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ABSTRACT

Capacitive-resistive electric transfer (CRET) therapies have been proposed as strategies for regen-
eration of cutaneous tissue lesions. Previous studies by our group have shown that intermittent
stimulation with 448 kHz CRET currents at subthermal densities promotes in vitro proliferation of
human stem cells involved in tissue regeneration. The present study investigates the effects of the
in vitro exposure to these radiofrequency (RF) currents on the proliferation and migration of
keratinocytes and fibroblasts, the main cell types involved in skin regeneration. The effects of the
electric stimulation on cell proliferation and migration were studied through XTT and wound
closure assays, respectively. The CRET effects on the expression and location of proteins involved
in proliferation and migration were assessed by immunoblot and immunofluorescence. The
obtained results reveal that electrostimulation promotes proliferation and/or migration in kerati-
nocytes and fibroblasts. These effects would be mediated by changes observed in the expression
and location of intercellular adhesion proteins such as B-catenin and E-cadherin, of proteins
involved in cell-to-substrate adhesion such as vinculin, p-FAK and the metalloproteinase MMP-9,
and of other proteins that control both processes: MAP kinases p-p38, p-JUNK and p-ERK1/2. These
responses could represent a mechanism underlying the promotion of normotrophic wound regen-
eration induced by CRET. Indeed, electric stimulation would favor completion of granulation tissue
formation prior to the closure of the outer tissue layers, thus preventing abnormal wound cicatriza-
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tion or chronification.

Introduction

Fibroblast proliferation and migration are crucial pro-
cesses in skin regeneration, and they allow for fibroplasia
and synthesis of the extracellular matrix called granula-
tion tissue, mainly composed of fibronectin, collagen
and hyaluronic acid. In the subsequent re-
epithelialization step, epidermal keratinocytes prolifer-
ate and migrate through the granulation tissue, covering
the underlying tissue and leading to the process of tissue
contraction, in which fibroblasts turn into myofibro-
blasts and close the wound by pulling in the edges of it
(Stadelmann et al. 1998). When this highly ordered
process is disrupted or retarded, chronic wounds are
generated that usually consist of skin ulcerations asso-
ciated with ischemia, prolonged inflammation, pressure
necrosis, infections or tumors. For the affected patient,
these injuries entail high economic costs and consider-
able disturbance of his/her life quality. In recent years,
treatments traditionally applied to these injuries,

including wound care and dressings, skin substitutes,
negative pressure wound therapy, growth factors or
hyperbaric oxygen administration (Han and Ceilley
2017), have been reinforced by the use of electric or
electromagnetic therapies, driven by new evidence on
the effects of endogenous or exogenous electrical cur-
rents on skin regeneration. For instance, it has been
reported that the use of electric stimulation as an adju-
vant therapy can accelerate and improve closure of
pressure ulcers in patients having spinal cord injuries
(Houghton et al. 2010; Lala et al. 2016) or chronic
ulcerations (Barnes et al. 2014). In rats submitted to
surgical incision, treatment with extremely low fre-
quency (ELF) pulsed currents increased the number of
blood vessels in the wound region, as well as the amount
of fibroblasts and collagen fibers present in the area
(Borba et al. 2011). At the cellular level, static or low-
frequency electric fields and currents are capable of
acting on various processes involved in wound
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regeneration, including promotion of dermal fibroblast
proliferation and migration, myofibroblastic transdiffer-
entiation or increased secretion of growth factors
(Rouabhia et al. 2013; Tai et al. 2018), as well as promo-
tion of collective migration of epithelial cells (Li et al.
2012).

The application of intermediate frequency and radio-
frequency (RF) electric therapies has also proven effec-
tive in the treatment of venous or chronic pressure
ulcers (Conner-Kerr and Isenberg 2012; Fletcher 2011)
or wounds in diabetic patients (Frykberg et al. 2011).
Likewise, in surgically injured diabetic mice, RF expo-
sure induced accelerated closure of the skin incision by
promoting proliferation of dermal cells (Li et al. 2011),
acceleration of neocollagenogenesis and neoangiogen-
esis and increase of dermal thickness (Meyer et al.
2017). At the cellular level, in vitro exposure to pulsed
RF currents has been reported to increase cell prolifera-
tion and collagenogenesis in fibroblasts (Kao et al. 2013).

Also within the RF spectrum, non-invasive capaci-
tive-resistive electric transfer (CRET) therapies apply
448-600 kHz electric currents in order to induce
hyperthermia in target tissues, the thermal increase
being a function of various physical and physiological
parameters, including the specific impedance of the
exposed tissue (Kotnik and Miklavcic 2000; Grimnes
and Martinsen 2000). CRET therapies have been used
successfully in regeneration of muscle (Takahashi et al.
1999), bones (Kumaran and Watson 2019), tendons and
ligaments (Bito et al. 2019) and skin (Naranjo et al.
2020). The block of in vitro experimental data has pro-
vided evidence that the regenerative effects of these
therapies could be mediated by stimulation of stem cell
proliferation through activation of proteins involved in
cell cycle regulation (Hernandez-Bule et al. 2014a) or by
promotion of early chondrocyte differentiation through
increased synthesis of cartilage-specific extracellular
matrix molecules, such as collagen and glycosaminogly-
cans (Hernandez-Bule et al. 2017). With regard specifi-
cally to wound healing and skin regeneration, CRET
treatment has been reported to induce expression of
fibroblast growth factor 2 and promote neocollagenesis
and neoangiogenesis in the tissue (Meyer et al. 2017).

However, in the lack of sufficient experimental evi-
dence, the current knowledge on the cellular and mole-
cular mechanisms underlying the effects of CRET-type
electric therapies operating in a frequency range below
1 MHz, is still rather limited. Substantial expansion of
such knowledge is essential to optimize the applications
of these physical treatments in wound regeneration. The
present study investigates the effects of in vitro exposure
to CRET electric currents on cell types and cellular
processes involved in skin regeneration. To this end,
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relevant aspects of the proliferation and migration of
human fibroblasts and keratinocytes exposed to
448 kHz currents applied at subthermal densities have
been analyzed. The obtained results indicate that the
reported CRET effects on skin regeneration promotion
could be exerted, at least in part, through induction of
keratinocyte and fibroblast proliferation and/or migra-
tion mediated by changes in the expression and location
of a number of cell-to-cell and cell-to-substrate adhesion
proteins.

Material and methods
Cell culture

Two cell types were used: human dermal fibroblasts
(HF) isolated from neonatal foreskin (cat. no. C-004-
5 C, Thermo Fisher, Carlsbad, CA, USA) and human
epidermal keratinocytes HaCaT (CLS Cell Lines Service,
300493, Heidelberg, Germany). Both cell types were
seeded in medium composed of high-glucose D-MEM
(Biowhittaker, Lonza, Verviers, Belgium) supplemented
with 10% inactivated foetal bovine serum (Gibco, MA
USA), 1% glutamine and 1% penicillin-streptomycin
(Gibco) and maintained in a 5% CO, atmosphere at
a temperature of 37°C inside CO, incubators (Thermo
Fisher Scientific, Waltham, MA, USA).

The cells were subcultured once a week and plated on
the bottom of 60 mm Petri dishes (Nunc, Roskilde,
Denmark), except for immunofluorescence assays, in
which the cells were seeded on glass coverslips placed
on the bottom of the plates. Depending on the aim of the
corresponding experiment, a total of 8 or 10 Petri dishes
were used per experimental replicate. Both cell lines
were periodically tested for mycoplasma.

Electric treatment

The procedure for RF exposure has been described in
detail elsewhere (Hernandez-Bule et al. 2014b, 2007).
Briefly, 3 or 4 days after seeding, depending on the
experiment, pairs of sterile stainless steel electrodes
designed ad hoc for in vitro stimulation were inserted
in all Petri dishes and connected in series. Only the
electrodes corresponding to plates intended for electrical
stimulation were energized using a signal generator
(Indiba Activ HCR 902, INDIBA®, Barcelona, Spain),
while the remaining plates were sham-exposed simulta-
neously inside an identical, separate CO, incubator. The
intermittent stimulation pattern consisted of 5-minute
pulses of 448 kHz, sine wave current delivered at sub-
thermal densities of 50 or 100 wA/mm* (Figure S1),
separated by 4-hour interpulse lapses and administered
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for a total of 6 h, 12 h or 48 h (Figure S2). Such exposure
parameters have been shown to stimulate the prolifera-
tion and early differentiation of human, adipose-derived
stem cells (Hernandez-Bule et al. 2016, 2014a, 2017).

XTT proliferation assay

Cell proliferation was determined by XTT assay (Roche,
Switzerland). The HaCaT and HF cultures were seeded
at densities of 4500 cells/cm® and 5500 cells/cm”, respec-
tively, and incubated for 3 days. After 48 h of CRET- or
sham-treatment, the cells were incubated for 3 hours
with the tetrazolium salt XTT in a 37°C and 6.5% CO,
atmosphere, as recommended by the manufacturer. The
metabolically active cells reduced XTT into coloured
formazan compounds that were quantified with
a microplate reader (TECAN, Minnedorf, Switzerland)
at a 492 nm wavelength. At least 3 experimental repli-
cates per cell type were conducted.

Wound assay

In each experimental replicate of the wound closure
assay, HF (31000 cells/cm?) or HaCaT (6800 cells/cm?)
were seeded on 8 plates and incubated at 37°C until
confluence: at 24 h (HF) or 4 days (HaCaT) post-
plating. Then, using a plastic pipette tip, a wound was
scratched on the confluent monolayer of each of the
plates. Dishes were washed with PBS (Gibco) to elim-
inate debris, and the cultures were maintained in high-
glucose D-MEM medium supplemented with 10% inac-
tivated foetal bovine serum (Gibco), 1% glutamine and
1% penicillin-streptomycin (Gibco). Next, 4 plates were
exposed to CRET for 6 or 12 hours, while the remaining
plates were sham-exposed for the same intervals. At 0, 6
and 12 h after scratching, micrographs were taken of 3
equidistant points in the wounds, using a digital camera
(Nikon DS-Ri2) coupled to an inverted microscope
(Nikon Eclipse Ts2R). The wound closure rate was
determined by dual analysis of the obtained images,
using two different software: a) standard Photoshop
software (Adobe Photoshop CS3, Extended version
10.0), and b) Matlab-based (Mathworks) computer
tools named Image Segmentation for Quantitative
Assessment of Cell Migration (ISAM), developed ad
hoc for quantitative assessment of the gap area, as
described below.

Image segmentation for quantitative assessment of
cell migration

Cell migration was assessed by studying the wound
closure evolution through computational analysis of

the micrographs. For this purpose, two ISAM applica-
tions, one for each of the studied cell types, were imple-
mented using the Matlab Development Environment.
Briefly, the first application processes the HF images to
determine the wound area (Figure S3). This application
equalizes the histogram of the image’s red component to
increment the contrast between gray tone levels. Next,
the algorithm applies the canny operator to detect the
wound edges in the image, which then passes through
different morphological operations including dilatation,
geodesic opening and erosion, to isolate the wound as
the only object in the image. Finally, the algorithm white
marks the wound edges, counts the pixel number within
the wound area and calculates the corresponding surface
out of the whole image. The second application similarly
processes the wound images of HaCaT cultures to deter-
mine and quantify the gap area.

Immunofluorescence assay for expression of cell
adhesion proteins vinculin, p-FAK, 3-catenin and
E-cadherin

The HaCaT keratinocyte cultures were seeded at
a density of 13600 cells/cm®. These cells migrate collec-
tively, and the cellular distribution of adhesion proteins
during migration differs depending on whether the cells
are located on the wound’s front (leader cells) or on the
monolayer (follower cells); see (Mayor and Etienne-
Manneville 2016) for a review. Thus, in order to study
both distribution patterns, on day four post-seeding on
coverslips, when high confluence was reached, a wound
on the HaCaT monolayer was scratched before the sti-
mulation onset. In contrast, fibroblast do not migrate
collectively, so they were seeded at a density of 28000
cells/cm® and the electric stimulation started 24 hours
afterwards. As at this interval the HF cultures had not
yet reached high confluence, the study of the CRET
effects on proteins involved in the type of individual
migration characteristic of these cells, could be carried
out with no need of scratching a wound.

After 6 or 12 hours of RF- or sham-exposure, the
samples were fixed with 4% paraformaldehyde (Merk,
Darmstadt, Germany) and incubated overnight at 4°C
with anti-vinculin monoclonal antibody (1:800; cat. no.
V9131; Sigma Aldrich, Israel), anti-p-FAK monoclonal
antibody (1:50; cat. no. 611722; BD Biosciences; CA,
USA), anti-B-catenin monoclonal antibody (1:100, cat.
no. SC-7963; Santa Cruz Biotechnology, TX, USA) and
anti E-cadherin monoclonal antibody (1:50, «cat.
no. 610182; Santa Cruz Biotechnology). Afterwards,
the samples were fluorescence stained with Alexa
Fluor™ 568 goat anti-mouse IgG (1:500; cat. no.
A11031; Invitrogen, USA) for 1 h at room temperature
and the cell nuclei were counterstained with
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bisBenzimide H33258 trihydrochlorid (Sigma, MO,
USA). Photomicrographs were taken of the monolayers
in both cell types and of the wound in HaCaT, and the
images were computer analyzed using an inverted fluor-
escence microscope (Nikon Eclipse Ts2R) coupled to
a digital camera (Nikon DS-Ri2) and Computer-
Assisted Image Analysis software (Analy-SIS, GMBH,
Munich, Germany). At least three replicates of each
experiment were performed per protein, exposure time
and cell type.

Immunoblot for vinculin, p-FAK, B-catenin,
E-cadherin, MMP-9, p-ERK1/2, p-p38 and p-JUNK

HF (31000 cells/cm?) and HaCaT (6800 cell/cm?) were
plated in 8 dishes and incubated at 37°C until conflu-
ence, at 24 h (HF) or day 4t (HaCaT) post seeding.
Cultures were RF- or sham-exposed and the cells were
lysed for protein extraction at 6 or 12 hours from the
exposure onset. The immunoblot procedure has been
described in detail elsewhere (Hernandez-Bule et al.
2007, 2017). Briefly, the protein samples (100 pg protein
aliquots) were separated in 10% sodium dodecyl sul-
phate-polyacrylamide gel and electrophoretically trans-
ferred to nitrocellulose membrane (Amersham,
Buckinghamshire, UK). Blots were incubated at 4°C
overnight in anti-vinculin monoclonal antibody (1:400,
cat. no. V9131, Sigma Aldrich), anti-p-FAK monoclonal
antibody (1:1000; cat. no. 611722; BD Biosciences), anti-
B-catenin monoclonal antibody (1:200, cat. no. SC-7963;
Santa Cruz Biotechnology), anti-E-cadherin monoclonal
antibody (1:20000, cat. no. 610182; BD Biosciences),
anti-MMP-9 monoclonal antibody (1:1000, cat. no.
AB76003; Abcam, UK), anti-p-ERK1/2 polyclonal anti-
body (1:1000; cat. n0.44680 G; Invitrogen Bioservice,
India), anti-p-p38 monoclonal antibody (1:2000, cat.
no. #9216; Cell signaling, MA, USA) and anti-p-JUNK
monoclonal antibody (1:1000, cat. no. #4668; Cell sig-
naling). Anti-p-actin monoclonal antibody (1:5000, cat.
no. A5441; Sigma-Aldrich) or GAPDH (1:500, cat. no.
sc-25778; Santa Cruz Biotechnology) were used as load-
ing controls. The membranes were incubated for
one hour at room temperature with anti-rabbit IgG
conjugated to IRdye 800 CW (1:10000, cat. no. 926—
32211; LI-COR Biosciences, Nebraska, USA) and with
anti-mouse IgG conjugated to IRdye 680 LT (1:15000,
cat. no. 926-68020; LI-COR Biosciences). Then, the
membranes were scanned with a LI-COR Odyssey scan-
ner (LI-COR Biosciences). The obtained bands were
densitometry evaluated (PDI Quantity One 4.5.2 soft-
ware, BioRad). At least 5 experimental replicates were
conducted per protein and cell type. All values were
normalized over the loading control. No
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immunofluorescence analysis was conducted for
MAPKs or MMP-9, given the scarce potential relevance
of any changes that might occur in their intracellular
location.

Statistical analysis

All procedures and analyses were conducted in blind
conditions for treatment. At least three independent
replicates were conducted per experiment, cell type,
current density or exposure interval, the results being
expressed as means + standard deviation (SD) or stan-
dard error of the mean (SEM). Unpaired Student’s t-test
was applied using GraphPad Prism 6.01 software
(GraphPad Software, San Diego, CA, USA).
Differences p < 0.05 were considered significant
statistically.

Results
CRET effects on cell proliferation

The results of the XTT assay for cell proliferation
depicted in Figure 1 revealed that a 48-hour intermittent
exposure to the subthermal current density of 50 pA/
mm? did not change significantly proliferation in kera-
tinocytes or neonatal fibroblasts, whereas treatment with
100 pA/mm’* significantly increased proliferation in
both cell types (Figure 1). On the basis of these results,
in subsequent experimental tests only the current den-
sity of 100 pA/mm? was applied.

CRET effects on cell migration

Wound closure
The results from dual image analysis on HaCaT kerati-
nocytes, summarized in Figure 2, revealed that at 6
h from the exposure onset (two CRET pulses of 5 min,
at t = 0 h and t = 4 h) the cultures showed retarded
wound closure rate. The differences with respect to
controls were statistically significant when the standard
software was applied, but not when the data were ana-
lyzed with the ISAM software we developed. By contrast,
in the HF cultures exposed for 6 hours, wound closure
was significantly accelerated with respect to their sham-
exposed controls, as revealed by both software. At
12 hours, the wound closure was complete in the vast
majority of cultures of both cell types, and no significant
differences in closure rates could be detected between
the CRET-exposed cultures and their controls.

The orientation or alignment of the cells with respect
to the RF current was routinely analyzed. Image analysis
revealed no signs of alignment in the monolayer zone or



342 (&) M. L HERNANDEZ-BULE ET AL.

*k 3 50 |.|Afmm2
. 100 (A/mm?

XTT assay
125+
*
0 T
2 100
=
o
Q
g
o 75'
X
50 r T
HaCat HF

Figure 1. XTT assay. Cell proliferation after 48 h of intermittent CRET exposure at current densities of 50 or 100 uA/mm?. Data are
means = SEM normalized over the corresponding sham-exposed controls represented by the reference line 100%. Between 3 and 7
experimental replicates per cell type. *: 0.05 > p = 0.01; **: 0.01 > p = 0.007; Student’s t-test.

in the migration front in either cell type (data not
shown).

Cell-to-substrate adhesion proteins

Vinculin and focal adhesion kinase p-FAK are part of
the adhesion complexes and lamellipodia that form and
degrade during cell migration (Thievessen et al. 2015).
The chronology of the changes in the expression and
intracellular location of both proteins was analyzed by
immunofluorescence and immunoblot.

Vinculin. In keratinocytes, CRET induced vinculin
overexpression, both at 6 and 12 hours of treatment
(Figure 3) and did not change significantly the location
of the vinculin labeling after 6 hours of treatment: in
both control and treated samples, the labeling was dif-
fuse and located at the cytoplasm of keratinocytes in the
monolayer, whereas in the cells located on the wound
edges, vinculin formed plaques in the migration front
(Figure 4). At 12 hours, when wound closure was com-
plete, vinculin maintained its preferentially cytoplasmic
distribution in control samples, whereas in CRET-
treated cultures the protein had moved to the cell mem-
brane, concentrating at junctions of focal adhesion to
the substrate, where the protein is functionally active.
In fibroblasts, CRET induced significant reduction
with respect to controls in the expression of vinculin
after 6 hours of electric stimulation, but not after
12 hours of treatment (Figure 3). In these cells, which
unlike keratinocytes, do not migrate forming well defined
fronts, the vinculin labeling formed plaques located on the
plasma membrane, both in samples treated for 6 hours
and in their controls. At 12 hours, the treated samples

maintained the labeling at their membrane location, while
in control cells it had moved to the cytoplasm (Figure 5).

P-FAK. In keratinocytes, CRET induced statistically
significant overexpression of p-FAK after 6 hours, but
not after 12 hours of treatment (Figure 3). Regarding
location, at 6 hours the sham-exposed keratinocytes
present in the monolayer showed only diffuse cytoplas-
mic p-FAK labeling, whereas those treated with CRET
also had nuclear marking (Figure 4). As for keratino-
cytes located on the migratory front, in those sham-
exposed for 6 h the labeling showed the diffuse mor-
phology and cytoplasmic location described above,
while in those treated with CRET, p-FAK preferentially
displayed a nuclear location. At 12 hours, when the
wound closure was complete, the control samples pre-
ferentially showed a cytoplasmic marking, while in those
treated with CRET, p-FAK displayed a dotted and dif-
fused nuclear distribution (Figure 4).

In fibroblasts, CRET induced significant reduction of
p-FAK expression after 6 hours of treatment, and over-
expression at the end of the 12 hour treatment
(Figure 3). As for p-FAK labeling, at 6 hours it was
very scarce, diffuse and preferentially distributed in the
cytoplasm of controls, whereas treated cells showed
additional labeling located at the plasma membrane
level. At 12 hours, the marking was exclusively cytoplas-
mic, with no significant differences between the electri-
cally stimulated samples and their controls (Figure 5).

Cell-to-cell adhesion proteins

f-catenin. In keratinocytes, CRET significantly reduced
the expression of B-catenin at the end of the first 6 hours
of exposure but not after additional 6 hour treatment
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onset. Bars: 50 um. The dotted white lines indicate the wound'’s edges. B. Computational quantification of the gap closure calculated as
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area (um?) between the wound edges using ISAM software. Data de are means + SD, normalized over the corresponding controls,
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(Figure 3). At that time, control samples in the monolayer
showed [-catenin labeling at the intercellular junctions,
whereas the treated cells additionally showed diffuse cyto-
plasmic labeling. At the wound edges, the labeling in
control cells was detected at the plasma membrane level
in zones contacting with adjacent cells, but not in those
next to the migration front. In treated cells the labeling
was weaker and more diffuse than that in controls, and it
was very scarce in the vicinity of plasma membranes

adjacent to other cells. At 12 hours, the treated samples
and their controls showed labeling patterns analogous to
those observed at 6 hours (Figure 6).

In fibroblasts, 6 h of CRET treatment induced statisti-
cally significant overexpression of -catenin, while after an
additional 6 hour exposure, the expression of -catenin was
significantly reduced with respect to controls (Figure 3). In
this cell type, which in culture shows little intercellular
junctions, B-catenin formed scattered plaques located
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6 h or 12 h of CRET or sham treatment in keratinocytes HaCaT. C. Densitometry for protein expression at 6 h or 12 h of CRET or sham
treatment in fibroblasts (HF). Data, normalized over the corresponding sham-exposed controls represented by the reference line 100%,
are means + SD of the protein/B-actin or protein/GAPDH ratios of at least 5 experimental repeats per protein and time interval. *:

0.05 > p = 0.01; **: 0.01 > p = 0.001; Student’s t-test.

near the membrane of some cells. CRET treatment for 6 or
12 hours induced no detectable changes with respect to
controls in the labeling distribution or intensity (Figure 6).

E-cadherin. Since fibroblast were found not to
express E-cadherin, the CRET effects on the expres-
sion and distribution of this protein were studied in

keratinocytes only. In the treated samples, the expres-
sion of E-cadherin was found to be decreased relative
to controls after 6 hours of exposure, but not after
12 hours (Figure 3). In addition, the 6-hour control
cells located in the monolayer showed intense label-
ing, both at the plasma membrane level, in the vicinity
of the intercellular junctions, as well as in dotted
structures in the perinuclear region (Figure 6). In the
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Figure 4. Immunofluorescence expression of Vinculin and p-FAK in keratinocytes. Monolayers (side columns) at 6 and 12 hours of
CRET or sham treatment (Control), and in wound edges (central column) at 6 hours only. Representative merged micrographs. Red:
vinculin or p-FAK labeling. Blue: nuclei. Bar: 20 um. Brightness and contrast adjustments were applied to the whole of each image using
Photoshop software. The adjustments in the micrographs of the treated samples were the same as those in the images of their
controls. The arrows highlight presence of vinculin labeling on the membrane of 6-hour control cells located at the migration front, and

that of p-FAK in the nuclei of 12-hour exposed cells.

corresponding treated cells, the E-cadherin labeling
had disappeared from the intercellular junctions and
no longer formed a continuous perimeter between
adjacent cells. In the gap region of the 6-hour control
samples, E-cadherin was present in the form of dotted
or diffuse cytoplasmic labeling located in intercellular
regions only, at the level of plasma membrane sections
adjacent to other cells, but not at the migration front.
In the corresponding exposed cells, E-cadherin had
disappeared from the vicinity of the plasma mem-
brane, becoming a stippled labeling located at the

perinuclear region. After 12 hours of sham-
treatment, the control samples showed intense label-
ing restricted to the immediate vicinity of the plasma
membrane. By contrast, the treated samples showed
diffuse, cytoplasmic labeling, though some plates were
also detected at the plasma membrane level (Figure 6).

Other proteins involved in cell migration and
proliferation

Metalloproteinase-9. In keratinocytes, MMP-9 med-
iates intercellular junction breakdown and cell
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Figure 5. Immunofluorescence expression of Vinculin, p-FAK and B-catenin in fibroblasts. Monolayers at 6 or 12 hours of CRET or
sham treatment (Control). Representative merged micrographs. Red: B-catenin, vinculin or p-FAK labeling. Blue: cell nuclei. Bar: 20 pm.
Brightness and contrast adjustments were applied to the whole of each image using Photoshop software. The adjustments in the
micrographs of the treated samples were the same as those in the images of their controls. Arrows show vinculin plaques and p-FAK

and B-catenin labeling on the plasma membrane.

migration through its action on B-catenin. The immu-
noblot assay revealed statistically significant MMP-9
overexpression in keratinocyte cultures, both at 6 or
12 hours of treatment. By contrast, the expression of
this metalloproteinase was significantly reduced in fibro-
blasts exposed to CRET for 6 or 12 hours (Figure 3).

MAPKs. The MAPK pathway proteins p-p38, p-JUNK
and p-ERK1/2, are involved in cell migration and pro-
liferation. In keratinocytes, p-p38 and p-JUNK expres-
sions did not change significantly with respect to
controls after 6 or 12 hours of treatment. In contrast,
p-ERK1/2 overexpression was observed after 6 or
12 hours of electric exposure, although only for the
6-hour treatment the differences with respect to controls
were statistically significant. In fibroblasts, CRET
induced significant overexpression of p-p38 and
p-ERK1/2 after 6 hours of exposure, but not after

12 hours. The expression of p-JUNK in HF was unaf-
fected after 6 h or 12 h of treatment (Figure 3).

Discussion

There is growing interest in injury chronification pre-
vention through the development of strategies aimed at
promoting fast and efficient repair of wounds affecting
the skin and underlying tissues. One of these strategies is
based on the application of electric currents or electro-
magnetic fields for torpid wound treatment (Barnes et al.
2014). The present study investigates the cellular
response to the exposure to RF electric currents that
have been shown effective in skin lesion repair (Conner-
Kerr and Isenberg 2012; Fletcher 2011; Frykberg et al.
2011). To this end, the effects of in vitro exposure to
subthermal CRET currents on proliferation and migra-
tion of skin fibroblasts and keratinocytes have been
analyzed. Previous studies by our group have shown
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12 h

Figure 6. Immunofluorescence expression of B-catenin and E-cadherin in keratinocytes. Monolayers (side columns) at6 hor 12 h
of CRET or sham treatment (Control), and on the gap edges (central column) at 6 h. Representative merged images. Red: B-catenin and
E-cadherin labeling. Blue: nuclei. Bar: 20 um. Brightness and contrast adjustments were applied to the whole of each image using
Photoshop software. The adjustments in the micrographs of the treated samples were identical to those in their controls. Arrows show

dotted labeling of E-Cadherin at perinuclear locations.

that subthermal exposure to CRET currents promotes
proliferation of human stem cells (Hernandez-Bule et al.
2014a) that are directly involved in neovascularization
and wound regeneration (Kanji and Das 2017). The
results reported in the present study show that CRET
electrostimulation can also promote human fibroblast
and keratinocyte proliferation, which suggests that the
electrically induced proliferation of these three cell types
could be involved in the regenerative effects attributed to
CRET therapies.

In addition to proliferation, the tissue regeneration
process requires cell migration in virtually all its phases.
In order to initiate migration, the cell has to reorganize
its cytoskeleton and dismantle adhesion complexes such

as the desmosomes and adherens junctions that bind
adjacent cells, as well as the hemidesmosomes and
focal adhesions that attach the cell to its substrate.
Next, the cell proceeds by emitting lamellipodia or filo-
podia (Santoro and Gaudino 2005), which in the type of
collective migration typical of keratinocytes, only occurs
in cells leading the migration front (Mayor and Etienne-
Manneville 2016). The present study investigates the
potential effects of the electric stimulation on proteins
that are part of the aforementioned structures, whose
expression and/or location undergo significant changes
during cell migration. To our knowledge, no previous
study has investigated the mechanisms underlying the
dual proliferative and migratory response of the two
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major types of human epithelial cells to subthermal
stimulation with RF CRET currents.

Vinculin is a protein involved in cell-to-substrate adhe-
sion and cell migration at the three-dimensional level. This
anchorage to the substrate is the supporting point for the
elongation, orientation and traction of the cytoskeleton
during migration (Thievessen et al. 2015). Vinculin is
mainly located in: 1) focal complexes present in the lamel-
lipodia emitted by the cells situated on the migration front,
and 2) focal adhesions present in the region of the plasma
membrane that contacts with the substrate, connecting
integrins with the cytoskeleton and attaching the cell to
the substrate. In order to be functionally active, vinculin
must be located in cytoplasm regions close to the plasma
membrane, although prior to migration, unfastening and
degradation of this protein are also necessary for disruption
of the cell-to-substrate junction (Goldmann 2016). In ker-
atinocytes, the CRET-induced increase in the expression
and translocation of vinculin to the membrane of cells

placed on the migration front (Figures 7 and Figures 8)
could be expected to promote cell migration. However, the
wound assay did not detect increased migration rates in
electrically treated keratinocytes.

In fibroblasts, the wound assay shows that electric
stimulation had significantly promoted cell migration
on the first 6 hours of treatment. The immunoblot
assay for the same time interval revealed significant
reduction of vinculin expression, which could indicate
that the phase of protein unfastening and degradation
preceding cell migration was occurring at that very time.
At 12 hours, the gap was virtually closed, both in the
exposed samples and in their controls. However, while
in control fibroblasts vinculin mainly showed the dis-
perse cytoplasmic location characteristic of functional
inactivity, in the RF exposed samples the protein
appeared in the vicinity of the plasma membrane,
a typical location in migrating cells (Figures 7 and
Figures 8).
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Figure 7. Protein translocation in keratinocytes (HaCaT) and fibroblasts (HF). Schematic representation of CRET-induced changes
in the location of proteins involved in cell migration after 6 or 12 hours of treatment. See Discussion for detailed explanation.
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Figure 8. Protein expression in keratinocytes (HaCaT) and fibroblasts (HF). Schematic representation of CRET-induced changes in
the expression of proteins involved in cell proliferation and migration after 6 or 12 hours of treatment.1: protein overexpression; |:
decreased expression. Green arrows: promotion. Red lines: inhibition. Dotted blue arrows: proposed pathways. See Discussion for

detailed explanation.

FAK, a signaling molecule located in focal adhesion
complexes, is crucial to the regulation of the integrin-
mediated adhesion response. In keratinocyte cultures
sham-exposed for 6 hours, the p-FAK labeling in cells
located at the wound edge mainly appeared at the
perinuclear area of the cytoplasm, as well as forming
plates in the vicinity of the plasma membrane. By
contrast, in the corresponding CRET-exposed sam-
ples, most of the p-FAK labeling was translocated to
the cell nucleus (Figure 7). This type of translocation is
known to be due to loss of cell-to-substrate adhesion
or to inhibition of cytoplasmic p-FAK (Lim 2013).
Thus, although immunoblotting revealed that CRET
induces p-FAK overexpression in these cells, its
nuclear location would be consistent with the inhibi-
tion of cell migration revealed by the wound closure

assay. At 12 hours, p-FAK was located in the cytoplas-
mic region of the sham-exposed keratinocytes. By
contrast, in CRET-exposed cells the labeling was pre-
dominantly nuclear, providing support for the evi-
dence that the electric stimulus could inactivate the
protein and block keratinocyte migration (Figures 7
and Figures 8).

In fibroblasts sham-treated for 6 hours, p-FAK was
evenly distributed in the cytoplasm. By contrast, in
CRET-treated cells the protein had moved to the
immediate vicinity of the plasma membrane, a location
that is typical of migrating fibroblasts (Ruest et al. 2000)
and is consistent with the concomitant migratory effect
revealed by the wound assay (Figure 7). In these CRET-
treated samples, the immunoblot assay revealed
a significant reduction in p-FAK expression that, like
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the above described reduction in vinculin expression,
could intervene in the cell-to-substrate unanchorage
process (Ridley et al. 2003). After detaching, migrating
cells initiate lamellipodia emission mediated by p-FAK
overexpression (Tilghman et al. 2005), such as that dis-
played by fibroblasts after 12 hours of CRET exposure
(Figure 8).

Intercellular adhesion is sustained by adherens junc-
tions composed of cadherins and catenins (Mayor and
Etienne-Manneville 2016). In keratinocytes, metallo-
proteinases (MMPs) are involved in  re-
epithelialization processes (Jiang et al. 2013), and cad-
herin cleavage by MMPs is known to promote adherent
junction dissolution, favoring p-catenin internalization
(Newby 2006). In the presence of the Wingless-related
integration site (Wnt), internalized B-catenin is trans-
located to the nucleus and functions as a transcription
factor for genes involved in cell migration and prolif-
eration. In the absence of Wnt, p-catenin is phosphory-
lated and ubiquitinated, which induces its degradation
in the proteasome and prevents migration (Tian et al.
2011). In our assays, 6 or 12 hours of CRET treatment
induced MMP-9 overexpression in keratinocytes. This
would lead to degradation of [-catenin-dependent
intercellular junctions, which is consistent with the
decreased P-catenin levels observed at 12 hours of
exposure. Since in HaCaT cells treated for 6 or
12 hours the B-catenin labeling was very low in the
plasma membrane and null in the nucleus, it can be
assumed that B-catenin had remained in the cytoplasm,
where it degraded. Such degradation would lead to
blocking or slowing down migration in a fraction of
the cell population (Figures 7 and Figures 8).
Additionally, MMP-9 also intervenes in FAK activation
at the cell membrane level, which favors cell migration
through lamellipodia emission (Newby 2006).
However, in the electrically treated keratinocytes FAK
remained within the cell nucleus, which would have
prevented its activation and inhibited cell migration.

As is typical in cells that do not establish monolayers
and have few intercellular junctions, the expression of {3-
catenin in fibroblasts was poor and predominantly
located in the vicinity of the plasma membrane. Maybe
due to such a low expression, no significant changes
could be detected in the location of -catenin labeling
in CRET-exposed fibroblasts. However, significant over-
expression of the protein was observed in samples trea-
ted for 6 hours (Figures 7 and Figures 8). B-catenin
overexpression and activation, which are involved in
fibroblast proliferation and migration during wound
regeneration (Poon et al. 2009) could be partly respon-
sible for the CRET-induced proliferative response
observed after 6 hours of exposure. Subsequently, after

additional 6-hour treatment, a significant decrease in the
expression of B-catenin, whose labeling appeared at the
cell membrane level, was recorded. Such decrease could
correspond to the intercellular junction degradation that
precedes cell migration. This, together with the above
described p-FAK overexpression, which promotes
lamellipodia formation, could intervene in the CRET-
induced migratory response revealed by the wound
assay.

For proper functioning of the keratinocyte collective
migration pattern, which involves coordinated move-
ments and tensions between cells, the intercellular adhe-
sion through adherens junctions must be maintained
(Advedissian et al. 2017). Loss of E-cadherin in these
junctions has been reported to inhibit protrusion for-
mation in the cells on the migration front and to block
migration (Mayor and Etienne-Manneville 2016). Our
results reveal that after 6 hours of treatment, keratino-
cytes show decreased expression of E-cadherin and
internalization of this protein from the intercellular
junctions towards the cytoplasm; this effect remaining
after additional 6-hour exposure (Figures 7 and Figures
8). These indications of E-cadherin inactivation at the
plasma membrane level, as well as the above described
effects on (-catenin, are consistent with the retarded
keratinocyte migration shown by the wound assay at
6 hours of treatment. Such changes in E-cadherin
expression were no longer observable at 12 hours of
treatment, as cell migration had ceased once the gap
closure was complete. The joint analysis of the kerati-
nocyte response to CRET treatment indicates that the
simultaneous changes induced in the expression and/or
location of E-cadherin, p-FAK, MMP-9 and (-catenin
would exert potential inhibitory effects on cell migra-
tion. These changes would be able of blocking the dis-
play of a potential migratory stimulus triggered by the
above described vinculin overexpression and activation
(Figure 8).

Also the MAPKs are involved in multiple cellular
functions related to proliferation, differentiation, onco-
genesis and stress signaling. Among these kinases, Jun
N-terminal kinase (JNK), p38 and ERK play central
roles in cell migration (Huang et al. 2004). Our results
show that 6 hours of electric treatment induce, in both
keratinocytes and fibroblasts, a p-ERK1/2 overexpres-
sion that could be involved in the proliferative response
observed in both cell types, as well as in the migration
promotion induced by CRET in fibroblasts. Also in this
cell type, the 6-hour treatment induced significant
p-p38 overexpression. This type of effect, which is
capable of promoting fibroblastic migration through
the p-CREB pathway (Nishikai-Yan Shen et al. 2017),
could be involved in the described promigratory



response (Figure 8). Ongoing work extending the pre-
sent study will include confirmatory analysis using
specific inhibitors of proteins involved in the MAPK-
ERK1/2 pathway. The potential implication of the
PI3K/Akt pathway in the herein described effects on
cell proliferation and migration will also be
investigated.

In conclusion, the electrically induced changes in the
studied proteins are consistent with the CRET effects on
proliferation and migration of keratinocytes and fibro-
blasts, two cell types whose participation is crucial in
skin repair and regeneration. Proper skin regeneration
requires that formation of fibroblastic granulation tissue
precedes the re-epithelialization process carried out by
keratinocytes. In fact, the delayed formation of this
granulation tissue is one of the main causes of complica-
tions in wound regeneration. The present results are
suggestive of dual and simultaneous CRET effects in
skin cells: promotion of early fibroblast migration and
slowing down of keratinocyte migration. This, coupled
with the CRET-induced proliferative effect in both cell
types, could promote wound regeneration by stimulat-
ing granulation tissue formation, as described in wounds
generated in diabetic mice and treated with RF pulses (Li
et al. 2011). In this way, CRET electrostimulation could
promote normotrophic wound regeneration by favoring
completion of granulation tissue formation prior to clo-
sure of the outer tissue layers, thus preventing wound
chronification or abnormal cicatrization.
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