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Abstract
Flavonoids	belong	to	a	large	group	of	polyphenolic	compounds	that	are	widely	pre-
sent	in	plants.	Certain	flavonoids,	including	naringenin,	have	cytoprotective	proper-
ties. Although the antioxidant effect has long been thought to be a crucial factor 
accounting for the cellular effects of flavonoids, mitochondrial channels have 
emerged	recently	as	targets	for	cytoprotective	strategies.	In	the	present	study,	we	
characterized	interactions	between	naringenin	and	the	mitochondrial	potassium	(mi-
toBKCa and mitoKATP) channels recently described in dermal fibroblasts. With the use 
of	 the	patch-	clamp	technique	and	mitoplasts	 isolated	 from	primary	human	dermal	
fibroblast cells, our study shows that naringenin in micromolar concentrations leads 
to an increase in mitoBKCa	channel	activity.	The	opening	probability	of	the	channel	
decreased from 0.97 in the control conditions (200 μmol/L Ca2+) to 0.06 at a low Ca2+ 
level (1 μmol/L)	and	increased	to	0.85	after	the	application	of	10	μmol/L naringenin. 
Additionally, the activity of the mitoKATP	channel	increased	following	the	application	
of 10 μmol/L naringenin. To investigate the effects of naringenin on mitochondrial 
function,	 the	 oxygen	 consumption	 of	 dermal	 fibroblast	 cells	 was	 measured	 in	
potassium-	containing	 media.	 The	 addition	 of	 naringenin	 significantly	 and	 dose-	
dependently	 increased	 the	 respiratory	 rate	 from	 5.8	±	0.2	 to	 14.0	±	0.6	nmol	
O2 × min−1	×	mg	protein−1.	Additionally,	a	Raman	spectroscopy	analysis	of	skin	pen-
etration indicated that the naringenin was distributed in all skin layers, including the 
epidermis	and	dermis.	 In	this	study,	we	demonstrated	that	a	flavonoid,	naringenin,	
can	activate	two	potassium	channels	present	in	the	inner	mitochondrial	membrane	of	
dermal fibroblasts.
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1  | INTRODUC TION

The	following	potassium	channels,	similar	to	plasma	membrane	po-
tassium channels, have been identified in the inner mitochondrial 
membrane:	mitochondrial	(a)	ATP-	regulated	potassium	channels	(mi-
toKATP channels),[1–4] (b) small- , intermediate-  and large- conductance 
calcium-	activated	 potassium	 channels,[5–8]	 (c)	 voltage-	dependent	
potassium	 Kv1.3/Kv7.1	 channels	 (mitoKv	 channels)[9–11] and (d) 
twin-	pore	TASK-	3	 potassium	 channels	 (mitoTASK).[12,13] Potassium 
ion	transport	through	the	inner	mitochondrial	membrane	regulates	
mitochondrial	metabolism,	primarily	via	the	regulation	of	mitochon-
drial	membrane	potential,	respiration	and	mitochondrial	reactive	ox-
ygen	species	(ROS)	synthesis.[14]

Potassium	transport	through	the	mitochondrial	inner	membrane	
via	mitochondrial	potassium	channels	has	also	been	described	as	an	
important	player	in	cell	life	and	death	phenomena.[15]	For	example,	
activation	 of	 the	 mitochondrial	 ATP-	regulated	 potassium	 channel	
(mitoKATP) or the mitochondrial large- conductance Ca2+- regulated 
potassium	channel	(mitoBKCa)	with	potassium	channel	openers	may	
induce	cytoprotective	effects	in	various	cell	types,	such	as	cardiac	
or neuronal tissue.[16,17] In contrast, mitochondrial channel blockade 
has	the	opposite	effect.	It	has	been	shown	that	inhibition	of	the	mi-
tochondrial Kv1.3 channel may lead to cell death in cancer cells.[18]

Recently,	we	have	demonstrated	the	presence	of	various	mito-
chondrial	potassium	channels	 in	 the	 following	cells	present	 in	skin	
tissue: keratinocytes,[13] fibroblasts[1,19] and endothelial cells.[20] In 
the	human	keratinocyte	HaCaT	cells,	a	patch-	clamp	technique	has	
demonstrated	 a	 potassium-	selective	 channel	 activity	 with	 a	 con-
ductance	 of	 83	 pS.[13]	Using	 reverse	 transcriptase-	PCR,	 an	mRNA	
transcript	 for	 the	 TASK-	3	 (tandem	 pore	 domain	 acid-	sensitive	 K	
channels) channels has been detected. In the HaCaT cells, a co- 
localization	 of	 the	 TASK-	3	 protein	 and	 a	 mitochondrial	 marker	 is	
observed.[13] We have also analysed the activity of the mitoBKCa 
channel	 in	mitoplasts	 isolated	from	a	primary	human	dermal	fibro-
blast cells.[19]	A	potassium-	selective	current	has	been	recorded	with	
a	mean	conductance	of	280	±	2	pS	in	a	symmetrical	150	mmol/L	KCl	
solution. The mitoBKCa channel of dermal fibroblast cells is activated 
by the Ca2+	 and	by	potassium	channel	 opener	NS1619.	The	 chan-
nel	activity	is	irreversibly	inhibited	by	paxilline,	a	selective	inhibitor	
of the BKCa channels. Additionally, the α-  and β-	subunits	 (predom-
inantly the β3- form) of the BKCa channels have been identified in 
fibroblast	 mitochondria.	 Interestingly,	 the	 presence	 of	 the	 BKCa 
channel in the mitochondria of the human endothelial cell has been 
also observed.[20] Recently, for the first time, we have also shown 
the	presence	of	mitochondrial	ATP-	regulated	potassium	channels	in	
human dermal fibroblast cells.[1]	 Using	 the	 patch-	clamp	 technique	
on	 the	 inner	mitochondrial	 membrane	 of	 fibroblasts,	 a	 potassium	
channel	 with	 a	 mean	 conductance	 equal	 to	 100	 pS	 in	 symmetric	
150	mmol/L	 KCl	 has	 been	 detected.	 Using	 reverse	 transcriptase-	
PCR,	also	an	mRNA	transcript	for	the	KCNJ1	(ROMK)	channel	has	
been	identified	in	fibroblasts.	Moreover,	the	presence	of	the	ROMK	
protein	has	been	shown	in	the	inner	mitochondrial	membrane	frac-
tion from fibroblasts.[1]

Naringenin is a natural substance, belonging to the flavonoid 
group,	which	has	a	beneficial	influence	on	organisms	and	interacts	
with	potassium	channels.[21,22]	This	compound	naturally	occurs	in	
grapefruits	 (Citrus paradisi)	 and	 is	 responsible	 for	 bitter	 taste	 of	
those	fruits.	Naringenin	is	known	for	its	pharmacological	effects,	
such	as	antiatherogenic,	antithrombotic,	anti-	inflammatory,	hypo-
lipidemic	and	antioxidative	properties.[23]	Furthermore,	naringenin	
and its structural analogues have been shown to activate BKCa and 
KATP	 channels	 present	 in	 the	 plasma	membrane	of	 smooth	mus-
cle cells and motor neuron- like cells.[24,25] A stimulatory effect 
of naringenin on the cardiac mitoBKCa channel has been recently 
observed.[22]

In	 this	 study,	 with	 the	 use	 of	 patch-	clamp	 and	 biochemi-
cal	 techniques,	 we	 provide	 direct	 evidence	 that	 naringenin	 has	
a stimulatory effect on the activity of the large- conductance, 
calcium- regulated (mitoBKCa)	and	ATP-	regulated	potassium	chan-
nels (mitoKATP)	 present	 in	 the	 mitochondria	 of	 human	 dermal	
fibroblasts.

2  | METHODS

2.1 | Cell culture

As	 an	 experimental	model,	we	 used	 primary	 human	 dermal	 fibro-
blasts from breast skin (Cat. No. ATCC® PCS- 201- 012™). The cells 
were	cultured	in	DMEM	supplemented	with	10%	FCS,	2	mmol/L	l- 
glutamine,	100	U/mL	penicillin	and	100	μg/mL	streptomycin	at	37°C	
in	a	humidified	atmosphere	with	5%	CO2. The cells were reseeded 
every	fourth	day	and	cultivated	until	12	passages.

2.2 | Mitochondria and mitoplast preparation

For	 electrophysiological	 measurements,	 mitochondria	 and	 sub-
sequent	 mitoplasts	 were	 prepared	 by	 differential	 centrifugation	
and	 hypotonic	 swelling,	 respectively,	 as	 previously	 described.[19] 
Mitoplasts	were	prepared	from	the	fibroblast	mitochondria	by	incu-
bation	in	a	hypotonic	solution	(5	mmol/L	HEPES,	200	μmol/L CaCl2, 
pH 	 7.2)	for	approximately	1	minute,	and	then	a	hypertonic	solution	
(750 mmol/L KCl, 30 mmol/L HEPES, and 200 μmol/L CaCl2,	pH 	 7.2)	
was	subsequently	added	to	 restore	 the	 isotonicity	of	 the	medium.	
For	each	patch-	clamp	experiment,	mitoplasts	were	prepared	based	
on	hypotonic	swelling	assay.

2.3 | Patch- clamp experiments

Patch-	clamp	experiments	using	mitoplasts	were	performed	as	pre-
viously described.[19,26]	 In	 brief,	 a	 patch-	clamp	 pipette	 was	 filled	
with an isotonic solution containing 150 mmol/L KCl, 10 mmol/L 
HEPES and 200 μmol/L CaCl2	at	pH 	  7.2.	All	of	the	modulators	of	
the mitoBKCa and mitoKATP channel were added as dilutions in the 
isotonic	 solution.	 To	 apply	 these	 substances,	 a	 perfusion	 system	
was	used.	The	mitoplasts	at	the	tip	of	the	measuring	pipette	were	
transferred	into	the	openings	of	a	multibarrel	“sewer	pipe”	system	
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in which their outer faces were rinsed with the test solutions 
(Figure	1A).	 The	 current-	time	 traces	of	 the	 experiments	were	 re-
corded in single- channel mode. The illustrated channel recordings 
are	 representative	of	 the	most	 frequently	observed	conductance	
for	 the	 given	 condition.	 The	 open	 probability	 (Po) of the chan-
nels was determined using the single- channel search mode of the 
Clampfit	10.7	software.

2.4 | Measurements of cell respiration

Human	 fibroblast	 cells	were	 harvested	 as	 described	previously.[19] 
The	 final	cell	pellet	was	 resuspended	 in	PBS	 (1	g	of	cells	per	2	mL	
of medium) and maintained on ice. Protein content was determined 
using	 the	 Bradford	 method	 (Bio-	Rad).	 Cells	 were	 resuspended	 in	
cold	DMEJ	medium	containing	5.4	mmol/L	KCl,	0.8	mmol/L	MgSO4, 
110	mmol/L	NaCl,	44	mmol/L	NaHCO3, 1.1 mmol/L NaH2PO4 and 
10	mmol/L	Na/Na	buffer	(pH	7.2).	The	oxygen	consumption	rate	was	
measured	at	37°C	using	a	Clark-	type	electrode	(Hansatech)	in	0.7	mL	
of	DMEJ	medium	with	4	mg	of	protein,	as	previously	described.[27] 
Pyruvate	(5	mmol/L)	was	used	as	a	respiratory	substrate.	Oligomycin	
(1 μg/mg	of	protein)	was	added	to	inhibit	ATP	synthesis.

2.5 | Carriers for naringenin

The	following	two	formulation	carriers	were	developed	for	testing	
naringenin	penetration	into	the	skin:	carrier	no.	1:	naringenin	0.1%,	
dimethicone/vinyl	dimethicone	0.93%,	silica	0.075%,	cyclopentasi-
loxane	0.63%,	dimethicone	1.33%,	sodium	polyacrylate	1.82%,	tri-
deceth-	6	0.42%,	ethylhexylglycerin	0.05%,	glycerin	23.4%,	butylene	
glycol	 0.05%,	 methylparaben,	 fenoksyetanol	 0.47%,	 aqua	 (water)	
and	 carrier	 no.	 2:	 naringenin	 0.1%,	 hydrogen	 dimethicone	 0.07%,	
stearic	 acid	 0.09%,	 palmitic	 acid	 0.11%,	 laureth-	7	 0.11%,	 xanthan	
gum	0.41%,	hydroxyacetophenone	0.5%,	1,2-	hexanediol	1.5%,	tita-
nium	dioxide	(nano)	1.51%,	potassium	cetyl	phosphate	2%,	cetyl	al-
cohol	2.5%,	dicaprylyl	carbonate	4%,	octocrylene	5%,	aqua	(water).

2.6 | Raman spectroscopy analysis: skin penetration 
tests of naringenin

Materials used for the study were fragments of the skin obtained 
during	planned	surgical	procedures.	The	studied	skin	was	obtained	
during	 the	 facial	plastic	 surgery	of	 a	34-	year-	old	woman.	The	col-
lected	 skin	 was	 then	 transported	 in	 culture	medium	 (RPMI-	1640)	
at	 room	 temperature.	Within	 16	hours	 of	 collection,	 the	 skin	was	
divided	 into	 pieces	 of	 approximately	 25	mm2,	 which	 were	 placed	
on	 cell	 culture	 inserts	 within	 the	 wells	 of	 tissue	 culture	 plates	 in	
the culture medium. 30 μL of naringenin in two different cosmetic 
formulation carriers (described above carrier no. 1 and carrier no. 
2)	was	 applied	on	 the	 skin	 surface,	which	was	 subsequently	 incu-
bated	at	37°C	for	72	hours.	After	this	time,	each	piece	of	skin	was	
cut	along	 the	 transverse	axis	 to	obtain	a	cross-	sectional	profile	of	
each	layer	of	the	sample	and	then	placed	on	gold-	coated	glass	slides	
(BION 300 nm, Gold- Coated Glass Slides, Phasis). Raman micros-
copy	(RamanMicro	300,	Perkin-	Elmer)	was	used	to	examine	the	sub-
stance	penetration	depth,	according	to	Ref.	 [28]	The	spectra	were	
taken using an infrared laser (785 nm). The size of the scanning area 
was	approx.	1.4	×	3.0	mm,	and	the	area	contained	7	lines	(98	points	
for	carrier	no.	1	and	105	points	for	carrier	no.	2,	which	were	located	
at a distance of 2200 μm	from	one	another).	The	points	were	irradi-
ated	with	70	mW	laser	power	(785	nm)	with	50	seconds	total	acqui-
sition	time	for	each	point	(10	exposures).	To	analyse	the	distribution	

F IGURE  1  Influence of naringenin and diazoxide on the 
activity of the mitoKATP	channel	from	the	mitochondria	of	primary	
human	dermal	fibroblasts.	A,	A	schematic	representation	of	the	
mitochondria	and	mitoplast	preparation	from	primary	human	
dermal	fibroblasts,	mitoplast	patching	and	the	patch-	clamp	
experiment	in	the	inside-	out	mode	using	the	perfusion	system.	
The	matrix	side	of	the	mitochondrial	membrane	was	exposed	
to	externally	added	substances.	Representative	single-	channel	
current- time recordings of the mitoKATP channel in a symmetric 
150/150	mmol/L	KCl	isotonic	solution	at	−60	mV	after	(B)	
10 μmol/L naringenin (C) and 30 μmol/L diazoxide treatment. 
D,	Analysis	of	the	open	probability	of	the	mitoKATP channel at 
−60	mV	under	control	solution,	10	μmol/L naringenin (NAR) (left 
panel)	and	30	μmol/L	diazoxide	(Diaz)	(right	panel)	application	and	
after	washout	to	control	solution.	E,	Open	probability	analysis	
of the 5- hydroxydecanoic acid (5HD) inhibitory effects on the 
mitoKATP channel activated by 10 μmol/L naringenin and 30 μmol/L 
diazoxide.	Data	(D,	E)	are	presented	as	the	mean	±	SD	(n	=	5)
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of	naringenin	in	the	inner	layers	of	the	skin,	the	resulting	spectrum	
of	 tissues	was	compared	with	 the	 reference	 spectra	of	 the	 tested	
substances.	An	analysis	of	the	distribution	of	samples	resulted	from	
a	comparison	of	the	test	and	reference	spectra	and	from	expressing	
their similarities with the correlation of the two images.

The	study	design	was	accepted	by	the	Ethics	Committee	of	the	
Pomeranian Medical University in Szczecin.

2.7 | Statistical analysis

The	results	are	expressed	as	the	mean	±	SD	obtained	from	at	least	
three	 independent	 experiments,	 and	 each	 determination	was	 per-
formed	at	least	in	triplicate.	An	unpaired	two-	tailed	Student's	t test 
was	 used	 to	 identify	 any	 significant	 differences.	 For	 patch-	clamp	
experiments,	one-	way	ANOVA	was	used	to	compare	the	means	of	
three	or	more	treatment	conditions.	For	all	tests,	a	P- value was con-
sidered to be significant if P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).

3  | RESULTS

3.1 | Patch- clamp studies of the mitoBKCa and 
mitoKATP channel pharmacology

The	 patch-	clamp	 technique	was	 used	 to	 investigate	 the	 biophysi-
cal	 and	 pharmacological	 properties	 of	 the	 large-	conductance	
Ca2+- regulated (mitoBKCa) and ATP- regulated (mitoKATP)	potassium	
channels	present	in	the	inner	mitochondrial	membranes	of	primary	
human	dermal	fibroblast	cells.	A	flow	chart	of	the	experiments	using	
the	 patch-	clamp	 technique	 is	 shown	 in	 Figure	1A.	 Selection	 of	 fi-
broblast	mitoplasts	was	performed	based	on	the	vesicle	size,	trans-
parency	and	the	presence	of	a	characteristic	“cap,”	that	is	a	region	
containing the remnants of the outer mitochondrial membrane. 
Additionally,	to	exclude	false	positives	and	to	confirm	the	mitochon-
drial	identity	of	the	applied	vesicles,	we	performed	an	assay	called	
single-	mitoplast	PCR,	 as	previously	described[19] (data not shown). 
In	the	patch-	clamp	experiments	with	fibroblast	mitoplasts,	currents	
characteristic of the mitoBKCa	 (n	=	28)	and	mitoKATP	 (n	=	31)	chan-
nels were observed. We detected channels with mean single- channel 
conductances	of	280	±	2	pS	 and	100	±	3	pS	 for	mitoBKCa and mi-
toKATP	 channels,	 respectively.	 The	 conductances	 were	 calculated	
from	 the	 current-	voltage	 relationship.	 Rectification	 of	 the	 current	
was not observed (data not shown). The effect of mitoKATP chan-
nel	activation	by	naringenin	was	observed	(Figure	1B)	(n	=	8),	and	an	
analysis	of	the	open	probability	(Po)	was	performed	(Figure	1D,	left	
panel).	Po	increased	from	0.24	to	0.65	(in	the	presence	of	10	μmol/L 
naringenin). This activation was immediately reversed by the washout 
to control solution. Substances known to regulate mitoKATP channel 
activity	were	also	used	to	confirm	the	properties	of	the	ion	channels	
observed	in	our	experiments.	Figure	1C	illustrates	the	activity	of	the	
mitoKATP	channel	under	control	conditions	and	upon	the	application	
of 30 μmol/L diazoxide, a known activator of mitoKATP channel ac-
tivity	 (n	=	6).	The	presence	of	 the	diazoxide	 increased	 the	Po from 
0.24	to	0.39	(n	=	3)	(Figure	1D,	right	panel).	This	effect	was	reversed	

by	the	washout.	The	open	probability	of	the	channel	decreased	from	
0.39	(in	the	presence	of	the	diazoxide)	to	0.27	(upon	washout).	The	
effect of a mitoKATP channel inhibitor on single- channel activity was 
then examined. 5- Hydroxydecanoic acid inhibited the channel activ-
ity	in	the	presence	of	naringenin	and	diazoxide	(Figure	1E).	The	prob-
ability	of	the	channel	opening	diminished	significantly	from	0.65	to	
0.02	in	the	presence	of	10	μmol/L naringenin and from 0.39 to 0.01 
in	the	presence	of	30	μmol/L	diazoxide	(Figure	1E).

The mitoBKCa channel activation by naringenin was also studied. 
Figure	2A	illustrates	typical	activity	of	the	mitoBKCa channel under 
control	conditions	 in	the	presence	of	200	μmol/L Ca2+	 (left	panel),	
a low- calcium solution (1 μmol/L Ca2+)	 (middle	 panel),	 and	 a	 low-	
calcium solution with 10 μmol/L	naringenin	(right	panel).	Activation	
of the mitoBKCa	channel	by	naringenin	was	immediate	at	all	applied	
voltages. Slight changes in conductance were observed from 280 
pS	under	 control	 conditions	 to	255	pS	 after	10	μmol/L naringenin 
application	 (Figure	2B),	 but	 the	 changes	were	 not	 significant.	 The	
distribution of the mitoBKCa	open	probability	at	different	voltages	
is	 shown	 in	 Figure	2C.	 The	 activation	 effects	 of	 10	μmol/L narin-
genin	were	completely	 reversible.	After	washout	of	naringenin,	Po 
was	0.05.	The	open	probability	of	the	mitoBKCa channel at a holding 
potential	of	+40	mV	and	−40	mV	demonstrated	an	immediate	strong	
inactivation effect of the low Ca2+ concentration on the single- 
channel	activity.	The	probability	of	the	channel	opening	diminished	
significantly (P	<	0.001)	from	0.97	to	0.06	at	+40	mV	and	from	0.54	
to	0.02	at	−40	mV	(Figure	2D).	The	addition	of	10	μmol/L naringenin 
increased the mitoBKCa channel activity at low Ca2+ concentration. 
The	probability	of	the	channel	opening	increased	significantly	from	
0.06	to	0.85	at	+40	mV	and	from	0.02	to	0.44	at	−40	mV	(Figure	2D).	
The activation effects of 10 μmol/L	 naringenin	 were	 completely	
blocked	upon	the	addition	of	1	μmol/L	paxilline,	a	known	 inhibitor	
of mitoBKCa channel activity. Paxilline inhibited the channel activ-
ity; Po	 dropped	 from	0.85	at	+40	mV	and	0.44	at	−40	mV	 to	0.02	
(Figure	2D).

3.2 | Effects of potassium channel modulators 
on the respiratory rate in human dermal fibroblasts

To	investigate	the	effects	of	naringenin	on	potassium	permeability	in	
fibroblast	mitochondria,	the	oxygen	consumption	rate	of	fibroblast	
cells	 was	 measured	 in	 potassium-	containing	 media.	 As	 shown	 in	
Figure	3A,	the	addition	of	5–30	μmol/L naringenin significantly and 
dose-	dependently	 increased	the	respiratory	rate	from	5.8	±	0.2	up	
to	14.0	±	0.6	nmol	O2 × min−1	×	mg	protein−1	(~120%	increase).	The	
saturation of the effect was observed at 20 μmol/L naringenin, and 
thus,	 this	concentration	was	used	 in	subsequent	experiments.	The	
stimulatory	 effect	 of	 naringenin	was	 partially	 reversed	 by	 the	mi-
tochondrial BKCa	potassium	channel	inhibitor	paxilline,	as	shown	in	
Figure	3B.	The	addition	of	20	μmol/L	paxilline	decreased	the	effect	
of	 naringenin	by	~50%.	As	naringenin	was	 shown	 in	 electrophysi-
ological	experiments	to	activate	both	mitochondrial	potassium	chan-
nel	 types,	BKCa and KATP	 (Figures	1	and	2),	 the	effect	of	mitoKATP 
channel	 inhibitors	 on	 naringenin-	stimulated	 oxygen	 consumption	
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rates	 was	 also	 investigated	 (Figure	3C,D).	 Both	 500	μmol/L 
5- hydroxydecanoic acid and 10 μmol/L	 glibenclamide	 (Figure	3C)	
significantly	 (by	 28%	 and	 24%,	 respectively)	 diminished	 the	
naringenin-	induced	oxygen	consumption	rates.	5-	Hydroxydecanoic	
acid,	a	 slightly	more	potent	 inhibitor	 (Figure	3C),	was	used	 in	 later	

experiments	(Figure	3D).	The	cumulative	effect	of	inhibitors	specific	
for	 both	 types	 of	 mitochondrial	 potassium	 channels	 is	 illustrated	
in	Figure	3D.	These	experiments	demonstrate	that	the	naringenin-	
induced	increase	in	oxygen	consumption	was	sensitive	to	inhibitors	
of	both	types	mitochondrial	potassium	channels,	and	the	inhibitory	
effect was additive. The addition of 5- hydroxydecanoic acid to cells 
treated	 with	 naringenin	 and	 paxilline	 further	 reduced	 the	 effect	
by	17%.	The	same	was	true	when	inhibitors	were	added	in	reverse	
order. 5- Hydroxydecanoic acid alone diminished the effect of narin-
genin	by	36%,	while	the	addition	of	paxilline	increased	the	inhibition	
up	to	58%.

3.3 | Skin penetration tests of naringenin

Substantial	 information	regarding	the	chemical	composition	of	 the	
biological	samples,	which	enabled	the	identification	of	characteristic	
bands	of	 such	molecules	 as	nucleic	 acids,	proteins,	 lipids	or	 flavo-
noids,	 can	be	obtained	 from	the	Raman	spectra.[28,29] In biological 
and	medical	 applications,	 Raman	 spectroscopy	 has	 the	 advantage	
that	 a	 spectrum	 containing	 a	 large	 amount	 of	 information	 can	 be	

F IGURE  2 Effect of naringenin on the activity of the mitoBKCa 
channel	present	in	the	inner	mitochondrial	membrane	of	
primary	human	dermal	fibroblasts.	A,	Representative	traces	of	
single- channel recordings of the mitoBKCa channel at different 
voltages	in	the	rage	of	−60	to	+60	mV	performed	in	a	symmetric	
150/150 mmol/L KCl control solution (200 μmol/L Ca2+), low- 
calcium solution (1 μmol/L Ca2+) or low- calcium solution containing 
10 μmol/L	naringenin.	B,	The	current-	voltage	relationship	based	
on a single- channel recording in a symmetric 150/150 mmol/L 
KCl isotonic solution (200 μmol/L Ca2+) and low- calcium solution 
containing 10 μmol/L	naringenin	(NAR).	C,	The	open	probability	
of the mitoBKCa channel at different voltages in the order of 
experimental	conditions:	symmetric	150/150	mmol/L	KCl	control	
solution (200 μmol/L Ca2+, ■), low- calcium solution (1 μmol/L Ca2+, 
□),	low-	calcium	solution	containing	10	μmol/L naringenin (1 μmol/L 
Ca2+	plus	10	μmol/L	NAR,	●)	and	after	washout	to	low-	calcium	
solution (1 μmol/L Ca2+,	○).	D,	Analysis	of	the	open	probability	at	
+40	(left	panel)	and	−40	mV	(right	panel)	under	control	solution	
(200 μmol/L Ca2+), low- calcium solution (1 μmol/L Ca2+), low- 
calcium solution containing 10 μmol/L naringenin (1 μmol/L Ca2+ 
plus	10	μmol/L	NAR)	and	after	the	application	of	1	μmol/L	paxilline	
(PAX) in a low- calcium solution containing 10 μmol/L naringenin 
(1 μmol/L Ca2+	plus	10	μmol/L	NAR	plus	1	μmol/L PAX). All data are 
presented	as	the	mean	±	SD	(n	=	5)

F IGURE  3  Influence	of	naringenin	on	the	oxygen	consumption	
rate	of	fibroblasts	in	the	presence	of	inhibitors	of	potassium	
channels. A, The effect of increasing concentrations of naringenin 
(NAR)	on	the	oxygen	consumption	rate	(OCR).	B,	The	effect	of	
increasing concentrations of the BKCa	channel	inhibitor,	paxilline	
(PAX), on naringenin- induced changes in OCR. C, The effect of 
mitoKATP channel inhibitors, 500 μmol/L 5- hydroxydecanoic acid 
(5HD) and 10 μmol/L	glibenclamide	(Glib)	on	OCR	in	the	presence	
of naringenin. D, The cumulative effect of the mitoBKCa and 
mitoKATP	inhibitors	on	the	naringenin-	stimulated	OCR.	Experiments	
were	performed	in	the	presence	of	pyruvate	(5	mmol/L)	as	a	
respiratory	substrate,	oligomycin	(1	μg/mg	of	protein),	and	in	
the	absence	or	presence	of	20	μmol/L naringenin (B, C). OCR is 
expressed	in	nmol	O2·min−1·mg	protein−1
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obtained from intact tissue, thus without interfering with the struc-
ture.	Therefore,	it	is	possible	to	obtain	a	detailed	chemical	analysis	
of	biological	material,	despite	its	high	complexity.	Another	advanta-
geous	feature	is	the	high	sensitivity	of	Raman	spectroscopy,	even	for	
small structural changes.

In	 our	 study,	 an	 analysis	 of	 the	 distribution	 of	 samples	 (narin-
genin in carrier no. 1 and naringenin in carrier no. 2) resulted from 
a	comparison	of	the	test	and	reference	spectra	and	from	expressing	
their	 similarities	with	 the	correlation	of	 the	 two	 images	 (Figure	4).	
The	greatest	 intensity	of	 the	characteristic	peaks	of	 the	spectrum	
of the test formulation, and thus most of its contents, is marked in 
Figure	4.	The	colour	scale	reflects	the	level	of	correlation	between	
the	spectrum	of	the	tested	conjugates	and	the	spectrum	of	the	skin	
after	exposure.	Pink-	coloured	spots	represent	the	highest	content	of	
the	tested	naringenin	in	carriers	in	the	skin.	The	results	of	the	pres-
ent study revealed that within 72 hours of incubation, carrier no. 1 
was	distributed	in	all	layers	of	the	epidermis	and	dermis	(Figure	4A),	
gradually	penetrating	to	the	lower	part	of	dermis.	Carrier	no.	2	was	
distributed	unevenly,	and	the	highest	content	was	present	in	the	epi-
dermis	and	the	inner	layer	of	the	dermis	(Figure	4B).	The	results	indi-
cate	that	naringenin	in	tested	carriers	penetrates	human	skin	layers.

4  | DISCUSSION

Mitochondrial	 potassium	 channels	 are	 distributed	 in	 a	 variety	 of	
tissues	and	cell	types.[14,30] These channels were identified both in 
tissue containing a high number of mitochondria, such as cardiac 
muscle[31,32] and brain,[33,34]	 and	 in	 tissue	 less	 dependent	 on	 oxi-
dative	phosphorylation,	such	as	endothelium.[20] It is believed that 
potassium	flux	 through	 the	 inner	mitochondrial	membrane	plays	a	
significant role in the cell life/death cycle.[15]

Mitochondrial	 potassium	 channel	 activation	 with	 potassium	
channel	openers	induces	cytoprotection.[35]	For	example,	ischaemic	
preconditioning	in	heart	and	brain	tissue	can	be	mimicked	with	the	
use of diazoxide acting on mitochondria.[36] In contrast, mitochon-
drial	potassium	channel	inhibition	may	lead	to	cell	death.	Recently,	it	
has been shown that inhibition of the mitochondrial Kv1.3 channel 
in	primary	chronic	B-	lymphocytic	leukaemia	tumor	cells,	melanoma	
cells	and	pancreatic	cancer	cells	causes	cell	death.[37]	The	explana-
tion	for	these	phenomena	is	likely	based	on	the	modulation	of	mito-
chondrial	ROS	generation	due	to	inhibition	of	potassium	ion	flux	via	
the inner mitochondrial membrane.[38]

Naringenin,	 the	 predominant	 flavonoid	 in	 such	 citrus	 fruits	 as	
lemon,	orange,	tangerine	and	grapefruit,	has	pleiotropic	actions	on	
cellular function.[23] This flavonoid has antioxidant, antifibrogenic, 
anti-	inflammatory	 and	 anticancer	 properties.[39] Moreover, narin-
genin	 inhibits	UVB	 irradiation-	induced	 skin	 inflammatory	oedema,	
cytokine	 production,	myeloperoxidase	 activity,	matrix	metallopro-
teinase- 9 activity and oxidative stress.[40] Naringenin also interacts 
with	various	plasma	membrane	potassium	channels,	both	in	a	stim-
ulatory[21] or inhibitory[41] manner. Additionally, it has been shown 
that	 naringenin	 could	 be	 an	 efficient	 therapeutic	 agent	 reducing	
superoxide	anion-	driven	 inflammatory	pain.	The	anti-	inflammatory	
and antioxidant effects are mediated via activation of the nitric 
oxide-	cGMP-	dependent	protein	kinase-	KATP channel signalling and 
involve the induction of nuclear factor (erythroid- derived 2)- like 2 
(Nrf2)/heme	oxidase	pathway.[42]	Recently,	cardioprotective	effects	
of naringenin have been observed in rat heart due to the activation 
of the mitoBKCa channel.[16,22]

In this study, we have analysed the interaction of naringenin with 
the	following	two	potassium	channels	identified	in	the	mitochondria	
of	 human	 skin	 fibroblasts:	 the	 ATP-	regulated	 potassium	 channel,	
mitoKATP channel,[1] and the large- conductance calcium- regulated 
potassium	 channel,	mitoBKCa channel.[19] Our results indicate that 
these	channels	have	similar	properties,	both	biophysical	and	phar-
macological,	to	mitochondrial	potassium	channels	described	in	other	
cell	 types	 (for	 review	 see	 [14]).	 The	 application	 of	 a	 patch-	clamp	
technique	 and	 single-	channel	 recordings	 of	 potassium	 channels	
present	 in	the	 inner	mitochondrial	membrane	 is	a	key	approach	to	
identify	and	study	the	properties	of	these	proteins.	Using	this	meth-
odology, we demonstrated the direct stimulation of the mitoKATP 
and mitoBKCa channels of human dermal fibroblasts by micromolar 
concentrations of naringenin. Stimulation of the channels was ob-
served by diazoxide (mitoKATP	 potassium	 channel	 opener

[43]) and 
Ca2+ (activator of mitoBKCa channels[44]), confirming the identity of 
these channels in the mitochondria. Naringenin- induced stimulation 
of mitoKATP channel was inhibited by 5- hydroxydecanoic acid, a clas-
sical inhibitor of mitoKATP channels.[45]	Similarly,	paxilline	(a	blocker	
of BKCa channels[46]) inhibited naringenin- induced stimulation. After 
application	of	naringenin,	an	increase	in	open	probability	of	the	mi-
toBKCa	 channel	 is	 twice	 as	high	 at	positive	potentials	 than	 that	 at	
negative voltages. This observation is consistent with endogenous 
voltage	dependence	of	the	mitoBKCa channel.[19]

F IGURE  4 Raman	spectroscopy	analysis	of	the	distribution	of	
naringenin in the skin. Distribution of naringenin using carrier no. 
1 (A) and naringenin using carrier no. 2 (B) in the inner layers of 
the	skin.	Pink	regions	represent	the	highest	content	of	the	tested	
naringenin in the skin
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Naringenin	 is	 considered	 to	 be	 an	 antioxidant	 compound	with	
substantial activity against oxidative damage in cells.[23]	This	prop-
erty	 raises	 the	 following	questions:	 Is	 there	any	chemical	 reaction	
between	mitochondrial	 potassium	channels	 and	naringenin?	 Is	 the	
stimulatory	 effect	 towards	 channel	 proteins	 based	 on	 a	 redox	 re-
action?	The	reversibility	of	the	stimulatory	effect	upon	washout	of	
naringenin	suggests,	rather,	a	ligand-	protein	interaction,	similarly	for	
the	potassium	channel	opener	diazoxide.[43] Additionally, the activa-
tion of mitoBKCa channel in fibroblasts is similar to the stimulation 
observed in cardiomyocytes.[16] The cardiac mitoBKCa channel is 
likely the DEC isoform,[32] but the molecular identity of the fibroblast 
mitoBKCa needs further investigations.

The	stimulatory	effect	of	naringenin	on	mitochondrial	potassium	
channels	was	further	confirmed	by	respiration	measurements	of	fi-
broblast	cells.	It	was	previously	observed	that	activation	of	the	chan-
nel followed by an influx of K+ into the mitochondrial matrix results 
in	the	stimulation	of	mitochondrial	respiration	measured	in	cells.[47] 
In	 our	 study,	 in	 fibroblast	 cells,	 naringenin-	stimulated	 respiration	
(mitochondrial	respiratory	activity)	and	its	effect	was	lowered	by	the	
application	 of	 channel	 inhibitors	 such	 as	 5-	hydroxydecanoic	 acid,	
glibenclamide	and	paxilline.	These	findings	confirm	the	stimulatory	
action	 of	 naringenin	 on	mitochondrial	 potassium	 channels.	 Similar	
effects were observed in other cellular systems.[16] Additionally, this 
observation	confirms	that	naringenin	can	penetrate	the	membranes	
of skin fibroblasts. Naringenin accumulation into other cells was also 
observed.[48]

Naringenin	is	a	poor	water-	soluble	compound	and	has	a	min-
imal	oral	bioavailability	due	to	its	largely	hydrophobic	ring	struc-
ture.[49]	 In	 our	 study,	 the	 results	 of	 the	 skin	 penetration	 tests	
indicated that after treatment, the naringenin is distributed in all 
skin	layers,	the	epidermis	and	dermis.	The	presence	of	naringenin	
in	 the	 dermis,	 in	 both	 carriers,	 suggests	 the	 possibility	 of	 acti-
vating	the	mitochondrial	potassium	channels	of	 fibroblasts	after	
topical	 treatment	with	 naringenin.	Moreover,	 the	 results	 of	 this	
study	 indicate	 that	 a	 cytoprotective	 bioactive	 substances	 in	 an	
appropriate	delivery	systems	may	play	a	crucial	role	in	skin	topical	
treatment.[50]	Recently,	topical	formulations	containing	naringenin	
have	 been	 studied	 regarding	 their	 physicochemical	 characteris-
tics	 and	antioxidant	 activity.	 It	 has	been	 shown	 that	 application	
of	naringenin	formulation	in	the	dorsal	skin	of	hairless	mice	pro-
tects	from	UVB	irradiation.	Additionally,	formulations	containing	
naringenin	 inhibit	 UVB	 irradiation-	induced	 lipid	 hydroperoxide	
formation,	oedema	and	cytokine	production.[51] In other studies, 
naringenin inhibited fibroblast activation and local inflammation 
in	mechanical	stretch-	induced	hypertrophic	scar	mouse	model.[52] 
All	these	data	open	the	possibility	for	future	studies	of	action	of	
the	naringenin	as	well	 as	novel	 applications	 for	other	 inflamma-
tory and oxidative skin diseases.

Previously,	it	has	been	shown	that	naringenin	promotes	cardi-
oprotective	effects	against	 ischaemia/reperfusion	 injury	through	
the activation of mitoBKCa

[22] and mitoKATP
[53] channels. Our study 

confirms	 that	naringenin	 is	 an	opener	of	mitoKATP and mitoBKCa 
channels	 in	 dermal	 fibroblasts.	 Further	 studies	 are	 needed	 to	

understand why naringenin is able to activate two channels be-
longing to different molecular classes. Currently, understanding 
of	the	role	of	mitochondrial	potassium	channels	in	skin	fibroblast	
physiological	 function	 is	 limited.	 Investigating	 the	 role	 of	 mito-
chondrial	channels	in	impaired	dermal	fibroblast	function,	such	as	
wound	healing	or	ageing-	related	skin	diseases,	 represents	future	
challenges.
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