide (491/509) (Thermo Fisher Scientific) infiltration into cells with a
CyFlow Cube 6 flow cytometer (Sysmex, Warsaw, Poland). After 2 h of
incubation with 50 uM catechin or culture medium as a control, cells
were suspended in an electroporation buffer containing 1 uM YO-PRO-1
and immediately after subjected to electroporation using the above-
mentioned protocol. The dye was excited with a 488 laser and the
signal was collected with the 525/50 filter. Data were collected and
analyzed by CyView software (Sysmex, Warsaw, Poland).

2.6. Electrochemotherapy with cisplatin and calcium ions

Following 2, 6, or 24 h of incubation with 50 uM catechin cells were
collected from flasks and suspended in electroporation buffer alone or
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with 10 uM cisplatin or 5 mM calcium chloride. Pulses were delivered at
an electric field intensity of 1000 V/cm using a protocol described in the
Electroporation protocol. Next, cells were resuspended in a culture me-
dium and incubated in cuvettes at 37 °C for 10 min in order to allow the
cell membrane to reseal. After that time, cells were centrifuged to
remove electroporation buffer, resuspended in a culture medium and
seeded on a 96-well plate for 24 or 48 h. Cell viability was measured
with PrestoBlue assay as described in Toxicity of catechin.

2.7. Expression of genes encoding MDR-related proteins

Cells were incubated in a culture medium with 50 pM catechin for 0,
2, 6, 12, or 24 h. Next, cells were harvested from culture flasks, centri-
fuged for 5 min at 500 x g, stored for up to one week at —20 °C for
further analysis. RNA extractions from cells were performed using a
NucleoSpin RNA II kit (Macherey-Nagel & Co., Diiren, Germany) ac-
cording to the manufacturer’s protocol with DNAse I digestion option.
500 ng of total RNA was used for cDNA synthesis by reverse transcrip-
tion reaction using High-Capacity ¢cDNA Reverse Transcription Kit
(Thermo Fisher Scientific, Foster City, USA). Then, 3 pl of three-fold
diluted RT products were added into a single real-time PCR analysis
complemented with AceQ qPCR Probe Master Mix (Vazyme Biotech,
China) and specific TagMan Assays: Hs00184500_.m1 for ABCBI,
Hs00219905_m1 for ABCCl, Hs01053790.m1 for ABCG2,
Hs00233856_m1 for LRP1 and Hs99999905_m1 GAPDH (Thermo Fisher
Scientific). All reactions were performed in triplicate in 96-well plates
under the following thermal cycling conditions: 3 min. at 95 °C followed
by 40 cycles of 10 s at 95 °C and 30 s at 60 °C. The reactions were run in
the TOptical Real-Time PCR Thermocycler (Biometra GmbH, Gottingen,
Germany) and the threshold cycle data (Ct) were collected using
gPCRsoft (Biometra GmbH, Gottingen, Germany). For relative quanti-
fication (RQ) the samples were normalized against the expression of
GAPDH mRNA, using the comparative Ct method (2-AACt).

2.8. Immunoreactivity of MDR proteins

For the examination of the immunoreactivity of Pgp, MRP1, LRP, and
BCRP proteins, cells were seeded on 10-well diagnostic slides (Thermo
Fisher Scientific). After 24 h, the medium above cells were replaced with
a fresh culture medium containing 50 pM catechin. The cells were
incubated at 37 °C for 6 more hours, subsequently fixed in 4% para-
formaldehyde (Roth, Germany) and stained with the EXPOSE Mouse and
Rabbit Specific HRP/DAB Detection IHC kit (Abcam, United States; cat.
No ab80a36). For the overnight incubation, the following antibodies
were used: anti-BCRP/ABCG2 antibody (cat. no ab3380, Abcam, Cam-
bridge, United Kingdom), anti-P Glycoprotein antibody (cat no.
ab235954, Abcam), Anti-LRP antibody (cat no. sc-23917, Santa Cruz
Biotechnology, Heidelberg, Germany), anti- MRP1 antibody (cat no.
MA5-16112, ThermoFisher Scientific) diluted 1:150 with the Antibody
Diluent (Millipore, Poland). Samples were analyzed in a double-blinded
manner with the upright microscope (Olympus BX51, Japan).

2.9. Statistical analysis

Numerical data were analyzed and presented with Microsoft Excel
and GraphPad Prism 7 (La Jolla, CA).

All experiments were performed in triplicates unless noted other-
wise. The results are presented as a mean +/- standard error (SE). Sta-
tistical analyses were performed using a two-tailed t-test or one-way
ANOVA followed by Dunnett’s multiple comparisons tests, with p < 0.05
considered statistically significant.
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3. Results
3.1. The cytotoxicity of catechin

For three out of four tested cell lines (HPAF-II, EPP85-181RNOV, and
EPP85-181P), catechin concentrations below 100 pM appeared to be
non-toxic (Fig. 2). Only one cell line (EPP85-181RDB) presented toxicity
after incubation with the lower catechin concentrations; however, this
result was relevant only for 24-hour incubation (Fig. 2A). After the next
48 h, only 200 uM catechin significantly decreased cell viability sug-
gesting fast cell recovery after exposition to the lower catechin con-
centrations. Based on this data, we selected 50 uM concertation for
further experiments as the highest tested non-toxic dose with the best
potential for cell stimulation.

3.2. The influence of catechin on permeabilization - MD simulations

Catechin is an aromatic molecule that localizes in the water-
membrane interphase and interacts with head groups of the mem-
brane lipids (Fig. 3E).

Fig. 3A reports the formation of the pore throughout the membrane
during electroporation induced by the externally applied electric field.
The presented model shows that there might be no shift of catechin
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molecules through the pore during the simulation. Interestingly, cate-
chin molecules localize outlining the thinnest membrane region, which
can be observed in Fig. 3C. Catechin molecules may localize in the thick
regions of the membrane but never localized in the middle of the thin
regions. Importantly, as shown in Fig. 3B catechin has no effect on the
membrane’s electroporation threshold. MD studies prove that catechin
may modulate the membrane without the effects on its permeabiliza-
tion, showing the potential of the molecule in the sensitization of the cell
to the potential therapy.

3.3. The influence of catechin on permeabilization — Experimental studies

To experimentally confirm MD simulations, we examined the per-
meabilization threshold to fluorescent YO-PRO-1 dye in electroporation-
treated cells stimulated with 50 uM catechin (Fig. 4). Flow cytometry
measurements revealed that catechin incubation did not significantly
affect the permeabilization threshold in EPP85-181P and EPP85-
181RNOV cells, but enhanced YO-PRO-1 penetration into HPAF-II and
EPP85-181RDB cells (Fig. 4 A-D).

Interestingly, 2-hour incubation with 50 puM catechin triggered a
shrinkage of HPAF-II cells (Fig. 4E), suggesting a release of molecules
from the cell interior. This effect was not apparent in other tested cell
lines.
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Fig. 2. The cytotoxicity of catechin after 24 h (A) or 48 h (B) of incubation in four cell lines of pancreatic cancer: HPAF-II, EPP85-181RDB, EPP85-181RNOV, and
EPP85-181P. One-way ANOVA with Dunnett’s corrections was used for comparison between Control (0 uM catechin) and catechin-treated groups (* p < 0.05, ** p <

0.01, *** p < 0.001, ****<0,0001).
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3.4. The influence of catechin on the efficacy of ECT in vitro

Studies of cell viability following catechin incubation and electro-
poration revealed that catechin can exert various effects depending on a
cell line, even though most of the cell lines originated from pancreatic
cancer tumor. In HPAF-II catechin incubation had no effect on electro-
chemotherapy with calcium or cisplatin, however, long incubation with
catechin had a slight simulative effect on cell proliferation (Fig. 5A) and
decreased cell viability in the group subjected to electroporation
without drugs (Fig. 5B). For the daunorubicin-resistant EPP85-181RDB
cell line at only 6- and 24-hour incubations had a negative impact on
viability (Fig. 5C). After another 24-hours, statistically significant dif-
ferences were also detected after short 2-hour catechin incubation in
cells subjected to electroporation alone or with calcium ions (Fig. 5D). It
should be noted that this cell line is characterized by a higher sensitivity
to the electric field itself when compared to other PDAC cell lines,
causing a drop in viability even without additional drugs. Most prom-
ising catechin effects were obtained for multidrug-resistant cell line
EPP85-181RNOV in which incubation with catechin substantially
increased the cytotoxicity of ECT with both cisplatin and calcium (Fig. 5
E, F). The shortest incubation time with catechin (2 h) was the most
effective one, causing a significant decrease in cell viability after 24 h

and further after 48 h, which demonstrates that the cell could no longer
proliferate. Conversely, in parental, drug-sensitive cell line EPP85-181P
long-term catechin incubation (6 h or more) played a protective role
against electroporation-delivered calcium and cisplatin (Fig. 5G).
However, short 2-hour incubations increased cell mortality evoked by
the action of the electric field alone or together with cisplatin, which was
visible after 48-hours (Fig. 5H). Altogether, catechin was able to boost
the effects of electroporation and electrochemotherapy in vitro, but its
action cannot be simply explained by membrane effects alone and
mechanisms induced by catechin depend on its incubation length.

3.5. The influence of catechin on drug resistance — Gene expression

Before catechin stimulation, we examined the tested cell lines for the
basal mRNA expression of genes involved in the drug resistance (Fig. ©).
The most prominent differences applied to ABCB1 gene encoding
glycoprotein P — with the highest expression in EPP85-181RDB cell line
(resistant to daunorubicin), moderate expression in EPP85-181P
(parental) and HPAF-II cells, and no expression in EPP85-181RNOV
(multidrug-resistant). The expression of ABCCI (encoding MRP1 pro-
tein), as well as LRP (encoding LRP protein) genes, was the highest in
HPAF-II cells. ABCG2 gene expression (encoding BCRP protein) was
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Fig. 4. The uptake of YO-PRO-1 dye in cells without catechin incubation (black) or with catechin incubation (green) in four PDAC cell lines subjected to electro-
poration: HPAF-II (A), EPP85-181RDB (B), EPP85-181RNOV (C) and EPP85-181P (D). One-way ANOVA with Dunnett’s corrections was used for comparison between
control group (0 V/cm) and electroporated groups (500-1250 V/cm) (* p < 0.05, ** p < 0.01, ****<0,0001) or between groups untreated with catechin vs incubated
with catechin (# p < 0.005). E — HPAF-II non-electroporated cells untreated (left) vs treated with catechin (right).

similarly high for HPAF-II and EPP85-181P and similarly low in EPP85-
181RDB and EPP85-181RNOV cells.

The measurements of the mRNA expression following catechin in-
cubation revealed specific trends. During the first two hours of incuba-
tion, the expression of all examined genes increased in all PDAC cell
lines (Fig. 7). Surprisingly, after the next 6 h, expression dropped in
almost all cases except for ABCBI in EPP85-181P and EPP85-181RDB
cell lines which either remained stable or rose, respectively (Fig. 7A).
Effects of catechin incubation longer than 6 h varied depending on the
examined gene and the cell line. The gene expression of ABCC1 and
ABCG2 was gradually raising in all EPP85-181 cell lines (Fig. 7 B, C) but
in HPAF-II cells after initial bounce mRNA levels were lowered; how-
ever; only ABCC1 gene expression after 24 h was significantly lower

when compared to time 0 (p = 0,0005). The expression of the LRP gene
slightly increased in all cell lines except for EPP85-181RNOV; however,
neither of these changes were statistically significant. As the 6-hour
incubation caused the most promising changes in mRNA expression of
drug resistance-associated proteins, for that incubation time we also
examined the level of the protein by the immunocytochemical staining.

3.6. The influence of catechin on drug resistance-associated proteins

The immunocytochemical staining revealed that a non-toxic con-
centration of catechin can efficiently mitigate the immunoreactivity of
tested drug resistance-associated proteins (Fig. 8). However, if the
mitigation occurred or how strong it was, varied between the tested
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Fig. 5. The effects of catechin (CAT) incubation on the viability of cells 24 h (left column) or 48 h (right column) after electrochemotherapy in vitro with 10 uM
cisplatin (CDDP) or 5 mM calcium (CaCl,) in four cell lines of pancreatic cancer: HPAF-II (A, B), EPP85-181RDB (C, D), EPP85-181RNOV (E, F) and EPP85-181P (G,
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PDAC cell lines. The level of Pgp lowered in EPP85-181P, EPP85-
181RDB, and HPAF-II cells. EPP85-181RNOV showed no Pgp immuno-
reactivity prior to and after catechin treatment, which is in agreement
with previously tested mRNA levels (Fig. 6). Catechin incubation

lowered MRP1 levels in all three EPP85-181 cell lines but had no impact
on MRP1 in HPAF-II cells. BCRP levels were lowered only moderately
and only in EPP85-181RDB and EPP85-181RNOV cells. The catechin
effects on LRP were also weaker when compared to Pgp and MRP1,
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causing a slight decrease in LRP immunoreactivity in EPP85-181P and
EPP85-181RNOV cell lines.

4. Discussion

In the current study, we demonstrated that catechin is a low toxic
compound with multidirectional action on pancreatic cancer cells. The
catechin concentration of < 100 uM was nontoxic, which stands in
agreement with other in vitro studies [35,56]. Our MD simulations show

that the catechin molecule binds to the membrane in the lipid-water
interphase. Similar to our previous studies, the transmembrane trans-
port of such compounds is not enhanced via electroporation [57].
However, the additional molecules in the cell membrane may modulate
its integrity and stability and thus affect the efficiency of
electroporation.

Our study demonstrates that catechin molecules are located in the
membrane between thick and thin regions, just before the formation of
the pore. The possible explanation of the curve-inducing effect of
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Fig. 8. Representative photographs of the immunoreactivity of Pgp, MRP1, BCRP, and LRP proteins in four cell lines of pancreatic cancer: HPAF-II (A), EPP85-
181RDB (B), EPP85-181RNOV (C), and EPP85-181P (D) following a 6-hour incubation with 50 uM catechin.

catechin is the release of vesicles by the cell. Indeed, a similar fact was
observed by Tamba et al. who proved that the binding of catechin to the
external monolayer of a giant unilamellar vesicle increased its mem-
brane area, simultaneously inducing an increase in the membrane’s
surface tension [49]. Namely, catechin localizes between thick and thin
regions, showing the curvature-inducing properties of the compound.
According to our previous studies, under normal conditions, the higher
the surface tension, the lower the transmembrane voltage required to
induce the formation of the pore. The same tendency is observed inde-
pendently in the cholesterol content of the membrane [45]. Moreover,
Casado et al. proved the effects of modified catechin in perturbing the
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effect of gel-to-fluid transition of the membrane [58]. Our flow cytom-
etry studies show that catechin may influence the electroporation
threshold but this applied only to half of the tested cell lines hence it
cannot be the only mechanism of catechin action that supports ECT ef-
ficacy. The observed change in HPAF-II size suggests that catechin may
trigger the release of intracellular molecules, which corresponds with
the differential scanning calorimetry (DSC) studies by Selvaraj et al.
showing that catechins, similar to other flavonoids - rutin, epicatechin,
and epigallocatechin - can control liposome vesicles [59].

The possible implication of the vesicles release from cells is
decreasing the content of membrane-bound antigens, including proteins



O. Michel et al.

responsible for drug resistance. There is abundant evidence that natural
compounds such as green tea flavonoids have an impact on drug resis-
tance and may sensitize cells to chemotherapeutics [60]. Nozhat et al.
showed a promising potential of apigenin to overcome drug resistance
and enhance the anti-cancer properties [61]. Ye et al. demonstrated
flavonoids as multi-functional agents as key factors contributing to the
decreased expression of MDR genes [62]. Following real-time PCR
analysis, we found that catechin incubation exerts effects on the mRNA
levels of genes associated with drug resistance: ABCB1, ABCC1, ABCG2,
and LRP. The initial upsurge in mRNA levels after 2 h of catechin in-
cubation may be related to cell compensation of the antigen loss
following exocytosis. Whilst catechin incubation affected the size and
cell granularity only in HPAF-II cells, it cannot be ruled out that the
exocytosis phenomenon also occurred in other cell lines. However, the
extent of exocytosis, what type of vesicles are released, and their exact
content remains a matter of a separate investigation.

Using the immunocytochemical staining we found that 6-hour in-
cubation with catechin can attenuate the immunoreactivity of proteins
encoded by the aforementioned genes, namely: Pgp, MRP1, BCRP, and
LRP. Similar effects on Pgp, BCRP, and LRP were shown by Przystupski
et al. (2018) on multidrug-resistant ovarian cancer SKOV-3 cells [38].
Many studies focused on the effects of catechin gallate esters on drug
resistance. The suppression of Pgp by ECG or EGCG was confirmed in
vitro in human hepatocellular carcinoma [63], breast cancer [64],
gastric cancer [65], and finally, pancreatic cancer [66]. In our study,
there was no clear link between mRNA levels of tested drug resistance
proteins and outcomes of ECT with cisplatin. 2-hour incubation with
catechin caused an increase in relative mRNA levels in all of the tested
cell lines, but at the same time, the efficacy of ECT with cisplatin in
EPP85-181P and EPP85-181RNOVcells increased. The increase in
mRNA levels of genes encoding for drug resistance proteins may result
from the loss of these proteins after the treatment with catechin, how-
ever another possible mechanism is the physical blockage of drug
resistance proteins causing its malfunction. The recently synthesized
stereoisomers of methylated catechin and its esters were shown to
inhibit the Pgp mediated drug efflux leading to a restoration of the
intracellular drug concentration to a cytotoxic level [35]. They appeared
to be specific towards Pgp but not towards MRP-1 and BCRP. Hong et. al.
(2003) demonstrated that EGCG and its methyl metabolites are sub-
strates for MRP1 and MRP2, but not for Pgp [67].

In the present study, we examined if the catechin incubation sensi-
tizes PDAC cells to electrochemotherapy with cisplatin and calcium ions.
The most favorable effects were obtained for the multidrug-resistant cell
line EPP85-181RNOV, however, catechin incubation was equally
effective for cisplatin and calcium electroporation. The main limitation
of the study is that ECT is performed with calcium chloride and cisplatin.
Both are small compounds that can be easily transported through elec-
tropores and already found clinical application in the treatment of
pancreatic cancer [16]. However, the effect of catechin on calcium
channels is unknown and there might be possible interaction between
catechin and calcium transporters that may influence ECT efficacy.
Calcium ions allow to track permeabilization, but their penetration is
independent of drug resistance proteins. On the other hand, drug
resistance to cisplatin in pancreatic cancer is multifactorial. Therefore,
even silencing the expression of tested proteins may result in a lack of
increased ECT efficacy and conversely — ECT still may be boosted
without catechin influence on drug resistance proteins. Shervington et
al. showed that treatment with EGCG sensitized glioma cells to cisplatin
via a change in the expression of telomerase [68], which is also
considered a target for pancreatic cancer treatment [69]. In all tested
cell lines, short catechin incubation affected cell mortality after elec-
troporation — 48 h after incubation viability for cells incubated with CAT
for 2 h dropped in all tested cell lines. At the same time, MD simulations
showed that catechin impacted the membrane properties. Altogether, it
may be concluded that catechin can sensitize cell membrane to elec-
troporation but increased permeability is not the only mechanism

11

Bioelectrochemistry 147 (2022) 108199

involved. It cannot also be excluded that increased toxicities of cisplatin
and calcium are achieved through separate membrane-related mecha-
nisms such as influence on membrane repair or ionic channels.

In summary, using the theoretical and experimental approach we
demonstrated that catechin molecules interact with the plasma mem-
brane, influencing its properties. Catechin was found to reduce the
reactivity of Pgp, MRP1, BCRP, and LRP proteins, but this reduction did
not influence the efficacy of ECT on PDAC cells. On a contrary, we
observed the increased efficacy of ECT with calcium and cisplatin, which
was linked with the increased permeabilization and the increased
sensitization of PDAC cells to a drug following catechin treatment.
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