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INTRODUCTION

The	 development	 of	 pressure	 injuries	 has	 negative	 ef-
fects	 on	 esthetics	 and	 the	 quality	 of	 life	 of	 patients.1)	 The	
prevalence	of	pressure	injuries	in	a	long-term	care	hospital	
was	 reported	 to	 be	 3.85%,	 imposing	 a	 significant	 burden	
on	 healthcare	 costs.2)	 According	 to	 the	 National	 Pressure	
Ulcer	Advisory	Panel	(NPUAP)	staging	system,	a	stage	III	
pressure	injury	is	one	that	has	lost	the	full	thickness	of	the	
skin	and	requires	a	long	treatment	course.	The	formation	of	
granulation	tissue	and	epithelialization	are	necessary	for	the	
healing	of	stage	III	pressure	 injuries3);	 therefore,	 strategies	
to	promote	the	migration	of	fibroblasts	to	the	wound	site,	and	
their	subsequent	proliferation	and	differentiation,	can	help	to	

shorten	the	therapeutic	period.
In	 2014,	 the	 NPUAP,	 the	 European	 Pressure	 Ulcer	 Ad-

visory	Panel,	 and	 the	Pan	Pacific	Pressure	 Injury	Alliance	
recommended	 electrical	 stimulation	 (ES)	 to	 treat	 pressure	
injuries.4)	 Several	 clinical	 studies	 have	 reported	 that	 ES	
of	 pressure	 injuries	 promotes	wound	 healing,5–12)	 and	 in	 a	
systematic	review,	Kawasaki	et	al.13)	showed	that	ES	therapy	
is	 an	 effective	 treatment	 method.	 ES	 can	 improve	 wound	
healing	 through	 increasing	 the	 migration,	 proliferation,	
and	 differentiation	 of	 fibroblasts	 as	 well	 as	 increasing	 the	
blood	flow	to	the	wound.14–18)	However,	the	optimal	stimulus 
parameters	 are	 currently	unclear,	 and	clinical	 studies	have	
shown	beneficial	effects	with	a	variety	of	ES	conditions.
Current	intensity	and	polarity	are	the	most	important	fac-
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Objective:	Pressure	injuries	seriously	impact	the	quality	of	life	of	patients	and	increase	public	and	
private	healthcare	costs.	Electrical	stimulation	therapy	is	recommended	for	wound	contraction,	
and	some	clinical	studies	have	shown	that	the	application	of	a	monophasic	pulsed	microcurrent	
can	help	to	reduce	the	treatment	period.	However,	the	optimal	stimulus	conditions	are	unclear.	The	
purpose	of	this	study	was	to	investigate	the	effect	of	different	frequencies	of	monophasic	pulsed	
microcurrent	stimulation	on	the	number	and	viability	of	human	dermal	fibroblasts.	Methods: Hu-
man	dermal	fibroblasts	were	electrically	stimulated	in	vitro	(intensity:	200	μA;	frequency:	1,	2,	4,	
8,	16,	32,	and	64	Hz;	duty	factor:	50%)	for	1	h	three	times	every	24	h.	Controls	were	unstimulated.	
Cell	numbers	and	cell	viability	were	assessed	after	each	electrical	stimulation	session.	Results: 
In	the	1-,	2-,	4-,	and	8-Hz	groups,	cell	numbers	were	significantly	higher	than	those	in	the	control	
group,	whereas	electrical	stimulation	at	64	Hz	resulted	in	a	decrease	in	cell	numbers	at	24	h	after	
the	third	treatment	(p	<	0.05).	Cell	viability	was	high	in	both	the	control	and	low-frequency	stimu-
lation	groups,	with	no	significant	differences	between	groups.	Conclusion:	Application	of	1–8	Hz	
monophasic	pulsed	microcurrent	stimulation	increased	the	number	of	human	dermal	fibroblasts	
in	vitro,	and	is	proposed	as	the	optimal	condition	for	accelerating	the	healing	of	pressure	injuries.
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tors	 for	 promoting	 the	migration	 of	 fibroblasts.	 Therefore,	
the	 purpose	 of	 this	 study	was	 to	 investigate	 the	 effects	 of	
low-frequency	monophasic	pulsed	microcurrent	stimulation	
on	 the	 number	 and	 survival	 of	 human	 dermal	 fibroblasts	
(HDFs)	in	vitro.
Our	previous	studies	revealed	that	electrically	stimulated	

HDFs	started	migrating	toward	the	cathode	in	an	intensity-
dependent	manner	for	currents	of	100–200	μA.14,15)	There-
fore,	 an	 intensity	 of	 200	 μA	 was	 adopted	 in	 the	 present	
study.	 Few	 studies	 have	 investigated	 the	 effects	 of	 ES	 on	
cell	proliferation,	despite	 its	 importance	 in	wound	healing.	
Goldman	and	Pollack16)	reported	that	ES	at	10	Hz	increased	
the	 proliferation	 of	 fibroblasts	 compared	 with	 the	 control	
(unstimulated	 cells)	 and	 with	 cells	 stimulated	 at	 100	Hz.	
Moreover,	ES	at	a	frequency	of	2	Hz	promoted	the	healing	
of	pressure	injuries	in	our	clinical	study.12)	Thus,	the	effect	
of	low-frequency	(<	10	Hz)	ES	on	fibroblast	proliferation	is	
currently	unclear,	and	we	hypothesized	that	the	frequency	of	
monophasic	pulsed	microcurrents	would	likely	influence	cell	
proliferation.	In	the	present	study,	we	evaluated	the	effect	of	
low-frequency	ES	on	the	number	of	HDFs	and	their	viability	
in	vitro.	

MATERIALS AND METHODS

Cell Culture
Primary	HDFs	 (CC-2511),	 derived	 from	an	 adult	Cauca-

sian	female	donor,	were	obtained	from	Clonetics	(San	Diego,	
CA,	USA)	and	were	cultured	in	Dulbecco’s	modified	Eagle’s	
medium	(Wako,	Osaka,	Japan)	supplemented	with	10%	fetal	
bovine	serum	(Nichirei,	Tokyo,	Japan)	in	a	CO2	incubator	at	
37°C.	HDFs	obtained	at	passages	seven	to	eight	were	used	
for	the	current	experiments.

Electrical Stimulation
HDFs	(100	×	103	cells)	were	seeded	in	60-mm	tissue	cul-

ture	dishes	(Iwaki,	Tokyo,	Japan)	and	cultured	for	24,	48,	or	
72	h.	ES	was	delivered	for	1	h	because	1-h	electrical	stimula-
tion	therapy	is	usually	adopted	in	clinical	practice.12,19) HDFs 
were	electrical-stimulated	once	every	24	h	after	cell-seeding	
until	96	h	(Fig. 1, 2).	After	stimulation,	the	electrical	charge	
was	removed	with	an	electrical	circuit,	as	described	in	our	
previous	study.14)	Platinum	electrodes	were	used	to	prevent	
ion	toxicity.	Monophasic	pulsed	ES	was	delivered	in	a	CO2 
incubator	at	37°C	with	a	frequency	of	1,	2,	4,	8,	16,	32,	or	
64	Hz.	The	control	group	received	no	electrical	stimulation.	
At	a	frequency	greater	than	100	Hz,	the	current	intensity	was	
not	stable,	and	therefore	64	Hz	was	chosen	as	the	maximum	

frequency	in	this	study.	The	duty	factor	was	set	to	50%,	and	
the	pulse	length	depended	on	the	frequency	(Table 1).	The	
current	intensity	was	200	μA,	which	was	previously	reported	
as	the	intensity	that	most	strongly	promoted	the	migration	of	
HDFs	to	the	cathode.15)

Cell Number and Viability
Cell	toxicity	as	a	result	of	ES	was	analyzed	with	a	trypan	

blue	exclusion	test,	and	living	and	dead	cells	were	counted	
with	 a	 hemocytometer	 at	 24	h	 after	 the	 third	 stimulation.	
Furthermore,	 HDFs	 underwent	 ES	 at	 the	 frequencies	 that	
were	found	to	most	increase	and	most	decrease	the	numbers	
of	 living	cells.	Cell	numbers	and	cell	viability	were	evalu-
ated	 every	 24	h	 until	 96	h	with	 one	ES	 session	 per	 day	 at	
these	two	frequencies	and	for	the	control	group.	HDFs	were	
observed	under	a	time-lapse	microscope	(cellSens,	OLYM-
PUS,	Tokyo,	Japan)	using	100	×	magnification	at	a	central	
field	in	a	60-mm	tissue	culture	dish.	All	experiments	were	
repeated	7	times.

Statistical Analysis
All	data	are	presented	as	 the	mean	±	standard	deviation.	

The	Student	t-test	was	used	to	determine	the	significance	of	
differences	 between	 the	 control	 group	 and	 the	ES	 groups.	
The	significance	level	was	set	at	P	<	0.05.

RESULTS

Cell Numbers and Cell Viability at 24 h after the 
Third ES

Figure 3	shows	that	cell	numbers	at	24	h	after	the	third	ES	
were	significantly	higher	in	the	1-,	2-,	4-,	and	8-Hz	groups	
compared	with	that	in	the	control	group	(P	<	0.01).	The	num-
ber	of	HDFs	increased	in	a	frequency-dependent	manner	up	
to	2	Hz	and	then	decreased	to	the	control	level	in	the	16	Hz	
group.	Moreover,	 the	 number	 of	 cells	 in	 the	 64-Hz	 group	
was	significantly	 lower	 than	 that	of	 the	control	group	(P	<	
0.05),	 suggesting	 that	 cell	 proliferation	was	 suppressed	 by	
ES	at	64	Hz.	Cell	viability	for	all	groups	was	high	(>	87%),	
with	no	significant	differences	between	the	control	and	ES	
groups	(Fig. 4).	Overall,	ES	at	2	Hz	most	strongly	increased	
the	number	of	living	cells,	whereas	ES	at	64	Hz	resulted	in	a	
decrease	in	cell	numbers	compared	to	the	control.

Cell Numbers and Cell Viability over Time 
To	detect	changes	in	cell	growth	over	time,	cell	numbers	

and	cell	viability	in	the	control	and	in	the	2-Hz	and	64-Hz	
groups	were	observed	every	24	h.	There	was	no	significant	
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difference	in	cell	numbers	between	the	control	and	the	2-	and	
64-Hz	groups	after	the	first	day	of	ES	treatment.	In	the	2-Hz	
group,	the	HDFs	proliferated	after	the	first	day	of	ES	and	cell	
numbers	 increased	 further	 after	 the	 second	and	 third	days	
of	ES	 (Fig. 5).	 In	 contrast,	 the	 cell	 numbers	 in	 the	 64-Hz	
group	were	lower	than	those	of	the	control	group	at	all	time	
points.	Cell	viability	was	relatively	high	in	 the	control	and	
2-Hz	 groups	 (91.4–91.9%);	 however,	 cell	 viability	 in	 the	
64-Hz	group	slightly	decreased	over	time	(Table 2).	Fig. 6 
shows	phase-contrast	micrographs	of	HDFs	observed	until	
96	h	under	the	time-lapse	microscopy	and	photos	were	taken	

every	24	h	(Fig. 2).	The	cell	density	of	HDFs	stimulated	at	
2	Hz	 increased	more	 than	 did	 the	 unstimulated	 group	 and	
the	64-Hz	group.	In	particular,	the	cell	density	in	the	2-Hz	
group	had	markedly	increased	at	24	h	after	the	third	day	of	
ES	compared	 to	 the	other	 two	groups.	These	data	 indicate	
that	ES	does	not	induce	cell	toxicity	and	that	the	frequency	
of	ES	influences	the	number	of	living	cells.

DISCUSSION

The	present	study	revealed	that	ES	of	1,	2,	4,	and	8	Hz	in-

Prog. Rehabil. Med. 2016; Vol.1, 20160005 3

Fig. 1.	 Experimental	apparatus.	Human	dermal	fibroblasts	(HDFs)	were	observed	with	a	
time-lapse	microscope	until	24	h	after	the	third	electrical	stimulation.	Platinum	electrodes	
were	used	to	prevent	ion	toxicity.

Fig. 2.	 Protocol	of	electrical	stimulation	(ES)	session.	ES	was	conducted	every	24	h	after	
cell	seeding	until	96	h.



Copyright	©	2016	The	Japanese	Association	of	Rehabilitation	Medicine

creased	the	number	of	living	HDF,	and	the	cell	viability	was	
relatively	high	(87.1–91.8%)	in	all	ES	groups.	The	number	of	
HDFs	tended	to	increase	at	24	h	after	the	first,	second,	and	
third	days	of	ES	treatments	in	the	96-h	experiments	at	2	and	
64	Hz.	Furthermore,	the	increase	in	the	number	of	HDFs	ob-
served	at	24	h	after	the	third	ES	was	similar	in	the	1-,	2-,	and	
4-Hz	groups.	These	 results	 suggest	 that	 low-frequency	ES	
promotes	cell	division.	The	cell	numbers	in	the	8-Hz	group	
increased	the	least	compared	with	the	control,	whereas	the	
number	of	HDFs	in	the	64-Hz	group	significantly	decreased	
compared	to	control.	There	were	no	significant	differences	in	
cell	viability	between	the	control	and	ES	groups.	This	result	
is	in	agreement	with	a	previous	study	of	neuronal	precursor	

cells	 showing	 that	 ES	 of	 50	Hz	 significantly	 inhibited	 cell	
proliferation	 compared	 with	 the	 5-	 or	 10-Hz	 groups.20)	 In	
addition,	 high-frequency	 and	high-intensity	ES	 suppressed	
the	 proliferation	 of	mouse	fibroblasts,21)	 and	 another	 study	
showed	 that	 the	 number	 of	 100-Hz-stimulated	 cells	 was	
essentially	 unchanged	 compared	with	 that	 of	 the	 unstimu-
lated	group.16)	Therefore,	the	present	study	suggested	that	ES	
delivered	at	a	 frequency	of	more	 than	10	Hz	may	suppress	
the	proliferation	of	HDFs,	and	ES	of	more	than	64	Hz	could	
substantially	suppress	cell	proliferation.	The	increase	in	the	
number	of	living	HDFs	may	depend	on	the	pulse	length	as	
well	as	on	the	frequency	of	ES.	However,	the	mechanism	of	
the	 effects	 of	ES	on	 cell	 proliferation	 is	 currently	 unclear.	
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Table 1.	 Electrical	stimulation	conditions
Frequency Pulse	length Intensity Times

Control No	stimulation

200	μA 1	h

1	Hz 500	ms
2	Hz 250	ms
4	Hz 128	ms
8	Hz 64	ms
16	Hz 32	ms
32	Hz 16	ms
64	Hz 8	ms

The	duty	factor	was	set	to	50%	and	the	pulse	length	depended	on	the	frequency.

Fig. 3.	 Effect	of	electrical	stimulation	(ES)	on	cell	numbers.	The	number	of	living	HDFs	
was	most	strongly	increased	by	ES	at	2	Hz.	Data	are	expressed	as	mean	±	SD.	†P	<	0.01	
and	*P	<	0.05,	Student	t-test.
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Rouabhia	 et	 al.17)	 demonstrated	 that	ES	 at	 50–100	mV/mm	
enhanced	 the	 secretion	 by	 skin	 fibroblasts	 of	 fibroblast	
growth	factor	(FGF)-1	and	FGF-2.17)	FGFs	are	known	to	be	
important	 regulators	 of	 the	 growth	 of	 fibroblasts.22)	 In	 the	
present	study,	no	effect	on	cell	numbers	was	observed	after	

the	 first	 ES;	 however,	 the	 2-Hz	 group	 showed	 enhanced	
growth	at	24	h	after	 the	 third	ES.	Although	we	did	not	di-
rectly	 assess	 the	 expression	 of	 proliferation-related	 factors	
and	the	influence	of	ES	on	the	cell	cycle,	 the	effects	of	ES	
on	HDFs	 observed	 in	 the	 present	 study	may	 be	 related	 to	
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Fig. 4.	 Cell	viability	at	24	h	after	the	third	ES	delivered	to	HDFs	at	different	frequencies.

Fig. 5.	 Cell	numbers	and	cell	viability	at	24	h	after	each	ES	treatment	of	HDFs	in	the	2-Hz	
and	64-Hz	groups	compared	to	the	unstimulated	control.	*P	<	0.05,	Tukey-Kramer	test.

Table 2.	 Cell	viability	in	percent	measured	every	24	h
24	h 48	h 72	h 96	h

Control 91.7 91.8 91.6 90.4
2	Hz 91.9 91.7 91.4 90.5
64	Hz 91.7 90.8 90.3 89.7
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the	stimulation	of	FGF-1/2	expression	and	promotion	of	cell	
cycle	progression.	To	reveal	the	mechanism	contributing	to	
the	observed	increase	in	cell	numbers,	 it	will	be	necessary	
in	future	studies	to	investigate	changes	in	the	expression	of	
these	factors	induced	by	ES.
Our	 previous	 clinical	 study	 also	 showed	 the	 effects	 of	

monophasic	pulsed	microcurrent	stimulation	on	the	healing	
of	pressure	 injuries	 in	seven	patients.12)	ES	accelerated	 the	
healing	 rate	 by	 about	 ninefold	 (frequency:	 2	Hz;	 intensity:	
80	 µA;	 pulse	 duration:	 250	ms)	 with	 the	 cathode	 directly	
contacting	the	wound.	Cell	proliferation	showed	a	significant	
influence	 on	wound	 healing	 in	 a	 pressure	 injury	model,23) 
and	wound	healing	requires	both	the	migration	and	prolifera-
tion	of	HDFs.	Our	study	is	the	first	to	determine	the	optimal	
frequency	for	increasing	the	number	of	HDFs,	and	the	results	
suggest	that	ES	at	1–8	Hz	with	an	intensity	of	200	μA	is	the	
optimal	condition	to	promote	the	healing	of	pressure	injuries	
in	clinical	application,	which	should	also	help	to	safely	ac-
celerate	healing	and	shorten	the	treatment	period.
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