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ABSTRACT

Background: Despite various therapeutic modalities for keloids have been introduced; how-
ever, their therapeutic effects are limited. Therefore, the development of a new approach for
inhibiting collagen production by scar fibroblasts is needed.

Objective: To investigate the effect of electrical stimulation using a low-frequency and low-in-
tensity alternating current on collagen and MMP-1 levels in human dermal fibroblasts.
Methods: Low-frequency (20 kHz) and low-intensity (1 V/cm) electrical stimulations were
applied to primary dermal fibroblasts. The production of type I procollagen and expression of
matrix metalloproteinase-1 were evaluated. Transcriptomic analyses were conducted to explore
the possible modes of action of electrical stimulation.

Results: Electrical stimulation effectively suppressed type I procollagen production and
increased MMP-1 expression. In addition, transcriptomic analyses revealed that electrical stimu-
lation altered the gene expression associated with membrane permeability and the structure of
cellular membranes. Validation using real-time polymerase chain reaction revealed that electri-
cal stimulation significantly altered the expression of mechanosensitive ion channels (PIEZ02)
and membrane-bound protein organizing caveolae (CAVINZ).

Conclusion: Electrical stimulation using low-frequency and low-intensity alternating currents
effectively modulates extracellular matrix homeostasis by altering the cellular membrane struc-
ture and function. Our findings suggest a promising therapeutic approach for the management
of keloids and hypertrophic scars.

Keywords: Electrical stimulation; Extracellular matrix; Fibroblast; Matrix metalloproteinase-1;
Procollagen
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INTRODUCTION

Numerous studies have been performed on the effects of electrical
stimulation on human cells or tissues to promote cellular function.
In the skin, some studies have focused on improving the prolif-
eration of fibroblasts and keratinocytes, promoting extracellular
matrix (ECM) production of fibroblasts, and remodeling colla-
gen fibrils to promote wound healing"?. Electrical stimulation has
beneficial effects in the treatment of diabetic foot ulcers®. Other
studies have also reported the efficacy of electrical stimulation for
management of various types of chronic skin ulcers**. In addition
to promoting cellular function via electrical stimulation, attempts
to use electrical stimulation for cancer treatment have been made.
Using an alternating current (AC) of moderate frequency (100-300
kHz) and low-intensity (1-3 V/cm), electrical stimulation demon-
strated an inhibitory effect on cell growth in glioblastoma, lung
cancer, and mesothelioma®. Based on this inhibitory effect of elec-
trical stimulation, the Food and Drug Administration approved the
use of electrical stimulation as a noninvasive physical therapy for
glioblastoma’. Although the inhibition of cell division by modu-
lating cell and nuclear membrane permeability was suggested as
the mechanism of action, the mechanism of electrical stimulation
with intermediate frequency and low-intensity AC in malignant
tumors remains unclear®’.

Hypertrophic scars and keloids are fibroproliferative disorders
of the skin caused by a dysregulated wound-healing process. Pre-
vious studies have found that fibroblasts in hypertrophic scars and
keloids produce increased levels of collagen, which is responsible
for the fibrotic tissue in the dermis®°. To date, various treatment
modalities, including intralesional triamcinolone injection, pulsed
dye laser, fractional laser, and cryotherapy, have been introduced
for hypertrophic scars and keloids; however, their therapeutic
effects are limited. Therefore, a new approach for inhibiting col-
lagen production by scar fibroblasts should be developed.

As for the use of electrical stimulation for hypertrophic scar
and keloid skin, there were few in vivo studies. Previously, Perry et
al.”® reported that non-invasive electrical stimulation significantly
reduced scar scores as well as the symptoms of scar. Moreover, a
recent in vitro study found a decreased collagen production in fibro-
blasts intermittently treated with an AC current of 448 kHz". In
this study, we studied the effects of electrical stimulation using a
low-frequency and low-intensity AC on collagen and MMP-1 pro-
duction in human dermal fibroblasts.

MATERIALS AND METHODS

Cell culture
Primary human skin fibroblasts were cultured in Dulbecco’s
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modified Eagle medium (Welgene, Daegu, Korea) containing 10%
fetal bovine serum (Gibco, Rockville, MD, USA) and 1% penicillin
(Gibco) at 37°C in a humidified incubator with 5% CO..

Electrical stimulation of human dermal fibroblasts
To apply electrical stimulation to the cells, we designed an elec-
trode and an electrical stimulation system, as shown in Fig. 1A.
Stainless steel was used for the electrodes to prevent chemical
reactions with the cell culture fluid. The electrodes were spaced
1 cm apart, and both ends were monitored using an oscilloscope
(SDS1204X-E; Siglent Technologies, Solon, OH, USA). A Kool-
ertron DDS signal generator (Karson Technology, Hong Kong)
was used to generate the required amplitude and frequency and
was connected to an amplifier and power supply to maintain a
constant current and voltage. The voltage was adjusted to deliver
a1V, 20 kHz sine wave across the electrodes. The electrode was
positioned immediately above the cell surface to ensure a close
contact with the cell.

Quantitative reverse transcription polymerase chain
reaction (RT-PCR)

Isolation of total RNA from primary human dermal fibroblasts was
performed using TRIzol reagent (Invitrogen, MA, USA) accord-
ing to the manufacturer’s instructions. Subsequently, 3.0 pg of
extracted total RNA was used for cDNA synthesis using the First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham,
MA, USA). The evaluation of expression level of mRNA was per-
formed using 7500 Real Time PCR system (Applied Biosystems,
Foster City, CA, USA) and AccuPower® 2X GreenStar™ qPCR Mas-
ter Mix (Bioneer, Daejeon, Korea). The 244 method was used
to determine the relative changes in the expression of the target
genes normalized to that of GAPDH.

Western blotting

After electrical stimulation, human dermal fibroblast-condi-
tioned media and total cell lysates were harvested. Equal aliquots
of conditioned culture media were separated using 8% sodium
dodecyl sulfate polyacrylamide gel, and the transferred onto poly-
vinylidene fluoride membranes. After blocking with 5% skim milk
(Difco™ Skim Milk; 232100; BD, Franklin Lakes, NJ, USA) in 1x
phosphor-buffered with 0.1% Tween 20 and probed with mono-
clonal anti-procollagen type I amino-terminal extension peptide
(SP1.D8) (Developmental Studies, Hybridoma Bank, Iowa City, IA,
USA), anti-MMP1 (ab137332; Abcam, MA, USA; 1/1,000 dilution),
and anti-B-actin (13E5; Cell Signaling Technology, Danvers, MA,
USA; 1:1,000) antibodies. Horseradish peroxidase-conjugated goat
anti-rabbit antibody was used as the secondary antibody (32460;
Invitrogen; 1:10,000).
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Fig. 1. Electrical stimulation modulated the synthesis of ECM protein. (A) Diagram of apparatus for electrical stimulation. (B-D) Real-time PCR analysis of ECM
in primary dermal fibroblasts after electrical stimulation. (E-G) Western blot analysis of type | procollagen and matrix metalloproteinase-1 using culture media

after electrical stimulation.
ECM: extracellular matrix.
**p<0.01, ***p<0.001.
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Gene silencing via siRNA transfection

Primary human skin fibroblasts were seeded and transfected
with the negative control siRNA or siRNA specific for PIEZ02 and
CAVINZ2 using RNAIMAX (13778; Invitrogen). The control scram-
bled siRNA was obtained from Bioneer. The siRNA sequences used
were as follows:

CAVINZ, forward 5-GUAGAAUGUCUCCAAGAUU-3' and reverse
5-AAUCUUGGAGACAUUCUAC-3; PIEZO2, forward 5'-CUCUUGCU-
CAUUCCUCUGU-3'and reverse 5-~ACAGAGGAAUGAGCAAGAAGAG-3".

The culture medium was changed 6 hours after transfection,
and the cells were incubated at 37°C in a CO, incubator. After 24
hours, human dermal fibroblasts were lysed using TRIzol reagent
(Invitrogen) according to the manufacture’s instructions.

RNA sequencing (RNAseq) analysis

After electrical stimulation, human dermal fibroblasts were placed
in RNAlater solution (Thermo Fisher Scientific). RNA extraction,
sequencing, statistical analysis were performed by Macrogen Inc.
(Seoul, Korea).

Statistical analysis

GraphPad Prism (version 8.0; GraphPad Software Inc., La Jolla,
CA, USA) was used for statistical analyses. Mann—Whitney tests
and one-way analysis of variance followed by Tukey’s post hoc
test was used for comparing the differences between two groups
and among multiple groups, respectively. Statistical significance
was set at p-value <0.05. Individual values (p<0.001, p<0.01, and
p<0.05) are shown.

Ethics statement

This study was conducted in accordance with the principles of
the Declaration of Helsinki. All experiments were approved by
the Institutional Review Board (IRB) of Seoul National University
Hospital (IRB No: H-1101-116-353).

RESULTS

Electrical stimulation decreased type I procollagen
production and increased MMP-1 expression in
primary human dermal fibroblasts

First, we investigated the effects of electrical stimulation on the
synthesis of type I procollagen and MMP-1 in dermal fibroblasts.
After 12 hours of starvation, the cells were treated with electrical
stimulation using low-frequency and low-intensity AC (20 kHz, 1
V/cm). Electrical stimulation for 24 hours significantly decreased
the mRNA levels of type I procollagen and elastin and increased
that of MMP-1 in primary human dermal fibroblasts (Fig. 1B-D).
Moreover, western blot analysis using culture media demonstrated
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a significant change after electrical stimulation; levels of type I
procollagen in the culture medium significantly decreased, while
electrical stimulation increased MMP-1 production (Fig. 1E-G).
Collectively, these findings strongly suggested that electrical stim-
ulation effectively suppresses type I procollagen production, while
upregulates MMP-1 expression in dermal fibroblasts. Cell viabil-
ity measured by Annexin V and PI staining was not affected by
electrical stimulation of primary human dermal fibroblasts (Sup-
plementary Fig. 1).

Transcriptomic analyses suggest the mechanism of
modaulation of type I procollagen production and
MMP-1 expression in dermal fibroblasts

Next, we studied the plausible mode of action by which electri-
cal stimulation modulates type I procollagen production and
MMP-1 expression in dermal fibroblasts. Our mRNA transcrip-
tomic analyses using RNAseq showed that electrical stimulation
using low-frequency and low-intensity AC produced 464 DEGs
(both |Fold change|>2; p<0.05; Fig. 2A and B). Based on Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis, electri-
cal stimulation of dermal fibroblasts affected genes related to the
collagen-containing ECM, monoatomic ion channel complex,
and apical plasma membrane (Fig. 2C and D). Other signaling
pathways of interest that were affected by electrical stimulation
were transmembrane transporter complexes, membrane rafts,
and voltage-gated potassium channel complexes. In addition, we
performed Gene Ontology (GO) functional analyses to identify
the potential targets of electrical stimulation in primary human
fibroblasts. Electrical stimulation altered the collagen-containing
ECM in the cellular components (Fig. 2E and F). In addition, the
results suggested that various ion channel complexes and fibro-
blast membranes, including the plasma membrane, were affected
by electrical stimulation. The 40 most significant DEGs after elec-
trical stimulation of primary human fibroblasts are summarized in
Table 1. These results suggested that the modulation of type I pro-
collagen production and MMP-1 expression in dermal fibroblasts
is associated with changes in the function of the membrane and
its ion channels induced by electrical stimulation.

Validation of DEGs using quantitative RT-PCR

Based on our RNA-seq results, we hypothesized that electri-
cal current alters the function of cell membranes and various
ion channels present in dermal fibroblasts, thereby influencing
type I procollagen production and MMP-1 expression. With this
hypothesis, we examined the components of cell membranes and
ion channels involved in the development of hypertrophic scars
and keloids using existing literature reports and compared these
findings with our RNA-seq results. Among the various genes, we
selected two genes, PIEZ02 and CAVINZ, for qRT-PCR analysis to
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Fig. 2. Transcriptomic analyses. (A) Cluster analysis of DEGs. The color of the heat map indicates relative gene expression: brighter yellow and deeper blue
indicate higher and lower gene expression, respectively. (B) Comparison of up- and downregulated genes (yellow, upregulated; blue, downregulated). (C) KEGG
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up- and downregulated genes.

KEGG: Kyoto Encyclopedia of Genes and Genomes, GO: Gene Ontology.
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Table 1. Top 40 up- and downregulated genes in fibroblasts after electrical stimulation

Gene_ID Gene name Gene description Log2 FC p-value Adjusted p-value

Top down regulated genes
142910 LIPJ Lipase family member J -23.024334 0.001782286  0.706148979
9865 TRIL TLR4 interactor with leucine rich repeats -22.374811  6.45E-5 0.096353188
267004 PGBD3 PiggyBac transposable element derived 3 -22.143039 0.002116575  0.775305577
4072 EPCAM Epithelial cell adhesion molecule -17.166666  0.000467231  0.335956629
115572 TENTSB Terminal nucleotidyltransferase 5B -14.914450 0.000345488 0.279471121
55799 CACNA2D3 Calcium voltage-gated channel auxiliary subunit alpha2delta 3 -14.518743 0.002516721  0.790569057
4129 MAOB Monoamine oxidase B -13.450035 0.000430265 0.321275593
4232 MEST Mesoderm specific transcript -12.522595 0.000210974  0.204792663
100499483 CCDC180 Coiled-coil domain containing 180 -12.400525 0.000862769  0.495053091
338811 TAFA2 TAFA chemokine like family member 2 -11.803153 0.001601365  0.647685392
100631383 FAM47E-STBD1 FAM47E-STBD1 readthrough -11.491570 0.000198529  0.20285525
51384 WNT16 wnt family member 16 -11.457720 0.003112808  0.934306823
101927655 ZASP Z0-2 associated speckle protein -11.253543  0.007434817 1
2255 FGF10 Fibroblast growth factor 10 -10.837236  0.000263326  0.243031891
1141 CHRNB2 Cholinergic receptor nicotinic beta 2 subunit -10.506228  0.004547753 1
8436 CAVIN2 Caveolae associated protein 2 -10.423505 0.000492385  0.34139891
100526693 ARPC4-TTLL3 ARPC4-TTLL3 readthrough -10.400079  0.00032277 0.272446084
124 ADH1A Alcohol dehydrogenase 1A (class 1), alpha polypeptide -9.387715 0.015150304 1
100133941 CD24 CD24 molecule -9.237573  0.007826126 1
8743 TNFSF10 TNF superfamily member 10 -9.079592  0.000606692  0.392610455
643338 C150rf62 Chromosome 15 open reading frame 62 -8.919707 0.003998158 1
6357 CCL13 C-C motif chemokine ligand 13 -8.679708  0.006319303 1
11170 FAM107A Family with sequence similarity 107 member A -8.675357  0.002436393  0.790569057
29841 GRHL1 Grainyhead like transcription factor 1 -8.496681 0.001185659  0.590214826
4675 NAP1L3 Nucleosome assembly protein 1 like 3 -8.365846  0.001550925  0.640630951
125 ADH1B Alcohol dehydrogenase 1B (class ), beta polypeptide -8.296212  0.000889987  0.495053091
64919 BCL11B BAF chromatin remodeling complex subunit BCL11B -8.286082  0.012140675 1
7730 ZNF177 Zinc finger protein 177 -8.187467 0.003181985  0.935985829
284040 CDRT4 CMT1A duplicated region transcript 4 -8.163663  0.000892493 0.495053091
79656 BEND5 BEN domain containing 5 -8.110509  0.00472768 1
6356 CCL11 C-C motif chemokine ligand 11 -8.056228  0.001422409 0.615661579
7472 WNT2 wnt family member 2 -8.017266  0.00084909 0.495053091
653567 TMEM236 Transmembrane protein 236 -7.988343  0.027322057 1
54821 ERCC6L ERCC excision repair 6 like, spindle assembly checkpoint helicase ~ -7.521886  0.033664757 1
389125 MUSTN1 Musculoskeletal, embryonic nuclear protein 1 -7.521886  0.033664757 1
338382 RAB7B RAB7B, member RAS oncogene family -7.405789  0.001300185 0.615661579
3627 CXCL10 C-X-C motif chemokine ligand 10 -7.389110 0.00139584 0.615661579
150590 C20rf15 Chromosome 2 open reading frame 15 -7.334591  0.019434951 1
63895 PIEZO2 Piezo type mechanosensitive ion channel component 2 -7.250286  0.006383312 1

Top up regulated genes
341405 ANKRD33 Ankyrin repeat domain 33 24.735333  4.15E-5 0.094067798
4071 TMA4SF1 Transmembrane 4 L six family member 1 18.610142 9.10E-6 0.090076451
164684 WBP2NL WBP2 N-terminal like 18.099802  0.000997265 0.537803029
6863 TAC1 Tachykinin precursor 1 17.783615  1.76E-5 0.090076451
100302652 GPR75-ASB3 GPR75-ASB3 readthrough 17.145979 0.006635587 1
9956 HS3ST2 Heparan sulfate-glucosamine 3-sulfotransferase 2 16.512378  2.78E-5 0.090076451
3589 IL11 Interleukin 11 15.679315  2.30E-5 0.090076451
6781 STC1 Stanniocalcin 1 15.078708  2.78E-5 0.090076451
100533496 TVP23C-CDRT4 TVP23C-CDRT4 readthrough 14.787845  4.32E-5 0.094067798
5097 PCDH1 Protocadherin 1 14.36361 0.000160663  0.190391369
9132 KCNQ4 Potassium voltage-gated channel subfamily Q member 4 13.826998 0.003367649  0.943798303
9518 GDF15 Growth differentiation factor 15 13.606276  4.92E-5 0.095493868
9241 NOG Noggin 13.556377  6.35E-5 0.096353188
1440 CSES Colony stimulating factor 3 12.750106  7.31E-5 0.101432911
11009 1L24 Interleukin 24 12.444253 0.000111668  0.144528797
645369 TMEM200C Transmembrane protein 200C 11.927974  0.006295194 1
145741 C2CD4A C2 calcium dependent domain containing 4A 11.541936  0.0003789 0.294238492
7056 THBD Thrombomodulin 11.463245 0.000176524  0.190391369
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Table 1. (Continued) Top 40 up- and downregulated genes in fibroblasts after electrical stimulation

Gene_ID Gene name Gene description Log2 FC p-value Adjusted p-value
26049 FAM169A Family with sequence similarity 169 member A 10.87014 0.034780972 1
91156 IGFN1 Immunoglobulin like and fibronectin type 11l domain containing 1 10.439082 0.000589658  0.392610455
11211 FzZD10 Frizzled class receptor 10 9.950769  0.00138752 0.615661579
3976 LIF LIF interleukin 6 family cytokine 9.899971 0.000275404  0.243031891
390928 ACP7 Acid phosphatase 7, tartrate resistant (putative) 9.625839 0.001144039 0.584483548
3456 IFNB1 Interferon beta 1 9.554194 0.015150304 1
123722 FSD2 Fibronectin type Ill and SPRY domain containing 2 9.554194 0.015150304 1
2827 GPR3 G protein-coupled receptor 3 9.146792 0.000698429  0.437396554
50614 GALNT9 Polypeptide N-acetylgalactosaminyltransferase 9 8.749759  0.00222885 0.785690355
55607 PPP1R9A Protein phosphatase 1 regulatory subunit 9A 8.591539  0.007116069 1
80201 HKDC1 Hexokinase domain containing 1 8.580175 0.001138873  0.584483548
5029 P2RY2 Purinergic receptor P2Y2 7.763279  0.006191067 1
388125 C2CD4B C2 calcium dependent domain containing 4B 7.763279  0.006191067 1
114 ADCY8 Adenylate cyclase 8 7.37358 0.002042223  0.775305577
23025 UNC13A Unc-13 homolog A 7.068924  0.002091116  0.775305577
3748 KCNC3 Potassium voltage-gated channel subfamily C member 3 6.879319  0.017459041 1
27237 ARHGEF16 Rho guanine nucleotide exchange factor 16 6.879319  0.017459041 1
9507 ADAMTS4 ADAM metallopeptidase with thrombospondin type 1 motif 4 6.839064 0.00190183 0.738442613
100507747 C13orf46 Chromosome 13 open reading frame 46 6.673782  0.009812054 1
5026 P2RX5 Purinergic receptor P2X 5 6.473408 0.009676606 1
6517 SLC2A4 Solute carrier family 2 member 4 6.445359  0.01348744 1

confirm the DEGs identified via RNA-seq. Cavin-2, which encodes
Cavin-2, has been reported to modulate the morphology and func-
tion of the caveola of the plasma membrane, and PIEZ02, which
encodes Piezo-type mechanosensitive ion channel component
2, is a mechanosensing cation channel that responds to diverse
types of external forces. qRT-PCR showed that electrical stim-
ulation significantly downregulated PIEZO2 and CAVINZ in dermal
fibroblasts (Fig. 3A). Based on the results, we performed further
experiments using siRNAs to confirm whether the inhibition of
PIEZO2 and CAVINZ affected type I procollagen production and
MMP-1 expression in dermal fibroblasts. Our experimental results
showed that siRNA transfection against PIEZO2 significantly
decreased type I collagen synthesis and increased MMP-1 expres-
sion in fibroblasts. As for CAVINZ, siRNA transfection significantly
decreased type I collagen synthesis, while the change in MMP-1
expression was not significant.

DISCUSSION

In this study, we studied the effects of low-frequency and low-in-
tensity electrical stimulation on the human dermal fibroblast and
found that it effectively inhibited type I procollagen production
and increased MMP-1 expression (Fig. 4). In addition, transcrip-
tomic analyses revealed that electrical stimulation modulated the
activity of various ion channels. Moreover, GO functional analysis
suggested that the cellular membrane was affected by electrical
stimulation. Finally, we validated the change in the expression of
the mechanosensitive ion channel (PIEZ02) and membrane-bound
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protein organizing caveolae (CAVINZ2) induced by electrical stimu-
lation and found that electrical stimulation significantly reduced
the expression of the two genes. Moreover, siRNA transfection
revealed the role of these two genes in type I procollagen pro-
duction and MMP-1 expression in human dermal fibroblasts. Our
results demonstrate that electrical stimulation of human dermal
fibroblasts plays a regulatory role in type I collagen production
and MMP-1 expression by altering the membrane structure and
function of human dermal fibroblasts.

For decades, researchers have tried to use electrical stim-
ulation for influencing cell behaviors such as proliferation,
differentiation, and migration*. Electrical stimulation has been
reported to induce proliferation and differentiation of preosteo-
blasts, differentiation of neuronal stem cells into neuron, and

morphological changes in myoblasts™"

. Based on multiple stud-
ies, the fundamental mechanisms of electrical stimulation on cells
can be summarized into two hypotheses: electrical stimulation
alters the transport of biomolecules and function of cellular mem-
branes'. For skin, electrical stimulation has been used to facilitate
the wound healing process by enhancing the proliferation and
migration of skin cells’®?°. However, contrary to wound healing
where increased collagen synthesis is essential for optimal healing
process, management of scar requires stimuli which suppress the
collagen synthesis. Thus, it is necessary to explore novel electrical
stimulation conditions that can suppress pathologically elevated
collagen synthesis in the scar tissue.

Recently, electrical stimulation has been employed to suppress
various cell functions for tumor treatment®*?. Using low-inten-
sity (1-3 V/cm) and intermediate-frequency (100-300 kHz) AC, this
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Fig. 3. Validation of differentially expressed genes using quantitative real
time-polymerase chain reaction. (A) Quantitative reverse transcription
polymerase chain reaction showed that electrical stimulation significantly
downregulated PIEZO2 and CAVIN2 in dermal fibroblasts. (B) Inhibition

of PIEZO2 and CAVIN2 via siRNA transfection significantly altered type |
procollagen and matrix metalloproteinase-1 levels in dermal fibroblasts.
*p<0.05, **p<0.01, ***p<0.001.

electrical stimulation can inhibit tumor cell growth??. Studies
on the fundamental mechanisms of its inhibitory effect on can-
cer cell function found that electrical stimulation increased cell
membrane permeability, disrupted the cell membrane voltage, and
inhibited cancer cell mitosis?*>. To modulate ECM production,
we applied electrical stimulation using low-intensity (1 V/cm) and
low-frequency (20 kHz) AC to primary human dermal fibroblast
and found that low-intensity and low-frequency AC effectively
inhibited type I procollagen synthesis in human dermal fibro-
blast without significantly affecting cell viability. Moreover, our
transcriptomic analyses revealed that electrical stimulation altered
membrane permeability by modulating the activity of ion channels
and the structures of cellular membranes, including membrane

https://anndermatol.org
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Fig. 4. Electrical stimulation of human dermal fibroblasts using low-frequency
and low-intensity alternating current effectively modulated extracellular
matrix homeostasis by altering cellular membrane structure and function.

rafts. The mechanisms of electrical stimulation of dermal fibro-
blasts are in line with the mechanism suggested to inhibit tumor
cell function. Our findings indicate that ACs of low intensity and
frequency in dermal fibroblasts regulate ECM production in the
skin by altering plasma membrane structure and function.
Previously, the significance of tensile forces in the pathogene-
sis of hypertrophic scars and keloids were demonstrated**. This is
corroborated by the observation that keloids on the anterior chest
develop in a direction parallel to the tension lines***. In addi-
tion, the role of tension in scar formation has been substantiated
through animal experimentation: African spiny mice with loose skin
do not develop scars and undergo almost complete regeneration
of the affected area®*?. Furthermore, tensile forces applied to the
wound of animal model have been shown to result in an increase
in a-smooth muscle actin expression, which is associated with the
development of scar tissue**?. In addition to tensile forces, recent
studies have revealed that increased tissue stiffness can promote the
overproduction of ECM by myofibroblasts, which leads to more stiff
tissue, forming a vicious cycle that leads to hypertrophic scarring or
keloid development***°. To understand the reaction of fibroblasts
to environmental forces, their mechanism of perceiving external
mechanical forces has been studied. Fibroblasts in the skin sense
mechanical stress through the Yes-associated protein 1/transcrip-
tional coactivator with PDZ-binding motif signaling pathway, focal
adhesion kinase-extracellular signal-regulated kinase pathway, or
Piezo channels**. Among these mechanosensing receptors, one
study revealed the elevated expression of Piezol in keloid hyper-
trophic scars, stimulation of fibroblast by Piezol activation, and
the inhibition of Piezol with a chemical inhibitor protracted from
hypertrophic scar formation in an animal model*. In this study,
we found that electrical stimulation decreased Piezo2 expression in
primary human fibroblasts. Although its role in hypertrophic scars
and keloids has not been reported, Piezo2 has been suggested to
play a critical role in the sensing of tissue stiffness in pulmonary
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tissue by fibroblasts, which promotes fibroblast differentiation into
profibrotic myofibroblasts and induces ECM overproduction, lead-
ing to fibrosis of lung tissue®. In line with a previous study, our study
suggests that electrical stimulation modulates ECM production by
inhibiting Piezo2 expression in dermal fibroblasts.

Cavin-2, encoded by CAVINZ, is a calcium-independent phos-
pholipid-binding protein that forms caveolae*. Previously, it was
reported that the expression of Cavin-2 is associated with the num-
ber and morphology of caveolae and affects the stability of various
receptors in caveolae'?®. The association of Cavin-2 in fibroblast
with cardiac fibrosis has recently been reported'?. Higuchi et al.*?
found that depletion of Cavin-2 decreased transforming growth
factor (TGF)- signaling, collagen synthesis of fibroblasts, and the
number of a-smooth muscle actin-expressing myofibroblasts in
mouse embryonic fibroblasts. They suggested that Cavin-2 plays
a critical role in cardiac fibrosis by regulating TFG-B/Smad signal-
ing. Consistent with previous study, we also found that fibroblasts
stimulated with AC showed decreased CAVINZ expression. Thus,
we can infer that the decrease in Cavin-2 expression by electrical
stimulation induced changes in the cellular membrane, which
modulated intracellular signaling for type I procollagen produc-
tion and MMP-1 expression.

In conclusion, our study demonstrates that low-frequency and
low-intensity electrical stimulation of human dermal fibroblasts
effectively modulates ECM homeostasis by suppressing type I
procollagen production and increasing MMP-1 expression. Our
transcriptomic analysis suggests that low-frequency and low-in-
tensity electrical stimulation induced significant alterations in the
cellular membrane structure and function. These findings suggest
a promising therapeutic approach for the management of keloid
and hypertrophic scars by manipulating fibroblast function using
external electrical stimulation.
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